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ES 236 Sampling Plan 

You have been asked by a prospective property purchaser to conduct an environmental 
assessment of the property. It is located along the banks of a river and includes an old shed in 
which there are: 

3 - 55-gallon drums containing what appears to be used motor oil 

1- 55-gallon drum labelled "Malathion", which is now empty and has rust holes at the bottom 

5 - 5-gallon buckets labelled "Carbon Tetrachloride", 4 of which are empty and 1 of which is 
half-full. 

several old lead-acid batteries, including some with broken cases and the lead plates scattered 
on the floor. 

As you can see from the attached map, there is an area of stained soil extending several feet out 
from the shed towards the riverbanks; and the shed and stained area are not far from the river. 
There is also an abandoned well a little ways downstream. It is a 6-inch steel casing sticking up 
from the ground a foot or so. There is no pump in it and it is only about 6 feet to ground water 
since it is so close to the river. 

Your sampling plan must include a section describing what chemicals or other environmental 
contaminants you are looking for at this site and what most likely happened to them if they 
leaked or spilled from the containers in the shed - in other words, if the motor oil leaked, where 
would it have gone, how far would it move, would you look for it in the soil, air, ground water, 
surface water, or where; and so on for all the contaminants that might be of concern. 

The plan then must include a section describing the exact locations where you would collect 
samples (you can use the map or copies of it to illustrate sampling locations); what medium you 
would sample (soil, soil vapor, ground water, etc), how you would collect the sample, the 
sample container(s), how the sample would be handled, and how it would be analyzed- in 
other words, would you use field instruments or send it to the lab; if you send it to a lab what 
analyses would you ask for. 

The sampling plans are due on Friday, May 8 and there will be no final exam. As it says in the 
syllabus, these sampling plans are worth 40 percent of your final grade. 



Your firm, T AS&D Environmental Consultants, is preparing a proposal to a potential 
property buyer interested in the land described in the sketch map- about 50 acres. It is 
located in southern New Mexico a little ways outside a town, in an agricultural river 
valley. Your job will be to prepare a proposed sampling plan to evaluate all potential 
releases of chemical contaminants on this property. 

The property includes an old grocery or general store building next to the highway, now 
used for storing junk and farm implements. Entering the driveway, you cross the river 
and travel between alfalfa fields to a trailer occupied by a family renting the place. It has 
a domestic well. Beyond the trailer a track continues beyond the fields and up a rise out 
of the irrigated valley to the site of an old adobe bam .. The bam contains several 
unidentified 55-gallon drums. At least two of them are rusted and bulging. Several 
more are open and appear to contain used oil. Near the bam is an abandoned hand-dug 
well, about 8 feet square and about 25 feet deep to water level. Also near the bam is an 
area of disturbed soil about 100 feet across. 

Beyond the bam and up the slope is basically an old junkyard, where old car bodies, 
tractor parts, and scrap metal is spread out over several acres. Among all that are at 
least two unidentified cabinet-looking pieces of equipment that still bear a stencilled 
label "U. S. Atomic Energy Commission". Among the junkyard you also come across 
several items that appear to be old artillery shells. 

Past the junkyard, further up the hill in the bottom of an arroyo, is an area of extensive 
burning, with piles of wire and old electrical equipment cases. From two of the burned 
areas there are flows of a hardened tar-like black substance that extend down the arroyo 
for a few yards. 

For our next class on April 4th, please: 

- develop your "conceptual model" - what may have happened here that would release 
potentially harmful contaminants? Make a list, site by site. Where could contaminants 
have gone in the environment once they were released? Who are the data users and 
what do they want to know? 

Then, using the material available to you (textbook, SOPs handed out in class, example 
sample plan, A TI handouts, whatever-) begin to think about what kind of methods you 
would use to evaluate the possible release sites. You will need to read Chapter 3 in the 
textbook, Field Investigation Methods. 

See you Friday the 4th! 

Call me at 983-7361 if it really gets mysterious ... 
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Timco Manufacturing, Inc., Prairie du Sac, WI: Figures 1.6.1, 3.3.2, 4.1.10, 5.1.1b, 5.1.3, 5.1.5, 5.2.6b, 5.4.3b and 
c, 5.6.2a, 5.5.3a and b, 5.6.1a, 6.1.1, 6.1.2, 6.1.3, 6.1.4a, 6.1.5, 6.2.3, 6.2.2a, 6.2.5, 9.2.3, 9.2.4, and 9.3.1b. 

Water Resource Publications, Highlands Ranch, CO: Figure 1.1.1b. 

Williams and Wilkins, Baltimore, MD (Soil Science): Figure 9.3.3. 
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INTRODUCI'ION 

Many EPA programs, including those under the Resource ConseiVation and Recovery Act (RCRA) 
and the Comprehensive Response, Compensation, and Liability Act (CERCLA), require subsurface 
characterization and monitoring to detect ground-water contamination and provide data to develop plans to 
prevent new contamination and remediate existing contamination. Hundreds of specific methods and techniques 
exist for characterizing, sampling, and monitoring the saturated and unsaturated zones at contaminated sites. 
Existing field methods are often refined and new methods are continually being developed. This guide is 
designed to seiVe as a single, comprehensive source of information on existing and developing field methods as 
of early 1993. Appendix C provides some suggestions on the best places to obtain information on new 
developments that occur after this guide is completed. 

USE OF miS GUIDE 

As the title "Desk Reference Guide" implies, this is not a how-to handbook for the field. Instead, the 
guide provides, in a single document, enough information about specific techniques to make some judgements 
concerning their potential suitability for a specific site and also gives information on where to go to find more 
detailed guidance on how to use the technique. This guide can be used in two major ways: 

1. Development of Site Characterization and Monitoring Plans. Each subsection listed in the table of 
contents represents a one-to-two page summary of a specific technique or several related techniques. 
A table at the beginning of each of the 10 major sections (summarized below), provides general 
comparative information on all methods covered in the sections, and cross-references relevant methods 
covered in other parts of the guide. In the summary tables, boldfacing is used to identify those 
techniques that are most commonly used. These tables might also be helpful in identifying new, or less 
common methods that might be of value for specific objectives or site conditions. Within a grouping 
of method summary sheets, techniques are listed in approximate order of frequency of use. 

2. Overview of Specific Methods. Individuals who are unfamiliar with specific methods that are being used 
or proposed to be used at a hazardous waste site can find a concise description of the method, its 
applications, major advantages and disadvantages in its use, and major reference sources where more 
detailed information can be found about the method. To locate information on a specific method, the 
table of contents should be used to identify the section in which the method is located. If the term used 
to describe the method is not included in the table of contents, go to the summary table at the 
beginning of the appropriate section of the guide. If the summary table does not use the term, peruse 
the listing of alternative names for techniques in the individual summary sheets. For example, the 
hydraulic percussion drilling method is not listed in the table of contents, but appears in summary 
Table 2-1. The hollow-rod method, is listed in neither the table of contents or the summary, and 
requires looking through the individual summary sheets in Section 2.1 (Drilling Methods), until Section 
2.1.6 is reached, which identifies the hollow-rod method as an alternative term for hydraulic percussion. 

GUIDE ORGANIZATION AND FORMAT 

Site characterization, monitoring, and field screening are related activities for which there might not 
be a clear dividing line. Generally, site characterization methods involve one-time field point measurements and 
sampling (or continuous measurements in the case of some geophysical methods) of physical and chemical 
properties of the subsurface, or multiple measurements to characterize seasonal variations at the site. Monitoring 
methods, on the other hand, involve sampling or measurements at a single point or the same area over time. 
Many methods can be used for both site characterization and monitoring, and site characterization activities can 
continue after monitoring begins to further refme subsurface intetpretations. Field screening is a form of site 
characterization that involves the use of rapid, relatively low-cost field methods (typically chemical) in the field 
during site characterization to assist in the selection of locations for permanent monitoring well installations or 
for guiding remediation activities. Field analytical methods are distinguished from field screening methods by 
having a higher degree of precision and accuracy than field screening methods. This distinction in discussed 
further in the introduction to Section 10. 
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This guide includes two volumes. The first volume covers solids and ground water and the second 
volume covers the vadose zone. The site characterization, monitoring, and field screening methods covered in 
the guide are divided into 10 major sections, which are described below. Because site characterization generally 
precedes monitoring, earlier sections of the guide tend to cover site characterization methods, while later sections 
cover monitoring. Finally, field screening and analytical methods are covered in Section 10. 

Section 1 (Remote Sensing and Surface Geophysical Methods) covers more than 30 airborne and 
surface geophysical methods that are often valuable during the initial phases of site characterization. 
These methods can provide preliminary information on the subsurface to provide guidance on 
placement of boreholes for direct observation of the subsurface and installation of permanent 
monitoring wells. A number of these methods can also be useful for monitoring the movement of 
contaminant plumes. 

Section 2 (Drilling and Solids Sampling Methods) covers 20 drilling methods, and a variety of power
driven and hand-held devices for sampling soils and geologic materials. The section also briefly 
identifies important soil physical properties that are described in the field. 

Section 3 (Geophysical Logging of Boreholes) covers more than 40 borehole logging and sensing 
techniques for the physical and chemical characterization of the subsurface. 

Section 4 (Aquifer Test Methods) covers 10 methods for measuring ground-water well levels or 
pressure, pumping and slug tests, six categories of ground-water tracers, and several other techniques 
for measurement of aquifer properties that might be needed for modeling ground-water flow and 
contaminant transport. 

Section 5 (Ground-Water Sampling Devices and Installations) covers more than 20 types of portable 
ground-water sampling devices and different types of permanent well installations for portable sampling 
devices. Appendix A (Design and Installation of Monitoring Wells) provides more detailed information 
on such installations. Section 5 also includes various types of portable and fixed in situ sampling devices 
and installations. General ground-water sampling methods are covered in Appendix B. 

Section 6 (Vadose Zone Hydrologic Properties (I): Water State) covers over 20 methods for measuring 
vadose zone soil water potential, moisture content, and other soil hydrologic characteristics. 

Section 7 (Vadose Zone Hydrologic Properties (II): Infiltration, Conductivity, and Flux) covers four 
approaches to measuring or estimating infiltration and approximately 30 methods for measuring 
unsaturated and saturated hydraulic conductivity and water flux in the vadose zone. 

Section 8 (Vadose Zone Water Budget Characterization Methods) covers a large number of methods 
for obtaining data that might be required for water budget calculations to assess contaminant transport 
in the vadose zone. This includes 37 methods for obtaining various types of hydrometeorologic data, 
and 16 methods for measuring or estimating transpiration or evapotranspiration. 

Section 9 (Vadose Zone Soil-Solute/Gas Sampling and Monitoring Methods) covers six indirect methods 
for monitoring soil solute movement, more than 20 methods for direct sampling of soil solutions, and 
a variety of methods for soil gas sampling and gaseous phase characterization in the vadose zone. The 
section also summarizes a number of methods to measure or estimate soil solute and gas flux in the 
vadose zone. 

Section 10 (Field Screening and Analytical Methods) covers a large number of techniques and groups 
of techniques for field screening and analysis: Chemical field measurement (three summary sheets), 
sample extraction procedures {ftve summary sheets), gaseous phase analytical techniques (ftve summary 
sheets), luminescence/spectroscopic techniques (four summary sheets); wet chemistry methods (four 
summary sheets), and other techniques (ftve summary sheets). 
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More than 280 specific field methods are covered in this guide. The large number of methods precludes 
detailed coverage of any single method, which is often available from other sources. Instead, each method has 
a single-page summary in a uniform format that includes: 

1. General method category title. 
2. Method title. 
3. Other names used to describe method. 
4. Uses at contaminated sites. 
5. Method/procedure/device description. 
6. Method selection considerations. 
7. Frequency of use. 
8. Standard Methods/Guidelines (AS1M or other sources that give detailed instruction for use of the 

specific method). 
9. Sources for additional information (which provides comparative information where other methods for 

similar applications are available). 

The frequency of use ratings are very approximate, and actual usage might vary from region to region. Similarly, 
the summary tables at the beginning of each section should not be relied upon as definitive. Specific 
instrumentation or variants of techniques covered in this guide might have different characteristics than indicated 
in the summary tables. A specific method that has been rarely used might be suited for certain site-specific 
conditions. Conversely, site-specific conditions might make a widely-used technique a poor method of choice. 
When in doubt, obtaining the opinion of more than one person familiar with a particular technique is advisable. 

Wherever possible, one or more figures or tables that illustrate instruments or how a method is used 
are included with summary sheets. These figures and tables have the same number as the section to which they 
are related (i.e., Figure 1.1.1 and Table 1.1.1 are located after Section 1.1.1 on visible and near infrared remote 
sensing). Each major section has a brief introduction that defines major concepts and provides an overview of 
methods covered in the section. Summary tables and figures at the beginning of each section, and index 
reference tables near the end of a section are numbered in sequence (i.e., Tables 1-1 to 1-3 provide summary 
information on remote sensing and geophysical methods, and Tables 1-4 and 1-5 provide an index to references 
contained at the end of the section). 

SOURCES OF ADDITIONAL INFORMATION 

As indicated above, two types of references are given for each method. First, if AS1M, EPA, or other 
standard methods, protocols, or guidelines related to the method have been promulgated, or are being developed, 
these are identified. Otherwise, references that give detailed instructions on how to use the method are cited, 
if available. 

Secondly, major references that provide information on the use of the method in the context of ground
water and hazardous waste site investigations are listed. All references are in a single section. EPA documents 
are indicated (with EPA and NTIS numbers). Appendix C (Guide to Major References on Subsurface 
Characterization and Monitoring) provides annotated descriptions of more than 70 major books and reports and 
over 80 published conference and symposium proceedings that can serve as information sources for general and 
specific aspects of soil quality and ground-water field screening, characterization, and monitoring. 

The following EPA documents are recommended for use as companions to this guide (all of which are 
available for no cost from U.S. EPA's Center for Environmental Research Information (see Appendix C for 
ordering address): Ground-Water Handbook, Volume 1: Ground Water and Contamination; Volume 2: 
Methodology (U.S. EPA, 1990 and 1991a), Site Charatterizationfor Subsurfate Remediation (U.S. EPA, 1991b), 
Handbook of Suggested Practices for the Design and Installation of Ground-Water Monitoring Wells (Aller et 
al., 1991), Description and Sampling of Contaminated Soils: A Field Potket Guide (Boulding, 1991), and Use 
of Airborne, Surfate, and Borehole Geophysital Techniques at Contaminated Sites: A Refereme Guide (U.S. 
EPA, 1993). Other EPA documents that are available from NTIS and commercially published references that 
can be of potential value are too numerous to be named individually here. Appendix B should provide guidance 
concerning other publications that might be worth obtaining. 
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SECTION 1 

REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS 

Basic Concepts and Terminology 

Geophysical techniques measure physical and chemical properties of soils, rock, and ground water by 
their response to either: (1) Various parts of the electromagnetic spectrum (EM), including gamma rays, visible 
light, radar, microwave, and radio waves (see Figure 1-1), (2) acoustic and/or seismic energy, or (3) other 
potential fields, such as gravity and the earth's magnetic field. Figure 1-2 shows typical ranges for parameters 
of various earth materials that can be measured by geophysical methods. 

Most portions of the electromagnetic spectrum are used by one or more specific geophysical methods 
(Figure 1-1). In common usage, however the term electromagnetic is restricted to techniques that measure 
subsurface conductivities by low-frequency electromagnetic induction techniques (Benson et al., 1984). 
Radioactive or radiation methods refer to sensing involving the shortest wavelengths (x-rays and gamma rays). 
Terminology for methods using the radar and microwave portions of the EM spectrum varies considerably. 

In the broadest sense most geophysical techniques involve remote sensing, the observation of an object 
or phenomenon without the sensor being in direct contact with the object being sensed. In common usage, 
however, the term remote sensing is often restricted to the use of airborne sensing methods in the visible and 
near-visible portions of the spectrum (see Figure 1·1). Nondestructive testing (NDT) is a term usually applied 
to laboratory test methods, but has also been used to describe geophysical methods in the context of detecting 
contained subsurface hazardous waste (Lord and Koerner, 1987). In this section the term surface geophysics 
is used broadly to include techniques used at or near land and water surfaces. 

Overview of Techniques 

Table 1-1 provides summary information on over 30 remote sensing and surface geophysical methods 
and identifies where additional information can be found about specific methods in this handbook (several 
specific applications are covered in other sections of this handbook). This table provides general ratings 
concerning the potential applicability of individual techniques for characterization of (1) soils and geology, (2) 
conductive leachate plumes, (3) detection of buried wastes, and (4) detection of nonaqueous phase liquids 
(NAPu). Table 1-1 also provides comparative information on cost and depth of penetration of each technique. 
Table 3-1 in Section 3 summarizes information on more than 30 borehole geophysical techniques. 

A half dozen of the surface geophysical methods in Table 1-1 are routinely used at contaminated sites: 
(1) Ground penetrating radar. (2) electromagnetic induction, (3) electrical resistivity, (4) seismic refraction, (5) 
metal detection, and (6) magnetometry. Table 1-2 provides more detailed ratings of typical applications for these 
six methods. 

Selection of Remote Sensing and Surface Geophysical Techniques 

Surface geophysical techniques are most commonly used early in site investigations for preliminary 
characterization of the geologic and hydrogeologic setting and contaminant plumes. This information serves as 
a valuable guide for placement of permanent monitoring wells for ground-water sampling and monitoring. The 
first four major surface geophysical methods identified above are likely candidates for almost any site (ground 
penetrating radar will not work where conductivity is high near the surface); metal detection and magnetometry 
are used whenever the presence of buried drums is suspected and to avoid buried pipelines or tanks when 
drilling. The Geophysical Advisor Expert System (Olhoeft, 1992) might be useful in determining which of these 
techniques (plus gravity and radiometric methods) are best suited for specific site and contaminant conditions. 

The most basic requirement for successful use of surface geophysical methods is to select the method 
that is best at detecting the physical property contrasts of the target (i.e., buried waste, soil bedrock contact, 
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(b) factors and phenomena influencing the radiation of electromagnetic waves (adapted from Erdetyi and 
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Table 1·1 su ... ary Infonoation on Remote Sensin& and Surface Geophyskal Methods (all ratings are approximate and for general guidance 
only) 

Technique Soils/ Leachate Buried NAPI.s Penetration Cost" Section/Tables 
Geology Wastes Depth (m)" 

Airborne Remote Sensing and Geo[!h:k!ics 

Visible Photocraphy + yes yes• possibiyd yes• Surf. only L l.l.l{Ib 1.1.1 
Infrared Photography + yes yes• possibiyd yes• Surf. only L-M l.l.l{Ib 1.1.1 
Multispectral Imaging yes yes• no yes• Surf. only L l.l.l{Ib 1.1.1 
Ultraviolet Photography yes yes• no yes• Surf. only L 1.1.2{Ib 1.1.1 
Thermal Infrared Scanning yes yes (1) possibiyd possibly Surf. only M 1.1.3 
Active Microwave (Radar) + yes possibly no possibly 0.1-2 M 1.1.4 
Airborne Electromagnetics yes yes (C) yes possibly 0-100 M 1.1.5 
Aeromagnetics yes no yes no 10s-100s M 1.1.6 

Surface Electrical and Electroma8,!!etic Methods 

Self Potential yes yes (C) yes no S10s L 1.2.1 
Electrieal Resistivity + yes yes (C) yes (M) possibly s 60 (km) L-M 1.2.2, 9.l.lflbs 1-2, 

1-3, 1.2.1 
Induced Polarization yes yes (C) yes possibly Skm L-M 1.2.3 
Complex Resistivity yes yes (C) yes yes Skm M-H 1.2.3 
Dielectric Sensors yes yes (C) no possibly s 2• L-M 6.2.3{Ib 6-1 
Time Domain Reflectometry yes yes (C) no yes s 2· M-H 6.2.4{Ib 6-1 
Electrollllllnetk Induction + yes yes (C) yes possibly s 60(200)/ L-M 1.3.1{Ibs 1-2, 1-3, 

c 15(50) 1.3.1 
Transient Electromagnetics yes yes (C) yes no s 150 (2000+) M-H 1.3.2{Ib 1.3.1 
Metal Detectors no no yes no CIS 0-3 L 1.3.3{Ibs 1-2, 1-3 
VLF Resistivity yes yes (C) yes no CIS 20-60 M-H 1.3.4 
Magnetotellurics yes yes (C) no no s 1000+ M-H 1.3.5 

Surface Seismic and Acoustic Methods 

Seismic Refraction + yes yes no no s 1-30(200+) L-M 1.4.1flbs 1-2, 1-3 
Shallow Seismic Reflection + yes no no no s 10-30(2000+) M-H 1.4.2 
Continuous Seismic Profiling yes no no no c 1-100 L-M 1.4.3 
Seismic Shear/Surface Waves yes no no no s 10s-100s M-H 1.4.4 
Acoustic Emission Monitoring yes no no no s 2• L 1.4.5 
Sonar/Fathometer yes yes no no C no limit L-H 1.4.6 

Other Surface Geo(!h:k!ical Methods 

Ground-Penetratin& Radar+ yes yes (C) yes yes c 1-25 (100s) M 1.5.1{Ibs 1-2, 1-3 
Mqnetometry + no no yes (F) no CIS 0-20' L-M 1.5.2{Ibs 1-2, 1-3 
Gravity yes yes no no s 1001+ H 1.5.3 
Radiation Detection no no yes (nuclear) no CIS near surface L 1.5.4 

Near Surface Geothermometa 

Soil Temperature yes yes (1) no no s 1-2· L 1.6.1 
Ground-Water Detection yes yes (1) no no s 2· L 1.6.2 
Other Thermal Properties yes no no no s 1-2· L-M 1.6.3 

Boldface = Most commonly used methods at contaminated sites; + = covered in Superfund Field Operations Manual (U.S. EPA, 1987), 
(C) = plume detected when contaminant(s) change conductivity of ground water; (F) = ferrous metals only; (1) = plume detected by 
temperature rather than conductivity. 

• S = station measurement; C = continuous measurement Depths are for typical shallow applications; ( ) = achievable depths 
b Ratings are very approximate L = low, M = moderate, H = high. 
• If leachate or NAPI.s are on the ground or water surface or indirectly affect surface properties-see Table 1.1.1; field confirmation required. 
d Disturbed areas which may contain buried waste can often be detected on aerial photographs. 
•1)pical maximum depth, greater depths possible, but sensor placement is more difficult and cable lengths must be increased. 
1 For ferrous metal detection, greater depths require larger masses of metal for detection; 1001 of meters depth can be sensed when using 
magnetometry for mapping geologic structure. 
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Table l·l Typical Applications or Six Commonly Used Geophysical Methods (all ratin~ are for general guidance only; rating for a specific method 
and application may differ depending on site specific conditions and instrumentation used) 

Ground EM Electrical Seismic Metal Magnetometry 
Application Penetrating Induction Resistivity Refraction Detection 

Radar 

Natural Conditions 
Layer thickness and depth of soil and rock 1 2 1 1 NA NAb 
Mapping lateral anomaly locations 1 1 1 1 NA NAb 
Determining vertical anomaly depths 1 2 1 1 NA NA 
Very high resolution of lateral or vertical 

anomalous conditions 1 1 2 2 NA NA 
Depth to water table and aquifer thickness 2 2 2 1 NA NA 
Water saturated fractures, shear and 

fault zones 2 2 2 2 NA NA 
Mapping clay layers 1 1 1 2 NA NA 
Cavity/sinkhole detectiond 1 2 2 2 NA NA 

Subsurface Contamination LeachatesLElumes 
Existence of conductive contaminants 

Reconnaissance Surveys) 2" 1 1 NA NA NA 
Mapping contaminant boundaries 2" 1 1 NA NA NA 
Determining vertical extent of contaminant 2" 2 1 NA NA NA 
Quantify magnitude of contaminants NA 1 1 NA NA NA 
Determine flow direction 2" 1 1 NA NA NA 
Flow rate using two measurements at 

different times NA 1 1 NA NA NA 
Detection of organic contaminants above and 

floating on water table 2" 2" 2" NA NA NA 
Detection and mapping of conductive 

contaminants within unsaturated zone 2 1 1 NA NA NA 

Location and Boundaries of Buried Wastes 
Bulk wastes 1 1 1 2 NA NA 
Nonmetallic containers 1 NA NA NA NA NA 
Metallic containers 

-Ferrous 2 1 2 NA 1 1 
- Nonferrous 2 1 2 NA 1 NA 

Depth of burial 1 2 1 NA 2" 2" 

Utilities 
Location of pipes, cables, tanks 1 1 2 NA 1 1 
Identification of permeable pathways associated 

with loose fill in utility trenches 1 1 NA NA 1 1 
Abandoned well casings 2 2 2 NA 1 1 

Safety 
Predrilling site clearance in order to avoid buried drums, 

breaching trenches, etc. 1 1 2 2 1 1 

Typical Depth Range (meters) <1-25 0.75-60" 0-100+ 1-30+ 0-3 0-5 

1 - Denotes primary use. 
2- Denotes possible applications, secondary use; however, in some special cases, 2 may be the only effective approach due to circumstances. 

NA - Not applicable. 
+ - Actual depth only limited by sources and length of wire available. 

"limited applications. 
bNot applicable in the context used in this documenL 
"Deeper if using transient EM. 
dOther principle methods include miaogravity (ground survey) and sonar (water bottom survey). 

Source: Modified from Benson et at. (1984) 
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conductive plume, etc.). Greenhouse and Monier-Williams (1985) identified six other considerations in the 
selection of geophysical methods at contaminated sites: (1) Depth limits of detection and resolution (see Table 
1-1); (2) susceptibility to electrical or vibrational noise (Table 1-3 identifies susceptibilities for six major 
methods); (3) corroboration (confirmation of anomalies by multiple readings or use of more than one method); 
(4) ties to borehole sampling (i.e., confirmation of observations by drilling of monitor wells for direct 
observation); (5) simplicity (especially important if time series measurement are to be taken and there is a 
possibility of multiple contractors taking the measurements); and (6) cost effectiveness. To these considerations 
might be added: (7) Operator experience (most geophysical methods require specialized training for use and 
interpretation of results); and (8) equipment availability. For example, many of the less commonly used remote 
sensing and surface geophysical methods would probably be used more frequently if more contractors knew how 
to use them and/or the equipment was more readily available. 

Most geophysical techniques require highly trained and experienced personnel for data collection and 
interpretation. When dealing with geophysical contractors, there should be a clear understanding about the 
services being performed. Many geophysical contractors just provide the raw geophysical data as their standard 
service, and charge extra for interpretation of data. 

The summaries in this section identify common conditions that enhance or inhibit the success of specific 
techniques, but site specific conditions might cause problems for specific techniques, even when all other 
indications are that they should work well. As a general rule, all geophysical techniques should be checked by 
more direct observation and/or confirmed by a second geophysical method. Furthermore, well established 
techniques should be given preference to those less commonly used unless there is clear justification based on 
site conditions, cost, and the availability of trained and experienced personnel. When in doubt about the 
appropriateness of a specific technique, independent expert advice should be sought. EPA's Environmental 
Monitoring Systems Laboratory, Las Vegas, Nevada can provide such advice for EPA personnel. 

Sources of Additional Information 

Two useful EPA documents that contain more detailed information on commonly used surface 
geophysical techniques at contaminated sites are: Geophysical Techniques for Sensing Buried Wastes and Waste 
Migration (Benson et al., 1984), and the Compendium of Superfund Field Operations Methods (U.S. EPA, 
1987). Table 1-4 (at the end of this section) identifies major references relating to geophysical methods in 
general, and specific applications for ground-water and contaminated-site studies. The document Use of 
Airborne, Surface, and Borehole Geophysical Techniques at Contaminated Sites: A Reference Guide (U.S. EPA, 
1993), prepared as a companion to this guide, contains annotated descriptions of major geophysical texts and 
indexes about 1,400 literature references on the operation and applications of specific remote sensing and 
geophysical techniques in ground-water and contaminated site investigations. Tables 1-4 and 1-5 in this guide 
provide an index of remote sensing and geophysical texts only. 
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Table 1-3 SuBCeptibility of M!Vor Geophysiw Methods to Ambient "Noise" 

Ground EM Electrical Seismic Metal Magnetometry 
Source of Noise Penetrating Induction Resistivity Refraction Detection 

Radar 

Buried pipes" 2 1 1 2 1 1 
Will detect Only if within Only if survey Only if survey Any metal pipes Steel 
but may affect several coil line is parallel is directly unless buried pipes 
data spacings and close by over below detection only 

Metal fences 2 1 2 NA 2 1 
May affect Only if within Only if survey Only if Steel 
unshielded several coil line is parallel nearby fences 
antenna if spacings and close to only 
close to fence fence 

Overhead wires 2 1 NA 2 NA 2 
(powerline) Only if Only if within 60Hz Some mags 

unshielded several coil filter respond 
antennas spacings maybe 
are used required 

Ground vibrations NA NA NA 1 NA NA 

Airborne electromagnetic NA 2 2 NA 2 1 to 2 
noise (Earth's field 

changed) 

FM radio transmission 1 to 2 NA NA NA NA NA 
depending 
on frequency 

Ground currents/voltage NA NA 2 NA NA NA 

Trees 2 NA NA 2 NA NA 
Only if (wind 
unshielded noise) 
antennas 
are used 

Metal from buildings, 2 2 2 NA 2 2 
vehicles, etc. Only if nearby Only if Only if Only if Only if 

and unshielded nearby nearby nearby nearby 
antennas are 
used 

Small metallic debris on 2 NA NA NA 1 1 
or near surface (nails, Ferrous 
wire coathangers) metal only 

Large metallic debris on 2 1 2 NA 1 1 
or near surface (drums, Ferrous 
drum covers, etc.) metal only 

Ground contact/ 2 NA 1 1 to 2 NA NA 
electrode problems 

1 -Very susceptible; 2 - Minor problem; NA- Not applicable. 

• A small diameter pipe (1") will have little influence if a large mass of conducting material is in the immediate area 

Source: Modified from Benson et al. (1984) 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.1 AIRBORNE REMOTE SENSING AND GEOPHYSICS 

1.1.1 Visible and Near Infrared 

Other Names Used to Describe Method: Aerial photography, satellite photography, aerial remote sensing, 
satellite remote sensing, aerial imaging, satellite imaging, black-and-white imaging (panchromatic), color imaging 
(true and false), color and photographic infrared imaging, multiband imaging (multispectral), airborne television. 

Uses at Contaminated Sites: Performing fracture trace analysis for potential zones of preferential ground-water 
flow; developing topographic maps; evaluating changes in land use and vegetation from aerial photographs taken 
at different times; detecting near-surface leachate/contamination; documenting preexisting physical conditions 
and monitoring progress of clean-up operations; (plan emergency response actions [airborne television]); locating 
abandoned wells. 

Method Description: Photo_graphs record images on film that is sensitive to the visible and near-infrared portion 
of the electromagnetic spectrum, or images can be recorded electronically on tapes (video and multispectral 
scanning systems). Images can be black-and-white, true color, and false color (such as colodnfrared film, which 
records yellows and reds as green and the near infrared as red). Aerial photographs can be vertical or oblique 
(Figure 1.1.1a). They can record the full visible and near infrared (not visible to the human eye) or only portions 
of the spectrum (multiband images). Overlapping aerial photographs can be viewed three-dimensionally using 
a stereoscope, or used to develop topographic maps using photogrammetric techniques. Someone skilled in air
photo interpretation can develop preliminaty interpretations about site geology, soils and hydrogeology that can 
assist in on-the-ground site evaluation. Fracture trace analysis is an especially useful technique that uses 
lineaments visible on air photos to identify potential zones of preferential movement of contaminants in ground 
water (Figure 1.1.1b). Table 1.1.1 identifies surface features that can be indicative ofleachate or contaminants 
on the surface or in the shallow subsurface and the spectral bands that are most useful for identifying such 
features. 

Method Selection Considerations: Should be used at all sites in one form or another, especially when litigation 
is involved. Advantages: (1) Relative to other site characterization activities, the cost of cameras, film, and image 
processing is small unless vety specialized equipment is used; (2) color photographs or videotapes are a simple 
way to document on-ground conditions and activities; (3) existing aerial photography (usually black-and-white) 
taken by other government agencies, such as the Soil Conservation Service and the Agricultural Stabilization and 
Conservation Service is generally readily available and particularly useful in the site characterization stage and 
for fracture trace analysis; and (4) aerial documentation using hand-held cameras is relatively inexpensive. 
Disadvantages: (1) Aerial photography for stereoscopic interpretation or multispectral imaging requires more 
sophisticated equipment and is more expensive; and (2) availability of multispectral imagety from existing sources 
at the site scale is limited. 

Frequency of Use: True color and black-and-white photographs are used at most, if not all, hazardous waste 
sites. Ongoing aerial photographic documentation of site activities is less common. Use of color infrared 
photography is uncommon, but would probably be useful at many sites. Use of false color and multispectral 
imagety is uncommon. 

Standard Methods/Guidelines: ASTM (1993). 

Sources for Additional Information: Aller (1984), Phillipson and Sangrey (1977), Rehm et al. (1985-near 
infrared), Sangrey and Phillipson (1979), U.S. EPA (1987, 1992-Ctapter 2). See also, references on aerial 
photography in Table 1-4. 
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Table 1.1.1 Spectral Bands for De~ting Leachate Through Reflected Radiation 

Leachate Indicator 

Vegetation/Soil, Rock 
Snow/Soil, Rock 

Wetness 

Soil 
Soil with Grass 

Primary Bands 

Infrared, Red 
Blue, Green 

Infrared 
Infrared 

Spectral Anomalies (Reflective or Emissive) 

In Water 
On Water (lipids) 
On Soil 
On Grass 
Stressed Vegetation 

Red, Green 
Ultraviolet 
Red, Green 
Red 
Infrared 

Source: Phillipson and Sangrey (1977) 
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Blue 
Blue, Infrared 
Infrared 
Infrared, Green 
Green, Red 



1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.1 AIRBORNE REMOTE SENSING AND GEOPHYSICS 

1.1.2 Photographic Ultraviolet 

Other Names Used to Describe Method: Photographic UV. 

Uses at Contaminated Sites: Mapping of oil spills on surface water bodies; sometimes used for geologic mapping 
of carbonate formations, such as limestones and dolomites; detecting surface contamination by explosives. 

Method Description: Special films and filters are used to take photographs in the nonvisible ultraviolet portion 
of the electromagnetic spectrum (0.3 to 0.4 micrometers). Oil and carbonate minerals are fluorescent in UV 
bands when photostimulated by sunlight. Figure 1.1.2 illustrates a ground -portable UV video system for detecting 
surface contamination with explosives being tested by the U.S. Army Toxic and Hazardous Materials Agency 
(Barringer Research Ilmited, 1988). 

Method Selection Considerations: Advantages: (1) Equipment is readily available and simple; and {2) ultraviolet 
is the best portion of the spectrum for detecting oil slicks on water surfaces {see Table 1.1.1). Disadvantages: 
The major drawback of photographic UV is high scattering of these wavelengths by the atmosphere results in 
low contrast images, especially when there is dust or haze. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: None. 

Sources for Additional Information: Phillipson and Sangrey (1977), Redwine et al. (1985), Sangrey and 
Phillipson (1979). 
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Figure 1.1.2 Ultraviolet video detection system (Barringer Research Limited, 1988). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.1 AIRBORNE REMOTE SENSING AND GEOPHYSICS 

1.1.3 Thermal Infrared 

Other Names Used to Describe Method: Medium and far infrared, infrared radiometry/thermography. 

Uses at Contaminated Sites: Detecting discharge of ground-water from a contaminated site to nearby surface 
waters; detecting leaks from pipelines and underground storage tanks; monitoring soil moisture and evaporation; 
directly detecting seeps and springs; characterizing shallow ground-water flow (see Section 1.6.2); identifying 
water flow profiles in dams. 

Method Description: Thermal infrared radiation lies between near-infrared (see Section 1.1.1) and the 
microwave portions of the electromagnetic spectrum (see Sections 1.1.3 and 1.1.4). An object emits infrared 
radiation as a function of the nature of its surface (emissivity) and its temperature, which can be sensed using 
a radiometer or an infrared scanner. A radiometer records the radiation received and generates an electrical 
signal based upon the difference between a standard reference in the instrument and the object being viewed 
(Figure 1.1.3a). An infrared scanner uses a detector that creates an image of the thermal environment on a 
television tube, magnetic tape, videotape or photographic film (Figure 1.1.3b). Infrared scanners can be used 
to detect ground-water discharges into surface waters because of the difference in temperature between the 
waters. They can also be used to detect variations in soil moisture content, and to monitor changes in soil 
moisture and evaporation over time. A microwave radiometer measure the thermal emissions from the surface, 
which at these wavelengths is essentially proportional to the product of the temperature and emissivity of the 
surface. This in tum can be related to moisture content by developing curves for a site that relate diurnal range 
of temperature to moisture content. Use of a radiometer for testing flaws in materials by measuring heat flow 
anomalies is a well established technique. 

Method Selection Considerations: Advantages: (1) Cost effective where large areas must be evaluated, such as 
reconnaissance identification of ground water or contaminant plume discharge into large water bodies or along 
coastline; (2) thermal infrared imagery is available from existing sources and might be useful in the initial site 
characterization phase; (3) infrared radiometry is a well established nondestructive testing technique and 
commercial equipment is readily available. Disadvantages: (1) More complex and expensive than most other 
available methods for monitoring soil moisture content at the site-specific level (see Section 6.3); and (2) 
interpretation of thermal images is complicated by factors such as vegetation, presence of decaying organic 
matter, and climatological and micrometeorological effects. 

Frequency of Use: Commonly used to detect ground-water discharge into rivers, lakes, and seas and as a 
nondestructive materials testing technique. Use to estimate soil moisture and evaporation is established, but not 
common. Use at contaminated sites rare, if at all. 

Standard Methods/Guidelines: None. 

Sources for Additional Information: General: Lord and Koerner (1987), Sharp (1970), Ulaby et al. (1982), U.S. 
EPA (1987, 1992-Cllapter 2); Applications: Aller (1984-abandoned well location), Huntley (1978-shallow 
aquifers), ldso et al. (1975-evapotranspiration), Jackson and Schmugge (1986-soil moisture), U.S. Geological 
Survey (1982-evapotranspiration). See also, general references on remote sensing in Table 1-4. 
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Figure 1.1.3 Thermal infrared: (a) Basic radiometer operation; (b) Thermal infrared scanning (Scherz and Stevens, 

1970). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.1 AIRBORNE REMOTE SENSING AND GEOPHYSICS 

1.1.4 Active Microwave (Radar) 

Other Names Used to Describe Method: Radar (RAdio Detection And Ranging), side-looking airborne radar 
(SIAR), synthetic aperture radar. 

Uses at Contaminated Sites: Umited. If continuous cloud-cover prevents obtaining good aerial photographic 
images of a site, SIAR could be used to develop black-and-white images. Possible applications in arid areas with 
little or no vegetation for characterization of grain size in alluvium and estimation of water table depth for 
relatively large areas and for soil moisture monitoring. 

Method Description: Radar systems emit a radio wave in the microwave portion of the electromagnetic spectrum 
from a transmitter, and detect the weak reflected energy with a receiver that is amplified and modified to create 
an image. SIAR generates waves at an oblique angle that allows imaging of a much larger surface area than 
conventional aerial photography (Figure 1.1.4) and creates an image similar to a shaded relief map. 

Method Selection Considerations: Unless site condition preclude other imaging methods, not likely to be method 
of choice. 

Frequency of Use: Used infrequently in hydrogeologic studies. Main application is to develop images where 
cloud-cover or darkness prevents use of conventional photography. No reported cases of use at contaminated 
sites. 

Standard Methods/Guidelines: None. 

Sources for Additional Information: U.S. EPA (1987, 1992-Cltapter 2). See also, general references on remote 
sensing in Table 1-4. 
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Figure 1.1.4 Side-looking radar antenna beam (Scherz and Stevens, 1970). 
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1. REM01E SENSING AND SURFACE GEOPHYSICAL MEIHODS 

1.1 AIRBORNE REM01E SENSING AND GEOPHYSICS 

1.1.5 Airborne Electromagnetics (AEM) 

Other Names Used to Describe Method: Airborne EM, low frequency AEM. 

Uses at Contaminated Sites: Detecting and monitoring condu~ive/brine contamination plumes and possible 
contamination sources of near-surface aquifers resulting from injection of brine into aass 2 wells; mapping of 
buried bedrock channels and variations in soil and rock types; locating shallow subsurface permafrost and 
aquifers; possibly locating unknown buried metal dump sites. 

Method Description: Figure 1.1.5a shows the principle of airborne electromagnetic induction surveying using 
a transmitter in a plane, and a receiver in a towed bird. Section 1.3.1 provides additional discussion of the 
electromagnetic induction method. The transmitter can be fixed at the ground surface with an airborne receiver 
carried on a flight path that crosses the transmitter loop at specified intervals, or a moving transmitter can be 
used. Moving transmitter-receiver configurations include: (1) Placement in separate planes, (2) transmitter in 
a plane with receiver in a towed bird, and (3) rigid booms with transmitter and receiver attached to the tips of 
wings or combined in a single towed bird. Figure 1.1.5b illustrates a fixed transmitter arrangement and a 
number of moving transmitter arrangements. 

Method Selection Considerations: Faster and might be more cost effective than surface EM methods where sites 
are inaccessible and large areas need to be evaluated. 

Frequency of Use: Commonly used in mineral exploration, less frequently used in hydrogeologic studies. 
Currently being tested on the Brookhaven oil field in Mississippi. 

Standard Methods/Guidelines: --

Sources for Additional Information: Palacky (1986), Palacky and West (1991), Smith et al. (1989), U.S. EPA 
(1992-Cltapter 2). 
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Figure 1.1.5 Airborne electromagnetics: (a) Principle of airborne electromagnetic surveying (towed bird); (b) 
Transmitter-receiver geometry of five basic types of active airborne electromagnetic systems (Palacky 
and West, 1991, by permission). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.1 AIRBORNE REMOTE SENSING AND GEOPHYSICS 

1.1.6 Aeromagnetics 

Other Names Used to Describe Method: Air magnetometer. 

Uses at Contaminated Sites: Used in conjunction with airborne EM methods for delineating subsurface 
structures to evaluate brine contamination (see Section 1.1.5); locating abandoned wells. 

Method/Device Description: Airborne magnetometers are used to measure variations in the earth's total 
magnetic field. See Section 1.5.2 for description of magnetic instrumentation. Relatively recent tests of 
aeromagnetic surveys (used in conjunction with other methods) for locating abandoned wells and associated brine 
contamination have had good results. Figure 1.1.6 shows aeromagnetic contour anomalies caused by wells in the 
Coon Creek oil field in Oklahoma. Photographically identified wells that do not appear on the map as anomalies 
are labeled with Roman numerals. 

Method/Device Selection Considerations: Faster and can be more cost effective than surface EM methods where 
sites are inaccessible and large areas need to be evaluated. Use for abandoned well location requires 
complementary methods, such as air photo interpretation, because uncased wells will not be detected, and other 
features can create non-well related anomalies or mask magnetic anomalies associated with wells. 

Frequency of Use: Commonly used in petroleum and mineral exploration to assist in with geological mapping 
and structural interpretations, less frequently used for hydrogeologic studies. 

Standard Methods/Guidelines: --

Sources for Additional Information: Frischknecht (1990), Smith et al. (1989), U.S. EPA (1992-Chapter 2). 
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Figure 1.1.6 Aeromagnetic contour anomalies caused by wells in Coon Creek oil field, Oklahoma (Frischknecht, 
1990). 
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1. REMO'IE SENSING AND SURFACE GEOPHYSICAL ME1HODS 

1.2 SURFACE ELECTRICAL ME1HODS 

1.2.1 Electrical Resistivity (ER) 

Other Names Used to Describe Method: Direct current resistivity, DC resistivity, galvanic resistivity, geo-electric 
resistivity. 

Uses at Contaminated Sites: Mapping of conductive contaminant plumes and rate of plume movement; might 
be capable of detecting high resistivity subsurface hydrocarbons at some sites; locating abandoned wells; vertical 
and lateral mapping of stratigraphic and structural features, such as buried stream channels; mapping of 
fresh/salt-water interfaces; estimating depth to ground water/bedrock; detecting cavities/sinkholes (tri-potential). 
Azimuthal resistivity readings can be used for locating large or significant subsurface fractures and joint 
orientations. See also, Table 1-2. 

Method Description: The resistivity of subsurface materials is measured by injecting an electrical current into 
the ground by a pair of surface electrodes (current electrodes) and measuring the resulting potential field 
(voltage) between a pair of second electrodes (potential electrodes) (see Figure 1.2.1a). DC methods are 
identified according to the arrangement of current and potential electrodes, with Wenner, Schlumberger, and 
dipole--dipole arrays being the most commonly used today (Figure 1.2.1b). Figure 1-2 shows typical resistivity 
ranges for various soil and geologic materials. Increasing the spacing between the current and potential 
electrodes increases the depth of the sounding measurement (in the Wenner array the spacing should be one to 
two times the depth of interest). Tri-potential DC resistivity is a relatively new method that involves taking 
readings from three electrode arrays (Wenner, dipole-dipole, and bipole-bipole) at each station and can allow 
resolution of ambiguities from single-array readings. Azimuthal resistivity measures the variations in electrical 
response to changes in the orientation of electrode arrays at a single location (Figure 1.2.1c). Tomographic 
imaging is an experimental surface DC resistivity method in which a grid of electrodes is established on the 
ground surface and controlled currents are introduced into a subset of electrodes in a prescribed sequence. The 
electrical response at other electrodes is then measured. Figure 3.1.6b in Section 3 illustrates a cross-borehole 
resistivity array that can also be used for tomographic imaging. Other methods using tomographic techniques 
are covered in Sections 3.4.5 and 6.3.7. 

Method Selection Considerations: Table 1.2.1 provides comparative information for DC resistivity, EMI (Section 
1.3.1), and time domain EM (Section 1.3.2). Advantages: (1) Well established method with many commercial 
sources of equipment available; (2) with horizontally layered earth, DC methods are better than EMI at resolving 
the layers (three or four layers compared to two); (3) superior to EM methods for detecting a thin, resistive 
layer; (4) tomographic imaging has the potential for high vertical and horizontal resolution of contaminant 
plumes, but grid-edge effects create difficulties in field application; (5) good capabilities for locating and mapping 
buried bulk wastes with and without metals, and vertical sounding might provide depth; (6) equipment is 
inexpensive, mobile, easy to operate, and provides relatively rapid areal coverage; (7) depth of penetration is 
limited only by the ability to extend electrode spacings (400 to 800 can be achieved relatively easily); and (8) 
results can be approximated in the field. Disadvantages: (1) The requirement for ground contact can cause 
problems in resistive material and in general makes the technique slower to use than EMI; (2) continuous 
proflling is not possible; (3) affected by cultural features (metal, pipes, buildings, and vehicles [see Table 1-3]); 
(4) interpretations of data are not unique; (5) dipping strata complicate interpretations and lateral heterogeneity 
is not easily accounted for; (6) cannot be used in paved areas, and use is limited in wet weather; (7) less sensitive 
to conductive pollutants than EMI; (8) deep soundings, where long wire lines must be laid, are labor and time 
intensive; and (9) slow and complicated computer programs are usually needed to resolve data from the field 
and complicated stratigraphy requires an expert to resolve data. 

Frequency of Use: Conventional DC resistivity is commonly used for geologic/hydrogeologic characterization and 
preliminary mapping of contaminant plumes. DC resistivity is less commonly used for mapping changes in plume 
configuration. Tri-potential and azimuthal resistivity are relatively new methods with potential for wider use. 
Grid-edge effect problems need to be resolved before tomographic imaging using only surface electrodes is more 
widely used. 
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Figure 1.2.1 DC resistivity methods: (a) Diagram showing basic concept of resistivity measurement (Benson et al., 
1984); (b) Wenner, Schlumberger, and axial/polar dipole-dipole electrode arrays (A and B are current 
electrodes, M and N are potential electrodes, a and AB/2 are electrode spacings) other dipole-dipole 
configurations are possible (Zohdy et al., 1974); (c) Layout of azimuthal resistivity array (a Wenner 
array is rotated 10 degrees clockwise and successive resistivities are measured) (Carpenter et al., 1991, 
by permission). 
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Table 1.2.1 Comparison of Resistivity and Eledromagnetic Methods 

Vertical sounding capability 

Depth of sounding measurement 

Profile station measurements 

Continuous proftle measurement 

Relative lateral resolution• 

Resolution for electrical 
equivalenceb 

Relative speed of measurement 

Total site coverage 

Susceptible to noise and buried 
pipes/cables 

Electrode contact problem 

DC Resistivity 

Yes 

Limited by 
array length 

Yes 

No 

Poor in 
proftle mode 

Moderate 

Good 

Not generally 
economical 

Yes 

Yes 

Electromagnetics 

EMI 

To a limited extent 
(2 or 3 layers possible) 

60 meters with equipment 
commonly used; 100s of 
meters possible 

Yes - to 60 meters depth 

Yes - to 15 meters depth 
and at speeds up to 8 km/hr 

Good in proftle mode with 
station measurements. 
Excellent in continuous 
proftle mode 

Poor 

Very rapid 

Feasible at reasonable cost 

Yes (continuous measurements 
aid identification of pipes 
and cables) 

No (operates through dry 
sands, concrete blacktop, 
etc.) 

IDEM 

Yes, up to three layers or 
more 

150 meters with equipment 
commonly used; 1000s of meters 
possible 

Yes - to 150 meters depth 

No 

Excellent, particularly 
compared with exploration 
depth 

Excellent 

Rapid 

Feasible at moderate cost 

Yes 

No 

"For a DC Wenner array, the array length is about three times the depth of exploration; for EMI the array length is of the order of the 
depth of exploration; for IDEM (in this case the length of the transmitter side) can be less than the depth of exploration. 
~ectrical equivalence is the situation where more than one layered earth model will fit the measured data. 

Source: Modified from Benson et al. (1984) 
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Standard Methods/Guidelines: Draft AS1M Standard Guide to Use of Surface Resistivity in Environmental 
Investigations (Nielsen, 1991). 

Sources for Additional Infonnation: Benson et al. (1984), Lord and Koerner (1987), Rehm et al. (1985), U.S. 
EPA (1987, 1992-0lapter 3), U.S. Geological Survey (1980), Zohdy et al. (1974). Most of the general geophysics 
texts identified in Table 1-4 also cover electrical methods. See also, electrical method texts identified in Table 
1-5. 

1-24 



1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.2 SURFACE ELECTRICAL METIIODS 

1.2.2 Self-Potential 

Other Names Used to Describe Method: Spontaneous polarization, streaming potential. 

Uses at Contaminated Sites: Identifying leaks in resetvoirs and subsurface flow patterns in karst; monitoring 
ground-water flow at landfill sites; detecting leaks from membrane-lined sites; identifying conductive contaminant 
plumes. 

Method Description: Electrodes are used to measure natural electrical potentials developed locally in the 
subsurface. Several types of natural potentials can be measured by this method. Spontaneous polarization is 
a natural voltage difference that occurs as a result of electric currents induced by disequilibria, within the earth. 
Streaming potential is an electrokinetic effect related to movement of fluid containing ions through the 
subsurface. Figure 1.2.2a illustrates the use of the self-potential method t.o detect seepage into fissures in 
limestone and Figure 1.2.2b illustrates its use to locate a seepage zone in an earthen dam. A variant of self
potential, in which current is injected into the ground to enhance the streaming potential effect, has been 
developed to detect leaks in lined ponds (Figure 1.2.2c). Geomembrane liners have high resistivity and will give 
relatively uniform potential readings between two electrodes. If the liner is punctured, fluid flow through the 
leak provides a conductive path for the injected current to flow and produces anomalous readings in the moving 
potential electrodes near the leak. 

Method Selection Considerations: Advantages: (1) Equipment is simple and easy to operate; (2) no source of 
injected current is required (does not apply to liner leak detection method); (3) useful method in karst areas 
where patterns of ground-water flow are difficult to predict; and (4) can locate leakage paths. Disadvantages: 
(1) Permanent installations might require placement large amounts of electrical cable; (2) other ER and EM 
methods generally are better for mapping of contaminant plumes; (3) interpretation is highly qualitative; and ( 4) 
susceptible to interferences dues to variations in lithology and vegetation. 

Frequency of Use: Most commonly used in mineral exploration where ore bodies are in contact with solutions 
of different compositions. Use at contaminated sites is uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Bogoslovsky and Ogilvy (1973), Darilek and Parra (1988), Lord and Koerner 
(1987), Ogilvy and Bogoslovsky (1979), Redwine et al. (1985), U.S. EPA (1992-0tapter 3). 
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Figure 1.2.2 Self-Potential: (a) Apparatus and graph of measurements over a fissured zone of limestone illustrating 
negative streaming potential ind~Ked by ground-water seepage (Modified by Redwine et al., 1985, from 
Ogilvy and Bogoslovsky, 1979, Copyright C> 1985, Eledric Power Research Institute, EPR.I CS-3901, 
Groundwater MIUJUIIlfor the Electric Utility Industry, reprinted with permission); (b) Self-potential profile 
illustrating seepage zone in an earth dam (Redwine et al., 1985, from Bogoslovsky and Ogilvy, 1973, 
Copyright C> 1985, Electric Power Research Institute, EPR.I CS-3901, Groundwater Manual for the 
Electric Utility Industry, reprinted with permission); (c) Electrical leak detection using modified self
potential method (Darilek and Parra, 1988). 
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1. REMOlE SENSING AND SURFACE GEOPHYSICAL MEIHODS 

1.2 SURFACE ELECIRICAL MEIHODS 

1.2.3 Induced Polarization (IP) 

Other Names Used to Describe Method: Complex resistivity. 

Uses at Contaminated Sites: Conventional IP applications are similar to DC resistivity (Section 1.2.1), but can 
provide greater resolution for differentiation of clayey and nonclayey unconsolidated materials. Complex 
resistivity might be able to detect organic contaminant plumes. 

Method Description: Induced polarization measures the electrochemical response of subsurface material 
(primarily clays) to an injected current. Time domain IP surveys measure the rate at which voltage decays after 
current injection stops (Figure 1.2.3) and frequency domain IP surveys measure the effect of changes in frequency 
on subsurface electrical resistivity. Equipment and field procedures are similar to that for DC electrical 
resistivity, in fact IP instrumentation can be used to conduct conventional ER surveys. Complex resistivity is 
similar to frequency domain IP using a larger frequency spectrum. 

Method Selection Considerations: Advantages: (1) More sensitive than conventional DC resistivity in 
differentiating subsurface materials; and (2) might be superior to EM methods for organic contaminant plume 
detection when organic contaminants interact with clays. Disadvantages: (1) IP surveys are slower and more 
expensive than DC surveys and have many ofthe same disadvantages relative to EM methods; (2) a large amount 
of space is required to conduct the survey; (3) when clays are absent, ground penetrating radar (Section 1.5.1) 
is likely to be better for detecting organic contaminants; (4) injected currents might cause corrosion of buried 
metallic materials (pipelines, etc.); and (5) susceptible to interference from buried cultural features (pipelines 
and metallic containers). 

Freguencv of Use: Has been used infrequently, but with success in ground-water exploration. Use of 
conventional IP has not been reported at contaminated sites. Use of complex resistivity for detection of organic 
contaminant plumes is in developmental stages. 

Standard Methods/Guidelines: None. 

Sources for Additional Information: HRB Singer (1971), Lord and Koerner (1987), Pitchford et al. (1988), Rehm 
et al. (1985), Sumner (1979), Telford et al. (1990), U.S. EPA (1992-Chapter 3), U.S. Geological Survey (1980). 
See also, texts identified in Table 1-5. 
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Fl1ure 1.2.3 Principles of time domain Induced polarization technique (Lord and Koerner, 1987). 
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1. REM01E SENSING AND SURFACE GEOPHYSICAL METHODS 

1.3 SURFACE ELECIROMAGNETIC MEIHODS 

1.3.1 Electromagnetic Induction (EMI) 

Other Names Used to Describe Method: EM, terrain conductivity, frequency domain EM(I). 

Uses at Contaminated Sites: Mapping conductive and possibly organic contaminant pll:llle boundaries, and a 
variety of subsurface features with contrasting electrical properties; locating buried utilities, tanks and drums; 
subsurface stratigraphic profJling; locating abandoned wells. See also, Table 1-2. 

Method Description: Frequency domain EMI uses a transmitter coil to generate an electromagnetic field that 
induces eddy currents in the earth below the instrument. Secondary electromagnetic fields created by the eddy 
currents are measured by a receiver coil that produces an output voltage that can be related to subsurface 
conductivity (Figure 1.3.1a ). Conductivity readings represent the weighted cumulative sum of the conductivity 
variations from the surface to the effective depth of the instrument, which is determined by the spacing of the 
transmitting and receiving coils (Figure 1.3.1b). Near-surface readings, where the two coils are in one unit, can 
be made continuously, whereas deeper readings using a wider coil spacing require station measurements. Figure 
1.3.1c illustrates the use of EMI over water with the transmitter towed in a raft behind a tow boat containing 
a receiver coil. The depth of penetration depends on the coil separation and the orientation. Coil separations 
in the horizontal position for commonly used equipment range from 3. 7 meters (depth penetration of 3 meters) 
to 40 meters (depth penetration of30 meters). Shifting the coil to a vertical orientation doubles the depth of 
penetration. 

Method Selection Considerations: Table 1.2.2 provides comparative information on EMI, time domain EM, and 
electrical resistivity methods. U.S. EPA (1987) provides comparative information on commercially available EM 
systems. Advantages: (1) For mapping of shallow, conductive, contaminant plumes (up to 15 meters) EM sutveys 
can usually be done faster (and hence more cheaply) than DC resistivity because direct contact with the ground 
is not required, sometimes allowing continuous operation; (2) equipment is readily available; (3) excellent 
capabilities for detection of buried bulk wastes with and without metal (to depths up to about 20 feet); (4) vety 
good ability to detect single drums (6 to 8 feet) and metal tanks; and (5) rapid resolution and data interpretation. 
Disadvantages: (1) EMI is generally more susceptible to the presence of metal and powerlines on the surface 
than DC resistivity (see Table 1-3); (2) lacks the vertical resolution and depth penetration of electrical resistivity 
(where more than three major subsurface layers exist, and/or measurements to depths greater than 60 meters 
are required, DC resistivity (Section 1.2.1] or time domain EM [Section 1.3.2] will probably give better results); 
(3) data reduction is less refined than with electrical resistivity; (4) saline ground water can act to mask presence 
of steel drums; and (5) systems able to penetrate deeper than 60 meters are relatively expensive. 

Frequency of Use: In the last decade, frequency domain EMI has replaced DC resistivity as the most commonly 
used surface geophysical method for contaminant plume detection. 

Standard Methods/Guidelines: Draft Standard Guide for the Use of Electromagnetic Induction (Terrain 
Conductivity) in Environmental Investigations (Nielsen, 1991). 

Sources for Additional Information: Aller (1984), Benson et al. (1984), Duran (1987), Rehm et al. (1985), U.S. 
EPA (1987, 1992-0tapter 4), U.S. Geological Sutvey (1980). See also, Table 1-5 and Table 9-3. 
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Figure 1.3.1 Electromagnetic induction: (a) Block diagram showing EMI principle of operation (adapted from 
Benson et al., 1984); (b) The depth of EMI soundings depends on coil spacing and orientation selected 
(Benson et al., 1984); (c) Use of EMI instnunent over water with tow boat and raft (Duran, 1987, by 
permission). 
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1. REM01E SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.3 SURFACE ELECfROMAGNETIC METIIODS 

1.3.2 Time Domain Electromagnetics 

Other Names Used to Describe Method: IDEM, transient electromagnetic sounding, geoelectric sounding. 

Uses at Contaminated Sites: Same as EMI, except greater depth penetration possible (2,000+ meters) and 
greater resolution of layered earth possible (three layers or more). 

Method Description: Time domain electromagnetic (TDEM) instruments use a large transmitter loop on the 
ground and a receiving coil to measure the decaying magnetic field generated by a descending eddy current that 
is generated when the transmitter loop current is suddenly turned off (Figure 1.3.2a). These measurements can 
be interpreted in terms of the subsurface conductivity as a function of depth (Figure 1.3.2b). 

Method/Device Selection Considerations: Table 1.2.2 provides comparative information on IDEM, EMI, and 
electrical resistivity methods. Advantages: (1) IDEM overcomes most ofthe disadvantages ofEMI compared 
to DC resistivity, at a somewhat higher cost than EMI; and (2) able to penetrate to great depths (thousands of 
feet can be readily achieved). Disadvantages: (1) Site surface features might create difficulties in placement of 
the transmitter loop, which is typically 10 to 20 meters on a side; and (2) not suitable for very shallow 
applications (less than about 150 feet). 

Frequency of Use: The development of IDEM equipment suitable for use at contaminated sites is relatively 
recent, but the increased depth of penetration and better resolution of layers is likely to result in greater use of 
this method. 

Standard Methods/Guidelines: --

Sources for Additional Information: Felsen (1976), Fitterman and Stewart (1986), Goldman (1990), Kaufman 
and Keller (1983), Nabighian and Macnae (1991), U.S. EPA (1992-Chapter 4). 
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Figure 1.3.2 Time domain eledromagnetics: (a) Block diagram showing TDEM principles of operations; (b) The 
depth of TDEM soundings depends on transmitter current, loop size, and time of measurement. 
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1. REM01E SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.3 SURFACE ELECfROMAGNETIC METIIODS 

1.3.3 Metal Detection 

Other Names Used to Describe Method: Eddy current. 

Uses at Contaminated Sites: Locating buried metallic containers of various sizes; defining boundaries of trenches 
containing metallic containers; locating buried metallic tanks and pipes; avoiding buried utilities when drilling 
or trenching (not all instruments have adequate resolution for this application); evaluating integrity of 
deteriorating drums and tanks; locating abandoned wells. See also, Table 1-2. 

Method Description: Metal detectors operate on the same principles as electromagnetic induction (Section 1.3.1), 
except that the instruments are specifically designed to sense increased conductivity resulting from either ferrous 
or nonferrous metals near the ground surface (Figure 1.3.3). Many different types of metal detectors are 
available and fall into three main classes: (1) Pipeline/cable locators, (2) conventional "treasure hunter" detectors, 
and (3) specialized detectors. The first two types are usually handheld, and require one person to operate. 
Specialized detectors are designed to handle for complex conditions, and often require two operators, or can be 
truck-mounted. Each class of detector is specific to certain applications and should not be used for other than 
its designed purpose. 

Method Selection Considerations: Advantages: (1) MDs respond to both ferrous and nonferrous metals; (2) a 
wide range of commercial equipment is available, most of which is relatively easy to use; (3) all metal detectors 
allow continuous measurements, allowing rapid coverage; (4) less expensive and faster than ground-penetrating 
radar, and (5) equipment is light enough to be hand carried. Disadvantages: (1) Depth capability is limited to 
1 to 3 meters for a single 55-gallon drum, and 3 to 6 meters for large masses of drums; (2) susceptible to a wide 
range of noise, including soils rich in iron minerals, metallic debris, pipes and cable, and nearby fences and 
metallic structures; (3) specialized equipment for difficult site conditions requires increased skill-levels to use and 
interpret data; (4) specialized MD equipment might not be readily available; (5) saline ground water (>15,000 
mg!L total dissolved solids) can mask presence ofburied steel containers; (6) unable to detect nonmetallic objects 
(i.e., plastic pipe with no metal detection strip) and detection of metal pipes with insulators at each pipe 
connection might be difficult; (7) determination of number or arrangement of buried objects is not possible; and 
(8) detection limits might be too high for use as a good screening device for selecting drilling locations. 

Frequency of Use: EPA field investigation teams commonly use pipeline/cable locators. Specialized detectors 
might be desirable if available, and site conditions are complex. 

Standard Methods/Guidelines: --

Sources for Additional Information: Aller (1984), Benson (1991), Benson et al. (1984), EC&T et al. (1990), 
Evans and Schweitzer (1984), Lord and Koerner (1987), U.S. EPA (1992-Chapter 4). 
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Figure 1.3.3 Simplified block diagram of a pipe/cable type metal detector system. Primary field from transmitter is 
distorted by buried metallic objects causing upset of null at receiver coil (Benson et al., 1984). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.3 SURFACE EI.ECfROMAGNETIC METIIODS 

1.3.4 Very-Low Frequency E'Jectromagnetics (VLF) 

Other Names Used to Describe Method: VLF resistivity. 

Uses at Contaminated Sites: Similar to EM and DC resistivity. 

Method Description: VLF resistivity instruments measure the ratio of electric to magnetic fields generated by 
military communication transmitters (around 15 to 25kHz). Figure 1.3.4 illustrates the principal components 
of the VLF field. These are very low frequency radio waves, but are actually often higher than frequencies used 
in electromagnetic induction methods. The depth of penetration of these waves is related to the resistivity of 
the subsurface materials. Depth of penetration for contaminant plumes using the method is around 20 meters, 
with a maximum penetration depth of around 60 meters in saturated overburden with higher resistivities. 
Measurements are taken using potential electrodes driven into, or placed on, the ground at 10 meter spacing and 
both resistivity and the phase angle between the electric and magnetic fields are measured. Principles of data 
interpretation as similar to those used in magnetotelluric methods (Section 1.3.5). 

Method Selection Considerations: Advantages: (1) Transmitting waves are generated off site at no cost; (2) the 
ease of taking measurements allows a high spatial density of readings; and (3) only potential electrodes are used, 
minimizing contact resistance problems that can occur withER methods. Disadvantages: (1) Need to account 
for change in land surface (i.e., readings taken at different elevations are not comparable without adjustment); 
(2) resolution of two-layered earth requires that the resistivity of one of the layers be known or assumed. 

Frequency of Use: Value has been demonstrated at contaminated sites, but used less frequently than DC 
resistivity and EMI. 

Standard Methods/Guidelines: --

Sources for Additional Information: McNeill and Labson (1991), Stewart and Bretnall (1986), U.S. EPA (1992-
Chapter 4). 
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Figure 1.3.4 Principal components of the primary VLF field at distances greater than 800 km from the transmitter. 
E, and "• are the electrical and magnetic components of the field, respectively, E,. and EK are the 
vertical and horizontal components of E,. The angle a is the tilt of the electrical field from the vertical. 
Both a and EK increase with increasing terrain resistivity (Stewart and Bretnall, 1986, by permission). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.3 SURFACE ELECTROMAGNETIC ME1HODS 

1.3.5 Magnetotellurics (M1) 

Other Names Used to Describe Method: Telluric current method, magnetotelluric method, audiofrequency MT, 
audiofrequency magnetic (AFMAG), MT array profiling (EMAP), controlled-source audiomagnetotellurics 
(CSAM1). 

Uses at Contaminated Sites: Mapping oflarge geologic structures; regional ground water mapping; mapping of 
brine contamination from unplugged wells (CSAM1); water saturated fracture tracing in rock; detection of fault 
displaced masses of rock. 

Method Description: Telluric currents are natural electric currents that flow in the subsurface in response to 
ionospheric tidal effects and lightning associated with thunderstorms. The telluric current method measures field 
intensity using four electrodes set in intersecting petpendicular lines and is, strictly speaking, an electrical method. 
Magnetotelluric (Ml) geophysical methods involve the measurement of magnetic and electric fields associated 
with the flow of telluric currents. Audiofrequency MT (AM1) is the same as MT, except audio frequencies are 
measured. Audiofrequency magnetic (AFMAG) methods measure the tilt angle of total magnetic field on a 
surface or in the air. MT array profiling (EMAP) is MT with numerous measurements of a surface electric field 
to try to reduce static effect errors resulting from localized changes in conductivity of near-surface materials. 
These static effects can result in erroneous readings at all frequencies, which makes accurate intetpretations of 
data difficult. The above-mentioned methods all measure natural currents. Controlled-source 
audiomagnetotellurics (CSAM1) uses a remote transmitter combined with an AMT receiver (Figure 1.3.5). 

Method Selection Considerations: Advantages: (1) MT methods can reach depths much greater than can be 
reached effectively using artificially induced currents; and (2) CSAMT has been found to have excellent lateral 
resolution, good depth penetration (1 kilometer or more), and is relatively inexpensive for mapping oil field brine 
contamination. Disadvantages: (1) Static effect errors (see EMAP above) are a common problem with all MT 
methods; and (2) for shallow investigations, most other electrical and EM methods are more accurate and easier 
to use. 

Frequency of Use: MT methods have been used primarily in connection with regional geological investigations 
related to mineral exploration. CSAMT has been used in regional ground-water investigations, and has recently 
been successfully used to detect the movement of formation brines into freshwater aquifers through improperly 
abandoned or plugged wells. 

Standard Methods/Guidelines: None. 

Sources for Additional Information: Kaufman and Keller (1981), Porstendorfer (1975), Tinlin et al. (1988-
CSAMl), U.S. EPA (1992-Chapter 4), U.S. Geological Survey (1980), Vozoff (1986, 1991), Wait (1982), Zonge 
and Hughes (1991-CSAMl). 
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Figure 1.3.5 Layout for controlled source AMT survey (Tinlin et al., 1988, Copyright ASTM, reprinted with 
permission). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.4 SURFACE SEISMIC AND ACOUSTIC METIIODS 

1.4.1 Seismic Refraction 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Ground-water and subsurface stratigraphic proftling (including the top of bedrock); 
mapping buried channels; measuring depth to ground water; mapping lateral facies variations in an aquifer; 
estimating porosity. See also, Table 1-2. 

Method Description: An artificial seismic source (hammer, controlled explosive charge) creates direct 
compressional waves that are refracted by traveling along the contact between geologic boundaries before signals 
from the wave reach the surface again (Figure 1.4.1a). The refracted waves are sensed using electromechanical 
transducers, called geophones, which are attached to a seismograph. The seismograph records the time of arrival 
of all waves, using the moment the seismic source is set off as time zero. Travel time is plotted against source-to
geophone distance to produce a time/distance (TID) plot. Une segments, slope and break points in the TID plot, 
are then analyzed to identify the number of layers and depth of each layer. Figure 1.4.1b shows steps in 
processing and interpretation of seismic refraction data. Figure 1-2 shows typical seismic velocity ranges for 
various soil and rock types. 

Method Selection Considerations: Advantages: (1) Equipment is readily available, portable, and relatively 
inexpensive; (2) provides depth of penetration of around 30 meters; (3) technique is accurate and provides rapid 
areal coverage; and (4) interpretation is generally straightforward (not exception below). Disadvantages: (1) 
Resolution might be obscured by layered sequences where velocity of layers decreases with depth (inversion), 
and thin layers, called blind zones, might not be detected; (2) susceptible to noise from urban development (such 
as ground vibrations from construction activity and electrical noise [see Table 1-3]); (3) use might be limited by 
cold or wet weather; (4) relatively time and labor intensive; (5) good data acquisition and resolution requires 
experience operator; (6) seismic sources for deep surveys require considerable energy; (7) only fair ability to 
detect buried bulk wastes, but might provide depth; and (8) does not detect contaminants in ground water. 

Frequency of Use: Commonly used for near surface hydrogeologic studies and subsurface characterization of 
contaminated sites. 

Standard Methods/Guidelines: Draft Standard Guide for the Use of Seismic Refraction in Environmental 
Investigations (Nielsen, 1991). 

Sources for Additional Information: Redwine et al. (1985), Rehm et al. (1985), U.S. EPA (1987, 1992-0tapter 
5), U.S. Geological Survey (1980), Zohdy et al. (1974). Most of the general geophysics texts identified in Table 
1-4 also cover seismic methods. See also, seismic texts identified in Table 1-5. 
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Figure 1.4.1 Seismic refraction: (a) Field layout of a 12-channel seismograph showing the path of direct and 
refracted seismic waves in a two-layer soil/rock system; (b) Flow diagram showing steps in processing 
and interpretation of seismic refraction data (Benson et al., 1984). 
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1. REMO'IE SENSING AND SURFACE GEOPHYSICAL METHODS 

1.4 SURFACE SEISMIC AND ACOUSTIC MEIHODS 

1.4.2 Seismic Reflection 

Other Names Used to Describe Method: Shallow seismic reflection, common-offset reflection, common-depth 
point reflection, common midpoint (CMP) reflection. 

Uses at Contaminated Sites: High resolution mapping of bedrock-unconsolidated contact at intermediate depths 
(typical minimum of 10 to 30 meters); high resolution mapping of stratigraphy and rock type at greater depths 
(more than 70 meters). 

Method Description: Generally similar to seismic refraction (Section 1.4.1). SuiVeys are usually conducted with 
shorter spacing but with more geophones compared to a refraction SUIVey for similar depths. In addition to 
recording the time of first arrival, numerous arrivals of reflected waves are recorded at each geophone, and 
multiple shots are used to create seismic waves (Figure 1.4.2.a), resulting in more data being recorded and 
requiring more complex data processing. Conventional reflection methods are designed for obtaining 
stratigraphic and structural data at depths greater than 70 meters. Relatively recent development of high 
resolution methods, such as the common-depth-point (CDP), can yield good data at depths as shallow as 15 to 
30 meters (Figure 1.4.2b). The common-offset method has been successfully used at interfaces as shallow as 2.7 
meters (but a more typical minimum depth would be around 10 meters). 

Method Selection Considerations: Advantages: (1) Seismic reflection methods provide higher resolution than 
seismic refraction; (2) smaller energy sources are required; (3) shorter spacing of geophones allows greater areal 
coverage for any given spacing; (4) velocity inversions do not affect accuracy as with seismic refraction, and thin 
layers are easier to detect; and (5) data printout straightforward to interpret. Disadvantages: (1) Results are 
much more difficult to interpret and precise interpretation requires computer processing; (2) more complex 
instrumentation and data analysis results in generally higher costs than for seismic refraction; (3) steeply dipping 
boundaries create problems for interpretation; and (4) sensitive to vibrations and electrical noise. Seismic 
refraction is usually better for very shallow investigations, but should no longer be assumed to be the method 
of choice where depths greater than 3 to 15 meters are of interest. 

Frequency of Use: High resolution seismic reflection methods are a relatively new development that will probably 
become more widely used compared to seismic refraction because of higher resolution. 

Standard Methods/Guidelines: --

Sources for Additional Information: Ayers (1989), Badley (1985), Hunter and Pullan (1989-common-offset), 
Kleyn (1983), Knapp and Steeples (1986a,b-CDP), Redwine et al. (1985), Steeples and Miller (1988-CDP), U.S. 
EPA (1987, 1992-Cllapter 5), U.S. Geological SuiVey (1980), Waters (1981). 
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Figure 1.4.2 Shallow seismic reflection: (a) Example of CDP seismic time section and relationship to actual 
stratigraphic section; (b) Field procedure for obtaining sixfold CDP coverage with a single-ended 
12-channel geophone spread moved progressively along the survey line (adapted from Kearey and 
Brooks, 1984, by Ayers, 1989, by permission). 
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1. REMOlE SENSING AND SURFACE GEOPHYSICAL ME1HODS 

1.4 SURFACE SEISMIC AND ACOUSTIC ME1HODS 

1.4.3 Continuous Seismic Profiling (CSP) 

Other Names Used to Describe Method: Acoustical/continuous high-resolution subbottom profiling, marine 
seismic reflection. 

Uses at Contaminated Sites: Defming lithologic boundaries of shallow aquifers; assessing lithology of glacial 
deposits; determining unconsolidated material/bedrock contact. (Note: These uses are possible (provided that 
area of interest is crossed by rivers, large streams, or contains lakes, reseiVoirs, ponds or estuaries.) 

Method Description: Continuous seismic profiling is adapted from methods originally used in deep-water marine 
geology investigations, and differs from land-based seismic techniques in that only one channel is used to detect 
signals. In shallow water, high-resolution, single-channel, continuous-seismic reflection equipment is towed 
through the water alongside or behind the suiVey boat (Figure 1.4.3a). The energy source (electromechanical 
transducers, sparkers, or airguns) emit sounds at a fiXed frequency, or with a range of frequencies into the water. 
The receiver, called a hydrophone, detects the reflected acoustic signals to create a proftle of the subsurface 
below the line of travel of the boat (Figure 1.4.3b). Usually the raw record can be used for direct interpretation 
with no further processing. The position of the boat must be established and maintained throughout the suiVey, 
using methods ranging from multiple land suiVey crews with ranging equipment to sophisticated microwave 
locationing systems. A grid pattern of suiVey lines allows a three dimensional representation of the subsurface. 
A fathometer suiVey (Section 1.4.6) is usually conducted simultaneously to provide an indication of water depth 
to assist in calculation of thicknesses of sub-bottom strata. 

Method Selection Considerations: Advantages: (1) Relatively fast and inexpensive; (2) electromechanical 
transducers can emit a wide range of frequencies and provide good depth penetration and moderate to high 
resolution; low-frequency energy sources (sparkers and airguns) achieve deeper penetration into the subsurface 
but provide less resolution; (3) sediment types, such as sand and clay, can be differentiated with higher frequency 
systems; and (4) data printout is straightforward to interpret. Disadvantages: (1) Umited to water bodies that 
are large enough or continuous enough to provide the desired areal coverage; (2) steeply dipping boundaries 
create problems for interpretation; (3) sensitive to vibrations and electrical noise; and ( 4) material velocities must 
be known for depth calculations. 

Frequency of Use: Uncommonly used for site specific investigations because of requirement for large water 
bodies. 

Standard Methods/Guidelines: --

Sources for Additional Information: Haeni (1986), Redwine et al. (1985), U.S. EPA (1992-Chapter 5). See also, 
texts identified in Table 1-5. 
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Figure 1.4.3 Continuous seismic profiling: (a) Block diagram of typical high-resolution continuous seismic reflection 
system and seismic ray-path diagram (Haeni, 1986, by permission); (b) Marine seismic reflection 
record showing layered sediments overlying a consolidated bedrock surface (Redwine et al., 1985). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL MEIHODS 

1.4 SURFACE SEISMIC AND ACOUSTIC METIIODS 

1.4.4 Seismic Shear and Surface Waves 

Other Names Used to Describe Method: Spectral analysis of surface waves (SASW). 

Uses at Contaminated Sites: Seismic shear: Detecting subsurface fissures caused by subsidence; differentiating 
water table from weathered bedrock (in combination with seismic refraction); potential for determining the 
distribution and orientation of fractures; SASW: Characterizing strength of soil materials. 

Method Description: Seismic shear: Basic instrumentation is similar to seismic refraction and reflection methods, 
except that layouts are modified to record the time of arrival of seismic shear waves (S waves), in which particles 
move transverse to the direction of propagation of the wave rather than back and forth as in a compressional 
(P wave), which is observed in seismic refraction and reflection. Figure 1.4.4a shows schematic receiver geometry 
for a shear wave refraction spread. Shear waves are commonly generated using a sledgehammer blow delivered 
to the soil at an angle to the ground surface, or by using a set of three sequential explosive shots. Both reflection 
and refraction of shear waves can be measured and analyzed. SASW: Method for measuring Gmu of soil with 
depth, without the use of boreholes (see Section 3.4.6 for cross borehole methods). The technique uses two 
vertical transducers placed on the ground surface at equal distances from an imaginary centerline (Figure 1.4.4b ). 
A vertical impulse is generated on the ground surface, and surface waves of the Rayleigh type are monitored as 
they propagate past the two transducers. Successive seismic impulses of different wavelengths allow sampling 
different depths of soil, with low frequency waves sampling greater depths. 

Method Selection Considerations: Seismic Shear Advantages: (1) Has been found to be more successful than 
seismic refraction or reflection in detecting subsurface fissures that have developed where overpumping of ground 
water has caused subsidence; and (2) in combination with seismic refraction data, allows differentiation of a 
ground-water surface from other lithologic contacts. Seismic Shear Disadvantages: (1) Addition of shear wave 
generation and analysis to seismic surveys adds to the complexity and cost of surveys; and (2) applications such 
as mapping of water-table surface can usually done with simpler and less expensive methods. SASW Advantages: 
Boreholes are not required as with other methods for measuring G ..... SASW Disadvantages: (1) Relatively 
sophisticated computer programs, which are not readily available, are required to analyze data; and (2) results 
might be less accurate than crosshole method for layered soils with inclined boundaries and heterogenous soils. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: None. 

Sources for Additional Information: Bates et al. (1991), CH2M Hill (1991-seismic shear, SASW), Danboro and 
Domenico (1987), Dohr (1985), Ensley (1987-bibliography), Stokoe and Nazarian (1985-SASW), U.S. EPA (1987-
Chapter 5), Woods (1985-seismic shear, SASW). 
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Figure 1.4.4 Other seismic methods: (a) Schematic receiver geometry for shear wave refraction spreads (Bates et al., 
1991, by permission); (b) Spectral analysis of surface waves test (CH2M Hill, 1991, after Stokoe and 
Nazarian, 1985, by permission). 
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1. REM01E SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.4 SURFACE SEISMIC AND ACOUSTIC METIIODS 

1.4.5 Acoustic Emission Monitoring 

Other Names Used to Describe Method: Microseismic method. 

Uses at Contaminated Sites: Detecting sounds generated by instabilities in features such as dams and slopes, 
retaining walls, footings, underground tunnels, mines, and quarries. Provides early warning for instability in 
structures where remedial actions have been carried out. 

Method Description: Subaudible sound waves cause the release of stored elastic-strain energy in stressed 
materials (such as dislocations, grain boundary movement and initiation, and propagation of fractures (between 
mineral grains) are monitored. A wave guide (steel rod or plastic pipe), inserted in the ground or lowered down 
a borehole, transmits signals to a sensor (Figure 1.4.5). The sensor, an accelerometer, converts the mechanical 
wave energy to an electrical signal, which is filtered and amplified. A signal counter records a count each time 
a the signal exceeds a threshold that is above the background noise level. Preliminary testing to determine 
background noise levels from such factors as wind, thunderstorms, barometric changes, power lines, operation 
of nearby machinery, passing airplanes, and vehicular traffic, is required. Monitoring can be continuous or 
periodic. 

Method Selection Considerations: Advantages: (1) Acoustic emission monitoring is inexpensive and simple to 
cany out; (2) interpretation is generally uncomplicated; and (3) best of available methods for monitoring dike 
stability. Disadvantages: Intermittent sources of background noise (see method description above) can cause 
erroneous interpretations. 

Frequency of Use: Relatively uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Davis et al. (1984), Lord and Koerner (1987), Redwine et al. (1985), U.S. 
EPA (1979, 1992-0tapter 5), Waller and Davis (1984). 
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Figure 1.4.5 Acoustic emission monitoring system set up to detect acoustic emissions generated by a potential 
failure plane In a an earth dam (U.S. EPA, 1979). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METHODS 

1.4 SURFACE SEISMIC AND ACOUSTIC MElHODS 

1.4.6 Sonar 

Other Names Used to Describe Method: Side-scan sonar, fathometer water bottom surveys, color fathometer. 

Uses at Contaminated Sites: Side-sean sonar: Detecting leakage sources of sinkholes in water bodies (reservoirs 
and lakes, holding ponds, and waste disposal ponds); possible applications for detecting DNAPu in water bodies. 
Pathometer: Constructing bottom-topography proftles or contour maps below water bodies to locate subsidence 
features and to assist in interpreting continuous-seismic reflection surveys. 

Method Description: Side-sean sonar: A towfish containing transducers that send bursts of high-intensity, high
frequency acoustic signals and receive the echoes is pulled behind a· boat (Figure 1.4.6). The signals are 
amplified and processed to create an image of the water bottom surface that can cover as much as several 
hundred meters on both sides of the survey line. Imagery resolution is sufficient to identify details such as 
bedrock outcrops, rough or smooth mud surfaces, sand surfaces, gravel or boulders, and collapse features. 
Pathometer: Similar to side-scan sonar, except that it only records bottom topography directly below the 
instrument. A fathometer survey is required for accurate interpretation of continuous-seismic proftles (Section 
1.4.3). Both instruments can be used in conjunction with an underwater magnetometer to locate metal containers 
at or below the sediment surface. 

Method Selection Considerations: Side-Scan Sonar Advantages: (1) Provides very high-resolution imagery; and 
(2) wide area of coverage allows for few survey lines without gaps in data and also allows rapid coverage. Side
Scan Sonar Disadvantages: (1) Relatively expensive due to cost ofleasing equipment, boat, and operators; (2) 
does not provide water depths or sub-bottom information; and (3) cables might catch on underwater debris. 
Pathometer Advantages: (1) Inexpensive; and (2) data interpretation is easy. Pathometer Disadvantages: Records 
only surface directly below the instrument, and so it might miss features between survey lines. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Redwine et al. (1985), Saucier (1970), U.S. EPA (1992-0lapter 5). 
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Figure 1.4.6 Side-scan sonar system (Redwine et al., 1985, Copyright C> 1985, Electric Power Research Institute, 
EPRI CS-3901, Groundwater Manual for the Electric Utility lndusJry, reprinted with permission). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.4 SURFACE SEISMIC AND ACOUSTIC METIIODS 

1.4.7 Pulse-Echo Ultrasonics 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Monitoring of surface container corrosion, buried container stability, and buried . 
pipeline leaks. 

Method Description: A pulse of elastic energy, typically a few micro seconds long and a frequency of about 1 
MHz, is beamed into the material being investigated. The elastic wave is reflected from cracks, and 
discontinuities within the material and the nature of the reflected pattern gives an indication of the depth and 
spatial extent of cracks and discontinuities (Figure 1.4.7). 

Method Selection Considerations: Advantages: (1) Method is well-developed for testing integrity of surface 
containers; and (2) commercial equipment is readily available. Disadvantages: Limited actual field use 
experience at contaminated sites. 

Frequency of Use: Uncommon at contaminated sites. 

Standard Methods/Guidelines: --

Sources for Additional Information: Lord and Koerner (1980, 1987), McGonnagle (1961), Sharp (1970). 
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Figure 1.4.7 Principles of pulse-echo ultrasonics (Lord and Koerner, 1987). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL ME1HODS 

1.5 01HER SURFACE GEOPHYSICAL ME1HODS 

1.5.1 Ground-Penetrating Radar (GPR)* 

Other Names Used to Describe Method: Ground-piercing radar, ground-probing radar, subsurface impulse radar, 
pulsed microwave, pulsed radio frequency, electromagnetic subsurface profiling, continuous microwave. 

Uses at Contaminated Sites: Locating buried objects (only reliable method for detecting buried plastic 
containers); mapping of depth to shallow water table; delineating soil horizons, bedrock subsurface, and structure; 
detecting buried containers and leaks; mapping of trench boundaries; delineating karst features; delineating 
physical integrity of manmade earthen structures; selecting locations for installation of suction samplers in the 
vadose zone. See also, Table 1-2. 

Method Description: GPR: A transmitting and a receiving antenna are dragged along the ground surface. The 
small transmitting antenna radiates short pulses of high-frequency radio waves (ranging from 10 to 1,000 mHz) 
into the ground and the receiving antenna records variations in the reflected return signal (Figure 1.5.1a). The 
principles involved are similar to reflection seismology, except that electromagnetic energy is used instead of 
acoustic energy, and the resulting image is relatively easy to interpret (Figure 1.5.1b). Continuous microwave: 
Similar to GPR except that a range of frequencies is continuously emitted resulting in interference patterns 
between the emitted and reflected wave. The spacing (in frequency) between interference maxima or minima 
as the emitting frequency changes gives the depth of the reflecting surface. 

Method Selection Considerations: GPR Advantages: (1) Profiles give the greatest resolution of currently available 
surface geophysical methods; (2) best penetration is achieved in dry, sandy or rocky areas (up to 25 meters); and 
(3) where site conditions are favorable, rapid areal coverage is possible. GPR Disadvantages: (1) Depth of 
penetration (typically 1 to 15 meters) is less than DC resistivity and EM methods, and is further reduced in moist 
and/or clayey soils and soils with high electrical conductivity; (2) bulkiness of equipment limits use in rough and 
inaccessible terrain; (3) FM radio transmissions might interfere with signals depending on the frequency, and 
unshielded antennas are susceptible to interference by metallic materials (see Table 1-3); (4) bouldery till might 
scatter signal, masking underlying bedrock; and (5) unprocessed images give only approximate shapes and depths 
and require processing to obtain true shape and depth. Continuous Microwave methods are still in 
developmental stages. 

Frequency of Use: Probably the most frequently used surface geophysical method after EMI and DC resistivity. 

Standard Methods/Guidelines: Draft ASTM Standard Guide to the Use of Ground-Penetrating Radar in 
Environmental Investigations (Nielsen, 1991). 

Sources for Additional Information: Benson et al. (1984), Beres and Haeni (1991), Daniels (1989), Douglas et 
al. (1992), Lord and Koerner (1987), Olhoeft (1988-bibliography), Pittman et al. (1984), Redwine et al. (1985), 
Trabant (1984), Truman et al. (1991), Ulriksen (1982), U.S. EPA (1987, 1992-Chapter 6). See also, Table 1-5. 
Subsurface dielectric properties: Figure 1-2, Akhadov (1980), Daniel (1967), Hasted (1974), Hoekstra and 
Delaney (1974), Kracchman (1970), Tareev (1975), van Beek (1965), von Rippel (1954a,b). See also, Table 6-2 
listing for references on dielectric sensors. 

*Following the convention of Benson et al. (1984), ground-penetrating radar is not placed in the section on 
electromagnetic methods (Section 1.3) due to the higher frequencies involved. 

1-53 



GROUND SURFACE 

LAYERED MATERIAL 

(a) 

I 
6.5 FEET 

1 
FINE 
QUARTZ 
SAND 

~------- APPROXIMATELY 400 FEET --------.1 

(b) 

Figure 1.5.1 Ground-penetrating radar: (a) Ground-penetrating radar apparatus (Redwine et al., 1985, Copyright C 
1985, Electric Power Research Institute, EPRI CS-3901, Groundwater Manual for the Electric Utility 
Industry, reprinted with permission); (b) GPR profile of quartz and over clay (Benson et al., 1984). 
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1. REM01E SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.5 OTIIER SURFACE GEOPHYSICAL METIIODS 

1.5.2 Magnetometry 

Other Names Used to Describe Method: F1uxgate gradiometer/magnetometer, proton magnetometers/nuclear 
resonance magnetometer. Other names that are less commonly used include: Dip needles, deflection 
magnetometers, induction variometer. 

Uses at Contaminated Sites: Locating buried steel containers, such as 55-gallon drums; defining boundaries of 
trenches filled with ferrous containers; locating ferrous underground utilities, such as iron pipe or tanks, and 
associated penneable pathways; selecting drilling locations that are clear of buried drums, underground utilities, 
and other obstructions; locating buried ferrous slag dumping areas; location of abandoned wells. See also, Table 
1-2. 

Method Description: Magnetometers measure either intensity of the earth's total magnetic field at a point or 
gradients in the magnetic field. Proton magnetometers are usually used to measure the strength of the earth's 
total magnetic field at a point, requiring a closely-spaced grid of station measurements to provide complete 
coverage of a site. Fluxgate gradiometers allow continuous measurement of the gradient in the magnetic field 
along a transect. Anomalous readings (measured as gammas) indicate the presence of ferrous metals (Figure 
1.5.2). Typically, single drums can be detected at distances up to 6 meters and massive piles detected at distances 
of 20 meters or more. Underwater magnetometers can be used in conjunction with fathometers and sidescan 
sonar (Section 1.4.6) to detect metal containers that have been buried by sediments or shifting sand. 

Method Selection Considerations: Proton Magnetometer Advantages: Provide the most sensitive reading 
variations in the magnetic field. Proton Magnetometer Disadvantages: (1) Require station measurements; and 
(2) more susceptible to noise than fluxgate gradiometers. Fluxgate Gradiometer Advantages: (1) Less susceptible 
to noise than proton magnetometers; and (2) generally less expensive to operate because continuous 
measurements provide more rapid coverage. General Disadvantages: (1) Depending on the distance from the 
interfering object, magnetometers are susceptible to noise from a number of different sources such as steel 
fences, vehicles, buildings, iron debris, and natural soil minerals (see Table 1-3); (2) will not detect nonferrous 
metals (metals other than iron, steel, and nickel); (3) estimating depth of burial is difficult; and ( 4) total field 
corrections and/or gradient readings might be required to compensate for solar interferences. 

Frequency of Use: Common at sites where presence of ferrous metals in the subsurface is known or suspected. 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: Aller (1984), Benson et al. (1984), Bozorth (1951), Breiner (1973), 
Chikazumi (1964), EC&T (1990), Hinze (1988), Lahee (1961), Nettleton (1971, 1976), Rehm et al. (1985), U.S. 
EPA (1987, 1992-Chapter 6), Zohdy et al. (1974). Most of the general geophysics texts identified in Table 1-4 
also cover magnetic methods. 
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Figure 1.5.2 Mqnetometry: (a) Schematic Illustrating basic magnetometer principle of operation (J, Ursie, U.S. 
EPA, Region 5); (b) Station measurements of a magnetic anomaly caused by a buried steel drum 
(Benson et al., 1984). 
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1. REMO'IE SENSING AND SURFACE GEOPHYSICAL METHODS 

1.5 O'IHER SURFACE GEOPHYSICAL METIIODS 

1.5.3 Gravimetries 

Other Names Used to Describe Method: Microgravity. 

Uses at Contaminated Sites: Detecting variation of thickness of unconsolidated material over bedrock; mapping 
of landfill boundaries; detecting cavity, sinkholes, and subsidence. 

Method Description: Gravimetry involves measurement of variations in the intensity of the earth's gravitational 
field (expressed as acceleration in centimeters per second squared, or gals). Three principle classes of 
instruments are used in conventional gravity measurements: Torsion balance, pendulum, and gravity meter or 
gravimeter. All can detect anomalies as small as one-ten-millionth (milligals--10-3 gals) of the earth's gravitational 
field. Microgravimeters, measuring in units of microgals (10-6 gals) are sufficiently sensitive that they can 
delineate cavities in the subsurface (Figure 1.5.3a). Station measurements along a transect or on a grid require 
great care in setting up the instrument and the elevation of each station must be carefully surveyed. Gravity data 
obtained in the field must be corrected for elevation, rock density, latitude, earth-tide variations, and the 
influence of surrounding topographic variations. After corrections, measurements are plotted as Bouger anomaly 
maps, which look like topographic contour maps and are interpreted in terms of the size, shape and position of 
subsurface structures (Figure 1.5.3b). 

Method Selection Considerations: Advantages: (1) Not adversely affected by urban influences that adversely 
affect EM methods, such as power lines, and radio broadcasts; (2) detailed surveys can delineate size and shape 
of cavity; and (3) existing data might be available locally from sources such as state geological surveys or the U.S. 
Geological Survey. Disadvantages: (1) Microgravity surveys tend to be expensive because extreme care is 
required in field procedures; (2) detailed elevation and location surveying of all stations is required; (3) 
instruments are very delicate and are very sensitive to temperature changes; ( 4) ground vibrations might adversely 
affect data; (5) microgravimeters are very expensive; (6) many corrections have to be applied to gravity data, 
which is time consuming; and (7) interpretations might be ambiguous. 

Frequency of Use: Widely used in mineral exploration. Most commonly used to detect bedrock valleys buried 
by unconsolidated glacial materials and regional-scale ground-water investigations. Not commonly used for site
specific investigations. 

Standard Methods/Guidelines: --

Sources for Additional Information: Butler (1977, 1984, 1991), Hinze (1988), Lahee (1961), Nettleton (1971, 
1976), Redwine et al. (1985), Rehm et al. (1985), U.S. EPA (1992-Chapter 6), U.S. Geological Survey (1980), 
Zohdy et al. (1974). Most of the general geophysics texts identified in Table l-4 also cover gravity methods. 
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Figure 1.5.3 Microgravity surveys: (a) Schematic diagram of LaCoste and Romberg microgravimeter (Redwine et al, 
1985, after Dobrin, 1960 [see Dobrin and Savit, 1988], Copyright C 1985, Electric Power Research 
Institute, EPRI CS-3901, Groundwater Manual for the Electric Utility Industry, reprinted with 
permission); (b) Contour maps illustrating negative gravity anomalies over spherical (A) and 
horizontal cylindrical (B) cavities in the subsurface (Butler, 1977). 
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1. REM01E SENSING AND SURFACE GEOPHYSICAL ME1HODS 

1.5 OlHER SURFACE GEOPHYSICAL ME1HODS 

1.5.4 Radiation Detection 

Other Names Used to Describe Method: Radiation monitoring: Personnel monitors and survey instruments 
(described below). 

Uses at Contaminated Sites: Monitoring of radiation hazards using investigative techniques that involve ionizing 
radiation or detection of contamination by radioisotopes. See also, Section 10.6.1. 

Method Description: Radiation monitoring: Various types of personnel monitors have been developed, such as 
ftlm badges (records exposure on film), thermoluminescent dosimeters (store ionizing radiation in crystal lattice 
defects that can be measured as light output upon heating), and compact ionization chambers, such as self
reading dosimeters and pocket ion chambers. Most portable radiation survey instruments detect radiation by 
its interaction with gas in an ionization chamber. Conventional ionization chambers are used primarily for 
measuring high intensity beta, gamma, orx-radiation. Proportional counters can be used to discriminate between 
beta and gamma radiation. Geiger-Mueller counters (also called Geiger and G-M counters) are similar to 
ionization chambers except that the formation of secondary electrons greatly increases their sensitivity. Figure 
1.5.4a shows a typical Geiger counter. Scintillation counters or detectors use a solid crystal that interacts with 
ionizing radiation to produce flashes of light that are converted to relatively large electrical pulses by a 
photomultiplier tube (Figure 1.5.4b). Scintillation detectors are extremely sensitive instruments that can be used 
to detect alpha, beta, gamma or x-radiation depending on the crystal that is used. ASTM (1990) covers standard 
terminology relating to radiation measurements. 

Method Selection Considerations: Requires selection of an instrument or interchangeable detector tube that is 
consistent with the investigative requirements. Types of ionizing radiation most likely to be encountered at a 
hazardous waste sites and environmental spills are alpha and beta particles and gamma radiation, with gamma 
radiation being the most routinely monitored because of its penetration ability. Ford et al. (1984) summarize 
advantages and disadvantages of major types of personnel monitors and survey instruments. 

Frequency of Use: Radiation monitoring devices should be used in any situation that the presence of ionizing 
radiation is known or suspected. 

Standard Methods/Guidelines: Radiation survey instruments: Ford et al. (1984), Marutzky et al. (1984); low-level 
waste site monitoring: EG&G Idaho (1990). 

Sources for Additional Information: General applications: Duval (1980, 1989); Radiation detection instruments: 
Glasstone (1967-chapter 7), Steele et al. (1985). Geophysics texts covering radiometric methods: Beck (1981), 
Eve and Keys (1954), Morse (1977), Parasnis (1975), Sherriff (1989), Telford et al. (1990). 
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Figure 1.5.4 Radiation detection instruments: (a) Portable geiger tube detector, (b) Schematic of a simple 
scintillation counter (Glasstone, 1967). 
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1. REM01E SENSING AND SURFACE GEOPHYSICAL ME1HODS 

1.6 NEAR-SURFACE GE01HERMOME1RY 

1.6.1 Soil Temperature 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Evaluating volatilization of organic contaminants; evaluating soil microbial activity; 
delineating contaminant plume; characterizing shallow ground-water flow (see Section 1.6.2). 

Method Description: Soil temperature is measured at the surface or below the ground surface using one or more 
methods for temperature measurement described in Sections 8.2.1 and 8.2.2 (Air thermometry). Thermocouples 
are the most commonly used methods for soil temperature measurement (Figure 1.6.1). Ground-water 
temperature gives a close estimate of mean annual soil temperature if monitoring wells are available with water 
at a depth of 10 to 20 meters. Alternatively, the average of four temperature measurements taken at a depth 
of about 50 centimeters equally spaced throughout the year gives a good estimate of mean annual soil 
temperature. Historical soil surface temperature data can be estimated from historical meteorological data using 
empirical relationships between soil and surface temperature or solving the energy balance equation for soil 
temperature (see Section 8.4.4). Pikul (1991) reviews and evaluates these methods. 

Method Selection Considerations: See Sections 8.2.1 and 8.2.2 (Air Thermometry). See also, Section 3.5.2 
(Temperature logs). 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Buchan (1991), Taylor and Jackson (1986a). 

Sources for Additional Information: Brakensiek et al. (1979), Morrison (1983), Smith et al. (1960), U.S. EPA 
(1992-Chapter 6). See also, texts covering geothermal methods and soil thermal properties in Table 1-5. 
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(a) Bare thermocouple element, twisted and welded. 

(b) Butt-welded thermocouple element. 

(c) Thermocouple element, twisted and welded with asbestos insulation. 

(d) Butt-welded thermocouple element with double-bore insulators. 

~cccccccccccccccccccccccccccccccccc~ 
~cccccccccccccccccccccccccccccccccc~~====~ 

(e) Butt-welded thermocouple element with fish-spine insulators. 

(f) Two butt-welded thermocouple elements with 4-hole insulators. 

Figure 1.6.1 Typical thermocouple element assemblies for measuring soil temperature (Morrison, 1983, by 
permission). 
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1. REMOTE SENSING AND SURFACE GEOPHYSICAL METIIODS 

1.6 NEAR-SURFACE GEOTIIERMOME1RY 

1.6.2 Shallow Geothermal Ground-Water Temperature 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Detecting contaminant plumes from landfills; identifying areas of surface recharge, 
flow velocity, and permeability in shallow aquifers; measuring ground-water percolation; calculating ground-water 
flow and aquifer permeability. 

Method Description: Subsurface temperatures are measured at a selected depth (up to 40 inches) at a large 
number of stations over a short time span. Measurements are plotted on a map and contours of equal 
temperature interpolated between the data points. Interpretations are based on temperature hydrogeologic 
relationships such as: (1) Seasonal changes in soil temperatures associated with ground-water recharge and 
discharge (Figure 1.6.2a); (2) shallow moving ground water produces lower soil temperatures compared to 
shallow bedrock; and (3) landfill leachate tends to be wanner than native ground water. Figure 1.6.2b illustrates 
the use of summer and winter temperature profJles to detect discontinuous sand and gravel aquifers in fine
grained alluvium. Aquifer permeability can be calculated from head and temperature measurements. Brown 
et al. (1983) describe procedures for calculating ground-water flow from temperature in three situations: (1) 
Dipping aquifers; (2) vertical conductivity of confming beds; and (3) vertical flow near the land surface. The first 
two methods involve temperature measurements in boreholes (see Section 3.5.2). Surface or airborne thermal 
infrared measurements (Section 1.1.3) also can be used for shallow aquifer characterization. 

Method Selection Considerations: Instrumentation is relatively simple and measurements are easy to make. 
Other methods, such as electromagnetic induction (Section 1.3.1) are easier, and probably more accurate for 
contaminant plume detection. 

Frequency of Use: Occasionally used in near-surface ground water investigations; infrequently used at 
contaminated sites. 

Standard Methods/Guidelines: Brown et al. (1983-Section 5.5), Stevens et al. (1975). 

Sources for Additional Information: Bair and Parizek (1978), Gilkeson and Cartwright (1983), Jansen (1990), 
U.S. EPA (1992-0lapter 6). See also, texts covering geothermal methods in Table 1-5. 
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Figure 1.6.2 Shallow geothermic method for ground-water detection: (a) Generalized temperature conditions in a 
small ground-water Dow system during summer (conditions are reversed in winter)(Cartwright, 1974, 
by permission); (b) Temperature profiles (winter and summer) and geologic cross section of an alluvial 
valley where a discontinuous sand and gravel aquifer is contained within fine-grained alluvium 
(Cartwright, 1968, by permission). 
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1. REM01E SENSING AND SURFACE GEOPHYSICAL MEfHODS 

1.6 NEAR-SURFACE GEOTIIERMOME1RY 

1.6.3 Other lbermal Properties 

Other Names Used to Describe Method: Heat capacity and specific heat, thermal conductivity and diffusivity, 
heat flux. 

Uses at Contaminated Sites: Various thermal properties affect soil temperature which, in tum, influences rates 
of biological and chemical reactions, energy balance of the earth's surface, soil-water movement, and 
anthropogenic features such as roads, buried cables, and waterlines, which might be susceptible to damage by 
freeze-thaw action in the soil. 

Method Description: Soil-water content is a critical factor affecting thermal properties and often needs to be 
measured (See Section 6.3). Various methods are used in the field to measure soil heat flux density (the amount 
ofheat flowing in the soil per unit area per unit time) including: (1) Calorimetric method; (2) gradient method; 
(3) combination method using both calorimetric and gradient measurements; and (4) soil heat flux plate method. 
Other thermal properties are usually measured in the laboratory using soil samples: (1) Heat capacity and 
specific heat are measured using a calorimeter; (2) thermal conductivity is measured using a galvanometer; and 
(3) thermal diffusivity is measured using a sample container, heat exchanger in a temperature-controlled water 
bath. Figure 1.6.3 shows examples of field measured depth profiles of thermal conductivity, heat capacity, and 
heat flux. Figure 1-2 shows typical ranges of thermal conductivity for common rock and soil types. 

Method Selection Considerations: Measurement of thermal properties generally is required in special situations, 
such as measurement of heat flux in the Energy Budget/Bowen Ratio Method. References listed below can give 
guidance on method selection for specific thermal properties. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Heat capacity and specific heat: Taylor and Jackson (1986b); thermal 
conductivity and diffusivity: Jackson and Taylor (1986); heat Dux: Fuchs (1986). 

Sources for Additional Information: See texts covering geothermal methods and soil thermal properties in Table 
1-5. 
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Figure 1.6.3 SoU thermal properties: (a) Thermal conductivity; (b) Heat capacity; (c) Average soil heat Dux (dashed 
lines in (a) and (b) and solid line in (c) represent theoretical values using various models) (Flint and 
Childs, 1987, by permission). 
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Table 1-4 Reference Index for Texts on Remote Sensing and Surface Geophysical Methods 

Topic 

Remote Sensing 

General 

Aerial Photography 

General Geophysics 

General Texts• 

Ground ·water 

Contaminated Sites 

Engineering 

Nondestructive Testing 
Methods 

Reference 

AS1M (1993a), Colwell (1983), Dury (1990), Holz (1973), Johnson and 
Pettersson (1987), Kondratyev (1969), Rees (1990), Reeves (1968, 1975), Regan 
(1980), Sabins (1978), Ulaby et al. (1982-microwave), Watson and Regan (1983); 
Hydrologic/Contamination Applications: Burgy and Algaz (1974), Deutsch et al. 
(1979), Ellyett and Pratt (1975), Goodison (1985), Lund (1978), Reeves (1968), 
Scherz (1971), Scherz and Stevens (1970), Sers (1971), Thomson et al. (1973) 

AS1M (1993), Avery (1968), Ciciarelli (1991), Denny et al. (1968), Johnson and 
Gnaedigner (1964-bibliography), Lattman and Ray (1965), Lueder (1959), Ray 
(1960), SCS (1973), Wolfe (1974-photogrammetry) 

Beck (1981), d'Arnaud Gerkins (1989), Dobrin and Savit (1988), Eve and Keys 
(1954), Garland (1989), Grant and West (1965), Griffiths and King (1981), 
Hansen et al. (1967), Heiland (1940), Howell (1959), Jakosky (1950), Kearey and 
Brooks (1991), Milsom (1989), Nettleton (1940), Parasnis (1975, 1979), Robinson 
and Coruh (1988), Sharma (1986), Sheriff (1968, 1989, 1991), Telford et al. 
(1990), Valley (1965), Van Blaricom (1980), Ward (1990a) 

Erdelyi and Gaifi (1988), Morely (1970), NWW A (1984, 1985, 1986), Redwine et 
al. (1985), Rehm et al. (1985), Taylor (1984), U.S. Geological Survey (1980), 
Ward (1990b), Zohdy et al. (1974); Bibliographies: Handman (1983), Johnson and 
Gnaedinger (1964), Lewis and Haeni (1987), Rehm et al. (1985), van der Leeden 
(1991) 

Aller (1984), API (1991), Benson et al. (1984), Costello (1980), EC&T et al. 
(1990), Frischknecht et al. (1983), HRB-Singer (1971), Lord and Koerner (1987), 
NWW A (1984, 1985, 1986), O'Brien & Gere (1988), Olhoeft (1992), Pitchford et 
al. (1988), SEMEG (1988-present), Technos (1992), U.S. EPA (1987), Waller and 
Davis (1984), Ward (1990b); Review Papers: Benson (1991), Evans and 
Schweitzer (1984), Hoekstra and Hoekstra (1990) 

Paillet and Saunders (1990), SEG (various dates), SEMEG (1988-present), U.S. 
Army Corps of Engineers (1979), Ward (1990c) 

AS1M (Annual), Lord and Koerner (1987), McGonnagle (1961), Sharp (1970) 

"Most texts on geophysics cover electrical, electromagnetic, seismic, magnetic, and gravity methods. Check annotations 
for major topics covered by texts identified at the beginning of the table. 
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' Table 1-! Reference Index: for Texts on Specific Surface Geophysical Methods 

Topic 

Electrical Resistivity 

Induced Polarization 

Basic EM Theory 

EM Wave Behavior 

EM Induction 

Seismic Refraction 

Continuous Seismic 
Profiling 

Ground-Penetrating Radar 

Geothermal Methods 

Reference 

Texts: Bhattacharya and Patra (1968), Goldman (1990-nonconventional methods), 
Keller and Frishcknecht (1970), Kofoed (1979), Kunetz (1966), Mooney (1980), 
Patra and Mallick (1980), Roux (1978), Soiltest, (1968); Intemretation: Kalenov 
(1957), Mooney and Wetzel (1956), Orellana and Mooney (1966, 1972), Van 
Nostrand and Cook (1966), Verma (1980); Geoelectric Properties: Parkhomenko 
(1967), Wheatcraft et al. (1984) 

Baizer and Lund (1983), Bertin and Loeb (1976), Bottcher (1952), Fink et al. 
(1990), Sumner (1976), Wait (1959, 1982), Wheatcraft et al. (1984) 

Jackson (1975), Kong (1975), Nabighian (1988), Stratton (1941), Wait (1985) 

Chew (1990), Jordon (1963), Kong (1975), Lorrain and Carson (1970), 
Schelnukoff (1943), Wait (1970, 1981, 1985), Ward and Morrison (1971) 

Hoyt (1974), Kaufman and Keller (1983), Kraus (1984), Nabighian (1988, 1991), 
Rokityanksi (1982), Verma (1982-three-layer interpretation data), Wait (1971, 
1982) 

Texts: Badley (1985), Dix (1952-oil prospecting), Haeni (1988-hydrogeology), 
Mooney (1984), Musgrave (1967), Palmer (1986), Redpath (1973), Waters (1981); 
Analvsis/lntemretation: Berkhout (1985, 1988), Fagin (1991), Palmer (1980), 
Russell (1988), Slotnick (1959), Tucker (1982), Tucker and Yorsten (1973); Wave 
Theory Texts: Auld (1990), Berkhkout (1987), Bland (1988), Davis (1988), White 
(1965); Rock Properties: Carmichael (1982) 

Texts: Burdic (1991), Coates (1989), EG&G Environmental Equipment Division 
(1977), Hassab (1989-signal processing), Hersey (1963), Syiwester (1983), Trabant 
(1984); Intemretation: Badley (1985), Ewing and Tirey (1961), Leenhart (1969), 
Roksandic (1978), Sangree and Widmier (1979), Tufekcic (1978) 

Hiinninen and Autio (1992), Lucius et al. (1990), Pilon (1992), Rossiter and 
Bazely (1980), SCS (1988) 

Texts: Eve and Keys (1954), Gougel (1976), Howell (1959), Jessup (1990), Rehm 
et al. (1985), Sharma (1986), Sheriff (1989), Summers (1971-bibliography); Soil 
Thermal Properties: Carlslaw (1986), de Vries (1963, 1975), Farouki (1981), 
Kersten (1949), Lee (1965), Wechsler et al. (1965) 
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published in NWWNEPA Series, National Water Well Association, Dublin, OH. [Air photos, color/thermal IR, ER, EMI, 
GPR, MD, MAG, combustible gas detectors] 

American Petroleum Institute (API). 1991. An Evaluation of Soil Gas and Geophysical Techniques for Detection of Hydrocarbons. 
API Publication No. 4509. API, Washington, DC, 110 pp. [GPR, EMI, ER, complex resistivity] 

American Society for Testing and Materials (AS1M). Annual. Book of AS1M Standards: Metals Test Methods and Analytical 
Procedures, Volume 3.03: Nondestructive Testing. AS1M, Philadelphia, PA. 

American Society for Testing and Materials (AS1M). 1990. Terminology Relating to Radiation Measurements and Dosimetry. 
E170-90a, AS1M, Philadelphia, PA. 
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SECTION 2 

DRILUNG AND SOUDS SAMPUNG METHODS 

Drilling 

Most subsurface investigations require the drilling ofboreholes for one or more purposes: (1) Collection 
of solids samples or cores for lithologic logging and laboratory testing, (2) lithologic and hydrogeologic 
characterization using borehole geophysical logging, and (3) installation of piezometers or monitoring wells. 
Drilling methods are selected based on: (1) Availability and cost, (2) suitability for the type of geologic materials 
at a site (unconsolidated or consolidated), and (3) potential effects on sample integrity (influence by drilling 
fluids and potential for cross contamination between aquifers). 

A wide variety of drilling methods have been developed that could be suitable for one or more of the 
purposes described above. Table 2-1 summarizes information on 18 drilling methods and explains where more 
detailed information on the method can be found in this section. The hollow-stem auger (Section 2.2.1) is by 
far the most commonly used method for well installation in unconsolidated deposits. Air rotary is probably the 
most commonly used method for well installation in consolidated formations (Section 2.1.2). Where cross 
contamination between aquifers is a concern, some kind of casing advancement methods is required, with drill
through methods (Section 2.1.5) and dual-wall reverse circulation (Section 2.1.6) being the most commonly used. 
Table 2-2 provides information on the relative performance of 11 of the drilling methods listed in Table 2-1 for 
different types of geologic formations. 

Also included in this section is cone penetrometry (Section 2.2.2), which is not strictly a drilling method. 
This technology has been developed primarily in relation to geotechnical investigations, but is being used more 
frequently for subsurface characterization at contaminated sites. 

Solids Sampling 

Solids sampling methods can be broadly classified as hand-held and power-driven. Criteria for selection 
of hand-held equipment includes: (1) Whether an undisturbed core is required, (2) soil conditions at the site 
(cohesion, stones, moisture), (3) the sample size and depth desired, and (4) the number of required operators. 
Table 2-3 summarizes information on 12 types of hand-held samplers. More detailed information on these 
methods is covered in Sections 2.3.1 (Scoops, Spoons, and Shovels), 2.3.2 (Augers), and 2.3.3 (Tubes). Hand-held 
soil samplers are usually used for sampling the near surface (2 to 3 meters). 

Power-driven samplers are usually operated in conjunction with drill rigs, although thin-wall tube 
samplers attached to hydraulic rigs for near-surface sampling can be attached to pickup trucks. Collection of soil 
cores is the preferred methods for sampling solids because much more accurate lithologic logging is possible than 
with cuttings from drill methods that do not obtain cores as part of the drilling process, such as diamond drilling 
(Section 2.1.10). The most common method for collection of disturbed cores is the split-barrel sampler (Section 
2.4.1). Thin-wall open tube samples are the most common method for collecting undisturbed cores (Section 
2.4.3). In consolidated geologic material, rotating core samplers are used (Section 2.4.2). Thin-wall piston 
samplers (Section 2.4.4) are usually used where poor cohesion prevents good recovery with conventional thin-wall 
samplers. Specially designed thin-wall samplers might be required for gravelly and very stiff or cemented 
unconsolidated deposits (Section 2.4.5). 

ASTM (1987) provides general guidance on investigation and sampling of soil and rock. ASTM (1991) 
provides more specific guidance on soil sampling in the vadose zone. 
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Table l-1 Summary Iofonoation on Drillinc Methods 

Drill Method Casing! Fluids Core Section Tables 
Open Hole Affect Samples? Number 

Chern.? 

Hollow-Stem Aucer Open Hole Usually Possible 2.1.1 2-2, 2.1.1 
No 

O~n-Hole Ro!!!:Y Methods 

Direct Air Rotaey with Bit Open Hole Yes Possible 2.1.2 2-2, 2.1.2 

Direct Air Rotary with 
Downhole Hammer Open Hole Yes Possible 2.1.2 2-2, 2.1.2 

Direct Mud Rotaey Open Hole Yes Possible 2.1.3 2-2, 2.1.3 

Reverse Rotary (no casing) Open Hole Yes Possible 2.1.3 2-2 

Cable Tool Either Usually Possible 2.1.4 2-2, 2.1.4 
No 

Ro!!n: Drill-Throu!Zh Methods 

Rotary Casing Driver Casing Yes Possible 2.1.5 2-2, 2.1.5 

Dual Rotary Advancement Casing Yes Possible 2.1.5 

Reverse Circulation Methods 

Reverse Dual Wall Rotary Casing Yes Possible 2.1.6 2-2, 2.1.6 

Reverse Dual Wall Percussion Casing Yes Possible 2.1.6 

Hydraulic Percussion Casing. Yes Possible 2.1.6 2-2 

Downhole Casing Advancers Casing Yes Possible 2.1.7 

Jet Percussion Casing Possible Possible 2.1.8 2-2, 2.1.8 

Jetting Open Hole Possible No 2.1.8 

Solid Stem Auger Open Hole No Possible 2.1.9 2-2, 2.1.9 

Bucket Auger Open Hole No Possible/, 2.1.9 

Rotary Diamond Open Hole Possible Yes 2.1.10 

Directional Drilling Either• Possible Possible~ 2.1.11 

Sonic Drilling Either Possible Yes 2.1.12 

Driven Wells Either No No 2.2.1° 2-2 

Cone Penetration Open Hole No Possible• 2.2.2. 

Boldface = Most commonly used methods for monitoring well installation. 

"EC rig uses casing advancement, other methods may involve open hole advancement. 
•Sampling with a device resembling a split spoon may be possible with some directional rigs. 
"Section includes cross references to other sections related to method. 
"Geoprobe has developed a core sampler for use with a CPT rig. 
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Table 2-2 Relative Performance of Different Drilling Methods in Various Types of Geologic Formations 

Direct Rotary Direct Rotary 
Reverse Direct Direct (Down-the- (Drill-through Re"erse 

Cable Rotarr Rotarr hole air casing Rotary Rotary Hydraulic 
Type of Forma lion Tool (with nuods) (with aor) hammer) hammer) (with nuids) (Dual Wall) Percussion Jelling Driven Auger 

Dune sand 2 5 6 5* 6 5 5 3 
Loose sand and gravel 2 5 "0 6 5* 6 5 5 3 
Quicksand 2 5 

... 6 5* 6 5 5 "0 "0 
Loose boulders in alluvial 

c ... ... "0 

fans or glacial drift 3-2 2-1 E c 
5 2-1 4 I I I E ... 

Clay and silt 3 5 0 E 5 5 5 3 3 3 u E 
Firm shale 5 5 :':! 0 5 5 5 3 2 u 
Sticky shale 3 5 0 :':! 5 3 5 3 2 
Brittle shale 5 5 z 0 5 5 5 3 
Sandstone-poorly cemented 3 4 ~ z 

1 

4 5 4 
Sandstone-well cemented 3 3 5 ~ 3 5 3 "0 ... 
Chert nodules 5 3 3 3 3 5 "0 c 
Limestone 5 5 5 6 5 5 5 

"0 ... ... E "0 
Limestone with chert nodules 5 3 5 6 3 3 5 c E ... 
Limestone with small cracks E 0 ... ... 

~ 
:;:; 

or fractures 5 3 5 6 
:;:; 

2 5 5 E "' "' 0 .'l 
Limestone, cavernous 5 3-1 2 5 

u 
I 5 I u 0 0. 'a :':! z 0. 

Dolomite 5 5 5 6 0. 5 5 0 "' "' 0 Basalts, thin layers in 0 1 
z z 

sedimentary rocks 5 3 5 6 z 3 5 

l 
Basalts-thick layers. 3 3 4 5 

I 
3 4 3 

Basalts-highly fractured 
(lost circulation zones) 3 I 3 3 I 4 I 

Metamorphic rocks 3 3 4 5 3 4 3 
Granite 3 3 5 5 3 4 3 

*Assuming sufficient hydrostatic pressure is available to contain active sand (under high confining pressures) 

Rate of Penetration: 
I Impossible 
2 Difficult 
3 Slow 
4 Medium 
5 Rapid 
6 Very rapid 

Source: Driscoll (1986), by permission 
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Table 1·3 Criteria for SeJeetina Hand-Held Soil Samplin& Equipmeut 

Required Soil Conditions Sample Number of 
Obtains ------------ -------------- ------------- Required 

Type of Sampler/Section Core Cohesive Stony Moisture Size Depth Operators 

Spoons, Scoops (2.3.1) No Either" Yes Either Large Shallow 1 
Shovels (2.3.1) No Either Yes Either Large Deep 1 
Post-Hole Digger No Yes Yes Moist Large Deep 1 

Screw-Type Augers (2.3.2) No Either No Moist Small Deep 1 

Barrel Augers (2.3.2) 

Dutch No Yes Yes Moist Small Deep 1 
Regular No Yes Yes Either Small Deep 1 
Sand No No~ Yes Either Large Deep 1 
Mud No Yes Yes Moist Large Deep 1 

Thbe Samplers (2.3.3) 

Soil probes 

Wet tips Yes Either No Moist Small Deep 1 
Dry tips Yes Either No Dry Small Deep 2 

Veihmeyer tube Yes Either No Either Small Shallow 1 

Thin-wall tube Yes Yes No Either Large Shallow 2 
samplers 

Peat samplers Yes Yes No Moist Large Deep 2 

"Able to sample either cohesive or noncohesive soils. 
~esigned to sample dry, sandy soils. 

Source: Adapted from Brown et al. (1991) 
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Field Description of Soil Physical Properties 

Field description of solids samples is an important part of the site characterization process. Major 
features that are described in the field include texture (Section 2.5.1) and color (Section 2.5.2). Numerous other 
features, such as moisture condition, and soil or sedimentary features that indicate zones of increased or reduced 
porosity or permeability, should also be described in the field (Section 2.5.3). 

Soun:es of Additional Information 

Table 24 provides sources of additional information on drilling methods and Table 2-5 presents other 
sources of information on solids sampling. 
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2. DRIUJNG AND SOUDS SAMPLING METIIODS 

2.1 DRIUJNG METIIODS 

2.1.1 Hollow-Stem Auger 

Other Names Used to Describe Method: Helical auger. 

Uses at Contaminated Sites: Drilling for solids sampling and installation of ground-water monitoring wells in 
unconsolidated materials; drilling vadose monitoring wells (lysimeters); identifying depth to bedrock. 

Method Description: A hollow-stem auger column (Figure 2.1.1) simultaneously rotates and axially advances 
using a mechanically or hydraulically powered drill rig. The hollow stem of the auger allows use of various 
methods for continuous (see Figure 2.4.3b) or intermittent sampling of soil material (see Figure 2.4.4b). Casing 
and screens for monitoring wells can be placed in the hollow stem when the desired depth has been reached, and 
gravel pack and grouting emplaced as the auger is gradually withdrawn from the hole. Use of different diameter 
augers allows use of casings to isolate near-surface contamination, and continuation of drilling with a smaller
diameter auger. Special screened auger sections allow ground-water sampling at different depths as drilling 
progresses (see Figure 5.2.7a). 

Method Selection Considerations: Usually the favored method with moderately cohesive unconsolidated 
materials. Advantages: (1) Set-up time and drilling is fast and causes minimal damage to aquifer because no 
drilling fluids or lubricants are required; (2) high mobility rigs can reach most sites and equipment is generally 
readily available throughout the United States; (3) the hollow stem allows flexible choice of soil core sampling 
methods and use of natural gamma ray logging equipment; ( 4) depth to water table can usually be determined 
during drilling and formation waters can be sampled during drilling by using a screened lead auger or advancing 
a well point ahead of the augers; (5) auger flights act as temporary casing, stabilizing the hole for construction 
of small-diameter monitoring wells; and (6) usually less expensive than rotary or cable drilling. Disadvantages: 
(1) Cannot be used in consolidated deposits and might have to be abandoned if boulders are encountered; (2) 
heaving sands present problems, requiring special procedures to counteract; (3) generally limited to wells less 
than 150 feet in depth and works best to depths around 75 feet; (4) vertical mixing of formation water and 
geologic materials can occur; and (5) hollow stems might not be suitable for running a complete suite of 
geophysical logs. Aller et al. (1991) give hollow-stem augers top ratings compared to other drilling methods for: 
Up to 4-inch monitoring wells in unsaturated, unconsolidated material to 150 feet; up to 4-inch shallow 
monitoring wells ( < 15 feet) in saturated conditions; and for small ( < 2 inch) monitoring wells in saturated 
unconsolidated material to 150 feet (see Table 2.1.1). 

Frequency of Use: The large majority of monitoring wells installed in unconsolidated materials in North America 
are constructed using hollow stem augers. 

Standard Methods/Guidelines: ASTM (1993a), Appendix A in Aller et al. (1991). 

Sources for Additional Information: Aller et al. (1991), Shuter and Teasdale (1989). See also, Table 2-4. 
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Figure 2.1.1 Typical components of a hollow-stem auger (Aller et al., 1991). 
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Table 2.1.1 Hollow-Stem Auger Suitability Ratings 

UNCONSOUDA1ED MA1ERIAL 

Depth MW Saturated Unsaturated 
(ft.) Diameter ------ ------ ------

Invasion ( +) Invasion (-) Invasion ( +) 

<2" 7!t (29-75)b 75 (27-75) 79 (32-79) 
0-15 2-4" 68 (30-68) 72 (28-72) 79 (24-79) 

4-8" NA NA 64 (48-64) 

<2" 67 (23-67) 69 (30-69) 76 (24-76) 
15-150 2-4" 59 (21-69) 64 (24-68) 72 (19-72) 

4-8" NA NA NA 

<2" NA NA NA 
>150 2-4" NA NA NA 

4-8" NA NA NA 

CONSOUDATED MATERIAL 

Depth MW 
Diameter 

Saturated/Unsaturated 

2-4" 
4-8" 

Invasion ( +) 

NA 
NA 

Invasion (-) 

NA 
NA 

Boldface = Highest rating or within a few points of highest rating. 
NA =Not applicable. 
MW = Monitoring well diameter. 

•Numerical rating for drilling method in Appendix B, Aller et al. (1991). 
~ange of numerical ratings of applicable methods (perfect score = 80). 
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Invasion (-) 

75 (44-75) 
77 (37-77) 
NA 

79 (35-79) 
73 (25-73) 
NA 
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2. DRilliNG AND SOLIDS SAMPLING METIIODS 

2.1 DRII.llNG MElHODS 

2.1.2 Direct Air Rotary with Rotary Bit/Downhole Hammer 

Other Names Used to Describe Method: Air rotary with roller-cone (tri-cone) bit, down-the-hole hammer, air
percussion rotary. 

Uses at Contaminated Sites: Air rotary bit: Monitoring well installation in deeper, stable unconsolidated 
material, and sedimentary rocks. Downhole hammer: Monitoring well installation in very hard to hard geologic 
formations. 

Method Description: Air rotary bit: The basic rig setup for air rotary with a tri-cone or roller-cone bit is similar 
to direct mud rotary (see Figure 2.1.3 in next section), except the circulation medium is air instead of water or 
drilling mud. Figure 2.1.2a illustrates the main components of a drill string using a tri-cone bit. Compressed 
air is circulated down through the drill rods to cool the bit, and carries cuttings up the open hole to the surface. 
A cyclone separator slows the air velocity and allows the cuttings to fall into a container. A roller cone drill bit 
is used for unconsolidated and hard to soft consolidated rock. In dry formations the cuttings are very fine
grained and a small amount ofwater and/or foaming surfactant can be added to increase the size of fragments 
discharged to the surface, allowing good characterization of the formation. Downhole hammer: A down-the-hole 
hammer, which operates with a pounding action as it rotates, replaces the roller-cone bit (Figure 2.1.2b). Other 
operational features are similar to those described for the rotary bit, except that small amounts of water or 
surfactants are needed for dust and bit temperature control. 

Method Selection Considerations: Air rotary is often the method of choice for monitoring well installation in 
consolidated material, and deeper unconsolidated materials that form a stable hole. Air Rotary Bit Advantages: 
(1) Drilling is fast and can be used in both consolidated and unconsolidated formations, but is best suited for 
consolidated rock; (2) no drilling fluid is used, minimizing contamination offormation water; (3) depth is limited 
only by the capacity of the air compressor to deliver enough air downhole to maintain circulation; (4) cuttings 
can be recovered rapidly and are not contaminated by drilling mud (recovery is best in hard, dry formations); 
(5) major water-bearing zones can be identified when formation water is blown out of the hole along with 
cuttings and yields of strong water-producing zones can be estimated with a relatively short interruption of 
drilling; (6) well suited for highly fractured or cavernous rock because loss of drilling fluids is not a problem; (7) 
field analysis of water blown from the hole can provide information on changes in some basic water-quality 
parameters such as chlorides; and (8) drill rigs are readily available throughout most of ti;Ie United States. Air 
Rotary Bit Disadvantages: (1) Oil contamination might result from the air compressor if air filters are not 
operating properly; (2) surfactant foams, if used, might react with formation water and affect representativeness 
of ground-water samples; (3) the drying effect of air can make lower yield water producing zones difficult to 
observe; (4) the air can modify chemical and biological conditions in an aquifer, with recovery time uncertain; 
(5) casing is required to keep the hole open when drilling in soft, caving formations below water table; (6) if 
hydrostatic pressures of water bearing zones are different, cross-contamination might occur between the time 
drilling is completed and the well casing is placed and grouted; (7) relatively expensive, might not be economical 
for small jobs; (8) requires a minimum 6-inch diameter hole; (9) cuttings .and water blown from the hole can pose 
a hazard to crew and surrounding environment if toxic compounds are encountered; and (10) not suitable for 
soft, caving formations. Aller et al. (1991) give air rotary top ratings for all situations involving consolidated rock, 
and top ratings compared to other drilling methods for large diameter wells (4 to 8 inches) deeper than 15 feet 
in unsaturated, unconsolidated material where invasion of drilling fluid is not allowed (see Table 2.1.2). 
Downhole Hammer Advantages: (1) Downhole hammer provides better penetration in very hard geologic 
formations such as igneous and metamorphic rocks and very f&t penetration in other formations; and (2) longer 
bit life, less drill collar wear, and easier to control deviation, while maintaining penetration rates compared to 
rotary bit. Downhole Hammer Disadvantages: (1) Oil is required in the air stream to lubricate the actuating 
device for the hammer, creating the possibility of hydrocarbon contamination of the monitoring well; (2) limited 
to systems using compressible circulating fluids (air, foam); and (3) use ofsurfactants might alter ground-water 
chemistry. 
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Figure 2.1.2 Air rotary drilling methods: (a) Drill string for a direct rotary rig with trl-cone bit (Driscoll, 1986, by 
permission); (b) Diagram of direct air rotary with downhole hammer (Aller et al., 1991). 
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Table l.l.l Direct Air Rotary Suitability Ratings 

UNCONSOUDA1ED MATERIALS 

Depth MW Saturated 
(ft.) Diameter ------ ------ ------

Invasion ( +) Invasion (-) Invasion ( +) 

<2" NA NA 53 (32-79)" 
0-15 2-4" NA NA 53 (24-79) 

4-8" NA NA 48 (48-64) 

<2" NA NA 56 (24-76) 
15-150 2-4" NA NA 51 (19-72) 

4-8" NA NA NA (66-70) 

<2" NA NA 55 (54-65) 
>150 2-4" NA NA 58 (56-65) 

4-8" NA NA NA 

CONSOUDA1ED MATERIAL 

Depth MW 
Diameter 

2-4" 
4-8" 

Saturated/Unsaturated 

Invasion ( +) 

75 (55-75) 
77 (64-77) 

Invasion (-) 

74 (68-74) 
80 (80) 

Boldface = Highest rating or within a few points of highest rating. 
NA = not applicable. 

"Range of numerical ratings of applicable methods (perfect score = 80). 
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Unsaturated 

------

Invasion (-) 

53 (44-75) 
53 (37-77) 
58 (58-71) 

56 (35-79) 
52 (25-73) 
80 (80) 

65 (65-73) 
60 (60-70) 
80 (80) 



) 

' . . 
. 
) 

Frequency of Use: Frequently used where monitoring wells must be installed in consolidated material. 

Standard Methods/Guidelines: ASTM (1993b). 

Sources for Additional Information: Aller et al. (1991), Campbell and Lehr (1973), Driscoll (1986), Shuter and 
Teasdale (1989). See also, Table 2-4 . 
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2. DRILliNG AND SOliDS SAMPliNG METIIODS 

2.1 DRILUNG METIIODS 

2.1.3 Direct Mud Rotruy 

Other Names Used to Describe Method: Direct (liquid) rotary, hydraulic rotary, reverse (circulation) rotary. 

Uses at Contaminated Sites: Monitoring well installation in moderately deep to deep holes where invasion of 
drilling fluids is not a concern. Core sampling possible in both unconsolidated and consolidated rock. 

Me.thod Description: Figure 2.1.3 shows the major elements of a direct mud rotary drilling system. Drilling fluid, 
called mud, is pumped down hollow rotating drill rods and through a bit that is attached at the lower end of the 
drill rods. The fluid circulates back to the surface by moving up the annular space between the drill rods and 
the borehole wall, and is discharged at the surface through a pipe or ditch into a sedimentation tank, pond, or 
pit. Cuttings settle in the pond and the fluid overflows into a suction pit, where a pump recirculates the fluid 
back through the drill rods. The drilling fluid serves to: (1) Cool and lubricate the bit, (2) stabilize the borehole 
wall, and (3) prevent the inflow of formation fluids, thus minimizing cross contamination of aquifers. Samples 
can be obtained directly from the circulated fluid by placing a sample-<:ollecting device, such as a shale shaker, 
in the discharge flow before the settling pit. For more accurate sampling, the flow of drilling fluid is interrupted 
and a split-spoon, thin-wall, or consolidated core sampler is inserted down the drill rod and the sample taken 
ahead of the bit. Reverse circulation rotary drilling is a variant of the mud rotary method in which drilling fluid 
flows from the mud pit down the borehole outside the drill rods; then passes upward through the bit, carrying 
cuttings into the drill rods; and then is discharged into the mud pit again. Equipment is similar to direct mud 
rotary, except that most pieces of equipment are larger. 

Method Selection Considerations: Direct Mud Rotary Advantages: (1) A very flexible and rapid drilling method 
for a wide range of borehole diameters in both saturated and unsaturated conditions in consolidated and 
unconsolidated rock; (2) great depths can be reached (500 feet is the usual limit, but greater depths are possible 
depending on the borehole diameter, mud pump capacity, and ability to maintain circulation); (3) coring devices 
for detailed sampling are easy to use, but there is some risk of contamination by drilling fluids; (4) casing is not 
required during drilling; (5) complete suite of geophysical log can be run in mud-ftlled open hole; (6) flexibility 
in well construction; (7) smaller rigs can reach most sites and equipment is generally readily available throughout 
the United States; and (8) relatively inexpensive. Direct Mud Rotary Disadvantages: (1) Invasion of dril_lin_g_tl_uid 
in pe~~!lQ.~_W_®SJl!J!lc~jt difficult to identify aquifers, and comprom~s the validity ofSI.iliSequent monitoring 
weJ[~~t<S; (2) ~~inants __!!light_J~ circu),ated \\lith the flui~; (3) collection of representative samples is 
difficult due to mixing of drill cuttings and sample lag time in deeper holes, unless split-spoon or thin-wall 
samplers are used in unconsolidated material or core bits are used in consolidated rock; (4) .!h~!il!~!.P~~--is 
difficult_ to~move IJllrillg development and disposing of contaminated drilling mud, and the large amount of 
water normally required to clean and develop the installation might tJe a problem; (5) no information on position 
of water table and only limited information on water producing zone is directly available during drilling; (6) 
measuring static water levels, taking representative water samples, and performing pump tests of individual 
aquifers is not practical; (7) generally not suited for use in fractured, cavernous, and very coarse material due 
j.Qjg_~ of~rilling fluid (can be overcome by using casing); (8) bentonite fluids might absorb metals and might 
interfere \Vith some other parameters; (9) organic fluids might interfere with bacterial analysis and/or organic
related parameters; (10) lubricants and metal parts might be a source of Contamination; (11) placement of sand 
packS--and seals is generally less certain than with auger methods; (12) requires experienced driller and fair 
amount of peripheral equipment; (13) might have to abandon holes if boulders are encountered; and (14) 
washout zones might develop in weaker formations. Aller et al. (1991) give mud rotary top ratings for saturated 
conditions deeper than 15 feet for all well diameters where invasion of drilling fluid is allowed (see Table 2.1.3). 
Where unconsolidated matena.Isoverlies_a_oo~uifer;_iilud-rotacy.canbe-used"todrilfto the bedrock, the 
hole can be cased, and a less intrusive drilling method, such as air rotary, can be used to complete the well. 

Freguencv of Use:-.1ud rotary drilling rigs are widely available, but infrequently used for monitoringw~U) 
u~i.~!~i_1Tatu;~cause of the problems created by drilling fluids. ~everse circulation rotary is used primarily for 

the installation of large-diameter deep water wells, rather than monitoring wells. 
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Settling Pit 

Cutt1ngs Circulated to surface 
through annular space 

Figure 2.1.3 Diagram of direct mud rotary circulation system (Aller et al., 1991). 
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Table 2.1.3 Direct Uquid (Mud) Rotary Suitability Ratings 

UNCONSOLIDA1ED MA1ERIAL 

Depth MW Saturated 
(ft.) Diameter ------ ------ ------

Invasion ( +) Invasion (-) Invasion ( +) 

<2" 62" (29-75)b NA 62 (32-79) 
0-15 2-4" 60 (30-68) NA 62 (24-79) 

4-8" 67 (61-69) NA 63 (48-64) 

<2" 67 (23-67) NA 67 (24-76) 
15-150 2-4" 69 (21-69) NA 68 (19-72) 

4-8" 67 (67) NA 70 (66-70) 

<2" 61 (60-69) NA 61 (54-65) 
>150 2-4" (j(j (58-66) NA 58 (56-65) 

4-8" (j(j (63-66) NA (j(j (65-66) 

CONSOLIDA1ED MA1ERIAL 

Depth MW 
Diameter 

2-4" 
4-8" 

Saturated/Unsaturated 

Invasion ( +) 

63 (55-75) 
64 (64-77) 

Invasion (-) 

NA 
NA 

Boldface = Highest rating or within a few points of highest rating. 
NA = Not applicable. 

'Numerical rating for drilling method in Appendix B, Aller et al. (1991). 
~ange of numerical ratings of applicable methods (perfect score = 80). 
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Unsaturated 

------

Invasion (-) 

NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 



Standard Methods/Guidelines: ASTM (1993c). 

Sources for Additional Infonnation: Aller et al. (1991), Campbell and Lehr (1973), Driscoll (1986), Shuter and 
Teasdale (1989). See also, Table 2-4. 
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2. DRIUJNG AND SOUDS SAMPUNG METHODS 

2.1 DRIUJNG METHODS 

2.1.4 Cable Tool 

Other Names Used to Describe Method: Cable-tool percussion, percussion rig, spudder rig, open hole, reverse 
cable tool. 

Uses at Contaminated Sites: Installing large-diameter monitoring wells. 

Method Description: Cable tool drilling rigs operate by repeatedly lifting and dropping a heavy string of drilling 
tools attached to a cable into the borehole. Figure 2.1.4 illustrates the major components of a cable tool rig. 
Consolidated rock is broken or crushed into small fragments and unconsolidated material is loosened by the drill 
bit. The reciprocating action is caused by attaching the cable to an eccentric walking or spudding beam that also 
serves to mix the crushed or loosened particles with water to form a slurry at the bottom of the borehole. 
Periodically, the drilling string is removed and the slurry is removed by a sand pump or bailer. In unconsolidated 
formations, a casing is driven into the ground, often using hydraulic jacks as drilling and bailing proceeds. In 
consolidated formations, most boreholes are drilled "open hole," without the use of casing. 

Method Selection Considerations: Advantages: (1) A very flexible drilling method that is suitable for all types 
of geologic formations (especially well suited to caving, large gravel-type formations, and drilling through 
boulders, fracture, fissured, broken, or cavernous rocks), and for wells of almost any depth and diameter range 
(depths exceeding 11,000 feet have been drilled with cable tool); (2) samples of coarse grained materials are of 
good quality and samples bailed from each interval represent about a 3 to 5 foot zone, allowing reasonably 
accurate geologic description; (3) typical casings are wide enough for easy installation of monitoring wells; (4) 
equipment is readily available in central, north-central and northeast sections of United States (in other part of 
the country, cable tool has been largely replaced by rotary drilling); (5) when casing is used, cross contamination 
is minimized; (6) changes in water level can be observed, water samples can be collected easily, and hydraulic 
conductivity tests can be made in different water-bearing zones; (7) good seal between casing and formation is 
virtually assured if flush-jointed casing is used; (8) rigs can reach most drilling sites; (9) relatively inexpensive; 
(10) little or no drilling fluid is required (small amounts of water are required, usually with no additives, above 
the water table; and (11) relative permeabilities and rough water quality data from the different water-bearing 
zones that are penetrated during drilling can be obtained by skilled operators. Disadvantages: (1) Drilling is slow 
because of the requirement for bailing; (2) heaving of material from the bottom ofthe casing upward might cause 
problems that require special measures; (3) casing costs are usually higher because heavier wall or larger 
diameter casing might be required and it might be difficult to pull back long strings of casing in some geologic 
formations; (4) difficult or impossible to obtain undisturbed cores; (5) slight potential for vertical mixing of 
materials as the casing is driven; (6) drill rigs not generally equipped to use borehole sampling devices other than 
bailers; (7) relatively large diameters are required (minimum 4-inch casing); (8) heavy steel drive pipe must be 
used and could be subject to corrosion under adverse contaminant conditions; (9) use of casing limits types of 
geophysical logs that can be run; (10) usually a screen must be set before a water sample can be taken; (11) 
heavy steel drive pipe used to keep hole open and drilling equipment can limit accessibility; (12) contamination 
possible if drilling fluid is used; and (13) it is difficult to place a positive grout seal above the drive shoe casing, 
consequently, wither the drive casing must be totally removed and the seal placed outside the permanent well 
casing, or a seal must be place above the screen but below the drive shoe, resulting in added costs and time for 
well completion. See Table 2.1.4 for ratings of cable drilling compared to other major drilling methods. 

Frequency of Use: Not commonly used for monitoring well installation. 

Standard Methods/Guidelines: API (1988a,b). 

Sources for Additional Information: Aller et al. (1991), Campbell and l.ehr (1973), Davis and DeWiest (1966), 
Driscoll (1986), Shuter and Teasdale (1989). See also, Table 24. 
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Casing line 

Sand line 

Well casing 

Figure 2.1.4 Trw:k-mounted cable tool rig; casing is commonly not used if well is being drilled in consolidated rock 
(Davis and DeWiest, 1966, reprinted by permission of John Wiley lk Sons, Inc. from Hydrogeology by 
S.N. Davis and R..J.M. DeWiest, copyright C 1966). 
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Table .U.4 Cable Tool Drilling Suitability Ratings 

UNCONSOUDA1ED MA1ERIAL 

Depth MW Saturated 
(ft.) Diameter ------ ------ ------

Invasion ( +) Invasion (-) Invasion ( +) 

<2" 65" (29-75)b 60 (27-75) 54 (32-79) 
0-15 2-4" 65 (30-68) 66 (28-72) 60 (24-79) 

4-8" 61 (61-69) 74 (46-74) 61 (48-64) 

<2" 66 (23-67) 66 (30-69) 57 (24-76) 
15-150 2-4" 65 (21-69) 68 (24-68) 66 (19-72) 

4-8" 67 (67) 80 (80) 66 (66-70) 

<2" 62 (60-69) 66 (66-72) 54 (54-65) 
>150 2-4" 60 (58-66) 67 (67-74) 56 (56-65) 

4-8" 63 (63-66) 80 (80) 65 (65-66) 

CONSOliDATED MATERIAL 

Depth MW 
Diameter 

2-4" 
4-8" 

Saturated/Unsaturated 

Invasion ( +) 

55 (55-75) 
65 (64-77) 

Invasion (-) 

NA 
NA 

Boldface = Highest rating or within a few points of highest rating. 
NA = Not applicable. 

"Numerical rating for drilling method in Appendix B, Aller et al. (1991). 
~ange of numerical ratings of applicable methods (perfect score = 80). 
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Unsaturated 

------
Invasion (-) 

NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 



2. DRILUNG AND SOliDS SAMPliNG ME1HODS 

2.1 DRilliNG METIIODS 

2.1.5 Casing Advancement: Rotaty Drill-Through Methods (Drill-Through Casing Driver and Dual Rotaty 
Advancement) 

Other Names Used to Describe Methods: Air (mud) rotary drill or downhole hammer with casing drivers, air 
rotary casing hammer, air drilling with casing hammer. 

Uses at Contaminated Sites: Monitoring well installation in unstable consolidated deposits, where loss of 
circulation of drilling fluids is a problem, and/or where prevention of cross contamination of aquifers is 
important. 

Method Description: Casing driver advancement: Conventional direct air (mud) rotary drill or downhole 
hammer equipment is used in combination with a driver that advances a casing as drilling proceeds (Figure 
2.1.5a). Cuttings flow up between the annular space between the drill pipe and the casing. The diameter of the 
casing is slightly larger than the bit, so it can be removed when the desired depth is reached. Dual rotary 
advancement: Casing is advanced independently of the drill bit using a rotating steel casing equipped with a 
carbide studded drive shoe welded to the bottom of the first joint (Figure 2.1.5b). The carbide ring cuts its own 
way through the overburden material. Rotary drilling (usually air) takes place simultaneously using a downhole 
hammer or tri-cone bit. Drilling can proceed either inside or ahead of the casing. Monitoring well installation 
procedures are similar to for hollow-stem auger, but casing removal is a little more difficult. 

Method Selection Considerations: Advantages: (1) Compared to open hole methods, holes are straighter and 
better geologic samples are collected because uphole erosion and contamination is eliminated; (2) drill-through 
casing methods work well in difficult conditions, such as unconsolidated deposits with cobbles and boulders; and 
(3) air requirements are also reduced compared to open hole air rotary and downhole hammer methods; ( 4) soft, 
caving formation can be drilled. Disadvantages: (1) Problems might be encountered in driving casing and pulling 
it back for well installation in consolidated rock; (2) more expensive due to added time and materials; (3) driving 
of the casing also is very noisy; (4) not in common use throughout the United States, so might not be available 
in some areas; (5) might be difficult to pull back casing if driven deeper than about 50 feet. Aller et al. (1991) 
give air rotary with casing hammer top ratings compared to other drilling methods for shallow ( < 15 feet) large
diameter (4 to 8 inch) monitoring wells in most categories, and for small to medium diameter (up to 4 inches) 
monitoring wells in unsaturated unconsolidated material greater than 150 feet (see Table 2.1.5). 

Frequency of Use: With unconsolidated material, generally only used in situations where hollow-stem augers have 
problems (coarse gravels, cobbles, boulders) or where prevention of cross-contamination between aquifers is 
critical. Casing advancement methods in consolidated rock are being used with increasing frequency as a means 
of insuring integrity of well installation. 

Standard Methods/Guidelines: --

Sources for Additional Information: Rotary casing driver: Aller et al. (1991), Driscoll (1986), Hix (1991), 
Woessner (1987, 1988); Dual rotary: Hix (1991). 
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UPPER OAJVE 
SPINS RODS -----<•1-J--:------:----. 

4" DIAMETER 

AIR 
DRILL ROO---------

Discharge for cuttmgs 

AIR HAMMER OR 
TAl-CONE BIT ----11-J'""./ 

Drive shoe 

(b) 

(a) 

Figure 2.1.5 Drill through methods: (a) Diagram of rotary drill-through casing driver (Aller et al., 1991); (b) 
Diagram of dual rotary method (Hix, 1991, by permission). 
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Table 2.1.5 Air Rotary with Casing Hammer Drilling Method Suitability Ratings 

Depth MW 
(ft.) Diameter 

<2" 
0-15 2-4" 

4-8" 

<2" 
15-150 2-4" 

4-8" 

<2" 
>150 2-4" 

4-8" 

Depth MW 
Diameter 

2-4" 
4-8" 

UNCONSOUDA1ED MA1ERIAL 

Saturated 

Invasion ( +) Invasion (-) Invasion ( +) 

51" (29-75)b 59 (27-75) 59 (32-79) 
58 (30-68) 62 (28-72) 60 (24-79) 
69 (61-69) 64 (46-74) 63 (48-64) 

60 (23-67) 65 (30-69) 64 (24-76) 
60 (21-69) 67 (24-68) 65 (19-72) 
NA NA NA 

60 (60-69) 69 (66-72) 65 (54-65) 
60 (58-66) 74 (67-74) 65 (56-65) 
NA NA NA 

CONSOUDA1ED MA1ERIAL 

Saturated/Unsaturated 

Invasion ( +) 

NA (55-75) 
NA (64-77) 

Invasion (-) 

NA (68-74) 
NA (80) 

Boldface = Highest rating or within a few points of highest rating. 
NA =Not applicable. 

"Numerical rating for drilling method in Appendix B, Aller et al. (1991). 
h&ange of numerical ratings of applicable methods (perfect score = 80). 
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Unsaturated 

Invasion (-) 

59 (44-75) 
62 (37-77) 
71 (58-71) 

63 (35-79) 
63 (25-73) 
NA 

73 (65-73) 
68 (60-70) 
NA 



2. DRill.ING AND SOUDS SAMPliNG METIIODS 

2.1 DRill.ING METIIODS 

2.1.6 Casing Advancement: Reverse Circulation (Rotary, Percussion Hammer, and Hydraulic Percussion) 

Other Names Used to Describe Method: Numerous terms are used to describe reverse circulation methods. 
Two casings (dual-wall or dual-tube) or three casings can be used (triple-wall). Reverse circulation rotary drilling 
methods can use air rotary with bit or downhole hammer (Section 2.1.2), or mud rotary (Section 2.1.3). The 
percussion hammer method should not be confused with the air rotary with downhole hammer method (Section 
2.1.2). Hydraulic percussion is also called the hollow-rod method. 

Uses at Contaminated Sites: Installing monitoring wells where unconsolidated formation materials are unstable, 
coarse alluvium, and/or the interaquifer cross-contamination must be minimized. 

Method Description: Reverse drculatlon dual-wall rotary: Similar to air rotary roller-cone bit or downhole 
hammer with casing driver (Section 2.1.2), except that air is circulated down the annular space between the casing 
and the drill pipe to the bit, and cuttings are brought to the surface through the drill pipe (Figure 2.1.6). Reverse 
circulatlon dual-wall percussion hammer: The percussion hammer operates on the same principle of reverse 
circulation as the dual-wall rotary method but the drive method is distinctly different. Either dual- or triple-wall 
casing configurations can be used. The top of the dual pipe string is attached to the drive spout, which allows 
compressed air to be delivered to the annulus between the outer and inner pipes, and cuttings to be discharged 
from the inner pipe through a flexible hose to a cyclone. A tempered-steel anvil mounted on top of the drive 
spout assembly receives the blows of the percussion hammer mounted on the mast of the drill rig. Special dual
wall or triple-wall drill bits are used for cutting into the formation and no rotation of the bit occurs, which is a 
primary distinguishing feature from dual-wall rotary drilling. Hydraulic percussion: Similar to the jet-percussion 
methods (Section 2.1.8), except that a ball check valve exists between the bit and lower end of the drill pipe. 
The annular space between the drill rods and well casing is filled with water and the drill rods and bit are lifted 
and dropped with quick, short strokes. When the bit drops and strikes bottom, water with cuttings in suspension 
enters the ports of the bit, and the water and cuttings are trapped inside the drill pipe by the check valve when 
the bit is lifted. This reciprocating motion produces a pumping action that brings the water and cuttings to the 
surface where they are discharge into a settling tank. Water is returned to the bole from the settling tank. 
Casing is driven as drilling proceeds. 

Method Selection Considerations: Reverse Dual-Wall Rotary Advantages: In addition to the advantages of other 
casing advancement methods of providing borehole support, minimizing cross-contamination, and minimizing 
problems with lost circulation, the method: (1) Produces larger sized chip particles than conventional rotary 
equipment resulting in very good continuous, representative formation samples with minimal risk of 
contamination of samples and/or water-bearing zones; (2) drilling is very rapid (usually between 40 and 80 feet 
per hour) in both unconsolidated and consolidated formations; (3) excellent for drilling and sampling in 
formations which are highly fractured and/or have voids and cavities; (4) aquifers can be readily identified when 
drilling with air; (5) large diameter wells can be easily installed using triple-wall percussion hammer; (6) estimates 
of aquifer yield can be made easily at many depths in the formation; (7) washout zones are reduced or 
eliminated; and (8) relatively deep wells are possible (up to 1400 feet in alluvial deposits, although works best 
up to 600 feet and generally up to 2,000 feet in hard rocks). Reverse Dual-Wall Rotary Disadvantages: (1) 
Monito!!!J_g_"!e!!Jn!tlll!ation can be tricky with the dual-wall configuration due to limitations in the 8Jlll.J.I)arsp_ac_e; 
(~~-ll()le completion is required for installation of a filter pack; (3) formation migllt become contaminaied 
wjtl_l:.Qil if ait-filteds not wodcing properly on air rotary rigs; ( 4) limited to boles greater than 9 to 10 inclies in 
diameter; (5) well-trained drilling crews are needed, and equipment has limited availability; (6) drilling costs are 
high due to high cost of drilling rig and equipment; and (7) placing cement grout around the outside of the casing 
above the screen of the permanent well is difficult, especially when the screen and casing are placed down 
through the inner drill pipe before it is pulled out. Aller et al. (1991) give dual-wall reverse rotary highest 
ratings compared to other drilling methods for deep wells (> 150 feet) in unconsolidated material and the 
following situations: (1) Small diameter monitoring wells ( <2 inches) in saturated conditions, and (2) medium 
monitoring wells (2 to 4 inches) in unsaturated conditions (see Table 2.1.6). Percussion Hammer Advantages: 
(1) Able to penetrate alluvial formation with sands, gravels, and boulders at rapid speed; (2) provides continuous 
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Continuous sample discharge --+ 
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Figure 2.1.6 Diagram of dual-wall reverse circulation rotary (Aller et al., 1991). 
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Table 2.1.6 Dual-Wall Rotary Drilling Suitability Ratings 

UNCONSOUDA1ED MA1ERIAL 

Depth MW Saturated 
(ft.) Diameter 

Invasion ( +) Invasion (-) Invasion ( +) 

<2" 56" (29-75)b 56 (27-75) 57 (32-79) 
0-15 2-4" 56 (30-68) 54 (28-72) 57 (24-79) 

4-8" NA NA NA 

<2" 63 (23-67) 64 (30-69) 61 (24-76) 
15-150 2-4" 61 (21-69) 57 (24-68) 62 (19-72) 

4-8" NA NA NA 

<2" 69 (60-69) 72 (66-72) 64 (54-65) 
>150 2-4" 58 (58-66) 70 (67-74) 6S (56-65) 

4-8" NA NA NA 

CONSOUDA1ED MA1ERIAL 

Depth MW Saturated/Unsaturated 
Diameter ------ ------

Invasion ( +) Invasion (-) 

2-4" 68 (55-75) 68 (68-74) 
4-8" NA (64-77) NA (80) 

Boldface = Highest rating or within a few points of highest rating. 
NA = Not applicable. 

"Numerical rating for drilling method in Appendix B, Aller et al. (1991). 
~ange of numerical ratings of applicable methods (perfect score = 80). 
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Unsaturated 

Invasion (-) 

64 (44-75) 
59 (37-77) 
NA 

64 (35-79) 
52 (25-73) 
NA 

69 (65-73) 
70 (60-70) 
NA 

I 
~ 
l 
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and accurate geological samples--soft seams, organic layers, and whole rock cobbles up to 4 inches in diameter 
can be lifted without prior crushing; (3) split spoon samples can be taken through the hollow center of the dual 
wall pipe; and (4) location of aquifers can be pinpointed with high precision because once the drive bit has 
progressed beyond the aquifer, the sample become dcy again. Percussion Hammer Disadvantages: (1) Dual-wall 
pipe that is used is expensive and has limited inside diameter; and (2) diesel soot expelled by the pile driving 
hammer might result in some downhole contamination. Hydraulic Percussion: The main advantage is that 
relatively simple equipment is required, but use is limited to drilling small-diameter wells through clay and sand 
formations that are relatively free of cobbles and boulders. 

Frequency of Use: Reverse dual-wall rotary is most commonly used in the southwestern United States. 
Percussion hammer has become quite popular for drilling monitoring wells in the west. The hydraulic percussion 
method has rarely been used to monitor well construction. 

Standard Methods/Guidelines: ASTM (1993d). 

Sources for Additional Information: Reverse dual-waD rotary: Aller et al. (1991), Campbell and Lehr (1973), 
Driscoll (1986); Percussion hammer: Hix (1991); Hydraulic percussion: Driscoll (1986). See also, Table 2-4. 
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2. DRllllNG AND SOUDS SAMPUNG METHODS 

2.1 DRililNG METHODS 

2.1.7 Casing Advancement: Downhole Casing Advancers (ODEX, TUBEX) 

Other Names Used to Describe Method: Down-the-hole hammer drill with underreaming capability, downhole 
hammer with eccentric bit. 

Uses at Contaminated Sites: Monitoring well installation in bouldery glacial till or hard or fractured bedrock,_3 -
and where prevention of cross contamination of aquifers is important. 

Method Description: Downhole casing advancers are similar to drill-through casing drivers using downhole air 
hammer (see Section 2.1.5), except that eccentric (off-centered) bits drill a hole larger than the casing. Figure 
2.1.7 illustrates major elements of the ODEX drilling assembly and method of operation. The weight of the 
casing, plus blows from the hammer (which are directed onto a drive shoe welded to the leading edge of the 
casing) are enough to advance the casing through hard formations. When the desired depth has been reached, 
the eccentric bit is rotated briefly in the reverse direction, causing it to become smaller than the casing, so that 
it can be removed. Monitoring well installation procedures are similar to for hollow-stem auger, but casing 
removal is a little more difficult. 

Method Selection Considerations: Advantages: (1) Compared to open hole methods, holes are straighter and 
better geologic samples are collected because uphole erosion and contamination is eliminated; (2) most methods 
can advance through difficult formations such as cobbles, boulders, caliche, heaving sands, weathered bedrock, 
and clay; and (3) air requirements also are reduced for air rotary and percussion methods. Disadvantages: (1) 
Relatively expensive due to slower drilling and materials; and (2) casing removal after well installation might be 
difficult. 

Frequency of Use: In unconsolidated material, generally only used in situations where hollow-stem augers have 
problems (coarse gravels, cobbles, boulders, and heaving sands) or where prevention of cross-contamination 
between aquifers is critical. Casing advancement methods in consolidated rock are being used with increasing 
frequency as a means of insuring integrity of well installation. 

Standard Methods/Guidelines: --

Sources for Additional Information: Aller et al. (1991), Baker et al. (1987-0DEX), Hix (1991), Murphy (1991-
0DEXJTUBEX). 
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The clockwise rotation forces the eccentric 
reamer out and drills a hole slightly larger 
than the external diameter of the casing. 

When sampling is required or total depth is 
reached, the rotation is reversed and the reamer 
sw1nqs into its minimum diameter position. This 
all~ws the removal of the drill string while the 
cas1ng remains in place. 

Figure 2.1.7 Diagram of ODEX downhole casing advancer drilling assembly and operations (Murphy, 1991, by 
permission). 
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2. DRIUlNG AND SOUDS SAMPUNG METHODS 

2.1 DRIUlNG METHODS 

2.1.8 Jetting Methods 

Other Names Used to Describe Method: Jetting: Wash boring*; Jet percussion: Wash boring*. 

Uses at Contaminated Sites: Monitoring well/piezometer installation in unconsolidated deposits. 

Method Description: The jetting or wash drilling method (Figure 2.1.8a) involves a wash pipe placed inside a 
well screen, or a string of2-inch pipe is set adjacent to the well point. Water is pumped into the casing (in the 
first instance) or into the pipe string (in the second instance) and the resulting jet of water allows the well screen 
and casing to sink into the water-bearing formation by its own weight. Cuttings are brought to the surface by 
water rising outside the casing/jet pipe. At depths below 25 feet or so, a drilling fluid additive must be mixed 
with the jetting water to suspend cuttings and stabilize the borehole when circulation is interrupted. The jet 
percussion or wash boring method uses a wedge-shaped drill bit at the end of a drill pipe attached to a cable, 
which is alternately raised and dropped to loosen unconsolidated material or to break up rock at the bottom of 
a borehole (Figure 2.1.8b). The drill pipe is rotated by hand at the surface. A casing is advanced by a drive pipe 
as the depth of the hole increases. Water or drilling fluid is pumped down the drill pipe under pressure, is 
discharged through ports on each side of the drill bit to lubricate the bit, carries cuttings up the annular space 
between the drill-pipe and casing to the surface, and deposits the cuttings in a settling pit. The drilling fluid is 
then recirculated down the drill pipe. 

Method Selection Considerations: Jetting Advantages: (1) Simple, light equipment eliminates need for a drilling 
contractor; (2) fast and inexpensive for shallow boreholes in unconsolidated sediments; (3) vertically spaced 
ground-water samples can be obtained if drive points are forced ahead of borehole and pumped; (4) drilling 
equipment can reach almost any site; and (5) numerous well points can be placed as an inexpensive method to 
determine water table contours/flow direction. Jetting Disadvantages: (1) Slow, especially at depth; (2) maximum 
depth of 100 to 150 feet; (3) can only be used in unconsolidated sediment and cannot penetrate boulders or wash 
up coarse gravel; (4) wash water can dilute formation water, affecting representativeness of samples; (5) 
interpretation of geology from wash samples is difficult (in cohesive soils and silts it might be possible to use 
sampling devices to obtain representative or undisturbed samples); (6) only short screens can be easily set; (7) 
water must be supplied under enough pressure to penetrate the geologic materials present and large quantities 
of water might be required; (8) use of drilling fluid additives and entrained air might affect sample quality; (9) 
not possible to place grout seal above the screen to assure depth-discrete sampling or isolation of different water
bearing zones; and (10) diameter of casing usually limited to 2 inches, which places some limitation on sampling 
tools that can be used. Jet Percussion Advantages: (1) Most effective in unconsolidated sands and best 
application is a cinch borehole with 2-inch casing and screen installed, sealed, and grouted; and (2) equipment 
and operation are simple and relatively inexpensive. Jet Percussion Disadvantages: (1) Slow and not effective 
in dense clay/till or bouldery material and drilling mud might be required to return cuttings to the surface; (2) 
use of water during drilling can dilute formation water and cause cross-contamination; (3) no formation water 
sample can be taken during drilling; (4) poor soil samples as a result of fines being washed out of sample; and 
(5) monitoring-well diameter limited to 4 inches and to depths of about 200 feet. Aller et al. (1991) gave this 
method consistently the lowest ratings compared to other drilling methods in their matrices for selecting 
appropriate drilling methods (see Table 2.1.8). 

Frequency of Use: Uncommon for monitoring well installation. 

Standard Methods/Guidelines: --

Sources for Additional Information: Jetting: Driscoll (1986), Mickelson et al. (1961), Moulder and Klug (1963); 
Jet percussion: Aller et al. (1991), Driscoll (1986), Matlock (1970). 

*The term ''wash boring" can be used to describe the jetting method in water well applications (Driscoll, 1986) 
and to describe the jet percussion method in geotechnical applications. This guide uses the terms jetting and 
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Figure 1.1.8 Jetting methods: (a) Single-pipe wash boring method for small-diameter wells (Moulder and Klug, 
1963); (b) Jet pen:ussion (Aller et al., 1991). 
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Table 1.1.8 Jet Percussion Suitability Ratings 

Depth 
(ft.) 

0-15 

15-150 

>150 

Depth 

MW 
Diameter 

<2" 
2-4" 
4-8" 

<2" 
2-4" 
4-8" 

<2" 
2-4" 
4-8" 

MW 
Diameter 

2-4" 
4-8" 

NA = Not applicable. 

UNCONSOUDATED MATERIAL 

Saturated 

------ ------ ------
Invasion ( +) Invasion (-) Invasion ( +) 

29" (29-75)b NA 32 (32-79) 
30 (30-68) NA 24 (24-79) 
NA NA NA 

23 (23-67) NA 24 (24-76) 
21 (21-69) NA 19 (19-72) 
NA NA NA 

NA NA NA 
NA NA NA 
NA NA NA 

CONSOUDATED MATERIAL 

Saturated/Unsaturated 

Invasion ( +) 

NA 
NA 

Invasion (-) 

NA 
NA 

"Numerical rating for drilling method in Appendix B, Aller et al. (1991). 
~ange of numerical ratings of applicable methods (perfect score = 80). 
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Unsaturated 

------

Invasion (-) 

NA 
NA 
NA 

NA 
NA 
NA 

NA 
NA 
NA 



jet percussion to avoid possible confusion. Whenever this tenn is encountered, the operation of the method 
should be evaluated to detennine whether jetting or jet percussion is involved. 
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2. DRIU1NG AND SOUDS SAMPUNG METHODS 

2.1 DRIU1NG METHODS 

2.1.9 Solid Hight and Bucket Augers 

Other Names Used to Describe Method: Solid-stem auger, solid-core auger, continuous flight auger, 
helical/Worm-type auger, disk auger, rotary bucket drilling. 

Uses at Contaminated Sites: Investigating shallow soil and vadose monitoring wells (lysimeters); monitoring wells 
in saturated, stable soils; identifying depth to bedrock. 

Method Description: Solid flight augers: Auger sections with a solid stem and flighting (the curve corkscrew-like 
blades) are connected in a continuous string to the lowermost section with a cutting head that is approximately 
2 inches larger in diameter than the flighting (Figure 2.1.9a). Cuttings are rotated upward to the surface by 
moving along the continuous flighting as the cutting head advances into the earth (Figure 2.1.9b), making it 
difficult to obtain reliable depth-specific soil samples from the cuttings that are brought to the surface. In stable 
soils, rotation can be stopped at the desired depth, the augers removed from the borehole, and samples taken 
from the bottom flight. Use of different diameter augers allows placement of casing to isolate near-surface 
contamination, and continuation of drilling with a smaller-diameter auger. Recovery of samples from the 
saturated zone is difficult. The only way to collect undisturbed samples is to remove the auger string, attach a 
split-spoon or thin-wall sampler to the end of the drill rod and put the entire string back into the borehole. A 
disk auger is similar to a solid flight auger except that it has a larger diameter and the flighting only goes around 
the stem once. Bucket augers (8-inch minimum diameter and typically 2 feet long) have a cutting edge on the 
bottom that is slowly rotated by a square telescoping Kelley of drill stem. When the bucket fills with cuttings, 
it is brought to the surface to be emptied. Figure 2.1.9c illustrates several types of bucket augers. Other variants 
in include the spoon auger and the Vicksburg hinged auger. 

Method Selection Considerations: Solid Stem Auger Advantages: (1) In unconsolidated material, drilling rigs are 
fast and mobile; and (2) minimal damage to aquifer and no drilling fluids or lubricants required. Solid Stem 
Auger Disadvantages: (1) Soil samples are unreliable unless split-spoon or thin-wall samples are taken, slowing 
drilling speed, and those can only be taken where stable soils exist; (2) generally unsuitable for monitoring-well 
installation in the saturated zone because of borehole caving upon auger removal; (3) depth generally restricted 
to 30 meters or less; (4) because auger must be removed before well can be set, vertical mixing can occur 
between water-bearing zones; (5) can only be used in unconsolidated materials; (6) depth to water table might 
be difficult to determining accurately in deep borings; and (7) drilling through a contaminated soil zone might 
result in downward transport of contaminants. Aller et al. (1991) give consistently low ratings compared to other 
drilling methods in unconsolidated saturated material, and the methods usually rate second highest, after hollow
stem auger, for most unsaturated conditions (see Table 2.1.9). Bucket Auger Advantages: (1) Good for 
construction wells just into the water table in unconsolidated formations that form stable borehole walls, such 
a clayey sediments walls; (2) after hole has been drilled, the setting of casing with screen and grouting outside 
to casing is relatively easy; (3) soil samples taken with a bucket auger are disturbed, but representative, unless 
caving of the borehole has occurred; and (4) depth specific sampling and detailed in situ soil descriptions might 
be possible if the diameter of the boring is large enough to let a person work in the hole. Bucket Auger 
Disadvantages: (1) Large diameter holes create a large annular space when small-diameter casing is used, 
necessitating a large volume of grout, and special care in grout placement and backfilling; (2) in caving 
formations below the water table, water must be added continuously to prevent caving; (3) restricted to depths 
less than about 50 feet; and (4) rigs might not be readily available. 

Frequency of Use: Solid stem auger: Most commonly used for geotechnical investigations in unconsolidated 
material. Less commonly used for monitoring well installation because most installations need to be completed 
into the saturated zone. Bucket auger: Most commonly used for large-diameter borings associated with 
foundations and building structures. 

Standard Methods/Guidelines: --
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Figure 2.1.9 Power-driven augers: (a) Diagram of solid-Dight auger (Aller et al., 1991); (b) Relationship of surface 
cuttings and subsurface (Scalf et al., 1981); (c) Bits for power bucket augers (U.S. Army, 1981). 
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Table 1.1.9 Solid Fliaht Auaer Suitability Rati111• 

Depth 
(ft.) 

0-15 

15-150 

>150 

Depth 

MW 
Diameter 

<2" 
2-4" 
4-8" 

<2" 
2-4" 
4-8" 

<2" 
2-4" 
4-8" 

MW 
Diameter 

2-4" 
4-8" 

NA =Not applicable. 

UNCONSOI1DA1ED MA1ERIAL 

Saturated 

------ ------ ------
Invasion ( +) Invasion (-) Invasion ( +) 

44" (29-75)b 27 (27-75) 70 (32-79) 
41 (30-68) 28 (28-72) 70 (24-79) 
NA 46 (46-74) 60 (48-64) 

37 (23-67) NA 69 (24-76) 
32 (21-69) 24 (24-68) 59 (19-72) 
NA NA NA 

NA NA NA 
NA NA NA 
NA NA NA 

CONSOI1DA1ED MA1ERIAL 

Saturated/Unsaturated 

Invasion ( +) 

NA 
NA 

Invasion (-) 

NA 
NA 

"Numerical rating for drilling method in Appendix B, Aller et al. (1991). 
~ange of numerical ratings of applicable methods (perfect score = 80). 
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Unsaturated 

------

Invasion (-) 

70 (44-75) 
68 (37-77) 
NA 

70 (35-79) (_{ 
58 (25-73) 

( 

NA 

NA 
NA 
NA 



'"; 
) 

\ 
I 
I 

Sources for Additional Infonnation: Solid night auger: Aller et al. (1991), Driscoll (1986), Geeting (1990-
enclosed auger), Scalf et al. (1981), Shuter and Teasdale (1989), U.S. EPA (1987); Bucket auger: Driscoll (1986), 
Scalf et al. (1981), U.S. EPA (1987). 
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2. DRilLING AND SOUDS SAMPIJNG METHODS 

2.1 DRILUNG METHODS 

2.1.10 Rotacy Diamond Drilling 

Other Names Used to Describe Method: Diamond drilling. 

Uses at Contaminated Sites: Borehole drilling and coring in consolidated rock. 

Method Description: Rotating bit consists of a tube 10 to 20 feet long, with a diamond-studded ring fitted to the 
end of the core barrel. Figure 2.1.10 illustrates a typical diamond drilling rig. The bit can also be attached to 
either an air or a mud rotary rig (Sections 2.1.2 and 2.1.3). Typically water circulates through the bit to cool the 
cutting surface. The diamond bit cuts through rock, with a solid core remaining in the tube. In soft and medium 
formations sawtooth or carbide tips can be used. 

Method Selection Considerations: Advantages: (1) Can drill to any depth; (2) provides continuous cores of 
geologic material for accurate geologic logging; (3) especially useful for locating and characterizing fracture 
zones; and (4) can be used with mud or air rotary rigs. Disadvantages: (1) Limited primarily to use in 
consolidated bedrock, but can also be used in highly compacted tills; (2) cooling water or drilling fluids might 
alter chemistry of ground-water samples, especially when it penetrates deeply into highly fractured rock 
(placement of tracers in drilling fluid can be used to determine whether ground-water samples have been 
influenced by the drilling water; (3) diamond bits are more expensive than conventional roller bits; and (4) slow 
compared to most other methods. 

Frequency of Use: Commonly used for mineral exploration in crystalline rock; less commonly used for monitoring 
well installation. 

Standard Methods/Guidelines: ASTM (1983b), DCDMA (1991). 

Sources for Additional Information: Barrett et al. (1980), Bowman (1911), Christensen Diamond (1970), 
Cumming and Wickland (1965), Gillham et al. (1983), Heinz (1985), Shuter and Teasdale (1989), World Oil 
(1970). 
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Figure 2.1.10 Typical diamond drilling rig (Shuter and Teasdale, 1989). 

2-38 

displacement 
water pump 



2. DRII.l...ING AND SOLIDS SAMPLING MElHODS 

2.1 DRII.l...ING ME1HODS 

2.1.11 Directional Drilling 

Other Names Used to Describe Method: Radial/horizontal drilling, conical jet drilling, slant rig drilling. 

Uses at Contaminated Sites: Installing horizontal or slanting wells for geophysical measurement or vadose zone 
monitoring; conducting soil and ground-water remediation (pump-and-treat, grouting, soil gas vacuum extraction, 
bioventing, in situ remediation, and soil flushing). 

Method Description: Diredional drilling involves use of drilling equipment located at the ground surface to drill 
slanting or horizontal holes in the subsurface. All directional drilling systems require: (1) A steerable drill stem, 
and (2) the capability to detect the location of the drill head or trajectory of the borehole. Directional drilling 
equipment with potential for applications at contaminated sites range in size from scaled-down rigs developed 
for the oil industry to relatively compact, simple equipment used to install utilities. Eastman-Christensen (Eq 
has developed a custom-equipped drill rig with a slanting rig mast capable of being oriented from the vertical, 
to 60 degrees from vertical, which can drill horizontally on a 100-foot radius (Figure 2.1.11a). The drilling 
assembly consists of a dual-wall drill string and an expandable bit, which drills a hole large enough to permit 
casing to be advanced during drilling. The drill bit is guided using measurement from a tool face indicator, which 
records the inclination of the drilling assembly. When the well is drilled to the desired length, the inner drilling 
assembly is withdrawn and the well screen installed. A horizontal section of screen greater than 500 feet in 
length can be accurately placed at target depths from around 10 feet to greater than 300 feet. Several radial 
drilling systems have been developed. In these systems a relatively large diameter vertical hole is first drilled 
and cased. Specific systems vary somewhat, but have the common elements of a vertical drilling string or 
assembly with a nonrotating orientation assembly or whipstock at the depth of interest that guides a flexible drive 
pipe from the vertical to horizontal direction (Figure 2.1.11b ). Two types of drilling methods have been reported 
for radial drill holes: (1) A mud rotary system with a top-drive hydraulic rotary rig (Kaback et al., 1989), and (2) 
Petrolphysics conical jet drilling system, which uses a nozzle designed to produce a conical shell of high velocity 
water that also seJVes to advance the drill pipe. With the jet drilling system, multiple laterals (as many as 12) 
up to 200 feet or more can be placed at several levels using the same vertical well (Figure 2.1.11b). Utility rigs 
use an initially inclined borehole and develop a trajectory that is similar to the EC rig described above, except 
that the equipment is smaller and Jess sophisticated. Boring methods include jet-assisted rotary, above-ground 
hydraulic percussion, water jet, down-hole pneumatic percussion, or down-hole pneumatic motor. Drill head 
location is monitored using a radio transmitter in the drill head and a receiver at the surface over the drill head. 
Boring lengths greater than 500 feet at depths of 3 to 20 feet are possible. Greater depths require specialized 
monitoring equipment. Equipment can be mobilized behind a pickup truck. 

Method Selection Considerations: Advantages: (1) Allows borehole access to subsurface areas such as beneath 
buildings, tanks, Jandftlls, and impoundments where vertical drill rigs cannot go; (2) reduces potential for cross
contamination between aquifers; (3) excellent for remediation techniques that require maximum horizontal access 
to contaminated zone or contaminant plumes that are not vertically dispersed; (4) production from horizontal 
wells generally is higher than from vertical wells due to greater possible screen length; (5) Petrolphysics radial 
jet drilling is very rapid in bedrock (1/2 foot per minute in granite, more than 1 foot per minute in sedimentary 
rock); and (6) cost of drilling with utility rigs is similar to vertical drilling with an auger rig. Disadvantages: (1) 
There has been relatively little actual experience using directional drilling methods at contaminated sites, and 
value for site characterization and monitoring (as opposed to remediation) has yet to be demonstrated; (2) 
drilling costs are high for petroleum industry-related equipment (100 to several hundred dollars a foot); (3) utility 
rigs, although less expensive than petroleum rigs, have more limited depth capabilities (around 20 feet compared 
to 300 feet for EC slant rig)*; (4) equipment that uses water or other fluids to advance the well bore might affect 
quality of samples; (5) sampling capabilities are currently limited. 

Frequency of Use: Small-scale equipment is widely used to install underground utilities. Use of large scale 
drilling is well established in the petroleum industry. At contaminated sites, test applications have focussed on 
remedial activities, but good potential exists for use with geophysical and other vadose monitoring methods. 
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Figure 2.1.11 Directional drilling methods: (a) Eastman-Christensen slant rig (Metcalf and Eddy, 1991); (b) 
Petrolphysics rig with a shallow radial system (U.S. EPA, 1992). 
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Standard Methods/Guidelines: --

Sources for Additional Information: See Table 2-4. 

•Depth limitations of utility rigs are a result oflocating methods. New locators that send signals up the drill steel 
are expected to expand the depth capabilities of small rigs. 
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2. DRILLING AND SOliDS SAMPliNG METIIODS 

2.1 DRilliNG METHODS 

2.1.12 Sonic Drilling 

Other Names Used to Describe Method: Vibratory drilling, rotosonic drilling. 

Uses at Contaminated Sites: Continuous sampling and monitoring well installation in unconsolidated and 
soft/fractured bedrock. 

Method Description: A sonic rig uses an oscillator, or head, with eccentric weights driven by hydraulic motors, 
to generate high sinusoidal force in a rotating drill pipe (Figure 2.1.12a). The frequency of vibration (generally 
between 50 and 120 cycles per second) of the drill bit or core barrel can be varied to allow optimum penetration 
of subsurface materials. A dual string assembly allows advancement of casing with the inner casing used to 
collect samples. Small amounts of air or water can be used to remove the material between the inner and outer 
casing. Very rapid rates of drilling are possible; Dustman et al. (1992) report 160 feet/day in sandy terrace 
deposits over glacial till and weathered sandstone. When a drill bit is used, most of the cuttings are forced into 
the borehole wall. A thin-wall or split spoon sampler can be used to obtain continuous samples. The head of 
the rig tilts outward to allow easy access for threading and sample extraction (Figure 2.1.12b). Research in 
vibratory drilling techniques date back to the late 1940s, but it is only relatively recently that improvements in 
equipment design have made the technique a viable option for investigation of contaminated sites. 

Method Selection Considerations: Advantages: (1) Collection of continuous, relativelyundisturbed unconsolidated 
and bedrock cores possible; (2) higher drilling rates than conventional methods (around twice as fast as air rotary 
and 8 to 10 times faster than hollow-stem auger and cable tool); and (3) produces about one-tenth the cuttings 
of hollow-stem auger and cable tool. Disadvantages: (1) Higher operation, maintenance, and tooling costs 
compared to conventional drilling methods; (2) present equipment limited to depths of about 300 feet; (3) drilling 
in hard rock generally not recommended; (4) driving of material into borehole wall might create problems for 
borehole logging and aquifer testing; and (5) limited equipment availability. 

Frequency of Use: Uncommon; relatively recent improvements in equipment design will probably lead in 
increased use in the future. 

Standard Methods/Guidelines: --

Sources for Additional Information: Dustman et al. (1992), Godsey (1993). 
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Figure 2.1.12 Sonic: drilling: (a) Basic: principles of operation; (b) Drill rig (Dustman et al., 1992, by permission). 
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2. DRILLING AND SOLIDS SAMPLING METHODS 

2.2 DRIVE METHODS 

2.2.1 Driven Wells 

Other Names Used to Describe Method: Driven wellpoint, piezometers, driven pile. 

Uses at Contaminated Sites: Water level monitoring in shallow formations and small-diameter shallow water 
quality monitoring wells. 

Method Description: A screened well-point attached to metal casing (usually 1.25 to 2 inches in diameter) is 
driven by hand or with drive heads mounted on a hoisting device (Figure 2.2.1). Section 6.1.10 provides 
additional information on the use of drive points for piezometric measurements, and Section 5.5.3 provides 
additional information on driven devices for collection of ground-water samples. A driven pile method has been 
described that involves simultaneously driving two 10- to 12-inch diameter steel cylinder piles with 0.5 inch wall 
thickness, one inside the other. The assembly is driven to the desired depth, or until it can be driven no further. 
The inner pile is withdrawn, allowing space for installation of a 5-inch diameter well. following installation, the 
12-inch diameter pile is removed. A variant of this method has also been used to install relatively shallow 
leachate collection wells at a landfill (Miller and Hornsby, 1991). 

Method Selection Considerations: Wellpoint Advantages: (1) Relatively low cost of installation allows multiple 
observation points; (2) well suited for water level measurements; (3) water samples can be collected at closely 
spaced intervals during drilling; and (4) no drilling fluids are introduced into the formation. Wellpoint 
Disadvantages: (1) Limited to unconsolidated material without coarse fragments; (2) cannot penetrate dense 
and/or some dry materials; (3) generally limited to depth of 30 to 50 feet; ( 4) lack of stratigraphic detail resulting 
from the lack of soil samples create uncertainty regarding screened zones and/or cross contamination (penetration 
rate can provide some stratigraphic information); (5) steel casing might affect quality of samples and there is no 
annular space for completion procedures (a good seal between casing and formation can only be expected if 
drilling through loose, well-sorted material that collapses around the well); (6) only small-diameter ground-water 
sampling equipment can be used (2.5-inch diameter casing is the usual maximum); and (7) drive point screen 
might become clogged with clay if driven through a clay unit. Driven Pile Advantages: (1) Casing reduces 
potential for cross contamination; and (2) no drilling fluids are involved. Driven Pile Disadvantages: (1) Pile 
might reduce formation permeability by smearing or compaction; (2) unconsolidated material that can be 
penetrated by piles is required; and (3) casing is expensive. 

Frequency of Use: Commonly used for water level observations. 

Standard Methods/Guidelines: See Section 6.1.10 for piezometer installation. 

Sources for Additional Information: Wellpoint: Aller et al. (1991), Driscoll (1986); Driven pile: Kaufman et al. 
(1981), Miller and Hornsby (1991). 
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Figure 2.2.1 Diagram of driven wellpoint (Aller et al., 1991). 
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2. DRILLING AND SOLIDS SAMPLING METIIODS 

2.2 DRIVE METHODS 

2.2.2 Cone Penetration 

Other Names Used to Describe Method: CPT (cone penetration test), cone penetrometry. 

Uses at Contaminated Sites: Stratigraphic logging in soft soils. When instrumented for pore pressure 
measurements, subsurface hydraulic characteristics can be measured (pressure head, soil permeability, and water 
bearing zones), and sampling cones allow in-situ sampling of liquids and gases (see Sections 5.5.1 and 5.5.2). 
Measuring stress-strain soil properties affecting site seismic response (see Section 3.3.4). 

Method(Device Description: The cone penetration test (CP1) involves hydraulically pushing a cone-shaped 
instrument into the soil and measuring its resistance to penetration (Figure 2.2.2a ). Resistance is measured by 
sensitive strain gauges that transmit electronic signals to an automatic data acquisition system (Figure 2.2.2b). 
Use of a four-channel piezocone allows estimation ofhydraulic properties of the soil by measuring pore pressure 
changes in response to the stresses created by the CPT. Porous probe permeameters can be used in a falling
head or constant-head mode, as a relatively simple and inexpensive method for determining hydraulic conductivity 
in the vicinity of the probe. The seismic cone penetration test is described in Section 3.4.4. Special porous 
sampling cones can be used with conventional cone-penetration equipment. which allow collection of soil-gas or 
ground-water samples from a desired depth by lowering specially designed vials down the casing to the cone (see 
descriptions of Hydropunch in Sections 5.5.1 and the BAT system in section 5.5.2). 

Method(Device Selection Considerations: Best used in initial site characterization to help in siting of monitoring 
wells. Works most efficiently in soft soils. Continuous measurement of soil properties minimizes the possibility 
of overlooking thin strata that could influence soil behavior. No contaminated fluids are produced by 
measurements of hydraulic properties. One-time samples helpful for characterizing the extent of contaminant 
plumes, but not suitable for ongoing monitoring. 

Frequency of Use: Commonly used in geotechnical investigations. Use at hazardous waste investigations should 
become more common as experience is gained in using cone penetration equipment for hydrologic 
characterization and sampling for preliminary site characterization. 

Standard Methods/Guidelines: ASTM (1986a,b). 

Sources for Additional Information: See Table 2-4. Hydraulic conductivity testing: Petsonk (1985), Sai and 
Anderson (1991). See also, Sections 5.5.1 and 5.5.2 and Table 5-5. 
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Figure 2.2.2 Cone penetrometry: (a) Typical cone penetrometer test rig (Smolley and Kappmeyer, 1991, by 
permission); (b) Electric friction-cone penetrometer tip (Chiang et al., 1989a, by permission). 
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2. DRilllNG AND SOUDS SAMPUNG METIIODS 

2.3 HAND-HEW SOIL SAMPUNG DEVICES 

2.3.1 Scoops, Spoons, and Shovels 

Other Names Used to Describe Method: Trowels, spades, soil punch, soil moisture tin. 

Uses at Contaminated Sites: Sampling of near surface soils. 

Method Description: Spoons (from 10 to 100 gram capacity), scoops (with capacity typically ranging from 300 
to 2000 grams), and shovels or shovel-like instruments, such as trowels, can be used separately or in combination 
to collect samples. Stainless steel is the most common type used; plastic or Teflon-coated are also available. 
A shovel is usually used to remove the top cover of soil to the desired depth, and spoons or scoops are used for 
actual sampling. Use of trenc:hes to provide a vertical exposure allows use of soil punches or soil moisture tins, 
either vertically or horizontally, to collect samples of a known volume (see Figure 2.3.1). 

Method Selection Considerations: Scoops and Spoons Advantages: (1) Inexpensive and readily available; (2) can 
be easily decontaminated, or discarded to reduce sampling time; (3) can be transported to remote areas; and ( 4) 
easy to obtain relatively large sample volumes. Scoops and Spoons Disadvantages: (1) Samples are disturbed, 
so measurements requiring undisturbed soil cannot be taken; (2) reproducibility of sample sizes might be poor 
when area and/or volume are critical for accurately characterizing the degree of contamination; and (3) limited 
to near-surface sampling (deeper than 50 centimeters becomes very labor intensive). Shovels: Similar to scoops 
and spoons except they are more expensive. Soil punches have the advantage that a precise volume of soil is 
sampled, which allows for the calculation of other properties, such as bulk density. See also, Table 2-3. 

Frequency of Use: Commonly used for near-surface sampling for initial screening purposes. 

Standard Methods/Guidelines: Boulding (1991), Ford et al. (1984). 

Sources for Additional Information: --
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Figure 2.3.1 Procedure for collecting sample with soil moisture tin (Cameron et al., 1966). 
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2. DRIUlNG AND SOUDS SAMPLING METIIODS 

2.3 HAND-HEW SOIL SAMPLING DEVICES 

2.3.2 Augers 

Other Names Used to Describe Method: Screw auger, helical auger, closed spiral auger, opem spiral auger, wonn 
auger, bucket auger, barrel auger (standard, sand, mud/clay, dutch, in situ soil recovery, stony soil, planer, post
hole/lwan-type, silage), spiral auger, ram's hom auger. 

Uses at Contaminated Sites: Collecting disturbed soil samples; used in combination with tube samplers for 
collecting undisturbed soil samples. 

Method Description: Hand-held augers consist of an auger bit, a solid or tubular drill rod, and a "T' handle 
(Figure 2.3.2a). When the drill rod is threaded, extensions can be added or auger bits interchanged. The auger 
tip bites into the soil as the handle is rotated, and soil retained on the auger tip is brought to the surface and 
used as the soil sample. Alternatively, augers can be used to bore to the desired sampling depth, and a tube 
sampler replaced for collection of the actual sample. Many types of auger bits are available: Screw-type (Figure 
2.3.2a), bucket-type (Figure 2.3.2b), and spiral-type (Figure 2.3.2c). Table 2.3.2 describes the applications and 
special limitations often types of augers. Hand-held power screw augers, requiring one or two people to operate, 
can also be used. ASTM (1980) provides descriptions of about a dozen types ofhand-held and machine-operated 
augers. 

Method Selection Considerations: General Advantages: (1) Relatively inexpensive, readily available, and most 
types can be easily operated by one person; and (2) depending on the type, larger volumes of soil can be obtained 
compared to hand-held tube samplers (Section 2.3.3). General Disadvantages: (1) Difficult to know the exact 
depth from which sample comes; (2) cross-contamination of samples from lower depths by cave-in or sloughing 
of borehole walls is common (can be reduced by use of in situ soil recovery auger); (3) samples are disturbed, 
so measurements requiring undisturbed soil cannot be taken, and accurate soil proftle description is difficult; (4) 
disturbance of exposure of soil to air makes most types unsuitable for sampling volatile contaminants; (5) 
sampling depth is usually limited to 1 or 2 meters, but up to 3 meters is possible under favorable conditions using 
extensions. Screw Auger Advantages: (1) Hand-held types usually penetrate more rapidly than bucket augers 
in moist soil; (2) power-driven hand held screw augers allow deep and rapid penetration in cohesive, soft, or hard 
soils; (3) open thread provides easy access to sample; and (4) fairly easy to decontaminate. Screw Auger 
Disadvantages: (1) Will not retain dry, loose, or granular material; and (2) only suitable for obtaining composite 
samples. Truck-driven solid flight augers (Section 2.1.9) yield samples similar to screw augers and have the same 
advantages and disadvantages. Bucket Auger Advantages: Variety of types allows selection of auger head for 
much wider variety of soil conditions than screw auger and tube sampler. Bucket Auger Disadvantages: (1) 
Extraction of sample from closed bucket-types cumbersome; and (2) more difficult to decontaminate than screw 
augers. 

Frequency of Use: Commonly used for collection of composite near surface samples, and in combination with 
tube samplers to collect undisturbed samples. 

Standard Methods/Guidelines: ASTM (1980), Boulding (1991), Ford et al. (1984), U.S. EPA (1986b-also covers 
sampling from solid flight augers). 

Sources for Additional Information: See Table 2-5. 
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Figure 2.3.2 Hand-held augers: (a) Screw auger (Rehm et al., 1985, Copyright C> 1985, Electric Power Research 
Institute, EPRI EA-4301, Field Measurement Methods for Hydrogeologic Investigations: A Critical Review of 
the Lilerature, reprinted with permission); (b) Examples of bucket augers (Rehm et al., 1985, Copyright 
C> 1985, Electric Power Research Institute, EPRI EA-4301, Field Measurement Methods for Hydrogeologic 
Investigations: A Critical Review of the Lilerature, reprinted with permission); (c) Spiral or ram's horn 
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Table 1.3.2 Summary of Hand-Held Soil Augers• 

Auger 1)pe 

Screw Auger 

Standard Bucket Auger 

Sand Bucket Auger 

Mud Bucket Auger 

Dutch Auger 

In-Situ Soil Recovery Auger 

Eijkelcamp Stony Soil Auger 

Planer Auger 

Post-Hole/Iwan Auger 

Silage Auger 

Spiral Auger 

Applications 

Cohesive, soft, or hard soils or 
residue 

General soil or residue 

Bit designed to retain dry, 
loose, or granular material (silt, 
sand, and gravel) 

Bit and bucket designed for 
wet silt and clay soil or residue 

Designed specifically for wet 
clayey, fibrous, or rooted soils 
(marshes) 

Collection of soil samples in 
reusable liners; closed top 
reduces contamination from 
caving sidewalls 

Stony soils and asphalt 

Used to clean out and flatten 
the bottom of predrilled holes 

Cohesive, soft, or hard soils; 
readily available 

Silage pits and peat bogs 

Used to remove rock from 
auger holes so that bonngs can 
continue with other auger-type 

Limitations 

Will not retain dry, loose, or 
granular material 

Might not retain dry, loose, or 
granular material 

Difficult to advance boring in 
cohesive soils 

Will not retain dry, loose, or 
granular material 

Similar to standard bucket 
auger 

Will not retain loose material 

"Suitable for soils with limited coarse fragments; only the stony soil auger will work well in very gravelly soil. 
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2. DRilliNG AND SOUDS SAMPLING MElHODS 

2.3 HAND-HElD SOIL SAMPLING DEVICES 

2.3.3 Tubes 

Other Names Used to Describe Method: Soil probe, thin-walled tubes, soil recovery probe, Veihmeyer tube, peat 
sampler. 

Uses at Contaminated Sites: Collecting undisturbed soil core samples in the near surface. 

Method Description: Basic equipment is similar to augers, except that a closed or open tube with a cutting tip 
is attached to the drill rod. Rather than being rotated, the tube is pushed into the soil to obtain a relatively 
undisturbed core. Various types of tube samplers are available. Soil probes are usually single units designed 
for near-surface sampling. Thin-walled tube samplers are designed to be interchangeable with auger tips, and 
for sampling at greater depths by the addition of extensions (Figure 2.3.3a). Veihmeyer tubes are designed to 
be driven into the ground, and pulley jacks with grips are available for pulling the sampler out of the ground 
(Figure 2.3.3b). The cutting tip on most types of samplers can be replaced if it is damaged by hitting a rock or 
when it wears out. Different types of tips are available for use in standard, wet, and dry soils. Tube samplers 
are often used in combination with augers, with the augers used to bore a larger diameter hole to the depth of 
interest, and the tube sampler used to collect the actual sample. Table 2.3.3 provides additional information on 
major types of hand-held tube samplers. 

Method Selection Considerations: Advantages: (1) Relatively inexpensive, readily available, and most types can 
easily be operated by one person; (2) a relatively undisturbed core can be obtained, from which a soil profile 
descriptions can be made; (3) better than augers for sampling volatile contaminants; and (4) when combined with 
an auger, depths up to 6 meters can be reached in stable, unconsolidated material without rocks. Disadvantages: 
(1) Extraction of core from the tube might be difficult; (2) not suitable for rocky, dry,loose, or granular material, 
or very wet soil; (3) might be difficult to drive into dense or hard material, and sometimes difficult to pull from 
the ground; and (4) sampling depth is usually limited to 1 or 2 meters. 

Frequency of Use: Commonly used for near-surface soil sampling, especially where volatile contaminants are 
present. 

Standard Methods/Guidelines: Boulding (1991), U.S. EPA (1986b). 

Sources for Additional Information: See Table 2-5. 
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Figure 2.3.3 Hand-held thin-wall samplers: (a) Thin-wall tube probe (Rehm et al., 1985, Copyright C 1985, Electric 
Power Research Institute, EPRI EA-4301, Field Measurement Methods for Hydrogeologic Investigations: A 
Critical Review oftM Literature, reprinted with permission); (b) Veihmeyer tube (Brown et al., 1991). 
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Table 2.3.3 Summary of Hand-Held Tube Samplers• 

Tube Type 

Soil Probe 

Thin-Walled Tubes 

Soil Recovery Probe 

Veihmeyer Tube 

Peat Sampler 

Applications 

Cohesive, soft soils or residue; 
representative samples in soft 
to medium cohesive soils and 
silts 

Cohesive, soft soils or residue; 
special tips for wet or dry soils 
available 

Similar to thin-wall tubes; cores 
are collected in reusable liners, 
minimizing contact with the air 

Cohesive soils or residue to 
depth of 3 meters (maximum 
of 4.9 meters) 

Wet, fibrous, or organic soils 

"Not suitable for soils with coarse fragments. 

Source: Adapted from Boulding (1991) 
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limitations 

Sampling depth generally 
limited to less than 1 meter 

Similar to Veihmeyer tube 

Similar to Veihmeyer tube 

Difficult to drive into dense or 
hard material; will not retain 
dry, loose, or granular material; 
might be difficult to pull from 
ground 

Use limited to organic soils 



2. DRilLING AND SOUDS SAMPliNG MEIHODS 

2.4 POWER-DRIVEN SOIL SAMPliNG DEVICES 

2.4.1 Split and Solid Barrel 

Other Names Used to Describe Method: Split-spoon, split barrel, Maine-type split barrel, split barrel with liner. 

Uses at Contaminated Sites: Collecting disturbed cores in unconsolidated material. 

Method Description: Split-spoons are tubes constructed of high strength alloy steel with a tongue and groove 
arrangement running the length of the tube, allowing it to be split in half. The two halves are held together by 
a threaded drive head assembly at the top, and a hardened shoe at the bottom, with a beveled cutting tip (Figure 
2.4.1). The sampler is driven by a 140-pound weight dropped through a 30-inch interval (AS1M, 1984a), and 
the number of blows required to drive the sampler provides an indication of the compaction/density of the 
formation being sampled. When the split-spoon is brought to the surface, it is disassembled and the core 
removed. Some models have a liner that allows removal of the sample with minimum contact with the air. A 
basket or spring retainer can be placed inside the tube near the tip to reduce loss of sample material to the 
borehole as the sampler is being withdrawn. Standard geotechnical investigations sample an 18-inch interval for 
each 5 feet penetrated. Continuous samples can be taken by augering or drilling to the bottom of the previously 
sampled interval, and repeating the sampling operation. Barrel samplers are similar to split-spoons, except they 
cannot be taken apart. A core extruder might be required to remove the core from the barrel. Table 2.4.1 
provides additional information on split-spoon and barrel samplers. Ring-lined barrel samplers combine a split
barrel of a barrel sampler with a thin-walled extension for the collection of minimally disturbed samples. 

Method Selection Considerations: Advantages: (1) Sampling depth limited only by the capabilities of the drill 
rig and depth to consolidated rock; (2) split-spoon samplers are readily available; (3) provide good samples for 
stratigraphic interpretation; and (4) ring-lined barrel samplers can sometimes be used to obtain undisturbed cores 
where conventional thin-wall samplers (Section 2.4.3) will not work. Disadvantages: (1) Disturbance of core 
samples prevent use for laboratory measurement of formation properties; and (2) collection of continuous 
samples is time consuming. 

Frequency of Use: Split-spoons are widely used during drilling for stratigraphic characterization, solid barrels are 
less commonly used. 

Standard Methods/Guidelines: Split spoon: AS1M (1984a ), U.S. EPA (1986b ); Ring-lined barrel: ASTM (1984b). 

Sources for Additional Information: Aller et al. (1991), Barrett et al. (1980), Rehm et al. (1985), Shuter and 
Teasdale (1989). 
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Figure 2.4.1 Split-spoon sampler (Rehm et al., 1985, Copyright C 1985, Eleetric Power Research Institute, EPRI 
EA-4301, Fk/J Measurement Mellwds for Hydrogeologic Investigations: A Critical Review of 1M Literature, 
reprinted with permission). 
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Table 1.4.1 Summary of Major Types of Power-Driven Disturbed-Core Samplers 

Sampler Type 

Barrel Samplers (Section 2.4.1) 

Solid Barrel 

Split-Spoon 

Rotating Core (Section 2.4.2) 

Single Tube 

Double-Tube 

Applications 

Sand, silts, or clays 

Disturbed samples from 
cohesive soils 

Dense, unconsolidated and 
consolidated formations 

Friable, erodible, soluble, or 
highly fractured formations 

Source: Adapted from Rehm et al. (1985) and Aller et al. (1991) 
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Limitations 

Disturbed core, questionable 
recovery and quality below 
water table 

Ineffective in cohesionless 
sands; not suitable for 
collection of samples for 
laboratory tests requiring 
undisturbed soil 



2. DRilLING AND SOUDS SAMPLING METIIODS 

2.4 POWER-DRIVEN SOIL SAMPLING DEVICES 

2.4.2 Rotating Core 

Other Names Used to Describe Method: Core barrels, single-tube/wall, double-tube/Wall core barrels. 

Uses at Contaminated Sites: Collecting disturbed cores in dense, unconsolidated and consolidated fonnations; 
characterizating joints and fractures. 

Method Description: See Section 2.1.10 for basic description of diamond coring process. In single-wall tubes, 
drilling fluid circulates around the core that has been cut and around the barrel, and exits through the bit (Figure 
2.4.2). In double-wall tubes, the drilling fluid circulates between the two walls of the core barrel and does not 
come in direct contact with the core being cut (Figure 2.4.2). 

Method Selection Considerations: Advantages: {1) Can provide continuous cores; and (2) double-tube barrels 
can provide good recovery even in unconsolidated clays and silts. Disadvantages: (1) Poor recovery of single
barrel cores in soft, friable, poorly consolidated materials, or soluble or fractured fonnations due to erosion by 
the drilling fluid; (2) rotation results in disturbance of cores (double-barrel sampler reduces disturbance); (3) use 
of water or drilling fluids might alter the chemistry of the sample; and (4) time-consuming and high cost of 
equipment makes the method expensive. Table 2.4.1 provides additional comparative infonnation on rotating 
core samplers. 

Frequency of Use: Commonly used in mineral exploration, uncommon at contaminated sites. 

Standard Methods/Guidelines: ASTM (1983b), DCDMA (1991). 

Sources for Additional Infonnation: Aller et al. (1991), Barrett et al. (1980), Rehm et al. (1985), Shuter and 
Teasdale (1989). 
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Figure l.4.l Sqle-tube and double-tube eore barrels (Rehm et al., 1985, Copyright C 1985, Eleetrie Power 
Research Institute, EPRI EA-4301, Field Measurement Methods for Hydrogeologic Investigations: A Critical 
Review of lite Literature, reprinted with permission). 
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2. DRill..ING AND SOliDS SAMPliNG MEIHODS 

2.4 POWER-DRIVEN SOIL SAMPliNG DEVICES 

2.4.3 Thin-Wall Open Tube 

Other Names Used to Describe Method: Shelby tube, thin-wall sampler, continuous' sample tube, ring-lined barrel __ 
sampler. See also, ring-lined barrel sampler in Section 2.4.1 

Uses at Contaminated Sites: Collecting undisturbed soil and unconsolidated core samples. 

Method Description: Thin-wall samplers must meet the following criteria: (1) A clearance ratio of 0.5 to 1.5 
(inside diameter of tube, minus the inside diameter of the opening, divided by the inside diameter of the 
opening), and (2) an end area ratio--total area of the sampler (outside diameter) to the wall thickness area 
should be less than 10 percent (Figure 2.4.3a). Sample collection procedure is similar to split-spoon sampling, 
except that the tube is pushed into the soil using the weight of the drill rig, rather than driven. The use of a 
continuous thin-wall sampler with a hollow-stem auger (Section 2.1.1) avoids the time delays involved in 
collection of continuous cores from conventional thin-wall samplers. A 5-foot thin-wall tube is placed down the 
stem of the auger. The tube is attached to a non rotating sampling rod, or a wireline assembly that allows the 
auger to rotate while the tube remains stationary, and undisturbed material enters the tubes and the auger flights 
advance (Figure 2.4.3b). The sample is collected every 5 feet before a new auger flight is added. 

Method Selection Considerations: Advantages: (1) Equipment is readily available; and (2) collects undisturbed 
sample. Disadvantages: (1) Might not be strong enough to penetrate compact sediments (can be overcome with 
specialized samplers [see Section 2.4.5]); (2) collection of continuous samples with conventional thin-wall 
samplers is very time consuming, especially when the depth exceeds around 100 feet (continuous sampling tube 
system can overcome this); and (3) gravel or cobbles can disturb sample during collection, or damage walls of 
the sampler (sample tube should be at least 6 times the diameter of the longest particle size of the sample to 
minimize physical disturbance). Table 2.4.3 provides comparative information on power-driven thin-wall 
samplers. 

Frequency of Use: Most common method for collection of undisturbed core samples. 

Standard Methods/Guidelines: ASTM (1983a), U.S. EPA (1986b). 

Sources for Additional Information: See Table 2-5. 
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Table 1.4.3 Summary of Major Types of Power-Driven Undisturbed-Core Samplers 

Sample 1 Type Applications 

Thin-Wall Open Tube Samplers (Section 2.4.3) 

Shelby Tube 

Continuous Tube 

Undisturbed samples in 
cohesive soils, silt, and sand 
above water table 

Same as Shelby tube, except 
longer barrel designed to 
operate inside the column of a 
hollow-stem auger 

Thin-Wall Piston Samplers (Section 2.4.4) 

Internal Sleeve Piston 

Wireline Piston 

Fixed-Piston 

Hydraulic Piston (Osterberg) 

Stationary Piston 

Free Piston 

Open Drive 

Collection of sample in heaving 
sands; used with hollow-stem 
auger with clamshell bit 

Undisturbed samples in 
cohesive soils and noncohesive 
sands; used with clam shell 
device on hollow-stem auger 

Undisturbed samples in 
cohesive soils, silt, and sand 
above or below water table 

Similar to fixed-piston sampler 

Undisturbed samples in stiff, 
cohesive soils; representative 
samples in soft to medium 
cohesive soils, silts, and some 
sands 

Similar to stationary piston 
sampler 

Similar to stationary piston 
sampler 
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Umitations 

Ineffective in cohesionless 
sands or stony soil 

Same as Shelby tube 

Requires use of water or 
drilling mud for hydrostatic 
control; only one sample per 
borehole can be obtained 

In heaving sands, only one 
sample per borehole can be 
collected because clamshell 
remains open after sampling 

Ineffective in cohesionless 
sands 

Not possible to limit the length 
of push or to detennine 
amount of partial sampler 
penetration during push 

Not suitable for cohesionless 
soils 

Not suitable for cohesionless 
soils 

' \... 
\ 



Table 2.4.3 (eont.) 

Sampler Type Applications 

·~ Specialized Thin-Wall Sampler (Section 2.4.5) 
.)1 

Pitcher 

Denison 

Vicksburg 

Undisturbed samples in hard, 
brittle, cohesive soils and 
cemented sands; 
representative samples in soft 
to medium cohesive soils, silts, 
and some sands; variable 
success with cohesionless soils 

Undisturbed samples in stiffto 
hard cohesive soils, cemented 
sands, and soft rocks; variable 
success with cohesionless 
materials 

Similar to Shelby tube, but able 
to sample denser and coarser 
material 

Umitations 

Frequently ineffective in 
cohesionless soils; requires use 
of drilling fluid that might 
affect quality of sample 

Not suitable for undisturbed 
sampling of loose, cohesionless 
soils or soft cohesive soils; 
requires use of drilling fluid 
that might affect quality of 
sample 

Source: Adapted .from Aller et al. (1991), Barrett et al. (1980), Boulding (1991), and Rehm et al. (1985) 
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2. DRII1.1NG AND SOUDS SAMPUNG MEIHODS 

2.4 POWER-DRIVEN SOIL SAMPUNG DEVICES 

2.4.4 Thin-Wall Piston 

Other Names Used to Describe Method: Fixed piston, hydraulic piston (Osterberg), wireline piston, free piston, 
open drive sampler, internal sleeve piston. 

Uses at Contaminated Sites: Collecting samples in unconsolidated formations and heaving sands (internal sleeve 
and wireline piston). 

Method Description: Piston samplers are similar to thin-wall samplers except that they are equipped with internal 
pistons to generate a vacuum within the sampler as it is withdrawn from the soil (Figure 2.4.4a ). Figure 2.4.4b 
illustrates sampling procedures using a wireline piston sampler with a hollow-stem auger. Numerous types of 
piston samplers have been developed and Table 2.4.3 summarizes information on seven types. 

Method Selection Considerations: Advantages: (1) Vacuum might improve sample recovery compared to 
conventional thin-wall samplers; and (2) models are available that are designed especially for sampling heaving 
sands, which are difficult to sample using conventional thin-wall samplers. Disadvantages: (1) Not as widely 
available as regular thin-wall samplers; and (2) more complex construction increases possibility of malfunction. 

Frequency of Use: Usually used where soil conditions are unfavorable for use of conventional thin-wall samplers. 

Standard Methods/Guidelines: U.S. EPA (1986b). 

Sources for Additional Information: Aller et al. (1991), Barrett et al. (1980), Rehm et al. (1985). See also, Table 
2-5. 
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2. DRILUNG AND SOUDS SAMPliNG METIIODS 

2.4 POWER-DRIVEN SOIL SAMPliNG DEVICES 

2.4.5 Specialized Thin-Wall 

Other Names Used to Describe Method: Pitcher sampler, Denison sampler, Vicksburg sampler. 

Uses at Contaminated Sites: Collecting undisturbed samples where specific soil conditions are unfavorable for 
use of conventional or piston samplers. 

Method Description: Basic sampling procedures are generally the same as for thin-wall samplers. The Vicksburg 
sampler has a 5.05-inch inside diameter by 5.25-inch outside diameter, which qualifies as a thin-wall sampler but 
is structurally much stronger than a Shelby tube (Figure 2.4.5a )· The denison sampler (Figure 2.4.5b) and pikher 
sampler (Figure 2.4.5c) have a double-tube core design with an inner tube that qualifies as a thin-wall sampler. 
The rotating outer tube allows penetration in extremely stiff deposits or highly cemented unconsolidated 
materials, while the stationary inner tube collects a minimally disturbed sample. Table 2.4.3 provides comparative 
information on specialized thin-wall samplers. 

Method Selection Considerations: Advantages: Greater structural strength allows collection of undisturbed 
samples in dense formations. Disadvantages: Less readily available than conventional thin-wall samplers. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Aller et al. (1991), Rehm et al. (1985), Shuter and Teasdale (1989). 
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2. DRIUlNG AND SOUDS SAMPUNG METHODS 

25 FIELD DESCRIPTION OF SOIL PHYSICAL PROPERTIES 

2.5.1 Texture 

Other Names Used to Describe Method: Particle-size distribution. There are numerous systems for classifying 
soil according to particle-size distribution. The most common are those used by the Soil Consetvation Setvice 
of the U.S. Department of Agriculture (USDA), and the Unified Soil Oassification System (USCS), used by the 
American Society for Testing and Materials (AS1M). Other systems, all of which have slight to major 
differences, include: AASHTO (American Association of State Highway and Transportation Officials), FAA 
(Federal Aviation Administration), U.S. Army Corps of Engineers, U.S. Public Roads Administration, 
International Society of Soil Science, British Standards Institution, and Canadian Soil Survey Committee. 

Uses at Contaminated Sites: Texture is a basic soil property that affects numerous hydrologic, engineering, and 
contaminant transport characteristics of the soil. 

Method Description: USDA: Particle-size classes of the fine fraction ( <2 mm) are determined by estimating the 
relative proportions of sand-, silt-, and clay-sized particles based on feel. Accurate classification requires 
laboratory analysis of samples, but repeated "calibration" of field classification by feel with laboratory analyses 
allows accurate field determinations, except in borderline cases. Particle-size class names using the USDA soil 
texture triangle are shown in Figure 2.5.1. USCS: A series of field tests to determine the nature of the coarse 
and fine fractions, and properties such as plasticity, liquid limit, clod strength, dilatancy, toughness, and stickiness, 
allow field estimation of unified soil type. Laboratory analysis is required to ensure accurate classification. Rock 
classification: Bedrock materials are classified according to origin (igneous, metamorphic, and sedimentary), 
particle or mineral grain size, mineralogy, and other features, such as hardness, degree of fracture development, 
etc. 

Method Selection Considerations: USDA classification method is best for interpretations relating to hydrologic 
and contaminant transport properties. uses is best for evaluating engineering properties. 

Frequency of Use: uses is commonly used; USDA is less commonly used, but should probably be used more 
for reasons mentioned above. 

Standard Methods/Guidelines: Unified (ASTM) field estimation: AS1M (1990), Boulding (1991); Unified 
laboratory classification: AS1M (1992); USDA field description: Boulding (1991); Rock: Dunham (1962), 
Pettijohn et al. (1972), Potter et al. (1980). 

Sources for Additional Information: Boulding (1991). Other references discussing classification of texture: 
Casagrande (1948), Fmerson (1967), Folk and Ward (1957), Irani and Callis (1963), Propkopovich (1977), 
Shepard (1954), Williamson (1984) 
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Figure 1.5.1 USDA soil texture triangle (Soil Survey Sta~ 1975). 
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2. DRIU..ING AND SOUDS SAMPUNG METHODS 

2.5 FIElD DESCRIPTION OF SOIL PHYSICAL PROPERTIES 

2.5.2 Color 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Color of soil horizons and other unconsolidated material setves as an indicator of 
zone of saturation and seasonal fluctuations in the water table, organic matter content, and soil mineralogy. 

Method Description: Soil matrix, mottles, and concentrations of minerals are described according to hue, value, 
and chroma using Munsell Soil Color Charts (Figure 2.5.2). A simple ignition test that can be carried out in the 
field allows evaluation of the contribution of organic matter, iron oxides, ferrous (reduced) iron, and manganese 
oxides to soil color. 

Method Selection Considerations: Should be standard procedure for description of soil/unconsolidated material 
cores and soil samples. 

Frequency of Use: Common. 

Standard Methods/Guidelines: Soil color: Munsell Soil Color Charts (available from Munsell Color Company, 
2441 N. Calvert St., Baltimore, MD 21218); Color ignition test: Boulding (1991). 

Sources for Additional Information: Boulding (1991). 
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2. DRilllNG AND SOUDS SAMPUNG METIIODS 

2.5 FlEW DESCRIPTION OF SOIL PHYSICAL PROPERTIES 

2.5.3 Other Features 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Characterizating variability of soil properties; identifying near surface zone of 
increased and reduced penneability for contaminant transport. 

Method Description: Trenches are dug to a depth of 1 to 2 meters, or cores from hand-held or power driven 
thin-wall tube samplers are visually observed and felt for signs of pedogenic (soil-weathering), such as: (1) Soil 
horizons, (2) porosity, (3) other features indicating increased porosity or penneability (soil structure, 
extrastructual cracks, roots, and surface and sedimentacy features), (4) other features indicating zones of reduced 
porosity or penneability (slowly penneable genetic horizons, high rupture resistance, root restricting layers, and 
compaction), and (5) soil moisture conditions. Soil proftle description procedures should follow those developed 
by the U.S. Soil Conservation Service. Figure 2.5.3 illustrates major types of soil structure, a fonn of secondary 
porosity that facilitates transport of contaminants in the subsurface. Section 10.6.2 describes field procedures 
for measurement or collection of samples for bulk density, an important property affecting transport of 
contaminants in the subsurface. 

Method Selection Considerations: Advantages: (1) Relatively inexpensive method for initial characterization of 
soil characteristics and variability when cores are obtained using a hand-held thin-wall tube probe, or truck
mounted tube probe; and (2) infonnation is useful for design of soil sampling plan and for selection of 
monitoring well locations. Disadvantages: (1) Special training is required to obtain consistent soil-profile 
descriptions; and (2) provides qualitative rather than quantitative infonnation and more complex field or 
laboratory measurements are required for quantitative data. 

Frequency of Use: Uncommon, but should probably be used more frequently. 

Standard Methods/Guidelines: Visual/tactile observation: Boulding (1991); Bulk density: See section 10.6.2 

Sources for Additional Infonnation: --
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Figure 2.5.3 Major types of soil structure (Soil Survey Staff, 1975). 
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Table 2-4 Reference Index for Drilling Methods 

Topic 

General 

General Drill Method Texts 

Ground-Water Texts 
Covering Drilling Methods 

Review Papers 

Water Quality Effects 

Decontamination 

Specific Drilling Methods 

Hollow Stem Auger 

Air Rotary 

Mud Rotary 

Cable Tool 

References 

Aller et al. (1991), Australian Drilling Association (1992), Bowman (1911), 
Campbell and I..ehr (1973), Driscoll (1986), Gaitlin (1960), Gibson and Singer 
(1969, 1971), Ingersoll-Rand (1985-tenninology), I..ehr et al. (1988), McCray and 
Cole (1958-oil well drilling), Moore (1974), Ruda and Bosscher (1990), Shuter 
and Teasdale (1989), U.S. Anny (1981), USATIIAMA (1982); Regional Water 
Well Drilling Trends: Hindall and Eberle (1989), Meyer and Wyrick (1966) 

Barrett et al. (1980), Bureau of Reclamation (1981), Davis and DeWiest (1966), 
Devinny et al. (1990), GeoTrans (1989), Gillham et al. (1983), Rehm et al. (1985), 
Scalf et al. (1981) 

Carlson (1943), Davis et al. (1991), Hix (1991), Luhdorff and Scalmanini (1982), 
Mcllvride and Weiss (1988), Nielsen (1991-status of ASTM method 
development), Smith (1990), Stow (1963) 

Gillham et al. (1983), Herzog et al. (1991), Lolcama (1988), Russell et al. (1989), 
U.S. EPA (1975); See also, references on drilling mud chemical effects (below) 

Hix (1992) 

Hackett (1987, 1988), Hodges and Teasdale (1991), Huntoon-Pecak (1989), 
Kresse (1985), Leach et al. (1988), Mcllvride and Weiss (1988), Nickens et al. 
(1988), Vroblesky et al. (1988-remote controlled drilling), Weinstock (1990) 

Texts: Brantley (1961), Hughs Tool (1966-drill bits), Petroleum Extension Setvice 
(various dates); Papers: Angel (1968), Bates (1965), Bennett et al. (1988), Cooper 
et al. (1977), Hodges and Teasdale (1991), Kaufman et al. (1981), Mason and 
Woolley (1981), McEilhinney (1960), Russell et al. (1989-cross contamination 
prevention), Schalla (1986-effect on pump test results), Seikan and Deyling 
(1989); Logging of Cuttings: Hooper and Earley (1961) 

Texts: API (1973), Brantley (1961), Hughs Tool (1966-drill bits), Petroleum 
Extension Service (various dates); Papers: Hodges and Teasdale (1991), Kaufman 
et al. (1981), Millison et al. (1989), Russell et al. (1989), Schalla (1986-effect on 
pump test results), White (1990); Drill Mud!f1uids: API (1968, 1991a, 1991b), 
Baroid Division (1954, 1966), Dreeszen (1959), Ericsen et al. (1985), Gray (1972), 
Gray and Darley (1981), Grichor (1983), Imco Services (1975), Magcobar (1977), 
McEilhinney (1960), Petroleum Extension Service (1969), Rogers (1963), Shew 
(1975), Tschirley (1978); Drill Mud Toxicity/Water Chemistry Effects: Brobst and 
Buszka (1986), Ericsen et al. (1985), Graham and Johnson (1991), Graham et al. 
(1985), Russell et al. (1989), Senum and Dietz (1991), Shew and Keeley (1975), 
U.S. EPA (1984a,b) 

Texts: API (1988b), Decker (1968), Gordon (1958), Sanderson Cyclone (1966); 
Papers: Bonham (1955), Stevens (1963), Treadway (1991) 

2-75 



Topic 

Reverse Circulation 

Casing Advance Drilling 

Directional Drilling 

Penetrometty 

Table l-4 (cont.) 

References 

Percussion Hammer: Bates (1965), Massarenti (1964), Paules et al. (1990), Sale 
and Rhoades (1987), Shirley and Hay (1988); Reverse Dual-Tube Rotary: Holsten 
and Morgan (1989), Riddle and Johnson (1991), Strauss et al. (1989) 

Boyle (1992) 

Dickinson et al. (1987), Kaback et al. (1991), Karlsson and Bitto (1990), Langseth 
(1990), I..osonsky et al. (1992), Metcalf and Eddy (1991), Morgan (1992), Speake 
et al. (1991), Summers (1972), U.S. Bureau of Mines (1968) 

AS1M (1966, 1986a,b), Campbell and O'Sullivan (1991), Chiang et al. (1989a, 
1989b, 1992), Christy and Spradlin (1992), Cooper et al. (1988a,b), Ehrenzeller et 
al. (1991), Fritton (1990), Gillespie and Campanella (1981), Klopp et al. (1989), 
Uthland et al. (1985), Olson and Farr (1986), Robertson and Campenalla (1986), 
Robertson et al. (1986), Saines et al. (1989), Sangerlat (1972), Schmertmann 
(1978), Smolley and Kappmeyer (1989, 1991), Smythe et al. (1988), Strutynsky 
and Sainey (1990), Strutynsky et al. (1992), Wahls (1975); See also, reference for 
Sections 5.5.1 and 5.5.2 
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Table 2-5 Reference Index for Solids Sampling Methods 

Topic 

General 

Soil/Solids Sampling Texts 

Other Texts with Sections 
Covering Soil Sampling 

Review Papers 

Logging/Sampling of Cuttings 

Characterization and Sampling 
of Contaminated Soils 

Sample Handling 

Specific Sampling Devices/Methods 

Undisturbed Core Samplers 

References 

Acker (1974), Barth et al. (1989), Brown (1986), Brown et al. (1991), Bureau of 
Reclamation (1974, 1990), Cameron et al. (1966), Corps of Engineers (1972), 
deVera (1980), Goodwin et al. (1982), Hodgson (1978), Hvorslev (1948, 1949), 
ISSMFE (various dates), Mason (1992), McKeague (1978), Mooij and Roovers 
(1978), Mori (1979), SCS (1971, 1984), U.S. EPA (1986a) 

Aller et al. (1991), Barrett et al. (1980), Devinny et al. (1990), Everett et a!. 
(1976), Fenn et al. (1977), Ford et a!. (1984), GeoTrans (1989), Rehm et a!. 
(1985), Scalf et al. (1981), U.S. EPA (1986b) 

Broms (1980), Busche and Burden (1991), Davis et al. (1991) 

Hooper and Earley (1961), Johnson UOP (1967), Maher (1963), Shuter and 
Teasdale (1989), Stevens (1963-cable tool and rotary), USATHAMA (1982) 

Boulding (1991), Breckinridge et al. (1991), Cameron (1991), Fleischauer (1985-
radium), Kostecki and Calabrese (1990), Leach and Draper (1991), Ostendorf et 
al. (1991), Zirschky and Gilbert (1984); Aseptic Sampling: Leach and Ross (1991), 
Leach et al. (1988), Russell et al. (1989); Volatiles: API (1992), Jackson et al. 
(1991), Parolini et al. (1991), Siegcrist and Jenssen (1990), Sims et al. (1991), 
Slater and McLaren (1983), Spittler et a!. (1988) 

Bartlett and James (1980), Kluitenberg et al. (1991-sealing of cores in shrinking 
soil), Mullins and Hutchison (1982), Nevo and Hagin (1966), Parolini et al. 
(1991), Plumb (1981), Qian and Wolt (1990), Wilson et al. (1991); Sample 
Mixing!Compositing: Mroz and Reed (1991), Raab et al. (1991), Schumacher 
(1990), Schumacher et al. (1991) 

Begemann (1974), Brown and Thilenius (1977), Buchele (1961), Byrnes (1975), 
Chong et al. (1982), Hayden and Heinemann (1968), Hayden and Robbins (1975), 
Hendrickx et al. (1991-portable motor driven), Hipp et a!. (1968), Holtzclaw et al. 
(1975-bulk density), Jamison et al. (1950), Kelley et al. (1947-truck mounted), 
LaRochelle et al. (1981), Lutz (1947), Mielke and Wilhelm (1983), Myers et al. 
(1989), Parsons (1961), Pikul et al. (1979), Rhotan and McChesney (1991), Riggs 
(1983), Robertson et al. (1974-truck mounted), Rogers and Carter (1987), Ruark 
(1985), Russell et al. (1989), Schickedanz et al. (1973), Sieczka et al. (1982), Starr 
and lngelton (1992-piston sampler), Stolt et al. (1991-modified bucket auger), 
Tackett et al. (1965), Tanner et al. (1953), Terry et al. (1974), Tuttle et al. (1984), 
Vaughn et al. (1984), Viehmeyer (1929), Vepraskas et. a! (1990), Watson and 
Lees (1975), Wires and Sheldrick (1987); Freezing Methods: Blevins et al. (1968), 
Buchter et a!. (1984); Coated Cores/Samples: Bondurant et al. (1969), Economy 
and Bowman (1993), Mielke (1973), Tomer and Ferguson (1989); See also, 
references for Section 7.3.8 
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/ 

Topic 

Noncohesive Soil Samplers 

Wireline Samplers 

Special Sampling Situations 

Table 2-5 (conL) 

References 

Arthur and Shamash (1970), Barton (1974), Bishop (1948), Marcuson and 
Franklin (198Q-undisturbed samples), Munch and Killey (1985), Murphy et al. 
(1981), Schuh (1987), Zapico et al. (1987) 

API (1983), Armstrong et al. (1988), Qark (1988), McElwee et al. (1991), 
Millison et al. (1989), Zapico et al. (1987) 

Rocky Soils: Buchter et al. (1984), Lewis et al. (1990), Tuttle et al. (1984); 
UndeiWater Sediments: Ali (1984), Anastasi and Olinger (1991), ASTM (1993e), 
Barth and Starks (1985-quality assurance), Darmody et al. (1976), Edwards and 
Glysson (1988), Fleischauer and Engelder (1985), Palmer (1985), Plumb (1981), 
U.S. EPA (1989) 
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SECTION 2 REFERENCES 

Acker, W.L. 1974. Basic Procedures for Soils Sampling and Core Drilling. Acker Drill Co., Scranton, PA. 

Ali, A. 1984. A Simple and Efficient Sediment Corer for Shallow Lakes. J. Environ. Quality 13:63-66. 

Aller, L., et al. 1991. Handbook of Suggested Practices for the Design and Installation of Ground-Water Monitoring Wells. 
EPN600/4-89Al34, 221 pp. Available from CERI." (Also published in 1989 by National Water Well Association, Dublin, 
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(Vol. 4.08), ASTM, Philadelphia, PA. 
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Angel, R.R. 1968. Volume Requirements for Air-Gas Drilling. Gulf Publishing Co., Houston, TX. [Air foam drilling, oriented 
toward petroleum industry] 
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SECTION 3 

GEOPHYSICAL LOGGING OF BOREHOLES 

Overview of Borehole Teehniques 

Methods for geologic and hydrogeologic characterization using boreholes most commonly use probes 
or sondes that are lowered on a cable. These probes transmit signals to surface instruments that generate logs 
or charts, which relate changes in the parameter being measured with depth. However, any method that involves 
a signal transmitter and separate receivers can use boreholes in a variety of configurations: (1) Cross-borehole 
(transmitter in one borehole and receiver[s] in one or more other boreholes), (2) borehole-to-surface (transmitter 
in a borehole and receiver[ s] on the surface), and (3) surface-to-borehole (transmitter at the surface and receivers 
in the borehole[s]). 

Most borehole geophysical techniques for characterizing rock fall into three categories: (1) 
Eleetrical/electromqnetic methods, which measure resistivity and conductivity of fluids and surrounding rocks 
(Sections 3.1 and 3.2), (2) nuclear methods, which use natural or artificial sources of radiation and radiation 
detectors to characterize rock and fluid properties (Section 3.3), and (3) acoustic/seismic methods, which measure 
the elastic response of subsurface rock to a seismic source (Section 3.4). Miscellaneous logging methods, such 
as caliper, temperature, and fluid Dow logging are covered in Section 3.5, and well construction logs are covered 
in Section 3.6. Section 5.5 covers probes used for fluid characterization, such as dissolved oxygen, Eh and pH 
probes (Section 5.5.4), and ion-selective electrodes (Section 5.5.5). 

Seleetion of Borehole Techniques 

The type of borehole (cased or uncased), and whether it is filled with fluid or is dcy, are major 
considerations in the selection of borehole techniques. For example, most electrical methods require an uncased 
borehole and either drilling fluid or water in the hole. Table 3-1 provides summacy information on casing and 
borehole fluid requirements for more than 40 borehole techniques covered in this guide. This tables also 
indicates the approximate radius of measurement of each technique and required corrections or calibrations, and 
other logs that might be required for accurate interpretation of a log. Typically, several different types of logs 
are run on the same borehole and compared to facilitate stratigraphic interpretations. A typical suite of logs in 
a fluid filled borehole would include: (1) Spontaneous potential (Section 3.1.1), (2) single-point resistance 
(Section 3.1.2) and/or normal resistivity (Section 3.1.4), (3) natural gamma (Section 3.3.1), (4) neutron (Section 
3.3.3), (5) caliper (Section 3.5.1), (6) fluid conductivity (Section 3.1.3), (7) temperature (Section 3.5.2), and, 
possibly, (8) acoustic velocity (Section 3.4.1). Figure 3-1 illustrates a typical response to sedimentacy rocks 
(Figure 3-1a) and altered or fractured ccystalline rock (Figure 3-1b) with commonly used logging methods. 
Measurement of ground-water flow in boreholes (Sections 3.5.3 to 3.5.6) is an especially useful technique for 
locating zones of high permeability within a borehole. 

Depending on site conditions and the availability of equipment and experienced operating personnel, 
all of the techniques covered in this section have potential for use at contaminated sites. Table 3-2 provides 
more detailed guidance on techniques for specific subsurface parameters. The ASTM Subcommittee on Ground 
Water and Vadose Zone Investigations has prepared a Draft Standard Guide for Borehole Geophysical 
Investigations (Nielsen, 1991), and this will provide useful additional guidance when it is completed. 

In shallow boreholes, or where a hole is completed a short distance below a desired point, tool length 
might be an important consideration, particularly if a detector is housed in the middle of a long tool. A special 
consideration in the selection ofborehole techniques at contaminated sites is the requirement that the instrument 
usually be decontaminated after each use. 
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Table 3-1 Characteristics of Borehole Louin& Methods (information for general guidance only) 

Log TYPe/Section Casing• Min. Borehole Radius of Required Correction 
Diam.b Fluid Measurement 

Electrical Lo113 

Spontaneous Uncased only 1.5-3.0" Conductive Near borehole Drilling fluid resistivity and 
Potential (3.1.1) fluid surface borehole diameter for quantitative uses 

Single-Point Uncased only 1.5-2.0" Conductive Near borehole Not quantitative; hole 

' 
Resistanc:e (3.1.2) fluid surface diameter effects significant 

•--. 
'• Fluid Conductivity (3.1.3) Uncased or 2.0-2.5" Conductive Within Calibration with fluid of known -· screened fluid borehole salinity; temperature correction 

~ Resistivity (3.1.4) Uncased only 2.0-5.5" Conductive <1.0-60" Drilling fluid resistivity, borehole diameter, 
} fluid and temperature log for quantitative uses 

<" 

? 
Dipmeter (3.1.5) Uncased only 6.0" Conductive Near borehole Orientation; minimum of 6" diam. required 

fluid surface for accurate joint/fracture characterization 

~ \ 
Induced Polarization (3.1.6) Uncased only 2.0" Conductive 2.0-4.0' Hole diameter 

fluid 

Cross-Well AC Uncased only ? Wet or lOs to l<XB Borehole deviation 
Voltage (3.1.6) dry of meters 

Electromametic Lo8!! 

Induction (3.2.1) Uncased or 2.0-4.0" Wet or 30" Effect of hole diameter and mud 
nonmetallic dry negligible 

Borehole Radar (3.2.2) Uncased or 2.0-6.0" Wet or meters Borehole deviation (crosshole) 
nonmetallic dry 

Dielectric (3.2.3) Uncased or 5.o· Wet or 30" Conductive material skin depth, chlorine 
nonmetallic dry interference 

Nuclear Magnetic Uncased only 7.0" Required 1.5' Borehole fluid 
Resonance (3.2.4) 

Surface-Borehole Uncased only ? Wet or ? ? 
CSAMT (3.2.4) (?) dry(?) 

Nuclear Lo8!! 

Natural GamiDll (3.3.1) Uncased or 1.0-2.0" Wet or 6.0-12.(1' None for qualitative uses; 
cased dry hole diameter, casing (thickness, 

composition, and size), and drilling fluid 
density for quantitative uses 

Gamma-GIUIUila (3.3.2) Uncased or 2.5" Wet or 6.0" Same as natural gamma with 
cased dry addition of formation fluid and matrix 

density corrections 

Neutron (3.3.3) Uncased or 1.5-4.5" Wet or 6.0-12.(1' Same as natural gamma with 
cased dry addition of temperature, fluid salinity, and 

matrix composition corrections 

Gamma-Spectrometry Uncased or 2.0-4.0" Wet or 6.0-12.(1' Similar to natural gamma 
(3.3.4) cased dry 
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Table 3-1 (root..) 

Log Type/Section Casing" Min. Borehole Radius of Required Correction 
Diam.b Fluid Measurement 

Nuclear Lo!!!! (cont.) 

Neutron-Activation Uncased or 2.0-4.0" Wet or <Neutron ? 
(3.3.5) cased dry 

Neutron-lifetime Uncased or 2.0-4.0" Wet or <Neutron ? 
(3.3.6) cased dry 

Acoustic and Seismic Lo!!!! 

Acoustic-Velocity/" Uncased or 2.0-4.0" Required Depends on Hole diameter, formation fluid, 
Sooie (3.4.1) bonded metallic frequency and and matrix velocity corrections 

rock velocity; for quantitative uses 
several feet 

Acoustic-Waveform• Uncased or 2.5-3.0" Required >sonic Same as sonic 
(3.4.2) bonded metallic 

Acoustic-Televiewer Uncased only 3.0" min Required Borehole Large number of equipment 
(3.4.3) 16.0" max surface adjustments required during operation 

(calibration of magnetometer), borehole 
diameter response, borehole deviation 

Surface-Borehole Uncased or 2.5-4.0" Wet or Depends on Borehole deviation, correction for 
Seismic (3.4.4) bonded cased dry geophone geometric spreading of source energy; 

configuration geophones must be locked in dry holes 

Geophysical Diffraction Uncased or 2.5-4.0" Wet 100 Borehole deviation 
Tomography (3.4.5) nonmetallic 

Cross Borehole Cased or 2.0-3.0" Wet or Depends on Borehole deviation 
Seismic (3.4.6) uncased dry borehole spacing 

Miscellaneous Logging Methods 

Caliper (3.5.1) Uncased or 1.5"+ Wet or Arm limit None 
cased dry (usually 2.0-3.0') 

Temperature (3.5.2) Uncased or 2.0" Required Within Calibration to known standard 
casedd borehole 

Mecbaoiad Flowmeter 2.0-4.0" Required Borehole diameter for velocity and 
(3.5.3) volumetric logging 

Thermal Flowmeter 2.0" Required Borehole diameter for velocity and 
(3.5.4) volumetric logging 

EM Flowmeter 2.0" Required Borehole diameter for velocity and 
(3.5.5) volumetric logging 

Single-borehole 1.75"+ Required Changes in flow field with time 
flow tracing (3.5.6) 

Colloidal Baroscope (3.5.7) 2.0" Required None 
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Table 3-1 (cont.) 

Log 'J'Ype/Section Casing" Min. Borehole Radius of Required Correction 
Diam.• Fluid Measurement 

Miscellaneous Logging Methods (cont.) 

Television/Photography Uncased or 2.0"+ Wet or Borehole None 
(3.5.7) cased dry surface 

Gravity (3.5.8) Uncased best 6.0" Wet or lOs to lOOs Borehole diameter/inclination; other usual 
dry of meters gravity corrections 

Magnetic/Magnetic Uncased or ? Wet or 1.0-2.0' Hole diameter correction 
Susceptibility (3.5.8) nonmetallic dry 

Well Construction Lo!rl! 

Casing Collar Locator Steel 2.0"+ Wet or Casing collar, None 
(3.6.1) Casing dry thickness 

Cement and Gravel Cased See specific logging methods discussed in Section 3.6.2 
Pack Logs (3.6.2) 

Borehole Deviation Uncased Varies Wet or Borehole Magnetic declination 
(3.6.3) dry Surface 

Fluid[Gas Chemical Sensors 

Eh, Ph Probes (5.5.4) Uncased/screened 1.0" Required Within borehole Calibration to known standards 

Ion-Selective Electrodes Uncased/screened 1.0" Required Within borehole Calibration to known standards 
(5.5.5) 

Fiber Optic Chemical Uncased/screened <2.0" Wet or dry Within borehole Calibration to known standards 
Sensors (5.5.6) 

Other Chemical Sensors Uncased/screened <1.0"- Wet or dry Within borehole Calibration to known standards 
(10.6.5) 2.0" 

Boldface = Most frequently used techniques in ground-water investigations. 

• Unless otherwise specified, either plastic or steel casing is possible. 
• Indicates the range of minimum diameters for commercially available probes based on best available information. Various sources were used, 
with the survey by Adams et al. (1983) being the main source. 
• Wheatcraft et al. (1986) indicate that acoustic logs are suitable only for uncased boreholes. However, Thornhill and Benefield (1990) report 
using them for mechanical integrity tests of steel-cased injection wells. 
d Wheatcraft et al. (1986) indicate that casing is allowable for temperature logs, Benson (1991) indicates that casing should not be used. 
Uncased holes are required for identification of high permeability zones. Cased hole uses would include measurement of geothermal gradient 
and cement bond logs (see Section 3.6.2). 
• Flow measurements are usually made in uncased holes or screened intervals of cased boles. Radius of measurement depends on the 
permeability and whether natural or induced flow is measured. Natural flow will measure the properties of several well diameters; pumping will 
measure properties up to 25 to 35 well diameters (Taylor, 1989). 
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SPONTANEOUS LONG-NORMAL 
ACOUSTIC VELOCITY LITHOLOGY POTENTIAL RESISTIVITY 

(a) 

(b) 
Figure 3-1 Well log suites: (a) Typical response to a sequence of sedimentary rocks; (b) Typical response to various 

altered and fractured crystalline rocks (Keys, 1990). 
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Table 3-1 Su-ary of Borehole Loa Applieatious 

Required Information 

Lithology, Stratigraphy, Formation Properties 

General lithology and stratigraphic correlation. 

Bed thickness 

Cavity detection 

Sedimentary structure orientation 

Large geologic structures 

Total porosity/bulk density. 

Effective porosity. 

Clay or shale content. 

Relative sand-shale content 

Grain size/pore size distribution. 

Compressibility/stress-strain properties. 

Geochemistry 

Aquifer Properties 

Location of water level or saturated zones. 

Moisture content. 

Permeability/hydraulic conductivity. 

Secondary permeability--fractures, solution 
openings. 

Specific yield of unoonfined aquifers. 

Ground-Water Flow and Direction 

Infiltration. 

Logging Techniques Which Might Be Used 

Electric (SP, single point resistance, normal and focused resistivity, dipmeter, IP, crass
well AC voltage); EM (induction, dielectric); all nuclear (open or cased holes); caliper 
logs made in open holes, borehole television. 

Single point resistance, focused resistivity (thin beds), gamma, gamma-gamma, neutron, 
aooustic velocity. 

Caliper, aooustic televiewer, crosshole radar, crosshole seismic. 

Dipmeter, borehole television, aooustic televiewer. 

Gravity, surface-borehole/crosshole seismic, crosshole radar. 

Calibrated dielectric, sonic logs in open holes; crosshole radar; calibrated neutron, 
neutron lifetime, gamma-gamma logs, oomputer assisted tomography (CA1) in open or 
cased holes; nuclear magnetic resonance, induced polarization, crosshole seismic. 

Calibrated long-normal and focused resistivity or induction logs. 

Gamma log, induction log, IP log. 

Gamma, SP log. 

Grain size: Possible relation to formation factor derived from electric, induction or 
gamma logs; Pore size distribution: Nuclear magnetic resonance; Soil macroporositv: 
Computerized axial tomography (CA1). 

Aooustic waveform, uphole/downhole seismic, crosshole seismic 

Neutron activation log, spectral-gamma log. 

Electric, induction, aooustic velocity, temperature or fluid oonductivity in open hole or 
inside casing. Ji{eJ!lfQI!_o_r~a-ga.'!lma _lo~l!l_~~hole ~e~ing. 

No direct measurement by logging. May be related to porosity, single borehole tracers 
methods (injectivity), 2-wave sonic amplitude, temperature, nuclear magnetic 
resonance. Estimation may be possible using vertical seismic profiling. 

Caliper, temperature, flowmeters (mechanical, thermal, EM), sonic, aooustic 
waveform/televiewer, borehole television logs, SP resistance, induction logs, cross-well 
AC voltage, surface-borehole CSAMT, vertical seismic profiling, crosshole seismic. 

Calibrated neutron logs during pumping. 

Temperature logs, time-interval neutron logs under special circumstances or radioactive 
tracers. 
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Required Information 

Ground-Water Flow and Direction (cont.) 

Direction, velocity, and path of ground-water flow. 

Source and movement of water in a well. 

Borehole Fluid Characterization 

Water Quality/Salinity 

Water Chemistry 

Pore Fluid Chemistry 

Mudcake Detection 

Contaminant Characterization 

Conductive Plumes 

Contaminant Chemistry 

Hydrocarbon Detection 

Radioactive Contaminants 

Dispersion, dilution, and movement of waste. 

Buried Object Detection 

Borehole/Casing Characterization 

Determining construction of existing wells, 
diameter and position of casing, perforations, 
screens. 

Guide to screen setting. 

Borehole deviation 

Cementing/gravel pack. 

Casing corrosion/integrity. 

Casing detection/logging 

Casing leaks and/or plugged screen. 

Behind casing flow 

Table 3-l (cont.) 

Logging Techniques Which Might Be Used 

Thermal flowmeter; single-well tracer techniques--point dilution and single-well 
pulse; multiwell tracer techniques. 

Injectivity profile; mechanical, thermal, EM flowmeters; tracer logging during 
pumping or injection; temperature logs. 

Calibrated fluid conductivity and temperature; SP log, Single point resistance, 
normal/multielectrode resistivity; neutron lifetime. 

Dissolved oxygen, Eh, pH probes; specific ion electrodes. 

Induced polarization log, neutron activation (if matrix effects can be accounted 
for). 

Microresistivity, caliper, acoustic televiewer. 

Induction log, resistivity, surface-borehole CSAMT. 

Specific ion electrodes, fiber optic chemical sensors. 

Dielectric log, IP log. 

Spectral-gamma log. 

Fluid conductivity and temperature logs, gamma logs for some radioactive wastes, 
fluid sampler. 

Geophysical diffraction tomography. 

Gamma-gamma, caliper, collar, and perforation locator, borehole television. 

All logs providing data on the lithology, water-bearing characteristics, and 
correlation and thickness of aquifers. 

Deviation log, dipmeter, single-shot probe, dolly and cage tests. 

Caliper, temperature, gamma-gamma; acoustic-waveform for cement bond; 
noise/Sonan log. 

Borehole television/photography; under some conditions caliper or collar locator. 

Casing collar locator, borehole television/photography; various electric, nuclear 
and acoustic logs. 

Tracer and flowmeters. 

Neutron activation and neutron lifetime logs. 
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The summaries in this section identify common conditions that enhance or inhibit the success of specific 
techniques, but site specific conditions might cause problems for specific techniques, even when all other 
indications are that the technique should work well. As a general rule, all geophysical techniques should be 
checked against more direct observation and/or confirmed by a second geophysical method Furthermore, well 
established techniques should be given preference to those less commonly used, unless there is clear justification 
based on site conditions, cost, and the availability of trained and experienced personnel. When in doubt about 
the appropriateness of a specific technique, independent expert advice should be sought. EPA's Environmental 
Monitoring Systems Laboratory, Las Vegas, Nevada, can provide such advice for EPA personnel. 

Sources of Additional Information 

Table 3-3 (at the end of this section) identifies 16 general texts on logging methods, 20 texts of log 
interpretation, a number of texts focusing on electric and nuclear methods, and over 20 texts focusing on ground
water applications and contaminated sites, and identifies major published symposia and symposium series devoted 
to borehole geophysical methods. Where possible, text references are annotated to indicate techniques that are 
covered. In addition, many of the conferences and symposia proceedings identified in Table A-2 of Appendix 
A contain papers on use of geophysical methods. Probably the best references on borehole geophysics, which 
focus on ground-water applications, are the U.S. Geological Survey publications Borehole Geophysics Applied 
to Ground-Water Investigations (Keys, 1990), and Applications of Borehole Geophysics to Water :Resource 
Investigations (Keys and MacCary, 1971). U.S. EPA (1992) provides an index of over 300 technical papers 
related to specific borehole geophysical methods, focusing primarily on applications in ground-water and 
contaminated-site investigations. Table 3-3 also identifies several documents that contain major bibliographies 
on borehole geophysical methods as they relate to hydrogeology. Neutron moisture logging is one of the most 
frequently used borehole technique because it is well suited for both near-surface and deep characterization. 
Table 3-4 (also at the end of this section) provides a comprehensive index of over 100 references related to 
neutron logging. 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.1 ELECIRICAL BOREHOLE LOGGING 

3.1.1 SP Logs 

Other Names Used to Describe Method: Spontaneous potential, self-potential. 

Uses at Contaminated Sites: Identifying variations in lithology (permeable beds, relative sand and shale content 
or strata), bed thickness, water quality, and casing detection. 

Method/Device Description: A logging device that records the potentials or voltages that develop at the contacts 
between different lithologies, or with change in water quality. Figure 3.1.1 illustrates how the flow of current 
at bed contacts results in changes in the spontaneous potential curve. SP logs are commonly made at the same 
time as single-point resistance logs (see Figure 3.1.2 in the next section). Figure 3-1a illustrates an SP log. 

Device Selection Considerations: Advantages: (1) Useful as supplemental information for interpretation of other 
types of logs; and (2) better adapted for locating the tops and bottoms of beds than conventional resistivity logs. 
Disadvantages: (1) Requires uncased hole filled with water or drilling fluid; (2) unreliable for estimating 
dissolved solids in aquifers less than 10,000 mg/L; and (3) noise and anomalous potentials are a common problem 
(usually caused when there is a poor insulator between the probe electrode and the cable). 

Freguency of Use: Widely used for logging deep holes, especially by the petroleum industry; commonly used 
in association with rotary drilling methods; use of SP/single pint probe is also vecy common in ground-water 
studies. 

Standard Methods/Guidelines: --

Sources for Additional Information: Brown et al. (1983), Bureau of Reclamation (1981), Campbell and Lehr 
(1973), Davis and DeWiest (1966), Driscoll (1986), Everett (1985), Keys (1990), Keys and MacCaty (1971), 
Redwine et al. (1985), Respold (1989), U.S. EPA (1992), Wheatcraft et al. (1986). Most of the general borehole 
logging texts indexed in Table 3-3 cover SP logs, and texts focussing on electrical methods are also indexed in 
Table 3-3. 
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Figure 3.1.1 The Dow of current at typical bed contacts and the resulting spontaneous-potential curve and static 
values (Keys, 1990). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.1 ELECIRICAL BOREHOLE LOGGING 

3.1.2 Single-Point Resistance 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Identifying changes in lithology and water quality. 

Method Description: There are two types of single-point resistance logs. Conventional single-point resistance 
logs measure the resistance in ohms between an electrode as it is lowered down a well and an electrode at the 
land surface (Figure 3.1.2). Differential single-point resistance logs measure the resistance between two 
electrodes on a single probe as it is lowered down a borehole. Figure 3-1a illustrates a single-point resistance 
log. 

Method Selection Considerations: Advantages: (1) Instrumentation is simple; (2) excellent for information about 
changes in lithology because it is not influenced by bed thickness; and (3) very good for fracture detection in 
crystalline bedrock. Disadvantages: (1) Cannot be used for quantitative interpretation of porosity and salinity; 
(2) readings are affected by borehole diameter and borehole fluid resistivity; (3) shallow radius of investigation; 
(4) noise and anomalous potentials are a common problem; and (5) require uncased borehole filled with fluid. 

Frequency of Use: Use has been reported at a contaminated sites, but probably not used frequently. 

Standard Methods/Guidelines: --

Sources for Additional Information: Keys (1990), Keys and MacCary (1971), Rehm et al. (1985), U.S. EPA 
(1992), Wheatcraft et al. (1986). Most of the general borehole logging texts indexed in Table 3-3 cover single
point resistance logs, and texts focussing on electrical methods also are indexed in Table 3-3. 
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SPONTANEOUS POTENTIAL CONVENTIONAL SINGLE-POINT RESISTANCE 
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Figure 3.1.2 System used to make conventional single-point resistance and spontaneous potential logs (Keys, 1990). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.1. El.ECfRICAL BOREHOLE LOGGING 

3.1.3 Fluid Conductivity 

Other Names Used to Describe Method: Fluid resistivity, salinometer. 

Uses at Contaminated Sites: Obtaining information on the concentration of dissolved solids in borehole fluid; 
locating sources of saltwater leaking into artesian wells; aiding in interpretation of electric logs. 

Method Description: A specially designed probe that records only the electrical conductivity of the borehole 
fluids by placing electrodes inside a protective housing (Figure 3.1.3). The most common type of probe measures 
the AC-voltage drop across two closely spaced electrodes, which is a function of the resistivity of the fluid 
between the electrodes. Although resistance is actually measured, the term conductivity log is usually used to 
avoid confusion with resistivity logs, which measure the rocks and their interstitial fluids (Section 3.1.3). 
Commonly, the probes include temperature sensors that allow simultaneous measurement of temperature and 
fluid resistivity because temperature corrections are usually required for the readings (Figure 3.1.3). Combined 
logs are also useful for defining zones of inflow and outflow in bedrock wells. Figure 5.5.4 illustrates a combined 
conductivity-temperature log. Tellam (1992) describes the reversed Dow test (RFI), which uses a fluid 
conductivity log to obtain information on pore water quality and inflow rates along the length of an uncased 
borehole. 

Method Selection Considerations: Advantages: (1) Relatively simple and inexpensive type of log; and (2) 
interpretation is relatively straightforward (failure to consider disadvantage numbers 2 and 3 might result in 
erroneous interpretations). Disadvantages: (1) Calibration required with fluids of known conductance and 
measurements need to be corrected to standard temperature; (2) disturbance in the borehole by drilling, 
cementing, fluid density differences, and thermal convection will affect measurements and might require months 
to reestablish chemical equilibrium; and (3) setting of screens at the wrong depth can cause the measurement 
of fluid conductivities that are not representative of fluid in the aquifer. 

Frequency of Use: Commonly used in logging uncased bedrock wells. 

Standard Methods/Guidelines: --

Sources for Additional Information: Brown et al. (1983), Keys (1990), Keys and MacCary (1971), Respold 
(1989), U.S. EPA (1992), Wheatcraft et al. (1986). Most of the general borehole logging texts indexed in Table 
3-3 cover fluid conductivity logs, and texts focussing on electrical methods also are indexed in Table 3-3. 
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Figure 3.1.3 Combined salinometer/temperature probe (Respold, 1989, by permission). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.1 ELECTRICAL BOREHOLE LOGGING 

3.1.4 Resistivity Logs 

Other Names Used to Describe Method: Normal: Short normal, long normal. Foeused: Guard log, laterolog, dual 
laterolog. Lateral: --. Mic:roresistivity: Microlog, contact log, micro-sutvey, microlateral, micronormal. 

Uses at Contaminated Sites: Normal: Evaluating water quality. Foeused: Measuring resistivity of thin beds or 
resistive strata in wells containing conductive fluids; detecting fractures in crystalline bedrock. Lateral: 
Performing lithologic characterization. Mic:roresistivity: Determining presence or absence of mudcake. 

Method Description: The principal components of an electric resistivity logging instrument include: (1) An 
electronic unit that feeds electric current to a down-the-hole electrode and measures resistivity of the entire 
circuit, (2) a hoist or reel with conductor cable, (3) an electrode or probe from which current passes to the 
drilling fluid and formation surrounding the borehole, and (4) a recorder for automatically plotting values of 
resistivity against depth as a continuous cutve. There are four main types of resistivity probes. Normal: 
Resistance is measured using four electrodes at various spacing on a single probe that is lowered down the hole 
(Figure 3.1.4a). Figures 3-1a and 3-1b iilustrate normal resistivity logs. Foeused: Uses guard electrodes above 
and below the current electrode to force the current to flow out into the rocks surrounding the borehole (Figure 
3.1.4b ). Lateral: Similar to the normal resistivity logging tool, except electrodes are more widely spaced on the 
probe in order to measure resistivity of rock farther out from the borehole. Mic:roresistivity: There are 
numerous variations of this type of probe, which uses short electrode spacing and pads or some kind of contact 
electrode to decrease the effect of borehole fluid. 

Method Selection Considerations: All resistivity logs require an uncased hole with borehole fluid. There is a 
general tradeoff between increasing depth of penetration and resolution of beds. Normal: Equipment is generally 
available. Quantitative interpretations required corrections for bed thickness, borehole diameter, and other 
factors. Foeused: Specialized logs generally are not available to water well loggers. Primarily for use in deep 
boreholes where ground-water has high dissolved solids. Also good for fracture detection in crystalline bedrock 
(Williams and Conger, 1990). Lateral: Suitable only for thick beds (>40 feet); marginal for highly resistive rocks. 
Mic:roresistivity: Specialized log for evaluation of mudcake; might be of value in deep boreholes where drilling 
mud has been used. 

Frequency of Use: Normal: Widely used in hydrogeologic investigations to evaluate water quality. Other 
resistivity logs: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: General: Brown et al. (1983), Bureau of Reclamation (1981), Campbell and 
I..ehr (1973), Davis and DeWiest (1966), Driscoll (1986), Everett (1985), Keys (1990), Keys and MacCary (1971), 
Redwine et al. (1985), Rehm et al. (1985), Respold (1989), U.S. EPA (1992); Foeused resistivity: Moran and 
Chemali (1985), Roy (1982). Most of the general borehole logging texts indexed in Table 3-3 cover resistivity 
logs, and texts focussing on electrical methods are also indexed in Table 3-3. 
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Figure 3.1.4 Resistivity logs: (a) System used to make 16- and 64-inch normal-resistivity logs (shaded area indicated 
relative size of volume investigations; (b) Current distribution around a normal-electrode system and a 
focused-electrode system (Keys, 1990). 



3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.1 ELECIRICAL BOREHOLE LOGGING 

3.1.5 Dipmeter 

Other Names Used to Describe Method: Diplog, fonnation micro-scanner. 

Uses at Contaminated Sites: Measuring location and orientation of sedimentary structures and fractures. Also 
provides indication of borehole deviation. 

Method Description: This method includes a variety of wall-contact microresistivity probes. The electrodes are 
on pads located 90 or 120 degrees apart and oriented with respect to magnetic north by a magnetometer in the 
probe (Figure 3.1.5). 

Method Selection Considerations: Advantages: Can be used in boreholes in sedimentary rocks over a wide 
variety of hole conditions to obtain data on strike and dip of bedding planes; fractures can also be identified, but 
with less precision. Disadvantages: (1) Very expensive well logging method; (2) might not work well in less 
consolidated rock where strata do not have clear contrasts in resistivity; and (3) for accurate detection of joints 
and fractures, borehole diameters of at least 6 inches are required. 

Frequency of Use: Uncommon, but potentially useful for deep boreholes in sedimentary rock. 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: Bigelow (1985), Brown et al. (1983), Keys (1990), Respold (1989), U.S. EPA 
(1992). Many of the general borehole logging texts indexed in Table 3-3 cover resistivity logs, and texts focussing 
on electrical methods are also indexed in Table 3-3. 
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Figure 3.1.5 Diagram of the mechanical and electrical relationships of the diplog tool, illustrating the electrode 
system, caliper, compass and deviation system (Dresser Atlas, 1974). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.1 ELECI'RICAL BOREHOLE LOGGING 

3.1.6 Other Electrical Methods 

Other Names Used to Describe Method: Hole-to-surface/hole-to-hole resistivity, induced polarization (IP), cross
wen AC voltage. 

Uses at Contaminated Sites: Induced polarization: Characterizing stratigraphy and porosity; measuring clay 
content and pore fluid chemistry. Hole-to-surface/hole-to-hole resistivity: Three dimensional modeling of 
resistivity data to define geoelectric inhomogeneities. Cross-well AC voltage: Characterizing spatial variation in 
subsurface fracture systems. 

Method Description: Hole-to-surface/hole-to-hole resistivity: Numerous· configurations of source and receiver 
electrodes are possible: Hole-to-surface (current source in the borehole--see Figure 3.1.6a), surface-to-hole 
(current source at the surface), and hole-to-hole (fiXed source, moving pole, or bipole source). Figure 3.1.6b 
provides a schematic of resistivity measurements made between two boreholes. Electrodes in each borehole 
make electrical contact with the formation and current is driven through the formation from two adjacent 
electrodes (right-hand side of Figure 3.1.6b) as the potential difference is measured between all other adjacent 
electrode pairs. The procedure is repeated for all combinations of adjacent source and receiver electrode 
positions. Induced polarization: Probe measures the response of formation to an injected current (see Section 
1.2.3). The same hole-to-hole and hole-to-surface configurations used for resistivity measurements can also be 
used for induced polarization. Cross-well AC voltage: A low-frequency alternating current is introduced into the 
fracture system of two wells and the voltage between the current electrodes and observation wells is measured. 

Method Selection Considerations: All methods require uncased and fluid-filled borehole. Hole-to-surface/hole-to
hole resistivity: Main advantage is the possibility for three-dimensional modeling of the subsurface. The main 
disadvantages is the greater complexity compared to surfal'.e resistivity surveys. Induced polarization: Specialized 
log that is mainly used for differentiation of clayey and non-clayey deposits. Cross-well AC voltage: Relatively 
new method that might be useful for characterization of fracture systems. Equipment availability might be a 
problem. 

Frequency of Use: Hole-to-surface/hole-to-hole resistivity: Has been primarily used in mineral exploration to 
locate ore bodies. Induced polarization: Uncommon. Cross-well AC voltage: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Hole-to-surface/hole-to-hole resistivity: Daniels (1983), U.S. EPA (1992); 
Induced polarization: Rehm et al. (1985), U.S. EPA (1992); Cross-well AC voltage: Robbins and Hayden (1988). 
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Figure 3.1.6 Other electrical methods: (a) Example conftguration for hole-to-surface resistivity measurements 
(Daniels, 1983, by permission); (b) Schematic of crossbore resistivity measurement array (Daily and 
Owen, 1991, by permission). 
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3. GEOPHYSICAL LOGGING OF BOREHOlES 

3.2 EIECIROMAGNETIC BOREHOLE LOGGING 

3.2.1 Induction 

Other Names Used to Describe Method: Slimhole EM probe (Geonics EM39 borehole conductivity meter), 
electromagnetic (EM) induction, dual induction, surface-to-borehole EM method. 

Uses at Contaminated Sites: Performing lithologic characterization; locating the zone of saturation; performing 
physical and chemical characterization of formation fluids/ground-water quality. 

Method Description: The slimhole EM probe is a relatively new tool designed specifically for use in fresh water. 
The probe contains a transmitter coil on the upper part, which induces eddy current in the formation around the 
borehole, and a receiver on the lower part (Figure 3.2.1). Conductivity is measured using same principles as 
surface EM induction measurement (Section 1.3.1). Conventionallnduction probes are designed for use in 
boreholes with no conductive material (such as oil-based drilling muds) between the probe and the formation. 
Surface-to borehole EM method: This variant uses a surface EM source (grounded bipole or large ungrounded 
loop) and a subsurface electric field or magnetic field sensor. 

Method Selection Considerations: Slimhole EM probe: A major advantage of this probe is that can be used in 
wet or dry holes (2 inches minimum diameter) and can be used in PVC cased holes. See also, general advantages 
and disadvantages of surface EM methods (Section 1.3.1). Conventional induction probe: Requires holes filled 
with non-conducting drilling mud. 

Frequency of Use: Slimhole EM probe: Relatively recent tool that has gained rapid acceptance for use in ground
water studies. Conventional induction probe: Uncommon for reason mentioned above. Surface-to-borehole EM 
methods: Have been used infrequently for mineral exploration. 

Standard Methods/Guidelines: --

Sources for Additional Information: Slimhole EM probe: McNeill (1986), McNeill et al. (1990); Conventional 
induction probe: Everett (1985), Kaufman and Keller (1989), Keys (1990), Keys and MacCary (1971), Respold 
(1989), U.S. EPA (1992); Surface-to-borehole: Ross and Ward (1984). 
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Figure 3.2.1 Slimhole EM-induction logger for ground-water investigations (McNeill, 1986). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.2 ELECI'ROMAGNETIC BOREHOLE LOGGING 

3.2.2 Borehole Radar 

Other Names Used to Describe Method: Radar Jogging, single-hole borehole radar, cross-borehole radar/ 
electromagnetic probing. 

Uses at Contaminated Sites: Characterizing stratigraphy, porosity, bedrock fractures; locating cavities and tunnels. 

Method Description: Two major types of borehole radar have been developed. Radar logging involves a pulsed 
microwave system similar to ground-penetrating radar (Section 1.5.1) except that instrumentation is designed for 
use in a single borehole. This type has most commonly been used to map stratigraphy in salt domes, which 
readily transmit microwave signals. A relatively recent development is the diredional borehole radar system 
(Figure 3.2.2a) which has the ability to detect cavities and fractures in a single borehole. Cross-borehole radar 
involves the use of a continuous-wave transmitter in one hole and receivers in one or more holes in line with the 
transmitter hole. Different "views" of a geophysical anomaly are obtained by placing the transmitter in one 
location in the borehole and measuring the signals as the receiver is lowered down the receiver borehole. 
Geophysical anomalies are recorded as signal minima. Multiple logs of the same receiver borehole with the 
transmitter at different depths can be graphically plotted to locate the area of the geophysical anomaly (Figure 
3.2.2ba). 

Method Selection Considerations: Advantages: (1) Relatively large area of measurement (tens of meters or more 
in favorable materials) compared to most borehole methods; (2) horizontal and vertical position of high-contrast 
geophysical anomalies can be determined with reasonable accuracy using cross-borehole probing with continuous
wave EM transmission; (3) cross-borehole field data on contrasting geophysical anomalies can be interpreted 
quickly and simply if the correct frequency is used (which depends on the wavelength of the surrounding medium 
and the dimension of the anomaly); and (4) radar can be used in open-hole or PVC cased wells. Disadvantages: 
(1) Penetration limited by moist and/or clayey soils or rock and soils with high electrical conductivity; and (2) 
equipment might not be readily available. 

Frequency of Use: Most common reported applications are for characterizing salt domes and locating tunnels. 

Standard Methods/Guidelines: --

Sources for Additional Information: Lytle et al. (1979), U.S. EPA (1992). 
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Figure 3.1.1 Borehole radar: (a) Single-hole radar reveals fractures, cavities, dikes and other reDectors (ABEM AB, 
Terra plus USA, Inc., Highlands Ranch, Colorado); (b) Principle of tunnel location using signal minima 
of different views (Lytle et al., 1979, by permission). 
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3. GEOPHYSICAL LOGGING OF BOREHOlES 

3.2 ELECIROMAGNETIC BOREHOlE LOGGING 

3.2.3 Dielectric 

Other Names Used to Describe Method: Electromagnetic propagation tool (EP'I), deep propagation tool (DP'I), 
low frequency dielectric log (LFD), dielectric constant log (DCL), continuous pulse microwave log. 

Uses at Contaminated Sites: Measuring formation porosity; measuring hydrocarbon thickness on ground water. 

Method Description: Dielectric tools use electromagnetic waves to measure the dielectric permittivity (or 
dielectric constant) of a formation. This is a measure of the relative ability of electrically charge particles in a 
formation to be polarized by an electric field. Dielectric logging devices are to two types: (1) Low frequency (20-
47 MHz) mandrel tools, and (2) high frequency (200 MHz- 1.1 GHz) pad tools, which have an antenna pad with 
two transmitters and two receivers in a borehole compensated array (Figure 3.2.3). Note that the low frequency 
tools still use frequencies about an order of magnitude higher than electromagnetic induction tools (see Sections 
1.3.1 and 3.2.1). The tool uses transmitting antennas to generate an electromagnetic waves and receiving 
antennas to measure phase shift and attenuation. Measurements can be used to calculate porosity in the 
saturated zone, and relative water and hydrocarbon saturation. 

Method Selection Considerations: This is a relatively new method that was developed by the petroleum industry 
to distinguish between fresh water and oil. It can be used: As an alternative to density and neutron logs if the 
radioactive sources are a concern, in a wider range of conditions than sonic logs for measuring porosity, and in 
fresh water (use of resistivity logs for measuring porosity require brackish or saline waters). Dielectric logs have 
great potential for characterization ofNAPI.s in the subsurface. Low-frequency tools penetrate 15 to 45 inches, 
are relatively insensitive to borehole irregularities, and can be run in open or nonmetallic cased boles. High 
frequency tools penetrate 1 to 5 inches, are very sensitive to borehole irregularities, and work only in uncased 
boles. Minimum hole size for currently available tools ranges from 5 to 6.5 inches, considerably larger than 
typical monitoring wells. 

Freauencv of Use: Uncommon. This is a relatively new tool with great potential for characterization of 
hydrocarbon contaminated sites and porosity, if equipment and large diameter wells are available. 

Standard Methods/Guidelines: --

Sources for Additional Information: Collier (1989), Keech (1988), Serra (1984a), U.S. EPA (1992). 
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Figure 3.2.3 Antenna pad of the electromagnetic propagating tool (EP1) sonde (Collier, 1989, by permission). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.2 ELECIROMAGNETIC BOREHOLE LOGGING 

3.2.4 Other Electromagnetic Methods 

Other Names Used to Describe Method: Nuclear magnetic resonance (NMR), nuclear magnetic logging, Surface
to-Borehole Controlled-Source Audiomagnetotelluric (CSAMI). 

Uses at Contaminated Sites: NMR: Evaluating porosity, permeability, moisture content, pore-size distribution, 
and available water. Surface-borehole CSAMT: Potential for mapping of subsurface conductive zones and three
dimensional characterization of fracture zones in deep boreholes. 

Method Description: NMR: Uses the same principle as the proton precession magnetometer (Section 1.5.2), 
except that the precession of protons (hydrogen atoms) in water molecules is measured in the formation after 
an induced magnetic field has been turned off. Section 6.2.5 provides additional description of this method as 
used for measuring near-surface soil moisture. Borehole units contain instrumentation for creating a magnetic 
field and measuring the precession of protons after it is turned off in a single probe. Nuclear magnetic resonance 
is commonly classified as a nuclear method (Morrison, 1983; Keys, 1990). However, no radioisotopes are 
involved in using the method, and it is classified here as an electromagnetic method because the magnetic field 
is electrically induced. CSAMT involves measurement the response of magnetotelluric currents (see Section 
1.3.5) using sensors in a borehole to an artificially created audiofrequency signal at the surface. 

Method Selection Considerations: NMR Advantages: More precise characterization of free and bound water and 
porosity than other logging methods. NMR Disadvantages: (1) Use limited to large boreholes (generally >7 
inches) filled with drilling mud (magnetite powder usually has to be added to the mud to eliminate the borehole 
contribution to the log); and (2) equipment availability might be a problem. Surface-Borehole CSAMT 
Advantages: (1) For deep boreholes, the advantage over other magnetotelluric methods is that the signal is much 
larger than the level of natural-field noise; and (2) the high frequency of the source also allows rapid data 
acquisition. Surface-Borehold CSAMT Disadvantages: (1) Other proven methods are likely to give better results 
in near-surface investigations; (2) problems can develop if the borehole sensor is not kept vertically oriented; and 
(3) geologic noise cannot always be identified and effectively separated from the secondary response of the target. 

Frequency of Use: NMR: Not widely used for petroleum applications and relatively unknown for ground-water 
borehole applications. Potentially very useful if borehole diameter is large enough. Surface-borehole CSAMT: 
Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: NMR general: Abragam (1961), Schlichter (1963); NMR borehole 
applications: Jackson (1984), Keys (1990), Wyllie (1963); NMR. soil moisture applications: Morrison (1983). See 
also, Section 6.2.5, and references indexed in Table 6-2. Surface-borehole CSAMT: West and Ward (1988). See 
also, texts identified in Section 1.3.5. 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.3 NUCLEAR BOREHOlE LOGGING 

3.3.1 Natural Gamma 

Other Names Used to Describe Method: Gamma, gamma-ray log. 

Uses at Contaminated Sites: Identifying lithology (clay and shale particularly) and stratigraphic correlation. 

Method Description: Records total natural gamma radiation (primarily from K-40, U-238, and Th-232) from 
a borehole that is within a selected energy range. Different formations can be distinguished by differing levels 
of natural radioactivity (Figure 3.3.1). Figures 3-1a and 3-1b illustrate gamma logs for sedimentary and 
crystalline rocks. 

Method Selection Considerations: Advantages: (1) Instrumentation is relatively simple and inexpensive; and (2) 
involves radiation detection only, so no radioactive sources required for the instrumentation. Disadvantages: (1) 
Only qualitative analysis is possible; (2) the smaller the diameter of the probe, the higher the signal-to-noise 
ratio; and (3) sensitivity of the probe is reduced by large diameter holes, drilling fluid, and casing (generally not 
feasible with cemented casing or two uncemented steel casings). 

Frequency of Use: Probably the most commonly used nuclear log for stratigraphic mapping in ground-water 
studies. 

Standard Methods/Guidelines: API (1974). 

Sources for Additional Information: Major references: Guyod (1965), Keys (1990), Keys and MacCary (1971), 
Killeen (1982-review paper), Patten and Bennett (1963), Respold (1989), SPWLA (1978a), U.S. EPA (1992); 
Other references: Brown et al. (1983), Campbell and Lehr (1973), Davis and DeWiest (1966), Driscoll (1986), 
Everett (1985), Rehm et al. (1985), Wheatcraft et al. (1986). Most of the general borehole logging texts indexed 
in Table 3-3 cover gamma logs, and other texts focussing on nuclear methods are also indexed in Table 3-3. 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.3 NUCLEAR BOREHOLE LOGGING 

3.3.2 Gamma-Gamma 

Other Names Used to Describe Method: Density log, transmittance log, gamma ray attenuation, gamma ray 
transmission, gamma ray absorption, gamma ray scattering. 

Uses at Contaminated Sites: Measuring bulk density, porosity, and moisture content. 

Method Description: A beam of gamma photons (typically cobalt-60, cesium-137, and/or americium-241) ~ 
directed at the borehole sides and a detector records the radiation that is attenuated and scattered in the 
borehole and surrounding rock. For deep boreholes, the scattering method is usually used, with a single-probe 
configuration that has the source and detector on the same unit (Figure 3.3.2). These probes can use either a 
single-source or a dual-soun:e (which emit gamma radiation at different energy levels). For near surface 
monitoring of soil moisture, the double tube transmission method is more commonly used, in which the source 
and detector are lowered down two parallel boreholes (see Figure 6.2.2b). 

Method Selection Considerations: Advantages: (1) Good method for measuring formation properties (bulk 
density, porosity, and moisture content); (2) data can be obtained over very small horizontal or vertical distances 
(layers of soil as thin as 1 centimeter); (3) average moisture contents can be determined with depth; (4) the 
system can be interfaced to accommodate automatic recording; (5) temporal soil moisture changes can be easily 
monitored with high accuracy and precision; (6) measurements are nondestructive once access tubes are installed; 
(7) can be used to calculate porosity when the fluid and grain densities are known; (8) can be used under almost 
any borehole conditions; and (9) near-surface measurements are more accurate than for neutron depth probes. 
Disadvantages: (1) Field instrumentation is expensive, difficult to use, and requires frequent maintenance; (2) 
the active radioactive source requires special handling for health and safety reasons, and might be unacceptable 
to regulatory authorities; (3) large variations in bulk density and moisture content can occur in highly stratified 
soils and limit spatial resolution; (4) unreliable in soils that swell and shrink with water content changes or with 
freeze and thaw; (5) instruments are susceptible to electronic drift and instabilities in the count rate; (6) soil 
temperature variations might affect accuracy of measurements; (7) failure to install equidistant dual access tubes 
will introduce errors in measurements; (8) double-tube method limited to relatively shallow depths because of 
difficulties in installing equidistant tubes to greater depths; (9) installation of equidistant tubes for double-tube 
method also difficult in steep terrain and in rocky materials; (10) accurate measurement of moisture requires 
independent measurement of dry bulk density; (11) leakage of water from perched layers along the wall of the 
casing might cause erroneous moisture measurement; (12) mixtures of water and other liquids will yield 
erroneous logs unless calibrated for the mixture; and (13) water moving through the sampling area at a constant 
rate will not change water content resulting in erroneous interpretation that there is no water movement in the 
soil profile. 

Freguencv of Use: Widely used in the petroleum industry; less frequently used for ground-water applications. 
More commonly used for laboratory measurement of soil core properties than directly in the field. 

Standard Methods/Guidelines: Density measurement: ASTM (1991a-deep boreholes), ASTM (1991b-shallow 
depth). Moisture measurement: Gardner (1986). 

Sources for Additional Information: Major borehole references: Keys (1990), Keys and MacCary (1971), Respold 
(1989), SPWIA (1978a); Other borehole references: Brown et al. (1983), Driscoll (1986), Everett (1985), 
Redwine et al. (1985), Rehm et al. (1985), Thompson et al. (1989), U.S. EPA (1992), Wheatcraft et al. (1986); 
Vadose zone/soil moisture: Bouwer and Jackson (1974), Brakensiek et al. (1979), Everett et al. (1983), Gardner 
and Roberts (1967), Morrison (1983), Poeter (1988), Schmugge et al. (1980), van Bavel and Underwood (1957), 
Vomocil (1954), Wilson (1980, 1981). Most of the general borehole logging texts indexed in Table 3-3 cover 
gamma-gamma logs, and references focusing on soil moisture and bulk density applications are indexed in Table 
3-4. 
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Figure 3.3.2 Principles and interpretation of single probe gamma transmission equipment (Morrison, 1983, after 
Keys and MacCary, 1971, by permission). 
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3. GEOPHYSICAL LOGGING OF BOREHOlES 

3.3 NUCLEAR BOREHOLE LOGGING 

3.3.3 Neutron 

Other Names Used to Describe Method: Neutron probe, neutron moisture meter, neutron moisture gage, 
neutron moderation, neutron thermalization, neutron scattering, neutron-gamma log, neutron attenuation. 

Uses at Contaminated Sites: Measuring saturated porosity and moisture content in the unsaturated zone; soil 
moisture monitoring; locating perched water tables; measuring specific yield of unconfmed aquifers. 

Method Description: Probe contains a source of neutrons and detectors that are arranged so that the output 
is primarily a function of the hydrogen content of the borehole environment. The various available probe designs 
can be broadly classified as surface probes (which do not require a borehole [see Figure 6.2.2a]) and depth 
probes, which are used in boreholes. Figure 3.3.3 shows a depth probe and illustrates types of interactions 
between neutrons and hydrogen atoms. Fast neutrons (>0.1 Mev), which have been slowed to energies ofless 
than 0.25 ev, are said to be thermallzed. Neutron reactions also result in the emission of gamma rays by neutron 
capture. Neutron moderadon involves the slowing of fast neutrons to epithermal electrons (0.1 to 100 ev). 
Neutron devices can be described by the type of radiation that causes most of the measured response. Neutron
gamma logs detect primarily gamma photons resulting from neutron reactions. Neutron-thermal-neutron probes 
respond mainly to thermal neutrons ( <0.25 ev), and neutron-epithermal-neutron probes respond chiefly to 
neutrons between 0.1 and 100 ev. Figures 3-1a arid 3-1b illustrate neutron logs for sedimentary and ccystalline 
rocks. Neutron attenuation is a different technique similar to gamma attenuation (Section 3.3.2), but requires 
high neutron fluxes not readily available outside of a reactor facility, and is consequently not practical for field 
use (Gardner, 1986). 

Method Selection Considerations: Advantages: (1) Rapid method of measuring soil moisture that is largely 
independent of temperature and pressure; (2) average moisture contents can be determined with depth; (3) the 
system can be interfaced to accommodate automatic recording; (4) temporal soil moisture changes can be easily 
monitored; (5) rapid changes in soil moisture can be detected; (6) readings are directly related to soil moisture; 
(7) measurements can be made repeatedly at the same site; (8) measurements are nondestructive once access 
tubes are installed; (9) can be used under almost any borehole conditions; and (10) moisture can be measured 
regardless of its physical state. Disadvantages: (1) Inadequate depth resolution makes measurement of absolute 
soil moisture content difficult and limits its use in studying evaporation, infJltration, percolation, and placement 
of the phreatic water surface; (2) the moisture measurement depends on many physical and chemical properties 
of the soil which are, in themselves, difficult to measure; (3) radioactive sources require special care in handling 
for health and safety reasons; ( 4) the sphere of influence of depth probes does not allow accurate measurements 
of soil water at or near the soil surface, unless special instruments designed specifically for use on the soil surface 
are used; (5) boron, cadmium, chloride, hydrocarbons, and other fast neutron moderators can interfere with 
moisture determinations; (6) difficult to define horizontal distribution of water since moisture close to the 
neutron source has a more pronounced effect on counting rate than pore water at a greater distance; (7) might 
not be accurate enough to detect slight water content changes in the dry range to infer water movement; (8) less 
accurate for monitoring water movement than measurement of matric potential heads, especially when water flow 
is in channels that transmit water without detectable changes in water content; and (9) chemical might cause 
deterioration of some access tubes (eog., aluminum). 

Frequency of Use: Most commonly used nuclear method for measurement of soil moisture. 

Standard Methods/Guidelines: API (1974), AS1M (1988, 1992), Gardner (1986). 

Sources for Additional Information: Ground-water texts covering the method: Brown et al. (1983), Driscoll 
(1986), Keys (1990), Keys and MacCary (1971), Redwine et al. (1985), Rehm et al. (1985), Respold (1989), 
Thompson et al. (1989), U.S. EPA (1992), Wheatcraft (1986); Vadose zone/soil moisture: Bouwer and Jaclr.son 
(1974), Brakensiek et al. (1979), Everett et al. (1983), Gairon and Hadas (1973), Hendrickx (1990), Hillel (1971), 
Holmes et al. (1967), Morrison (1983), Schmugge et al. (1980), Wilson (1980, 1981). See also, reports and other 
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Figure 3.3.3 The equipment and principles of a depth neutron probe (Keys and MacCary, 1971). 
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references indexed in Table 3-4, and Section 6.2.2. Most of the general borehole logging texts indexed in Table 
3-3 also cover neutron logs. 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.3 NUCLEAR BOREHOLE LOGGING 

3.3.4 Gamma-Spectrometry 

Other Names Used to Describe Method: Spectral-gamma log, spectra-gamma log, spectro-gamma log,spectromic
gamma log. 

Uses at Contaminated Sites: Performing lithology and stratigraphic correlation; identifying artificial radioisotope 
contaminants in the subsurface. 

Method Description: A spectral-gamma probe is similar to a gamma probe except that a channel analyzer with 
a variable threshold or ''window" adjustment is used, which allows adjustment of the energy range of pulses to 
be recorded per unit time on the log. Figure 3.3.4 shows the gamma spectra of potassium, uranium, and thorium. 
Recording all pulses between thresholds A and Bin this figure gives a value that is related to the potassium-40 
content, if uranium and thorium contributions are removed. Similarly, the count rate between thresholds Band 
C are primarily related to uranium, and the count rate above threshold Cis related to thorium. The amount and 
energy level of gamma photons can be recorded on either a ~ontinuous log or at selected depths with a 
stationary probe. 

Method Selection Considerations: Advantages: (1) Gamma spectrometry allows more precise identification of 
lithology than a regular gamma log (Section 3.3.1); (2) types and amounts of radioisotopes can be measured; and 
(3) involves radiation detection only, so no radioactive sources required for the instrumentation. Disadvantages: 
(1) Equipment is expensive; and (2) substantial errors in quantitative results are common because of the 
complexity of the real-time calculations to produce a spectral log. 

Frequency of Use: Widely used in the petroleum industry and should probably be used more frequently in 
ground -water investigations. 

Standard Methods/Guidelines: --

Sources for Additional Information: Adams and Gasparini (1970), Keys (1990), Keys and MacCary (1971), Rider 
(1986), Schlumberger (1989b), Schneider (1982), Serra (1984a), U.S. EPA (1992). 
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differentiating the three elements (Keys and MacCary, 1971). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.3 NUCLEAR BOREHOLE LOGGING 

3.3.5 Neutron Activation 

Other Names Used to Describe Method: Activation, cyclic activation tool. 

Uses at Contaminated Sites: Performing remote identification of elements present in the ground-water and 
adjacent rocks; detecting flow of fluids behind casing. 

Method Description: Uses neutrons to "activate" stable isotopes in the borehole and identify the activated 
element by measuring the amount and energy level of emissions (see gamma spectroscopy, Section 3.3.4). A 
large number of elements can be detected with this method, with sensitivities ranging from parts per million to 
percentage levels, depending on the element (Figure 3.3.5). A procedure similar to the neutron activation 
borehole technique (Section 3.3.5) has been used at the surface to determine cement content in soil-cement 
mixtures and concrete (Iddings et al., 1979). 

Method Selection Considerations: Advantages: (1) Can be used in a wide variety of borehole conditions; (2) the 
same probe can be used to create a standard gamma log and for neutron thermalization measurements; (3) semi
quantitative analysis of major elements is possible; (4) measuring variations in the concentration of aluminum 
provides information on clay content; and (5) carbon-to-oxygen ratios and silicon-to-calcium ratios from neutron 
activation logs can be interpreted in terms of lithology and in-situ hydrocarbons. Disadvantages: (1) 
Instrumentation is complex; (2) larger neutron source is required compared to conventional neutron logging in 
order to keep neutron activation time within practical limits; (3) radioactive sources require special care in 
handling for health and safety reasons and generally limits use to deep boreholes (a neutron generator has the 
advantage of emitting no radioactivity when it is turned oft); (4) equipment might not be readily available; (5) 
quantitative analysis is not likely to be as accurate as laboratory analysis using the same technique; and (6) 
logging slow if neutron source is weak or elements of interest require a long activation time. 

Frequency of Use: Relatively new method with potential for wide application in ground-water hydrology. 

Standard Methods/Guidelines: --

Sources for Additional Information: Keys (1990), Schneider (1982), Serra (1984a), U.S. EPA (1992). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.3 NUCLEAR BOREHOLE LOGGING 

3.3.6 Neutron lifetime 

Other Names Used to Describe Method: Pulsed-neutron decay, pulsed-neutron lifetime log. 

Uses at Contaminated Sites: Measuring salinity and porosity; detecting flow of fluids behind casing. 

Method Description: A variant of the neutron activation technique, which uses a pulsed-neutron generator and 
a synchronously gated neutron detector to measure the rate of decrease of the neutron population. The rate of 
neutron decay is greatly affected by the chlorine concentration, providing a measurement of salinity and porosity 
similar to resistivity logs. This method also can be used to detect flowing water behind casings as part of 
mechanical integrity testing. In this application, neutrons interact with oxygen nuclei in the water to produce 
nitrogen-16, which decays with a half-life of7.13 seconds, emitting gamma radiation. Ifwater is flowing behind 
the casing, the flow can be calculated from the energy and intensity response of two gamma ray detectors 
mounted in the logging probe. Thornhill and Benefield (1990) describe use of a neutron lifetime logs with 
packers in EPA's leak test well near Ada, Oklahoma. 

Method Selection Considerations: Advantages: (1) Borehole effects can be greatly decreased compared to 
conventional neutron logs by delaying the measuring gate; (2) can provide useful data through casing and cement; 
and (3) neutron generator does not emit radiation when it is turned off. Disadvantages: (1) More expensive than 
conventional neutron log; (2) equipment availability might be a problem; and (3) radioactive sources requires 
special care in handling for health and safety reasons and generally limits use to deep boreholes. 

Frequency of Use: Used by petroleum industry to distinguish between oil, gas, and saltwater in cased wells; use 
to date in ground-water investigations has been limited. 

Standard Methods/Guidelines: --

Sources for Additional Information: Dresser Atlas (1974), Keys (1990), Schlumberger (1989b), Serra (1984a), 
Thornhill and Benefield (1990), U.S. EPA (1992). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.4 ACOUSTIC AND SEISMIC LOGGING 

3.4.1 Acoustic-Velocity (Sonic) 

Other Names Used to Describe Method: Acoustic log, sonic log, transmit time log. 

Uses at Contaminated Sites: Performing lithologic characterization; measuring porosity. 

Method Description: An acoustic-velocity probe records the travel time of an acoustic wave from one or more 
transmitters to receivers in the probe. Two general types of measurements can be made in .acoustic logging: (1) 
Intetval transit time, which is the reciprocal of velocity, and (2) amplitude, which is the reciprocal of attenuation. 
Single- and two-receiver probes (Figure 3.4.1a) provide uncompensated logs, which are prone to errors resulting 
from tilting of the probe or variations in borehole diameter (Figure 3.4.1b). Compensated acoustic logs require 
a probe with two transmitters and two or four receivers, which allow identification of variations in borehole 
diameter by analyzing different arrival times of the two separate pulses at the two receivers (Figure 3.4.1c). 
Figures 3-1a and 3-1b illustrate acoustic-velocity logs for sedimentary and crystalline rocks •. 

Method Selection Considerations: Advantages: (1) Compensated logs provide useful information on secondary 
porosity in consolidated rock; and (2) formation porosity can be calculated if the velocity of the rock matrix and 
pore liquids is known; Disadvantages: (1) Difficult to obtain good results in unconsolidated materials that have 
low velocities; (2) requires fluid-filled boreholes; (3) cycle skipping can result from excessive attenuation by the 
fluid, the formation (deep fractures), or by equipment malfunction; and (4) variability in environmental factors 
affecting the transmission and attenuation of elastic waves make interpretation of logs difficult. 

Frequency of Use: Beginning to be more widely used in ground-water studies. 

Standard Methods/Guidelines: --

Sources for Additional Information: Brown et al. (1983), Driscoll (1986), Everett (1985), Guyod and Shane 
(1969), Keys (1990), Keys and MacCary (1971), Rehm et al. (1985), Respold (1989), Thornhill and Benefield 
(1990), U.S. EPA (1992), Wheatcraft et al. (1986); Acoustic logging texts: Guyod and Shane (1969), Paillet and 
Cheng (1991), SPWLA (1978b). Most of the general borehole logging texts indexed in Table 3-3 cover acoustic 
logs. 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.4 ACOUSTIC AND SEISMIC LOGGING 

3.4.2 Acoustic-Waveform 

Other Names Used to Describe Method: Variable density, three-dimensional velocity, 3-D velocity. 

Uses at Contaminated Sites: Providing information on lithology and structure; measuring elastic properties 
(vertical compressibility of an aquifer, prediction of subsidence and fracturing characteristics); characterizing 
fracture permeability; interpreting cement bond logs. 

Method Description: An acoustic-waveform probe includes an acoustic signal transmitter and a receiver (Figure 
3.4.2a), which is sensitive to the complete acoustic wave train (compressional, shear, and boundary or surface 
waves). These waves are recorded photographically using an oscilloscope display (Figure 3.4.2b) or are recorded 
digitally (Figure 3.4.2c). Various interpretations can be made from analysis of amplitude changes and velocity 
ratios of the wave forms. 

Method Selection Considerations: Advantages: (1) One of the few down-hole methods the provides a complete 
record of the acoustic wave train so its greatest value is in situations where measurement of elastic properties 
is required (aquifer compressibility, and subsidence prediction); and (2) acoustic-waveform logs are required for 
accurate interpretation of some cement bond logs (acoustic-waveform logs for this purpose do not give 
comparable information to 3-D velocity logs). Disadvantages: (1) Limited to consolidated materials in fluid-filled 
boreholes; (2) other methods are probably better if the primary interest is in porosity or secondary permeability 
(see Table 3-2); and (3) tilting of the probe or irregular surfaces on the borehole will cause errors in the 
measured transit time of the compressional wave (see discussion of compensated and uncompensated acoustic 
logs [Section 3.4.1]). 

Frequency of Use: Not yet widely used in hydrogeologic studies, but has considerable potential for uses 
described above. 

Standard Methods/Guidelines: --

Sources for Additional Information: Everett (1985), Guyod and Shane (1969), Keys (1990), Thornhill and 
Benefield (1990), U.S. EPA (1992). See also, acoustic logging texts identified in Section 3.4.1. Most of the 
general borehole logging texts indexed in Table 3-3 cover acoustic waveform logs. 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.4 ACOUSTIC AND SEISMIC LOGGING 

3.4.3 Acoustic Televiewer• 

Other Names Used to Describe Method: ATV probe, borehole televiewer, seismic televiewer, acoustical 
seisviewer. 

Uses at Contaminated Sites: Characterizing fractures and solution openings; measuring strike and dip of 
fractures and bedding planes. 

Method Description: An ATV probe uses a rotating transducer that setves as both transmitter and receiver of 
high-frequency acoustic pulses. An oscilloscope and light sensitive paper are used to create a 360 degree scan 
of the borehole wall and provide high-resolution images of fractures and solution openings. Figure 3.4.3 shows 
how a dipping fracture that intersects a borehole appears on an ATV scan. A flux-gate magnetometer mounted 
on the vertical axis of the probe senses the earth's magnetic field and indicates the orientation of features on the 
log (Figure 3.4.3). 

Method Selection Considerations: Advantages: Excellent method for characterizing secondary porosity (fractures 
and solution features). Disadvantages: (1) Equipment is complex and expensive; (2) requires experienced 
operator; (3) logging speed for high resolution is slow (about 5 feet/min.), creating excessively long logging runs 
for deep wells; and (4) viscous drilling fluids and oblong or over-gage borehole diameters attenuate the signal. 

Frequency of Use: Uncommon in ground-water studies because of cost and complexity. 

Standard Methods/Guidelines: --

Sources for Additional Information: Everett (1985), Guyod and Shane (1969), Hamilton and Myung (1979), Keys 
(1990), Serra (1984a), U.S. EPA (1992). 

*The term televiewer also is sometimes used for borehole television, so care should be used when running across 
this term to determine what type of instrument is being referred to. 
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acoustic televiewer log (Keys, 1990). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.4 ACOUSTIC AND SEISMIC LOGGING 

3.4.4 Surface-Borehole Seismic Methods 

Other Names Used to Describe Method: Vertical seismic profiling (VSP); downhole/uphole methods. 

Uses at Contaminated Sites: VSP: Detecting isolated inclusions, lithologic boundaries, and homogeneous areas; 
detectiing fractures; estimating permeability and hydraulic conductivity. Downbole/uphole: Measuring soil 
stiffness and stress-strain properties affecting site response to earthquakes. 

Method Description: Seismic borehole sutveys measure the velocities of compressional (P) waves (see Section 
1.4.1) and shear (S) waves (see Section 1.4.4) at various depths below the ground surface. P- and S-wave 
velocities are used to calculate dynamic soil and rock properties such as: (1) Shear modulus, (2) Young's 
modulus, (3) bulk modulus, and (4) Poisson's ratio. VSP: Principles are the same as for surface seismic 
refraction and reflection (Sections 1.4.1 and 1.4.2). Geophone arrays are placed vertically in one or two 
boreholes, and arrival times of seismic waves from a surface source are measured (Figure 3.4.4a). When the 
primary seismic energy waves intersect a fluid-filled fracture zone, part of the energy is reflected back to the 
surface and a secondary seismic wave is created in the fluid. This secondary wave travels in the fluid along the 
fracture, and if the fracture intersects the borehole, a tube wave is created in water in the borehole (Figure 
3.4.4a). VSP also can be used as a cross borehole method (Section 3.4.6). Downhole/uphole methods: 
Downhole measurement ofP-wave (compressional) and S-wave (shear) velocities are made using a fixed surface 
source and string of geophones placed in a borehole (Figure 3.4.4b) or a single downhole triaxial sensor that is 
moved to various measurement depths within the borehole (usually 5 to 10 foot increments). In uphole 
measurement, the positions of the source and seismometer/geophone array are interchanged (Figure 3.4.4c). A 
variant of the downhole method is to use a seismic cone penetrometer (Figure 3.4.4d). In this test a cone 
penetrometer containing a triaxial receiver system is pushed into the soil. Seismic shear waves are generated at 
the surface in the vicinity of the cone and wave velocities and moduli are inferred from the travel times of the 
waves between the source and the cone. See Section 2.2.2 for additional information on cone penetrometers. 

Method Selection Considerations: VSP Advantages: Use of VSP in conjunction with surface seismic 
measurements allows more accurate three-dimensional interpretation of seismic data. VSP Disadvantages: (1) 
Equipment is more complicated to set up than surface seismic methods; and (2) equipment might be less readily 
available than surface seismic instrumentation. Downhole/Uphole Advantages: (1) Provides higher resolution of 
subsurface layers of soil and rock for the area surrounding a borehole than is possible with a surface refraction 
sutvey; (2) especially good at detecting thin layers or a low velocity layer beneath a higher velocity layer; and (3) 
simpler than the crosshole seismic shear method. Downhole/Uphole Disadvantages: Less accurate than cross 
borehole seismic methods (uncertainties in compressional and shear wave velocities can be 10 to 20 percent). 
Seismic Cone Penetrometer Advantages: (1) Does not require drilling of a borehole; (2) cone penetrometer rigs 
also can be used for stratigraphic testing (see Section 2.2.2) and soil-gas/ground-water sampling (see Section 
5.5.2). 

Frequency of Use: VSP has been reported at several sites with sufficient success to probably justify more 
widespread use of this method. Downhole/uphole methods are used routinely in geotechnical investigations to 
determine soil stiffness, and are commonly used to augment data from surface seismic sutveys. Seismic cone 
penetrometers are commonly used in geotechnical investigations and the versatility of cone penetration rigs has 
resulted in increased use in contaminant site investigations (see Section 2.2.2). 

Standard Methods/Guidelines: --

Sources for Additional Information: VSP texts: Balch and Lee (1984), Gal'perin (1974), Hardage (1985), Toksoz 
and Stewart (1984); VSP (other): Labo (1987), Redwine et al. (1985), Schlumberger (1989a), Serra (1984a), U.S. 
EPA (1992); Downhole/uphole: CH2M Hill (1991), Redwine et al. (1985); Seismic cone penetrometer: CH2M 
Hill (1991), Robertson et al. (1986). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.4 ACOUSTIC AND SEISMIC LOGGING 

3.4.5 Geophysical Diffraction Tomography 

Other Names Used to Describe Method: GDT, variable density acoustic tomography, seismic tomography. 

Uses at Contaminated Sites: Obtaining high resolution subsurface cross-sectional images for identification of 
buried objects, define clean areas, and stratigraphic mapping. 

Method Description: The field layout for geophysical diffraction tomography is similar to that for vertical seismic 
profiling. Typically, a hydrophone array is placed down a borehole with a seismic source at the surface, but 
cross-borehole and surface-to-two-borehole configurations also are possible (Figure 3.4.5a). The seismic source 
is typically an acoustic gun that is moved along a line on the ground surface and fired at fixed intervals (3.4.5b). 
GDT differs from other seismic method in the way seismic signals are used and how the data received by the 
hydrophones is processed (Figure 3.4.5c). GDT is a form of analysis of wave motion similar to that used for CT 
scanners in medicine (see also, Section 6.2. 7 for use of CT methods for soil moisture measurement). Imaging 
algorithms are able to analyze the diffraction of waves caused by inhomogeneities and to create a high resolution 
cross-sectional image of the transect across which the acoustic gun is moved. Objects in the soil as small as about 
1 foot in diameter can be located with a 2-foot seismic source spacing on the transect. Figure 3.4.5d shows a 
source-receiver configuration using both simultaneous surface and borehole seismic signals. 

Method Selection Considerations: Advantages: (1) Relatively new method that shows great promise for high 
resolution imaging of buried wastes; and (2) might provide results when conventional surface geophysical 
methods are not working well due to unfavorable site conditions. Disadvantages: (1) New technique with limited 
operational and field experience; and (2) equipment and personnel familiar with procedures for data collection 
and analysis might not be available. 

Frequency of Use: Limited use to date, but good potential for wider application. 

Standard Methods/Guidelines: --

Sources for Additional Information: Anderson and DLiewinski (1984), Mahannah et al. (1988), U.S. EPA (1992). 
See also, texts on borehole imaging and tomography indexed in Table 3-3. 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.4 ACOUSTIC AND SEISMIC LOGGING 

3.4.6 Cross-Borehole Seismic Methods 

Other Names Used to Describe Method: Cross-borehole shear, crosshole vertical seismic profiling (VSP). 

Uses at Contaminated Sites: Evaluating stratigraphy and porosity; detecting cavities, open fractures, zones of 
weakness, and other discontinuities; measuring dynamic moduli for safety evaluations of major structures, such 
as dams; designing vibration-sensitive engineered structures. 

Method Description: Crosshole seismic shear: An energy source is placed in one borehole and geophones are 
placed in nearby borings at the same depth (Figure 3.4.6). Typically, three boreholes separated by 3 to 5 meters 
in line with a seismic source borehole are used. Borehole deviation surveys (Section 3.6.3) are required within 
each drill hole to determine accurate distances between boreholes at all depths. 3-D velocity transducers are 
wedged in at the same elevation in each borehole and arrival times of both P-and S- waves from the subsurface 
seismic source are measured. Repeated measurements at different levels in the boreholes allow development 
of shear wave velocity profiles using the travel time of first arrivals (direct-wave arrival) and the result of the 
borehole deviation data. Crosshole VSP: Similar to surface-borehole vertical seismic profiling (Section 3.4.4), 
except that the seismic source is used to generate seismic waves in a borehole. 

Method Selection Considerations: Crosshole Seismic Shear Advantages: (1) Most reliable method for in situ 
measurement of shear wave velocity because of the small height of soil sampled at each depth; (2) very little 
interpretation of field data is required because the travel path of the seismic signal is predominantly horizontal. 
Crosshole Seismic Shear Disadvantages: Complicated to set up. Crosshole VSP: Similar to advantages and 
disadvantages discussed in Section 3.4.4. 

Freguency of Use: Use in geotechnical investigations is well established; has been infrequently used at 
contaminated sites. 

Standard Methods/Guidelines: ASTM (1991c). 

Sources for Additional Information: Butler and Curro (1981), CH2M Hill (1991), Gal'perin (1974), Redwine et 
al. (1985), U.S. EPA (1992), Wheatcraft et al. (1986). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.5 MISCELlANEOUS BOREHOLE LOGGING 

3.5.1 Caliper 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Obtaining information on borehole configuration, lithology, and secondary porosity 
(fracture and solution zones); correlating with other geophysical logs; approximating estimates of mudcake 
thickness. 

Method Description: Caliper logs are made by a probe that measures borehole diameter. Many types are 
available, including mechanical, electric, and acoustic. Mechanical caliper tools are the most common type and 
logs are made by first lowering the device to the hole's bottom with the arms resting against the body of the 
probe. The arms are opened, usually with an electric motor, and the probe, with the arms touching the sides 
of the borehole, is raised. Deflections of the arms are transmitted to the precision potentiometer and the signal 
passed to the surface over the cable. Mechanical caliper tools have from one to six arms and can measure 
variations as small as 1/4 inch in borehole diameter. Figure 3.5.1 illustrates a three-ann caliper probe, and Figure 
3-1 shows caliper logs for holes in sedimentary rocks with decreasing hole diameter (Figure 3-1a) and fractured 
crystalline rock (Figure 3-1b). 

Method Selection Considerations: Advantages: (1) Caliper logs are an essential complement to guide the 
intetpretation of other types of logs that are affected by borehole diameter (gamma, gamma-gamma, resistivity, 
self potential, and tlowmeters); (2) equipment is readily available; and (3) intetpretation is easy (diameter can 
be read directly from the log). Disadvantages: (1) Failure to center properly in holes that are as little a few 
degrees off from vertical can result in erroneous readings (diameter less than it actually is); and (2) special types 
are required for measuring diameter of inclined or horizontal boreholes 

Frequency of Use: Commonly used in conjunction with other logging methods. 

Standard Methods/Guidelines: --

Sources for Additional Information: Brown et al. (1983), Bureau of Reclamation (1981), Driscoll (1986), Everett 
(1985), Keys (1990), Keys and MacCary (1971), Redwine et al. (1985), Respold (1989), U.S. EPA (1992). Most 
of the general borehole logging texts indexed in Table 3-3 cover caliper logs. 
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Figure 3.5.1 Three-ann caliper probe (Respold, 1989, by permission). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.5 MISCEllANEOUS BOREHOLE LOGGING 

3.5.2 Temperature Logs 

Other Names Used to Describe Method: Differential temperature log, radial differential temperature (RD'I) 
sutvey. 

Uses at Contaminated Sites: Detecting contaminant plumes (where temperature differs from the natural ground
water); obtaining information on movement of natural or injected water, permeability distribution, and relative 
hydraulic head; locating fracture/solution zones; monitoring infiltration/ground-water recharge; locating cement 
grout; detecting gas leaking into a well. 

Method Description: A temperature log records temperature versus depth with a temperature sensor, usually 
a thermistor (Section 8.2.2) mounted inside a cage or tube to protect it and to channel the fluid past the sensor. 
Temperature logs taken in an open borehole, at time intetvals after drilling has stopped, often provide an 
indication of the location of permeable strata (Figure 3.5.2). Temperature logs often are made in combination 
with fluid conductivity logs (see Section 3.1.3 and Figure 5.5.4). In bedrock open-hole wells, changes in slope 
can indicate inflow or outflow. Isothermal slopes indicates borehole flow between fractures under different 
pressure heads. In the absence ofborehole flow, the temperature approaches the geothermal gradient (Williams 
and Conger, 1990). A differential-temperature log records the rate of change in temperature versus depth and 
can be obtained by computer calculation from a temperature log or by using a specially designed logging probe 
with either two sensors with a vertical spacing, or one sensor and an electronic memory that compares the 
temperature at one time with selected previous times. A radial differential temperature tool uses two highly 
sensitive temperature probes that extend from the probe to contact the casing. As the probes are rotated, they 
measure any difference in temperature at two points on the casing 180 degrees apart and can detect cooler water 
flowing behind a casing that has not been properly sealed. 

Method Selection Considerations: Advantages: (1) Equipment is widely available; (2) rapid and inexpensive 
technique; (3) a differential-temperature log is more sensitive to changes in temperature gradient; and (4) 
intetpretation is relatively straightforward. Disadvantages: (1) Temperature recorded is only that of the fluid 
surrounding the sensor, which might not be representative ofthe surrounding rocks due to disturbance by drilling, 
cementing and testing; and (2) thermal lag, self-heating, and drift of electronics might affect accuracy of readings. 

Frequency of Use: Widely used in ground-water studies. 

Standard Methods/Guidelines: Stevens et al. (1975). 

Sources for Additional Information: Brown et al. (1983), Bureau of Reclamation (1981), Driscoll (1986), Everett 
(1985), Keys (1990), Keys and MacCary (1971), Redwine et al. (1985), Respold (1989), Thornhill and Benefield 
(1990), U.S. EPA (1992), Wheatcraft et al. (1986). See also, Section 1.6.2 and related references indexed in 
Table 1-5. 
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Figure 3.5.2 Temperature log showing water-bearing sands: Curve 1, immediately after stopping mud circulation; 
Curve 2, a few hours later; Curve 3, a few days later (Brown et al., 1983). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.5 MISCELlANEOUS BOREHOLE LOGGING 

3.5.3 Mechanical Flowmeter 

Other Names Used to Describe Method: Current flowmeter, impeller flowmeter, spinner log. 

Uses at Contaminated Sites: Measuring vertical flow in boreholes; locating intervals ofleakage in artesian wells; 
identifying fractures or penneable zones producing and accepting water. 

Method Description: Various designs have been developed. Most use a lightweight, three- or four-bladed 
impeller mounted on a shaft that rotates a magnet mounted on the same shaft (Figure 3.5.3a ). The magnet 
actuates a switch, which generates electric signals that record the number of rotations of the impeller. 
Calibration of the instrument allows calculation ofvelocity of flow, and when combined with cross-sectional area, 
the amount of flow. Mechanical flowmeters usually required flow rates of at least 4 feet/minute, but velocities 
as low as 2 feet/minute can sometime be measured. Mechanical flowmeters can require pumping of the well to 
increase the flow rate sufficiently to identify zones of higher penneability (Figure 3.5.3b). 

Method Selection Considerations: Advantages: Equipment is relatively inexpensive and readily available. 
Disadvantages: (1) Generally require larger diameter boreholes than other thennal and electromagnetic 
flowmeters (see next sections); (2) limited to measuring vertical flow; (3) the magnet and switch are placed in 
an oil-filled housing that create the possibility of contaminating monitoring-wells (minor consideration); and (4) 
turbulent flow near zones of high transmissivity can cause erratic response, reducing the accuracy ofpenneability 
calculations. 

Frequency of Use: Commonly used in the water well industry. 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: Brown et al. (1983), Driscoll (1986), Everett (1985), Hess and Wolf (1991), 
Keys (1990), Keys and MacCary (1971), Respold (1989), Schlumberger (1989b), U.S. EPA (1992). 
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Figure 3.5.3 Impeller flowmeter: (a) Probe; (b) Effect of pumping on Dow from fracture zones on an impeller 
flowmeter log (Respold, 1989, by permission). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.5 MISCEllANEOUS BOREHOlE LOGGING 

3.5.4 Thennal F1owmeter 

Other Names Used to Describe Method: Heat-pulse flowmeter. 

Uses at Contaminated Sites: Measuring vertical and/or horizontal flow (depending on the instrument) in 
boreholes; locating intervals of leakage in artesian wells; identifying fractures and zones of high penneability 
producing and accepting water for characterization of spatial variability of the subsurface. 

Method Description: Water passing through the flowmeter is suddenly heated and the time it takes the pulse of 
heated water to pass thennistors that are located either above or below the heat source (vertical flow, Figure 
3.5.4a), or horizontal to the source (lateral flow), is recorded. When used with a packer and pump that 
concentrates flow, measurements at different levels in a borehole allow characterization of vertical changes in 
relative penneability in consolidated material and detection of fracture zones in boreholes in bedrock (Figure 
3.5.4b). 

Method Selection Considerations: Advantages: (1) More sensitive than mechanical flowmeters (able to measure 
vertical velocities as low as 0.1 feet/minute); (2) can measure either vertical or horizontal flow; (3) relatively 
recent refinements have made them the flowmeter of choice in most situations. Disadvantages: Channelizing 
of flow near slotted casing can give misleading readings. 

Frequency of Use: Common. Although relatively recent, they have gained rapid acceptance. 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: Keys (1990), Keys and MacCary (1971), Molz et al. (1990), U.S. EPA (1992-
18 references on thennal flowmeters), Wheatcraft et al. (1986). 
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Figure 3.5.4 Thermal flowmeter: (a) Equipment for making heat-pulse flowmeter logs (Keys, 1990); (b) The U.S. 
Geological Survey's thermal flowmeter with inflated Dow-concentrating packer (Molz et al., 1990). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.5 MISCELlANEOUS BOREHOLE LOGGING 

3.5.5 Electromagnetic (EM) F1owmeter 

Other Names Used to Describe Method: 

Uses at Contaminated Sites: Measuring vertical flow in boreholes; locating intervals ofleakage in artesian wells; 
identifying fractures and zone of high permeability producing and accepting water for characterizing spatial 
variability of the subsurface. 

Method Description: The EM flowmeter consists of an electromagnet and two electrodes placed 180 degrees 
apart and all cast in a durable epoxy (Figure 3.5.5). Water flowing past the magnetic field generated by the 
electromagnet creates voltage changes between the two electrodes, which transmit a signal to the surface that 
is directly proportional to the velocity of the water in accordance with Faraday's Law of Induction. The EM flow 
meter can be used in combination with a short-duration single well pump and/or an injection test in a fully 
screened borehole. F1ow measurements are taken at around 0.3 meter intervals and hydraulic conductivity 
calculated for each interval based on flow rates. 

Method Selection Considerations: Advantages: (1) Very sensitive to measurement of low flow rates (about 1 
centimeter/minute compare to 3 centimeter/minute for thermal flowmeters, and an order of magnitude lower than 
impeller flowmeters); (2) measures flow rates with better accuracy and precision and require less calibration than 
impeller flowmeters; (3) equally well suited for pumping or injection test; (4) no moving parts means instrument 
is more durable and requires less maintenance than impeller flowmeters; and (5) shows less erratic flow response 
than impeller flowmeters in zones of high transmissivity. Disadvantages: The general disadvantages that are 
associated with a new method: (1) Limited operational and field experience; (2) limited equipment availability. 

Frequency of Use: Relatively new method being developed by the Tennessee Valley Authority that shows 
considerable potential. Currently being tested by EPA at several Superfund sites. 

Standard Methods/Guidelines: --

Sources for Additional Information: Young and Pearson (1990), Young and Waldrop (1989). 
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Figure 3.5.5 Electromagnetic Oowmeter (Young and Waldrop, 1989, by permission). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.5 MISCELlANEOUS BOREHOLE LOGGING 

3.5.6 Single-Borehole Tracer Methods 

Other Names Used to Describe Method: Injector-detector probes, trace-injector probes, brine tracing, salt
injection, injection/Withdrawal (pulse) technique, borehole dilution, colorimetric borehole dilution. 

Uses at Contaminated Sites: Measuring vertical and/or horizontal (using ground-water velocities and direction), 
estimation of hydraulic conductivity (borehole dilution); well integrity testing. 

Method Description: Injeetor-detector probes have the injector in the middle and detectors (either fluid 
conductivity or gamma detectors, depending on the tracer that is injected) above and below. Alternatively, 
separate injector and detector probes can be used. Velocity is determined based on how long it takes the 
injected tracer to reach the detector. Figures 3.5.6a shows an arrangement of multiple detectors in a borehole 
using a radioactive tracer, and Figure 3.5.6b shows an single injector-detector probe and resulting logs when 
brines or different chemical composition are used. lnjeetion/withdrawal tracer tests allow estimation of pore 
velocity (provided that porosity is know or can be estimated with reasonable accuracy) and longitudinal dispersion 
coefficient. A known amount of tracer is instantaneously added to the borehole, mixed, and then two to three 
borehole volumes of fresh water are pumped in to force the tracer to penetrate the aquifer. After a certain time, 
the borehole is pumped at a constant rate, which is large enough to overcome the natural ground-water flow, 
and the tracer concentration is measured with time or pumped volume. Borehole dilution can be used to 
measure the magnitude and direction of horizontal tracer velocity and vertical flow. A known quantity of tracer 
is introduced into the borehole, mixed, and then the concentration decrease is measured with time for velocity 
measurement. Packers often are required if measurement ofhorizontal flow is the main concern. Direction of 
flow is measured by slowly introducing a tracer (often radioactive) without mixing into a section of the borehole 
that has a compartmental sample (four to eight compartments) isolated by packers. After some time the sampler 
is opened, and the relative concentrations in the different compartments indicate flow direction. Colorimetric 
borehole dilution is a new method in which the change in concentration of an injected dye is measured by light 
transmitted by a colorimeter via fiber optics (Section 5.5.6). 

Method Selection Considerations: Advantages: Very low flow velocities (as low as a few feet a day) can be 
measured using tracer methods. Disadvantages: (1) Salt solutions cannot be detected in water with similar salt 
concentration and the greater specific gravity introduces some errors; (2) health concerns associated with use of 
radioactive tracers limits their use in potable aquifers; and (3) turbulence associated with high flow rates in very 
permeable formations might affect accuracy of measurements by dispersing the tracer. 

Frequency of Use: Use not commonly reported at hazardous waste sites. 

Standard Methods/Guidelines: --

Sources for Additional Information: Bennett et al. (1960), Davis et al. (1985), Everett (1985), Hall (1993), Keys 
(1990), Keys and Maccary (1971), Patten and Bennett (1962), U.S. EPA (1992). 
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Figure 3.5.6 Single-borehole tracer techniques: (a) Arrangement of multiple detectors for determining vertical Dow 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.5 MISCEllANEOUS BOREHOlE LOGGING 

3.5. 7 Television/Photography 

Other Names Used to Describe Method: Borehole camera, 'IV camera, televiewer•, colloidal horoscope, single 
vertical photo survey, stereo photo survey, motion picture survey. 

Uses at Contaminated Sites: Performing lithologic/stratigraphic characterization; providing information on 
frequency, size, and orientation of fractures; performing vertical correlation of rock cores where voids are 
present; inspecting casing/monitoring well integrity; performing remote inspection of integrity of nuclear and 
chemical waste storage tanks (remote tank inspection robotic system); assessing local ground-water flow velocity 
and colloidal transport potential (colloidal horoscope). 

Method Description: Television: Television cameras (black-and-white or color) are attached to a flexible 
multilead underwater video cable and lowered down the borehole for visual inspection of the borehole walls and 
downward (Figure 3.5.7a). Depth of the probe is measured and displayed on the monitor. The colloidal 
boroseope is a recently developed waterproof video camera capable of viewing indigenous colloids in a monitoring 
well. Optical magnification allows observation of the density, flow direction, and velocity of colloidal particles 
in monitoring wells (Figure 3.5.7b). A remote tank inspection (RTI) system, using high resolution video cameras 
attached to a robotic arm with 6 feet of articulated reach for inspection of tank walls of high level nuclear waste 
tanks, is in developmental stages (see Fromme et'al.,1991). Stereo photo survey: 35-mm photographs (color or 
black-and-white) are taken simultaneously by two cameras set in the same place with the optical lenses set at a 
slight angle to obtain overlapping coverage of the area 3 to 5 feet below the camera. The resultant film can be 
examined through a stereoscopic viewer to obtain a three-dimensional axial image, which is readily interpreted 
and which provides good data on corrosion indications, encrustation, casing breaks, partings, collapse, and other 
casing features. Single vertiatl photo surveys have generally been superseded by television and stereo photo 
surveys. Motion picture survey: Movie cameras with lens attachments for taking either side hole pictures or 
vertical pictures along the well axis provide a continuous borehole log. Images can be either color or. black-and
white. 

Method Selection Considerations: Valuable in any borehole where features, such as secondary porosity and 
casing condition, can be interpreted visually. Television/Camera Advantages: (1) Allow direct observation of 
borehole or casing; (2) television equipment has been developed for inspection of boreholes as small at 2 inches 
in diameter; (3) black-and-white stereo photo films can be developed on-site in about 45 minutes (color 
photographs require about a week for processing and delivery). Television/Camera Disadvantages: (1) Use 
limited to boreholes with clear water and clean walls; (2) cannot be used with standard logging cable; (3) photo 
and motion picture surveys are limited to relatively large diameter holes (6 inches or larger for stereo photo 
surveys and 10 inches or more for motion picture surveys); (4) interpretation of black-and-white stereo film 
negatives requires some experience; (5) motion picture surveys are not as flexible in operation as television 
surveys and do not permit detailed examination of critical areas; (6) 2-inch television logging equipment is 
relatively complex and delicate; and (7) color television equipment cannot be operated as deeply as black-and
white units. Colloidal Boroseope: New instrument that is being used primarily in research to evaluate ground
water sampling methods, but has potential for wider applications in contaminated site investigations. 

Frequency of Use: Not widely used, but potentially very useful. 

Standard Methods/Guidelines: --

Sources for Additional Information: Borehole television: Campbell and Lehr (1973), Morahan and Dorrier 
(1984), Respold (1989), U.S. EPA (1992), Wheatcraft (1986); Photographic and motion picture surveys: Bureau 
of Reclamation (1981); Colloidal boroseope: Cronk and Kearl (1991), Kearl et at. (1992). 

*The term televiewer is more commonly used to refer to the acoustic televiewer (Section 3.4.3), so care should 
be used when running across this word to determine what type of instrument is being referred to. 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.5 MISCEllANEOUS BOREHOLE LOGGING 

3.5.8 Magnetic and Gravity Logs 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Magnetic: Detecting buried metals in advance of drilling. Magnetic susceptibility: 
Performing stratigraphic correlation. Gravity: Possible use for performing structural and stratigraphic 
interpretation in association with surface gravity measurements. 

Method Description: Magnetic: Borehole magnetometers operate on the same principle as surface fluxgate 
gradiometers described in Section 1.5.2, except that they are attached to a cable that allows testing of boreholes 
to a depth of 25 feet (Figure 3.5.8). • Gravity: Borehole gravimetry is a fairly recent extension of surface 
gravimetry. Microgravity instrumentation (see Figure 1.5.3a), specially designed for use in boreholes, measures 
vertical changes in gravity. Oamping the logging cable and clamping or spring-loading the probe to the borehole 
wall often is required to eliminate vibrations. The basic corrections required for surface gravity readings are 
required (see Section 1.5.3), although specific calculations can differ because measurements are taken vertically 
rather than horizontally. 

Method Selection Considerations: Magnetic Advantages and Disadvantages: See Section 1.5.2. Gravity 
Advantages: (1) Can extend conventional surface gravity measurements to a third dimension, allowing more 
precise interpretations; and (2) can be used in cased wells. Gravity Disadvantages: (1) Instruments are expensive 
and availability is limited; (2) temperature sensitivity might be a problem; (3) many corrections have to be applied 
to gravity data, which is time consuming; (4) interpretations are ambiguous (i.e., for any set of gravity 
measurements, more than one model usually can explain gravity and density differences); (5) invasion of drilling 
fluid into formations might reduce the accuracy of gravity interpretation; and (6) errors in depth measurement 
often are the largest source of error in a borehole gravity survey. 

Frequency of Use: Magnetic: Commonly used when presence of buried metals is suspected in the area of drilling. 
Gravity: Relatively common for oil and gas exploration; use in ground-water studies is not commonly reported. 

Standard Methods/Guidelines: --

Sources for Additional Information: Magnetic: Schonsted Instrument Company (undated); Gravity: Head and 
Kososki (1979), Hearst and Carlson (1982), Labo (1987), Robbins (1986). 

*The magnetic susceptibility log (see Section 10.6.3 for principles involved) has been used for mineral exploration 
(Scott et al., 1981), but its use has not been reported for ground-water or contaminated site investigations. 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.6 WElL CONSTRUCTION LOGS 

3.6.1 Casing Logging 

Other Names Used to Describe Method: Casing collar locator (CCL), electromagnetic casing logs. Other logging 
methods that can be used to evaluate casing include: Electric logs (steel casing), gamma-gamma logs, neutron 
and gamma logs, caliper logs, acoustic velocity, acoustic waveform, and acoustic televiewer. 

Uses at Contaminated Sites: Evaluating the location and condition of different types of casing and screens. 

Method Description: Casing collar locator: Probe that can be operated on other logging tools that uses a magnet 
wrapped in a coil of wire, which causes a current to flow in response to changes in the magnetic properties of 
casing. The collar of steel casing cause a fluctuation in the field, which is readily discerned compared to the main 
part of the casing. Several types of electromagnetic casing log tools are available that measure the change in 
mass of metal between two coils and are used to measure corrosion of steel casings. Television and photographic 
surveys (Section 3.5.7) also can be used to evaluate the condition of the interior surface of a casing. 

Method Selection Considerations: Casing logging methods are used mainly in deeper boreholes where metal 
casing has been used. The CCL is a useful and relatively inexpensive probe and its standard mode of operation 
is to record event marks along the margin of other logs to represent the location of collars in steel casing. 

Frequency of Use: Commonly used when the integrity of wells is a concern, such as large diameter water wells, 
injection wells, and ground-water monitoring wells. 

Standard Methods/Guidelines: --

Sources for Additional Information: Keys (1990), Keys and MacCary (1971), Nielsen and Aller (1984), Respold 
(1989), Thornhill and Benefield (1990), U.S. EPA (1992). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.6 WELL CONSTRUCTION LOGS 

3.6.2 Cement and Gravel Pack Logs 

Other Names Used to Describe Method: Cement bond logs. Various logging methods discussed earlier can be 
used singly or in combination. 

Uses at Contaminated Sites: Locating cement and gravel pack outside of casing in the annular space, and 
determining whether the annular space has been completely filled; detecting intenone fluid communication 
behind casing. 

Method Description: Specific cement bond logging tools can combine different logging methods described above, 
usually including gamma-gamma (Section 3.3.2), and casing collar locator (Section 3.6.1) for depth control, and 
various types of acoustic logs (Sections 3.4.1 and 3.4.2). Temperature logs (Section 3.5.2) can be used to locate 
cement grout while it is still warm from chemical reactions during curing (Figure 3.6.2a). Caliper logs (Section 
3.5.1), which are run before grouting, usually are required to interpret whether the annular space is ftlled. 
Gamma-gamma logs run on casing before grouting and then again after grouting, can be used to estimate 
whether the annular space has been filled completely (Figure 3.6.2b ). A noise or Sonan log monitors and records 
sounds at seven frequencies (200 to 8,000 Hertz), and can be used to detect flow of air and/or water behind a 
casing. 

Method Selection Considerations: Advantages: Essential for evaluating the adequacy of grouting of the annular 
space of monitoring wells, especially where there is a potential for cross-contamination. Disadvantages: (1) 
Intetpretation of some Jogs might be ambiguous unless careful logs of the borehole are completed before and 
after grouting; and (2) noise logs are susceptible to extraneous sources of sound, such as surface equipment 
noise, inadvertent flow past the sonde, or continued movement of the logging tool during measurement. 

Frequency of Use: Not commonly used, but probably should be. 

Standard Methods/Guidelines: --

Sources for Additional Information: Gearhart Industries (1982), Keys (1990), Nielsen and Aller (1984), Respold 
(1989), Schlumberger (1989b), Thornhill and Benefield (1990), U.S. EPA (1992), Wyllie (1963); Noise log: 
Thornhill and Benefield (1990). 
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Figure 3.6.2 Well completion logs: (a) Schematic diagram showing heat given off by cement as it hardens (Davis 
and DeWiest, 1966, reprinted by permission of John Wiley & Sons, Inc. from Hydrogeology by S.N. 
Davis and RJ.M. DeWiest, Copyright C 1966); (b) Identification of air void using gamma-gamma log 
with near and far detectors (Yearsley et al., 1991, by permission). 
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3. GEOPHYSICAL LOGGING OF BOREHOLES 

3.6 WElL CONSTRUCTION LOGS 

3.6.3 Borehole Deviation 

Other Names Used to Describe Method: Plumbness/alignment tests, single-shot probe, deviation log, dipmeter 
log, cage/cable suspended cage test, dolly test. 

Uses at Contaminated Sites: Identifying potential problems in well completion due to borehole deviations; 
providing data to calculate the true vertical depth of water levels and other features of interest, and to correct 
the strike and dip of fractures of bedding planes. 

Method Description: Single-shot probes provide one measurement of the deviation angle and azimuth at one 
point in the borehole. Multiple measurements require bringing the probe to the surface and resetting it after 
each reading. Deviation logs provide continuous measurements with a probe that includes an inclinometer for 
measuring deviation and a magnetometer for determining direction. Dipmeter logs (see Section 3.1.5) usually 
include a continuous record of the azimuth (magnetic north) and the magnitude of deviation. Continuous logs 
of borehole deviation usually are made by companies that specialize in this method. The dolly test uses a 40-foot 
long rigid dolly fitted with rings that are a 1/2 inch smaller than the inside diameter of the casing. If the dolly 
hangs up, it is an indication the casing is not plumb and/or is out of alignment. the eage test involves setting up 
a tripod above the well casing from which a plumb line can be centered and lowered into the casing (Figure 
3.6.3). Deviations of casing from the vertical and direction of deviation can be determined by measuring the 
distance and direction of movement of the cable from the center of the casing using a template that is placed 
on the top of the casing. 

Method Selection Considerations: Borehole deviation primarily is a concern in deep boreholes, although it is 
possible for auger borehole less than 100 feet deep to deviate enough to adversely affect gamma-gamma 
transmittance logs. Single-shot probes are the least expensive and can be used to determined whether more 
expensive continuous logs might be required. 

Frequency of Use: Infrequently, probably should be used more. 

Standard Methods/Guidelines: --

Sources for Additional Information: Bureau of Reclamation (1981), Keys (1990), Respold (1989), U.S. EPA 
(1992). 
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Table 3-3 Inde~: for General References on Borehole Geophysics 

Topic 

Bibliographies 

Glossary 

General Texts/Reports 

Log Method Texts 

Log Interpretation 

Imagingffomography 

Log Quality Control 

Borehole Logging 
Symposia 

Texts for Specific Log Types 

Electrical Logging Texts 

Nuclear Logging 

Ground-Water APPlications 

Texts/Reports 

Ground-Water Texts 
with Sections on 
Borehole Geophysics 

Contaminated Sites 

Well Integrity Testing 

References 

Prensky (various dates), Rehm et al. (1985), Taylor and Dey (1985), Johnson and 
Gnaedinger (1964), van der Leeden (1991) 

Society of Professional Well Log Analysts (1975) 

Dresser Atlas (1974, 1982), Ellis (1987), Guyod and Shane (1969), Hallenberg 
(1983), Hamilton and Myung (1979), Hearst and Nelson (1985), Helander (1983), 
Kelly (1969), Labo (1987), LeRoy et al. (1987), Lynch (1962), Nelson (1985), 
Scott and Tibbets (1974), Serra (1984a), Telford et al. (1990), Tittman (1986) 

Asquith and Gibson (1982), Birdwell Division (1973), Doveton (1986), Dresser 
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Guyod (1952, 1957a, 1958, 1965), Guyod and Pranglin (1959), Hilchie (1979), 
Keller and Frischknecht (1970), Patten and Bennett (1963), Ross and Ward 
(1984); Bibliograpy: Johnson and Gnaedinger (1964) 

1AEA (1968, 1971); Protection: Blizard (1958), U.S. Nuclear Regulatory 
Commission (1985); Bibliography; Johnson and Gnaedinger (1964) 

Bennett and Patten (1960), Emerson and Webster (1970), Hodges and Teasdale 
(1991), Johnson (1968), Jorgenson (1989), Keys (1990), Keys and MacCary 
(1971), Patten and Bennett (1963), Respold (1989), Taylor and Dey (1985) 

Brown et al. (1983), Beesley (1986), Bureau of Reclamation (1981), Campbell and 
Lehr (1973), Davis and De Wiest (1966), Driscoll (1986), Everett (1985), Redwine 
et al. (1985), Rehm et al. (1985), U.S. Army Corps of Engineers (1979) 

Benson (1991-review paper), Stowell (1989-review paper), Taylor et al. (1990), 
Technos (1992), U.S. EPA (1987), Wheatcraft et al. (1986) 

Nielsen and Aller (1984), Thornhill and Benefield (1990) 
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Table 3-4 Index for References on Neutron and Gamma-Gamma Logging Methods 

Topic 

Neutron 

General 

Non-moisture applications 

Soil MoistureN adose 
Zone Monitoring 

Neutron Depth Probes 

Surface Neutron Probe 

Access Tube Installation/ 
Tube/Grout Effects 

Accuracy/Calibration/ 
Errors 

Neutron Attenuation 

References 

Texts/Reports: Beck (1981), Belcher et al. (1950), Bell (1973), Gardner and 
Roberts (1967), Greacen (1981), Institute of Hydrology (1981), IAEA (1970), 
Johnson (1962), SPWI.A (1978a), van Bavel (1958, 1963a); Review Papers: 
Belcher (1952), Hodnett (1986), van Bavel (1963b), van Bavel and Underwood 
(1956), Visvalingam and Tandy (1972), Zuber and Cameron (1966); Theory: 
McHenry (1963), Olgaard (1965), Tittle (1961), Weinberg and Wignor (1958) 

Jones and Schneider (1969-specific yield), Meyer (1962--storage coefficient), 
Poeter (1988-perched water table), Schimschal (1981-hydraulic conductivity), 
Senger (1985-glacial stratigraphy) 

Brose and Shatz (1987), Franklin et al. (1992), Kramer et al. (1991, 1992), 
McGowan and Williams (1980), Unruch et al. (1990), Wilson (1971), Wilson and 
DeCook (1968); Evapotranspiration: Bowman and King (1965), van Bavel and 
Stirk (1967) 

Bell (1969), Bell and McCulloch (1966), Black and Mitchell (1968), deVries and 
King (1961), Gardner and Kirkham (1952), Holmes and Jenkinson (1959), 
Holmes and Turner (1958), Kozachyn and McHenry (1964), Long and French 
(1967), Luebs et al. (1968), McHenry (1963), Pierpoint (1966), Poeter (1988), 
Scholl and Honey (1983), Stewart and Taylor (1957), Stolzy and Cahoon (1957), 
Stone et al. (1955), Tyler (1985), van Bavel et al. (1956, 1961); Neutron-Gamma: 
Belcher (1952), Belcher et al. (1950), Couchat et al. (1979), van Bavel and 
Underwood (1956) 

Belcher et al. (1952), Cope and Trickett (1965), Phillips et al. (1960), van Bavel 
(1961) 

Amoozegar et al. (1989), Glenn et al. (1980), Hanks and Bowers (1960), Keller et 
al. (1990), Kozachyn and McHenry (1964), Kramer et al. (1990), Myhre et al. 
(1969), Rawitz (1969), Richardson (1966), Teasdale and Johnson (1970) 

Abeele (1979), Bell and Eeles (1967), Carneiro and De Jong (1985), Cohen 
(1964), Douglass (1966), Gomat and Goldberg (1972), Greacen and Hignett 
(1979), Greacen and Schrale (1976), Greacen et al. (1981), Halvorson (1986), 
Hammermeister et al. (1985), Hauser (1984), Haverkamp et al. (1984), Hewlett et 
al. (1964), Hodnett and Bell (1991), Holland (1969), Holmes (1956, 1966), Hsieh 
and Enfield (1974), Lal (1974, 1979), Lawless et al. (1963), McCauley and Stone 
(1972), Mortier et al. (1960), Nakayama and Reginato (1982), Olgaard and Haahr 
(1968), Parks and Siam (1979), Rawitz (1969), Rawls and Asmussen (1973), 
Reginato and Nakayama (1988), Shirazi and Isobe (1976), Sinclair and Williams 
(1979), Stewart and Taylor (1957), Stolzy and Cahoon (1957), Stone et al. (1960), 
Troxler (1964), Tyler (1988), Ursie (1967), Vachaud et al. (1977), van Bavel 
(1962), van Bavel et al. (1961) 

Gardner and Calissendorff (1967), Stewart and Gardner (1969) 
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Topic 

Gamma-Gamma 

Basic Theory 

Applications 

Table 3-4 (cont.) 

References 

Davidson et al. (1963), Dmitriyev (1966), Gurr (1962), Ferguson and Gardner 
(1962), Fritton (1969), van Bavel et al. (1957); Temperature Effects: Kriz (1969), 
ligon (1969), Reginato and Jackson (1971), Reginato and Stout (1970), Smith et 
al. (1967) 

Dual Gamma Attenuation: Corey et al. (1971), Gardner and Calissendorff (1967), 
Gardner et al. (1969, 1972), Goit et al. (1978), Mansell et al. (1973), NofiZiger 
(1978), Nofziger and Swartzendruber (1974), Soane (1967), Wood and Collis
George (1980); Single-Gamma Attenuation: Ashton (1956), Ferguson and 
Gardner (1962--laboratory), Gurr (1962--laboratory), Hsieh et al. (1972), 
Reginato (1974), Reginato and van Bavel (1964); Double-Probe: Fleming et al. 
(1993), Ryhiner and Pankow (1969), Soane and Hensall (1979) 
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SECTION 4 

AQUIFER TEST METHODS 

When ground water is contaminated, the needs for aquifer characterization can be boiled down to four 
basic questions. How deep is it? What direction is it flowing? How much is flowing through the system? How 
fast is it flowing? Remedial actions requiring hydrodynamic controls to contain a contaminant plume or requiring 
pump-and-treat activities, also require an understanding of the storage properties of the aquifer in order to 
evaluate how flow patterns will respond to pumping from or injection into the aquifer. 

Basic Characteristics of Ground Water 

Water state in the subsurface is measured in tenns of hydraulic head in the saturated zone, and negative 
pressure potential or suction in the vadose zone (covered in Section 6.1). The tenn ground water usually is 
applied to subsurface water occurring in a saturated zone, where water fills the pore space and moves as a result 
of differences in hydraulic head. The hydraulic head at a particular location is the elevation to which water rises 
in an open borehole (or the elevation to which a flowing well would rise if the casing were extended above the 
ground surface). The hydraulic gradient is measured as the change in water level per unit of distance along the 
direction of maximum head decrease. The gradient can be detennined from a water-table map of an unconfmed 
aquifer, or a pie:rometric (pressure) surface map showing the elevation to which water would rise in a well 
tapping a confined or artesian aquifer. Either type of map is called a potentiometric map. Table 4-1 summarizes 
infonnation on seven techniques for measuring water levels in open or cased boreholes and three methods for 
measuring pressure head in flowing (artesian) wells. The steel-tape and electric probe methods are used most 
commonly for routine measurement of water levels. Transducers are used most commonly in aquifer tests where 
accurate measurement of changes in multiple wells is required in relatively short time periods. Pressure potential 
in the saturated zone also can be measured by burying in situ piezometers that sense pore pressure (Section 
4.1.10). Table 5-3 in Section 5 provides infonnation on possible sources for commercially available ground-water 
level measuring devices. 

The hydraulic conductivity (K, often expressed in tenns of centimeters or meters per second) is a basic 
aquifer parameter used to calculate the amount of ground-water flow using Darcy's Law (Q = -KiA, where Q 
= discharge, i = the hydraulic gradient, and A = the area through which the ground-water is flowing). Ground 
water Dux (q) is the flow of water through a specified area (q = Q/A = Ki). The average flow velocity (v) can 
also be calculated if K, i, and the effective porosity (n) is known: v = qn = Kin. Transmissivity (T), or 
transmissibility, is a measure of the amount of water moving through an entire aquifer and is calculated by 
multiplying the thickness of the aquifer (b) by K (T = Kb). Storage properties of aquifers are measured in tenns 
of the volume of water that a unit volume of aquifer releases from storage under a unit decline in hydraulic head 
(specitk storage S.). Storativity (or storage coefficient) (S) is the specific storage or yield multiplied by the 
aquifer thickness (S = s.b ). Characterization of aquifer heterogeneity (K varies depending on the location within 
the aquifer) and anisotropy (K varies at a given point in an aquifer depending on the direction of measurement) 
is essential for accurate prediction of ground-water flow direction. Ground-water flow in porous media, such 
as unconsolidated deposits and sandstone, has very different characteristics than flow in which fractures (typically 
igneous and metamorphic rocks) and conduits (karst limestone) are present. Dispersion (the net effect of a 
variety of microscopic, macroscopic, and regional conditions that influence the spread of a solute concentration 
front through an aquifer) is another important aquifer parameter that requires some evaluation. Dispersion 
allows contaminants to move more rapidly through an aquifer than would be predicted by the average hydraulic 
conductivity as measured by a pumping test, for example. 

This section classifies aquifer characterization methods into four categories: (1) Shallow water table 
tests, (2) well tests, (3) tracer tests, and (4) other methods. Table 4-2 summarizes infonnation on the types of 
aquifer parameters that can. be measured using specific techniques. 
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Table 4-1 Summary Information on Ground Water Level/Pressure Measurement 

Method Property Accuracy" 
Measured 

Monitoring Well Water Level Measurement 

Steel Tape Water surface 0.01' 
Electric Probe Water surface 0.02-0.1' 
Air Line Pressure head 0.25' 
Pressure Transducers Pressure head 0.01-0.1' 
Popper/Acoustic Probe Water surface 0.1' 
Ultrasonic Water surface 0.02-0.1' 
Mechanical Float Water surface 0.02-0.5' 
Potentiometer Float Water surface 0.01-0.l'b 
Electromechanical Water surface 0.02-0.5' 

Flowing Well Head Measurement 

Casing Extensions Water surface 0.1' 
Manometer/Pressure CJage Pressure head 0.1-0.5' 
Transducers Pressure head 0.02' 

In Situ Piezometers Pressure head 0.02-0.5'0 

•water level measurement accuracy in wells taken from Dalton eta!. (1991). 
bReported by Rosenberry (1990) as having accuracy similar to pressure transducers. 
cLower range for measurements with transducers and upper range for pressure gage. 
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Chapter 
Sections 

4.1.1 
4.1.2 
4.1.3 
4.1.4 
4.1.5 
4.1.6 
4.1.7 
4.1.7 
4.1.8 

4.1.9 
4.1.9 
4.1.9 
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Table 4-l Summary Information on Aquifer Test Methods 

Technique 

Shallow Water Table 

Auger Hole 
Pit-Baling 
Pumped Borehole 
Piezometer 
Thbe 
Well Point 
1\vo-Hole 
Four-Hole 
Multiple-Hole 
Drainage Outflow 

Well Tests 

Slug (Injection/Withdrawal) 
Slug (Displacement) 
Single-Well Pump 
Multiple-Well Pump 
Single-Packer 
1\vo-Packer• 

Ions 
Dyes 
Gases 
Stable Isotopes 
Radioactive Isotopes 
Water Temperature 
Particulates/Microorganisms 

Other Techniques 

Water Balance 
Moisture Profile 
Shallow Geothermal 
Fluid Conductivity Log 
Neutron Activation 
Differential Temperature Log 
Flow Meters 
Single-Well Tracer Methods 
Other borehole methods 
Piezometric Map 

Confined! 
Unoonfined 

Unoonfined 
Unoonfined 
Unoonfined 
Unoonfined 
Unoonfined 
Unoonfined 
Unoonfined 
Unoonfined 
Unoonfined 
Unoonfined 

Both 
Both 
Both 
Both 
Both 
Both 

Both 
Unoonfined 
Unoonfined 
Both 
Both 
Unoonfined 
Unoonfined 

Unoonfined 
Unoonfined 
Unoonfined 
Both 
Both 
Both 
Both 
Both 
Both 
Both 

Boldface "' most oommonly used methods. 

Porous/ 
Fractured 

Porous 
Porousb 
Porous 
Porous 
Porousb 
Porous 
Porous 
Porous 
Porous 
Porous 

Porous 
Porous 
Porous 
Porous 
Both 
Both 

Both 
Both 
Both 
Both 
Both 
Both 
Both 

Both 
Porous 
Porous 
Both 
Both 
Both 
Both 
Both 
Both 
Both 

Aquifer Properties 
Measured 

K (horizontal)" 
K (undefined) 
K (undefined) 
K (undefined) 
K (vertical) 
K (undefined) 
K (undefined) 
K (undefined) 
K (undefined) 
K (undefined) 

K,H,T 
K,H,T 
K,S,T 
A,K,S,T 
K,H,T 
K,H,T 

D,F,V 
D,F,V 
D,F,R,V 
D,F,R,V 
D,F,R, V,'P 
D,F,V 
D,F,V 

R 
s 
F,R 
F 
F,H,V 
F 
F,H,V 
F,H,V 
H 
F,H 

Chapter 
Section 

4.2.1 
4.2.1 
4.2.1 
4.2.2 
4.2.2 
4.2.2 
4.2.3 
4.2.3 
4.2.3 
4.2.3 

4.3.1 
4.3.1 
4.3.2 
4.3.2 
4.3.3 
4.3.3 

4.4.1 
4.4.2 
4.4.3 
4.4.4 
4.45 
4.4.6 
4.4.7 

4.5.1 
4.5.2 
1.6.2 
3.1.3 
3.3.5 
3.5.2 
3.5.3-3.5.5 
3.5.6 
Section 3 
4.1 

Table 

4-5, 7-2 
4-5 
4-5 
4-5, 7-2 
4-5 
4-5 
4-5 
4-5, 7-2 
4-5 
4-5 

4-5 
4-5 
4-5 
4-5 
4-5 
4-5 

4-3 
4-3, 4-6 
4-3 
4-3, 4-6 
4-3, 4-6 
4-3 
4-3, 4-6 

4-5 

A "' anisotropy; D "' dispersivity; F "' flow direction; H "' heterogeneity; K "' hydraulic oonductivity; R "' recharge/age; S "' specific 
storage/yield; T"' Transmissivity; V "' Velocity. 

'Directional ratings are qualitative in nature. Different references may give different ratings depending on site conditions and criteria 
used to define directionality. For example, U.S. EPA (1981) and Hendrickx (1990) note that this method often measures primarily 
horizontal oonductivity, whereas Bouma (1983) indicates that the direction is undefined (see Figure 7-2). 
bean be used in rocky soils; other methods generally require fine-grained soils. 
•ean be used to measure saturated hydraulic oonductivity both above and below the water table in open holes in consolidated rock. 
dActual uses are much more restricted due to health concerns. 
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Shallow Water Table Tests 

A number of relatively simple techniques have been developed for measuring hydraulic conductivity 
where a shallow water table is present (see Table 4-2). The auger hole method (Section 4.2.1) is the most widely 
used of these methods, but others can be appropriate for special applications. Sections 7 3 and 7.4 of this guide 
cover techniques for measuring saturated hydraulic conductivity above a water table. These shallow tests only 
provide infonnation on hydraulic conductivity. 

Well Test Methods 

Test methods involving wells that have been placed in an aquifer fall into three main categories: (1) 
Single-well slug tests (Section 4.3.1), (2) pumping tests (Section 4.3.2), and (3) packer tests (Section 4.3.3). Table 
4-2 indicates the types of aquifer parameters that can be obtained from these tests. Slug and packer tests provide 
infonnation on relatively small portions of an aquifer, but are relatively easy to cany out and consequently are 
well-suited for characterizing aquifer heterogeneity. Pumping tests are more complex and difficult to cany out, 
but provide infonnation on a larger portion of the aquifer and provide more infonnation on aquifer storage 
properties (see also, Section 4.5.2). Well test methods are best suited for porous media, and most methods tend 
to give misleading results where fracture or conduit flow is an important component of ground-water flow. 
ASTM (1991a) provides guidance on the selection of aquifer well test methods. 

Tracer Test Techniques 

Ground-water tracers primarily are used to identify the source, direction, and velocity of ground-water 
flow, and the dispersion of contaminants. Depending on the type of test and the hydrogeologic conditions, other 
parameters, such as hydraulic conductivity, porosity, chemical distribution coefficients, source of recharge, and 
age of ground water also can be measured. Any detectable substance that can be injected into the subsurface 
and travel in the vadose or saturated zone can serve as a tracer. Table 4-3 identifies over 60 substances that have 
been reported or suggested as tracers in ground-water studies. Any contaminant that is detected in ground water 
functions as a tracer, provided the original source is known. The large number of tracers and many different 
ways in which they have been used precludes detailed coverage of this topic. For the purposes of this guide, 
tracers are grouped in seven major categories: (1) Ions and other water soluble compounds; (2) dyes, (3) gases, 
(4) stable isotopes, (5) radioactive isotopes, (6) water temperature, and (7) particulates (including spores, 
bacteria, and viruses). Table 4-1 provides some summary infonnation on uses of these groups of tracers for 
aquifer characterization. Dyes and ions probably are the most commonly used tracers at contaminated sites. 
Dye tracer tests are especially valuable for characterizing fracture flow, and flow in karst limestone systems where 
conventional well tests can yield misleading results, and ground-water flow directions tend to be unpredictable. 
Tracers, especially gases and dyes, also are widely used for vadose zone characterization. 

Other Aquifer Characterization Methods 

Water balance methods (Section 45.1) have a wide variety of applications, and are used most commonly 
at contaminated sites for evaluating transport of contaminants from the vadose zone to ground water, and for 
design of waste disposal facilities to minimize flow through the vadose zone. In an unconfined aquifer, specific 
yield can be calculated b~· measuring changes in soil moisture proftles in response to changes in water table 
(Section 4.5.2) as an alternative to pumping tests. 

Sources of Additional Information on Aquifer Test Methods 

The detailed literature on ground-water hydraulics and pumping tests is too large to include in any 
comprehensive way in this guide. Consequently, only major text references and reports on these two topics are 
included in the references at the end of this section (see Table 4-5, at the end of this section, for index). Table 
4-5 includes a reasonably comprehensive index to the literature on shallow water table tests, slug tests, and 
packer tests. The detailed literature on use of tracers in ground-water and contaminated site investigations also 
is too large for inclusion here. Table 4-6 (also at the end of this section) provides an index of major texts and 
review papers covering major types of tracers (dyes, microorganisms, stable isotopes and radioactive isotopes) 
and also identifies major texts and reports that focus on tracing karst hydrologic systems. 
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Table 4-3 List of Major Ground-Water Tracers 

NATURAL TRACERS 

Stable Isotopes 

Deuterium eH) 
O:xygen-18 
Carbon-12 
Carbon-13 
Nitrogen-14 
Nitrogen-15 
Strontium-88 
Sulfur-32 
Sulfur-34 
Sulfur-36 

Radioactive Isotopes 

Tritium CH) 
Carbon-14 
Silicon-32 
Chlorine-36 
Argon-37 
Argon-39 
Krypton-81 
Krypton-85 
Bromine-32 
Radon-222 

Fluorocarbons 

Radioactive 

Tritium 
Sodium-24 
Chromium-51 
Cobalt-58 
Cobalt-60 
Gold-198 
Iodine-131 
Phosphorus-32 

Source: Modified from Jones (1984) 

INJECIED TRACERS 

Activable 

Bromine-35 
Indium-39 
Manganese-25 
Lanthanum-57 
Dysprosium-68 
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Inactive 

Ionized Substances 

Na+ a· 
K+ CJ· 
Li+ cr 
Na+ r 
K+ Br 

Drift Material 

Lycopodium Spores 
Bacteria 
Viruses 
Fungi 
Sawdust 

Fluorescent Dyes 

Optical Brighteners 
Tinopal 5Bm6x(FDA 22) 
Direct Yellow 96 
Fluorescein 
Acid Yellow 7 
Rhodamine WT 
Eosin (Acid Red 87) 
Amidorhodamine 6 (Acid Red 50) 

Physical Characteristics 

Water Temperature 
Flood Pulse 

Helium 
Argon 
Neon 
Krypton 
Xenon 



4. AQUIFER TEST METIIODS 

4.1 GROUND-WATER LEVEI.)PRESSURE MEASUREMENT 

4.1.1 Steel Tape 

Other Names Used to Describe Method: Wetted tape. 

Uses at Contaminated Sites: Manually measuring water levels in wells. 

Method Description: A lead weight is attached to a standard surveyor's steel tape and the bottom two or three 
feet coated with carpenter's chalk. 1be tape usually is lowered into the water a sufficient depth to place the tape 
at an even foot mark at a reference point of known elevation on the casing (Figure 4.1.1). The water-level in 
the well is calculated by subtracting the submerged distance, as indicated by the point at which the chalk is still 
dry, from the reference point at the top of the well. 

Method Selection Considerations: Advantages: (1) Most precise method (accuracy 0.01 feet); (2) equipment is 
inexpensive, portable, durable, and does not require a power source; (3) calibration can be easily checked. 
Disadvantages: (1) The method is slow, particularly in wells where depth to water is unknown, where too short 
a length of chalked tape can require several tries to obtain a reading (slowness also limits usefulness for pumping 
tests where measurements must be made a close time intervals); (2) continuous measurements of water-level 
changes are not possible; (3) errors in measurement might result from water condensation on the casing or 
cascading water wetting the tape above the actual water level; (4) displacement of water level by the weighted 
end of the tape might significantly affect readings in small diameter wells in low permeability materials; and (5) 
measurement in wells where the temperature is high or at depth greater than 1,000 feet require corrections for 
stretch and expansion. 

Frequency of Use: Common. 

Standard Methods/Guidelines: ASTM (1987). 

Sources for Additional Information: Dalton et al. (1991), Driscoll (1986), Garber and Koopman (1968), 
Thompson et al. (1989), Thornhill (1989), U.S. EPA (1987), U.S. Geological Survey (1980). 
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Figure 4.1.1 Steel tape method for measuring water levels (Thompson et al., 1989, after navis and DeWiest, 1966, 
Copyright C 1989, Electric Power Research Institute, EPRI EN-6637, Techniques to Develop Dala for 
Hydrogeoclt8mical Models, reprinted with permission). 
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4. AQUIFER TFST METHODS 

4.1 GROUND-WATER LEVEL/PRESSURE MEASUREMENT 

4.1.2 Electric Probe 

Other Names Used to Describe Method: Electric cable, conductive probe, water level indicators. 

Uses at Contaminated Sites: Manually measuring water levels in wells; performing water level-measurement for 
aquifer tests. 

Method Description: Various types of instruments have been developed, all have some kind of electrode sensor 
attached to a cable that is lowered down the well. When the probe comes into contact with the water surface, 
the fluid conducts a current that activates a meter, light, or buzzer at the surface. Figure 4.1.2 illustrates five 
different types of electric probes. The cable usually is marked at 1- or 5-foot intervals and distance is measured 
from the nearest marking to a known reference point on the casing at the surface to obtain the water-level depth. 
Some newer instruments use coated steel tapes as an insulated electrode. The most common type of instrument 
uses an open circuit of two electrodes attached to a batter, which is completed when they come in contact with 
water. Other instruments use resistance, capacitance, or self-potential to generate a signal. Henszey (1991) 
provides detailed plans for a simple, inexpensive electrical device for measuring shallow ground-water levels. 

Method Selection Considerations: Advantages: (1) Rugged, simple, and relatively inexpensive; (2) good precision 
if properly calibrated (0.02 to 0.1 feet); (3) multiple measurements can be taken in quick succession without 
raising the probe to the surface; and (4) protective casing around the probe prevents false readings from 
cascading water or splashing during a pumping test. Disadvantages: (1) Continuous measurements of water-level 
changes are not possible; (2) hydrocarbons on water surface might interfere with measurements; (3) changes in 
cable length and markings as a result of use, depth, and temperature might reduce accuracy of readings; and ( 4) 
lower accuracy and periodic calibration required when used in deep wells. 

Frequency of Use: Probably the most commonly used method. 

Standard Methods/Guidelines: ASTM (1987). 

Sources for Additional Information: Dalton et al. (1991), Driscoll (1986), Garber and Koopman (1968), 
Thompson et al. (1989), U.S. EPA (1987), U.S. Geological Survey (1980). See also, Table 4-4. 
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Figure 4.1.2 Types of elec:tric: probes for measuring water levels (Garber and Koopman, 1968). 
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4. AQUIFER TEST METIIODS 

4.1 GROUND-WAlER LEVEl/PRESSURE MEASUREMENT 

4.1.3 Air Une 

Other Names Used to Describe Method: Air-line submergence. 

Uses at Contaminated Sites: Measuring water levels in wells; perfonning water level-measurement for pumping 
tests. 

Method Description: An air-tight tube, usually 0.375 inch or less in diameter and made of plastic, copper, or 
steel, is extended a measured distance from the surface to a depth below the lowest water level that is anticipated 
during pumping. A hand air pump (for shallow wells) or a compressor is used to pump air into the tube as 
pressure is monitored by a gage attached to the system (Figure 4.1.3). Air pressure increases until all water is 
expelled from the line. When the pressure gage stabilizes, the reading indicates the height of water in the tube 
(directly in feet, if calibrated, or the pressure reading is converted). Subtracting the calculated height of water 
in the air line from the line's length gives the actual level in the well. 

Method Selection Considerations: Advantages: (1) Fast and simple, but air compressor required; and (2) well 
suited for taking continuous measurements in wells that are being pumped. Disadvantages: (1) Relatively low 
accuracy (0.25 feet with gages accurate to 0.1 psi) and lacks precision for hydraulic tests with small fluid level 
changes; (2) leaks in air line or fittings will cause errors in readings; and (3) measurements in deep wells require 
corrections for thennal expansion, hysteresis, fluid density, and barometric pressure. 

Frequency of Use: Commonly used for pumping tests where water turbulence precludes using more precise 
methods. 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: Dalton et al. (1991), Driscoll (1986), Garber and Koopman (1968), U.S. EPA 
(1987), U.S. Geological Survey (1980). See also, Table 4-4. 
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Figure 4.1.3 Air line method for measuring water levels (Thompson et al., 1989, after Davis and DeWiest, 1966, 
Copyright C 1989, Electric Power Research Institute, EPRI EN-6637, Techniques to Develop Data for 
Hydrogeochemical Models, reprinted with permission). 
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4. AQUIFER TEST MEIHODS 

4.1 GROUND-WATER LEVEUPRESSURE MEASUREMENT 

4.1.4 Pressure Transducers 

Other Names Used to Describe Method: Submersible differential pressure transducer. 

Uses at Contaminated Sites: Measuring water levels in wells; perfonning continuous water level-measurement 
for aquifer tests. 

Method Description: A pressure transducer contains a current transmitter (which prevents measurement 
sensitivity from being affected by cable length) and a strain gage sensor. The strain gage sensor generates an 
electrical signal, proportional to pressure, which is transmitted by cables to a surface recording station (Figure 
4.1.4). The pressure measured allows calculation of the depth of the transducer below the water surface, and 
calculation of the water level if the length of the cable to a reference point at the surface is known. Vented 
pressure transducers have a small capillary tube that is open to the atmosphere and allows automatic 
compensation for barometric pressure. Nonvented transducers require measurement of barometric pressure, 
which is subtracted from the total pressure to obtain the pressure of the column of water over the transducer. 
Continuous monitoring of changes in water level during aquifer tests or natural ground-water fluctuations is 
possible provided the transducer remains below the lowest anticipated water level and data loggers are used. 

Method Selection Considerations: Advantages: (1) Good precision (0.01 to 0.1 feet); (2) respond quickly to 
changing water levels; (3) continuous monitoring of water levels is possible; and ( 4) a pennanent record is 
provided, and data can be recorded for automatic data processing. Disadvantages: (1) Probe and recording 
devices are expensive; (2) instruments are sensitive and require care in handling and storage and periodic 
recalibration is required; (3) a continuous, stable power source is required; and ( 4) measurement errors can 
result from temperature changes, instrument drift, and blocked capillary. 

Frequency of Use: Most commonly used for complex pumping tests involving monitoring of multiple wells, and 
for slug tests in penneable material. 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: Dalton et al. (1991), Driscoll (1986), Thompson et al. (1989). 

4-12 



Power source 

Clamp 

Depth of submersion 
read directly from 
strip chart through 

calibration of transducer 

Pressure transducer 

Figure 4.1.4 Pressure transducer method for measuring water levels (Thompson et al., 1989, after Davis and 
DeWiest, 1966, Copyright C 1989, Electric Power Research Institute, EPRI EN-6637, Techniques to 
Develop Data for Hydrogeochemical Morkls, reprinted with permission). 
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4. AQUIFER TEST MEIHODS 

4.1 GROUND-WA1ER LEVEUPRESSURE MEASUREMENT 

4.1.5 Audible Methods 

Other Names Used to Describe Method: Popper, acoustic probe, "rock and bong" techniques. 

Uses at Contaminated Sites: Measuring water levels in wells. 

Method Description: Various methods involve attachment of devices that create an audible sound when they 
come in contact with water in the well. Popper: A concave-bottomed metal cylinder 1 to 1.5 inches in diameter 
and 2 to 3 inches long is attached to a steel tape (Figure 4.1.5) and lowered to within a few inches of the water 
surface in the well. Depth to water is determined by repeatedly dropping the popper onto the water surface and 
noting the tape reading at which a distinctive "pop" is heard. Acoustic probe: An electronic device that emits 
an audible sound generated by a battety powered transducer in the probe when two electrodes come in contact 
with water. Unlike electric cables, the probe is self-contained and attached to a steel tape that is used for 
measuring the depth at which the sound is heard. The roek and bong method involves dropping a BB (air rifle 
shot) or glass marble and recording the time of the return sound of impact. 

Method Selection Considerations: Popper/Acoustic Probe Advantaps: (1) Simple and inexpensive; and (2) 
moderately accurate (0.1 feet for popper; 0.02 for acoustic probe). Popper/Acoustic Probe Dlsad"Vantages: (1) 
Generally not suitable for use with pumping wells because of noise and lack of clearance; and (2) hydrocarbons 
on well water surface will affect acoustic probe. Rock and Bong Advantages: Vety simple and inexpensive. Rock 
and Bo111 Disadvantages: (1) Inaccurate (within 5 feet); (2) introduces foreign objects into the well. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Popper: Bureau of Reclamation (1981); Acoustic probe: Schrale and Brandwyck 
(1979); Rock and bo111: Stewart (1970). 

Sources for Additional Information: Dalton et al. (1991), U.S. EPA (1987). 
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Figure 4.1.5 Popper for measuring depth to water in a well (Bureau of Reclamation, 1981). 
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4. AQUIFER TEST MEIHODS 

4.1 GROUND-WA'IER lEVEL/PRESSURE MEASUREMENT 

4.1.6 Ultrasonic 

Other Names Used to Describe Method: Sonic transducers, acoustic sounder. 

Uses at Contaminated Sites: Measuring water levels in wells. 

Method Description: Instrument emits a sonic or ultrasonic wave pulse and measures the arrival time of the 
reflected sound (Figure 4.1.6). Typically, the instrument has a microprocessor that allows the signal to be 
transmitted, received, and averaged many times a second, allowing rapid measurement. The microprocessor 
automatically calculates the depth to water and displays it in various units. Some instruments are designed to 
rest on top of the well casing, whereas others can require lowering into the well. 

Method Selection Considerations: Advantages: (1) Reasonably accurate (0.1 feet) and high accuracy is possible 
with specialized installations (0.02 feet); (2) automatic data collection is possible; (3) rapid determination of water 
level in deep wells is possible; and (4) presence of hydrocarbons usually does not affect measurements. 
Disadvantages: (1) Accuracy can be limited by change of temperature in the path of the sound wave or by 
reflective surfaces in the well such as pipes, casing burrs, pumps, and samplers; and (2) care must be taken in 
reading wave charts because discontinuities in the casing or in other well construction components might generate 
anomalous wave forms resulting in inaccurate determination of water level depth. 

Frequency of Use: Relatively new method that is becoming more common. 

Standard Methods/Guidelines: --

Sources for Additional Information: Dalton et al. (1991), U.S. EPA (1987). See also, Table 4-4. 
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Figure 4.1.6 Ultrasonic method (Thompson et al., 1989, after Davis and DeWiest, 1966, Copyright C 1989, Electric 
Power Research Institute, EPR.I EN-6637, Techniques lo Develop Dala for Hydrogeochemical Models, 
reprinted with permission). 
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4. AQUIFER TEST METiiODS 

4.1 GROUND-WA1ER I.EVEUPRESSURE MEASUREMENT 

4.1.7 F1oat Methods 

Other Names Used to Describe Method: Mechanical float recorder, flotation device, potentiometer float. 

Uses at Contaminated Sites: Continuously measuring water level fluctuations. 

Method Description: Mechanical Ooat: A flotation device is attached to a length of steel tape and suspended 
over a pulley into the well. A counterweight at the other end of the tape keeps the tape taught as the float 
moves up and down in response to changes in water level. The depth to water can be read directly from the steel 
tape at a known reference point on the casing, but more commonly the pulley is attached to a recording-chart 
drum that rotates in response to changes in the level of the float (Figure 4.1.7). A pen records fluctuations by 
moving across the chart at a constant rate by a clock-driven motor, or alternatively electronic or punch-tape 
recorders can be used. Potentiometer Ooat: Similar to the mechanical float except that a variable resistor or 
potentiometer is attached to the float allowing digital datalogging. 

Method Selection Considerations: Mechanical Float Advantages: (1) Provides continuous measurements of water
level changes for up to several months; (2) relatively simple; and (3) moderately accurate (0.02 to 0.5 feet). 
Mechanical Float Disadvantages: (1) Protective housing is required to protect recording-chart drum from 
unfavorable weather; (2) float lag, line shift, submergence of counterweight, temperature, and humidity can affect 
accuracy of measurements; (3) as depth to water increases, potential for drag between the float and well casing 
increases, which might reduce or delay pen response to water level changes; and ( 4) problems might be 
encountered when used in small wells (Shuter and Johnson, 1961). Potentiometer Float Advantages and 
Disadvantages: Generally similar to mechanical float except that they are generally more accurate (0.01 to 0.1 
feet). 

Frequency of Use: Commonly used when continuous measurement of natural ground-water fluctuations are 
required. 

Standard Methods/Guidelines: --

Sources for Additional Information: Dalton et al. (1991), Leupold and Stevens (1991), Shuter and Johnson 
(1961), U.S. Geological Survey (1980). See also, Table 4-4. 
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Figure 4.1. 7 Mechanical float ~order (Thompson et al., 1989, after Davis and DeWiest, 1966, Copyright C 1989, 
Electric Power Research Institute, EPRI EN-6637, Techniques to Develop lJala for Hydrogeochemical 
Modllls, reprinted with permission). 
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4. AQUIFER TEST METIIODS 

4.1 GROUND-WATER IEVEUPRESSURE MEASUREMENT 

4.1.8 Electromechanical 

Other Names Used to Describe Method: Iterative conductance probes, dipping probes, dippers. 

Uses at Contaminated Sites: Continuously measuring water level fluctuations. 

Method Description: Dipping probes are motor-driven devices that use an electronic feedback circuit to measure 
water level in a well. The probe is lowered on a wire by a stepping motor until it makes contact with the water, 
at which time an electrical signal causes the motor to reverse and retract the probe a short distance. After a set 
period of time, the motor lowers the probe until it touches the water, and retracts again. The wire cable is 
connected to either a chart-recording drum or a potentiometer with an output signal proportional to the water 
level, and water levels are recorded at whatever time increments the motor is set to repeat its cycle. 

Method Selection Considerations: Advantages: (1) Provide automatic, periodic measurement of water level 
changes; (2) work well in small diameter wells and can accommodate some tortuosity in the well casing; and (3) 
greater depths can be monitored without mechanical losses associated with float recorders. Disadvantages: 
Instrumentation is more complex than mechanical float recorder. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Dalton et al. (1991). 
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4. AQUIFER TEST METIIODS 

4.1 GROUND-WA1ER LEVEUPRESSURE MEASUREMENT 

4.1.9 Artesian Aquifer Measurement 

Other Names Used to Describe Method: Manometers/pressure gages, transducers, casing extension. 

Uses at Contaminated Sites: Measuring head in flowing wells (artesian aquifers). 

Method Description: Flowing wells (confined aquifers where the pressure head is above the ground surface) can 
be measured in several ways. Capping off the well allows measuring pressure with manometers, pressure gages, 
or pressure transdueers (see Section 4.1.4). Figure 4.1.9 shows a schematic of a mercury manometer for 
measuring artesian heads. Another method is to extend the casing above the ground surface until water ceases 
to flow, and measuring the height of above the ground-surface that water has risen in the casing. 

Method Selection Considerations: Manometers/Pressure Gage Advantages: A properly installed mercury 
manometer provides the greatest accuracy (0.005 to 0.1 feet) and pressure gages are accurate to 0.2 to 0.5 feet. 
Manometers/Pressure Gage Disadvantages: Both types requires periodic calibration. Transducers: See 
advantages and disadvantages discussed in Section 4.1.4. Casing Extension Advantages: No calibration of gages 
or instruments is required (assuming steel tape or electric probe is used to measure distance from top of casing). 
Casing Extension Disadvantages: Limited range and awkward to implement. 

Frequency of Use: Manometers or pressure gages are most commonly used when flowing artesian aquifers are 
present. 

Standard Methods/Guidelines: --

Sources for Additional Information: Bureau of Reclamation (1981), Dalton et al. (1991), U.S. Geological Survey 
(1980). 
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Figure 4.1.9 Men:ury manometer for measuring artesian heads (Bureau of Reclamation, 1981). 
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4. AQUIFER TEST METIIODS 

4.1 GROUND-WATER LEVEI.IPRESSURE MEASUREMENT 

4.1.10 In Situ Piezometers 

Other Names Used to Describe Method: Pore pressure piezometer, pneumatic piezometer, hydraulic piezometer. 

Uses at Contaminated Sites: Measuring ground-water levels. 

Method Description: In situ piezometers are permanently installed devices intended primarily for measurement 
of changes in pore pressure, from which ground-water levels can be calculated. In some cases, units are designed 
so that both pressure measurements and water samples can be obtained (a cone penetration rig using the BAT 
system can do this, see Sections 2.2.2 and 5.5.2). There are three major types of pore pressure piezometers: (1) 
Vibrating wire piezometers generate electrical signals at the surface as the tension in a wire that is connected 
to a diaphragm situated behind a filter stone changes in response to higher or lower pore pressure (Figure 
4.1.10a); (2) pneumatic piezom~ers use a pressure transducer to measure changes that water pressure has 
exerted against a diaphragm into which air has been forced (Figures 4.1.10a and b); and (3) hydraulic 
piezometers consist of one or two water-filled tubes that run from the surface to a ceramic or porous stone tip 
and pressure changes are read from a gage at the surface (mercury manometer, transducer, or Bourdon gage, 
see Figure 4.1.10c). There are three main types of installations for in situ piezometers: (1) Driven, in which the 
piezometer tip is attached to steel standpipe and driven to the depth of interest (Figure 4.1.10c), (2) jetting to 
install open-ended tubes (see Section 2.1.8), and (3) capsule installations in a borehole in which a filter pack is 
placed around the unit and bentonite seals are used, if required to isolate it from other units (see Figure 4.1.10d). 

Method Selection Considerations: Advantages: (1) Generally easier to install and less expensive than monitoring 
well installations; (2) multilevel installation is relatively easy; (3) most types operate well with automatic data 
acquisition systems, allowing rapid hydraulic head measurements in a large area; and (4) more responsive to 
instantaneous changes in head than open standpipes, and consequently are especially useful for monitoring fast 
water level changes during pumping' tests and in very low permeability materials where open standpipes might 
have a long lag time in response to water level changes. Disadvantages: (1) aogging oftubes and corrosion of 
transducers can be a problem for pneumatic piezometers; (2) calibration is required for electric wire and 
pneumatic piezometers and might cause difficulties when additional cable or tubing is required; (3) hydraulic 
piezometers require occasional flushing to remove air which has entered the porous tip through diffusion; and 
(4) most installations do not allow sampling of ground water. 

Frequency of Use: Relatively uncommon, but more extensive use at contaminated sites for preliminary 
characterization shallow ground-water systems might be merited. 

Standard Methods/Guidelines: Reeve (1986). 

Sources for Additional Information: Morrison (1983), U.S. EPA (1987). See also, Table 4-4. 
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Pore pressure piezometers: (a) Combined vibrating wire and pneumatic types (Morrison, 1983, by 
permission); (b) Pneumatic type (Morrison, 1983, after Wissa et al., 1975, by permission); (c) Driven 
installation of hydraulic type (Morrison, 1983, by permission); (d) Borehole installation (Morrison, 
1983, after Hemond, 1982, by permission). 



4. AQUIFER TEST METIIODS 

4.2 HYDRAUUC CONDUCfiVITY (SHALLOW WA1ER TABlE) 

4.2.1 Auger Hole Method 

Other Names Used to Describe Method: Variants: Pit-baling method, pumped borehole method. 

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity where there is a shallow water table. 

Method Description: A hole is bored to a depth at least 30 centimeters below the water level, taking care to 
minimize disturbance of the sidewalls. Several borehole volumes are removed to eliminate puddling effects. 
When the water level has stabilized, water is removed again from the hole and the rise in water level measured 
at inteiVals until equilibrium is reached (Figure 4.2.1a ). In moderately permeable soils the rise in water level 
can be measured with a tape and float; in highly permeable soils a pressure transducer should be used 
(Hendrickx, 1990). The hydraulic conductivity can be calculated based on the geometry of the borehole, depth 
from the bottom of the bole to an impermeable layer, and the rate of rise of water in the borehole (Figure 
4.2.1b). The pit-baling method is a variant of the auger hole method in which a large hole extending below the 
water table is dug. The water level is rapidly lowered and the rise of the water level is measured. Shape factors 
based on piezometer theory or hole geometry are required for the hydraulic conductivity calculations. The 
pumped borehole method is a variant that can be used in highly permeable soils where the water level rises too 
quickly for accurate measurement when the hole is baled. With this method water is pumped at a constant rate 
from a hole until the water level reaches equilibrium. Saturated conductivity is calculated with Zanger's 
analytical solution for holes that penetrate less than 20 percent into a deep homogenous unconfmed aquifer 
(Kessler and Oosterbaan, 1974). 

Method Selection Considerations: Auger Hole Advantages: (1) Method is simple and inexpensive; and (2) yields 
reliable information on horizontal conductivity for many conditions, provided an impermeable layer is present 
not too far below the bottom of the hole. Auger Hole Disadvantages: (1) Alternative methods might be required 
if the soil is layered or thin layers of high permeability occur; (2) unreliable when water level is above the soil 
surface or artesian conditions exist; and (3) unreliable if hole walls have been smeared or measurements are 
made after the hole is more than one-half full. Pit-Baling Method: Particularly useful for stony soils where the 
auger-hole and other techniques are not practical. Pumped Borehole Method: Used for very permeable soils 
when available instrumentation is not available to accurately measure rapid rises in water level when the hole 
is baled (use of pressure transducers is easier and cheaper). 

Frequency of Use: Most widely used method where there is a shallow water-table. 

Standard Methods/Guidelines: Amoozegar and Warrick (1986). 

Sources for Additional Information: See Table 4-5. 
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Figure 4.2.1 Auger hole method: (a) Equipment setup (U.S. EPA, 1981)); (b) Geometry of auger hole and data sheet 
rerording measurements (Amoozegar and Warrick, 1986, by permission). 



4. AQUIFER TEST MEIHODS 

4.2 HYDRAUliC CONDUCTIVITY (SHALLOW WAlER TABlE) 

4.2.2 Piezometer Method 

Other Names Used to Describe Method: Tube technique, well-point technique. 

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity where there is a shallow water table. 

Method Description: A piezometer tube or pipe is placed in an auger hole as big as the tube's diameter without 
disturbing the soil to a depth below the water table. A cavity then is bored below the bottom of the piezometer 
(Figure 4.2.2a). To measure horizontal hydraulic conductivity, the length ofthe cavity should exceed its diameter; 
for vertical hydraulic conductivity the length should be less than the radius of the cavity. Several volumes of 
water are bailed or pumped from the cavity to eliminate the puddling effect. When the water level recovers, 
water again is removed and the rise in water level recorded at time intervals until equilibrium is reached again. 
The hydraulic conductivity can be calculated based on the geometry of the cavity and the rate of the rise of water 
and the determination of a "shape factor" can be estimated from tables or nomographs that are related to the 
depth from the bottom of the hole to an impermeable or infinitely permeable layer. The tube technique is a 
variant of the piezometer method in which there is no cavity below the piezometer tube and primarily vertical 
hydraulic is measured. The well-point technique is another variant ofthe piezometer method in which a screened 
well-point of a specified geometry (Figure 4.2.2b) is driven below the water table and is pumped until an 
equilibrium flow rate is determined. Graphs are available relating K to the pumping rate at several depths of 
the suction tube below the water table (Donnan and Aronovici, 1961), or from equations (Bouwer and Jackson, 
1974). 

Method Selection Considerations: Piezometer Advantages: (1) Simple and inexpensive; (2) in stratified soils this 
method can be used to determine conductivity of each individual layer; and (3) an impermeable layer below the 
bottom of the hole is not required. Piezometer Disadvantages: (1) Generally not suitable for rocky and gravelly 
soils unless a good seal can be obtained between soil and tube; and (2) in unstable soils the geometry of the 
cavity might be difficult to define precisely. The tube and well-point methods have similar advantages and do 
not have potential problems associated with defining cavity geometry. The tube method measures primarily 
vertical hydraulic conductivity. A disadvantage of the well-point method is that the requirement for continuous 
pumping makes the procedure more complicated. 

Frequency of Use: Piezometer and tubes methods: Relatively uncommon; Well-point method: Uncommon. 

Standard Methods/Guidelines: Amoozegar and Warrick (1986). 

Sources for Additional Information: See Table 4-5. 
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Figure 4.2.2 Piezometer techniques: (a) Diagram of piezometer hole (Amoozegar and Warrick, 1986, by permission); 
(b) Construction details for wellpoint method (Bouwer and Jackson, 1974, by permission). 
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4. AQUIFER TEST METIIODS 

4.2 HYDRAUliC CONDUCTIVITY (SHAlLOW WA1ER TABlE) 

4.2.3 Multiple-Hole Methods 

Other Names Used to Describe Method: Two-well, four-well, multiple-well, drainage outflow method. 

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity where there is a shallow water table. 

Method Description: In the two-weD method, two holes of equal diameter and depth, about a meter apart, are 
augered below the water table. Water is pumped from one hole into the other hole at a constant rate until 
equilibrium in the water levels in both holes is attained (Figure 4.2.3a). Hydraulic conductivity is calculated from 
the geometty of the holes and the difference in head. The four-weD method is similar, except that two center 
wells of smaller diameter are placed between the pumping and receiving wells, and calculation is based on the 
difference in head between the inner wells to avoid possible bias resulting from clogging in the receiving well 
(Figure 4.2.3b). The multiple-weD method involves an even-numbered array of wells spaced equally on the 
circumference of a circle (Figure 4.2.3c ). Adjacent wells are paired and water is pumped from one to the other 
as in the two-well method. Hydraulic conductivity is calculated with an equation using the average hydraulic head 
difference for each pair ofwells. The drainage outtlow method involves the installation of shallow piezometers 
in the vicinity of drainage tiles. Saturated hydraulic conductivity can be determined from simultaneous 
measurements of drain discharge and water table depths using drainage spacing equations (Smedema and 
Rycroft, 1983). 

Method Selection Considerations: Multiple well methods are more complex and time-consuming to carty out 
in the field, with expense increasing as the number of wells in the test increases. The two-well method works 
best if the auger holes penetrate to the top of an impermeable layer. aogging in the walls and bottom in the 
receiving well might be a problem with the two-well method and the multiple-well methods. The four-well 
method overcomes the problems of clogging. The multiple-well method has the advantage of measuring hydraulic 
conductivity for a larger volume of soil. The drainage outflow method requires drainage tile outlets at which 
discharge can be accurately measured at the same time water levels are measured. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Amoozegar and Warrick (1986), Bouwer and Jackson (1974). See also, 
Table 4-5. 
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4. AQUIFER TEST METIIODS 

4.3 WElL TEST METIIODS 

4.3.1 Slug Tests 

Other Names Used to Describe Method: Instantaneous head change test, Bailer test, rising/falling head test. Slug 
tests vaty somewhat in procedures and fonnulas used for calculations. Different methods are usually identified 
by the names of the developers: Hvorslev, Ferris-Knowles, Cooper-Bredehoeft-Papadopulos, Bouwer-Rice, and 
Nguyen-Pinder methods. 

Uses at Contaminated Sites: Measuring hydraulic conductivity (all methods), storativity and transmissivity (some 
methods). 

Method Description: Slug testing involves measuring the rate at which water in a well returns to its initial level 
after: (1) A sudden injection or withdrawal of a known volume of water from a well, or (2) instantaneous 
displacement by a weight or change in pressure. Changes in water level over time are recorded and fonnulas 
used to calculate hydraulic conductivity are plotted and matched against type curves. Rising-head (withdrawal) 
and falling-head (injection) methods often yield different results and the best estimate might be an average of 
the two values. Figure 4.3.1a shows an apparatus for a water injection test and Figure 4.3.1b illustrates an 
equipment setup for a pneumatic rising head test. 

Method Selection Considerations: Advantages: (1) Can be used in hydrogeologic units with a wide range of 
penneabilities; and (2) relatively inexpensive in tenns of manpower, equipment, and site set-up, allowing multiple 
tests for characterization of aquifer heterogeneity. Disadvantages: (1) Vety high or vety low penneabilities might 
require sophisticated electronic monitoring equipment, such as transducers and data loggers, and with high 
hydraulic conductivity even transducers might not work very well; (2) penneability values are only applicable to 
a small volume of the aquifer; (3) most tests do not provide infonnation on aquifer storage properties; (4) 
injection-type tests should not be done in wells from which water quality samples will be collected; and (5) 
mechanical slug tests might not displace enough water for meaningful results. Different methods are applicable 
to different well and hydrologic conditions. Hvorslev method can be used for both unconfined and confined 
aquifers with gully or partially penetrating wells below the water table. The Bouwer-Rice method applies to 
unconfined aquifers. The Cooper-Bredehoeft-Papadopulos method is for confined conditions with fully 
penetrating wells. The Nguyen-Pinder method can be used for partially penetrating wells in confined aquifers. 

Frequency of Use: Common. 

Standard Methods/Guidelines: ASTM (1991b, 1991c). 

Sources for Additional Infonnation: See Table 4-5. 
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4. AQUIFER TEST METIIODS 

4.3 WEll. TEST METIIODS 

4.3.2 Pumping Tests 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Measuring aquifer hydraulic conductivity, transmissivity, and storage properties 
(specific storage, specific yield, storativity). Properly designed multiple-well tests also can measure anisotropy. 

Method Description: Single-well pumping tests (Figure 4.3.2a) differ from withdrawal slug tests in that water is 
removed at a constant rate over a period of time from hours to days. Thirty minutes to four hours is a common 
length for domestic wells. Multiple-well pumping tests usually involve placing observation wells at different 
distances from a pumping well (Figure 4.3.2b) or in a circle around the pumping well. Pumping rates can be 
measured volumetrically, commonly using an orifice weir (see Section 10.6.2), or using a commercial water meter. 
Water levels in the pumping and observation wells are measured at specified intervals, closely spaced at the 
beginning of the test and more widely spaced as time goes on. The use of pressure transducers and automatic 
dataloggers facilitates data collection and analysis. Numerous analytical methods are available for analyzing 
pump test data, which usually are presented as a series of types curves against which the time-drawdown test data 
plots are matched to obtain transmissivity and storage parameters. The Thiem equilibrium equation and the 
Theis nonequilibrium equation are two of the most commonly used basic analytical solutions for pump tests. 
A variety of solutions to the Theis non equilibrium equation have been derived for special aquifer and pumping 
conditions. Important considerations in selection of an analytical solution for a pump test include: (1) Type of 
aquifer (confined, leaky, or unconfmed), (2) how much of the aquifer is intersected by the well(s) (fully or 
partially penetrating), and (3) the degree of heterogeneity and anisotropy in the aquifer. 

Method Selection Considerations: Advantages: (1) Analytical solutions are available for almost any aquifer and 
well-type; (2) average hydraulic properties are measured for a relatively large volume of the aquifer; (3) can be 
used over a wide range of permeabilities; and (4) test wells also can be used for water quality sampling after 
completion of the test. Disadvantages: (1) Expensive due to manpower and equipment requirements, and length 
of test (several days is not uncommon); (2) large volumes of pumped water require appropriate handling and 
disposal; and (3) are inaccurate in rock with fractures or high secondaey porosity (karst limestone). Multiple-well 
configurations generally provide better results than single-well tests because they: (1) Are more accurate for 
measuring storage values; (2) pumping well measurements are more affected by construction methods than 
measurements from observation wells; (3) observation wells allow detection and characterization of aquifer 
heterogeneity and anisotropy; and ( 4) observation wells are less affected by changes in pumping rate, which might 
occur in longer tests. 

Frequency of Use: Common. 

Standard Methods/Guidelines: ASTM (1991d, 1991e, 1991f, 1992a, 1992b). 

Sources for Additional Information: See Table 4-5. 
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Figure 4.3.2 Pumping tests: (a) Single-well test; (b) Multiple-well test (U.S. EPA, 1991). 

4-34 



4. AQUIFER TEST METIIODS 

4.3 WEll. TEST METIIODS 

4.3.3 Packer Testing 

Other Names Used to Describe Method: Injection test, pressure or pulse test, pressure permeability test, falling 
head packer test, Lugeon/step-pressure test. 

Uses at Contaminated Sites: Packers have a variety of applications in boreholes. Packer tests using water 
injection or pressure monitoring measure hydraulic conductivity and storage coefficient above or below the water 
table; packers might be used in combination with tracers to identify zones of high permeability and connectivity 
of fractures between holes. Packers can also be used to isolate zones for multi-level water quality sampling in 
a single well, and to improve well purging efftciency. 

Method Description: Packers are inflatable devices that are inserted at a selected depth and inflated using water 
or a gas to seal off a portion of a borehole. Packers can be used for a variety of applications. A single packer 
is used to test a section of borehole, typically a section to 5- or 10-feet, between the hole bottom and the packer 
location. After the packer is inflated, water is injected until steady-state conditions are achieved, or for a 
specified period of time (typically 15 minutes to 2 hours), whichever comes first. The amount of water and 
pressure changes is monitored during the test. By removing the packer after each test, hydraulic conductivity 
can be measured in different sections of the borehole as drilling progresses. Two-packer tests usually are 
performed after a borehole has been completed. Usually progressing from bottom to top, sections of the 
borehole are isolated by top and bottom packers, and water injected as with single packer tests. Figure 4.3.3a 
illustrates a typical two-packer installation. Figure 4.3.3b shows geometry and equations for single- and two
packer tests. Pressure or pulse tests usually are used in formation with vecy low hydraulic conductivity (i.e., < 
1 x 10"7 em/sec). After the packer is inflated, an increment of pressure is applied to the zone isolated by the 
packer(s) and the decay of pressure is monitored using pressure transducers, and plotted versus time. The rate 
of decay is related to the storage coefficient and the hydraulic conductivity. The Lugeon method of packer 
testing uses a series of five tests (three at increasing pressures and two at decreasing pressures. • The pattern 
tracer tests (see Section 4.4) can use packers to isolate zones of interest in a single borehole, or they can be used 
to determine interconnection of fractures between two uncased boreholes. Multi-level samplers can use packers 
to allow collection of water quality samples from different levels in a single borehole. 

Method Selection Considerations: Advantages: (1) Simple and relatively inexpensive and should be considered 
any time boreholes are in consolidated rock; (2) can be used in both saturated or unsaturated unconsolidated 
rock; and (3) two-packer tests have the advantage of not requiring an interruption in drilling. Disadvantages: 
(1) Failure to obtain a good packer seal will overstate hydraulic conductivity (more likely with two-packer than 
single-packer tests); (2) skin effects caused by drilling mud, or closing of fractures due to stress changes from 
core removal, will cause underestimation of hydraulic conductivity; (3) pressure tests require more complicated 
instrumentation and electronic data loggers or strip-chart recorders, and some understanding of the presence and 
orientation of fractures is necessary to select the appropriate type cUive to analyze test results; and (4) not 
suitable for use in unconsolidated rock. 

Frequency of Use: Fairly common in consolidated rock. 

Standard Methods/Guidelines: Bureau of Reclamation (1981). 

Sources for Additional Information: See Table 4-5. 

*The Lugeon method was originally designed to assess the need for foundation grouting at dam sites. Roeper 
et al. (1992) concluded that the method it not vecy good for hydrogeologic investigations because it takes longer 
than conventional packer tests and could artificially increase hydraulic conductivity because of the higher 
pressures used. 
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4. AQUIFER TEST METIIODS 

4.4 GROUND-WA'IER TRACERS 

4.4.1 Ions 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Measuring ground-water flow paths and velocity; monitoring sanitary landfill 
leachate migration and dilution by receiving waters; evaluating solute transport mechanisms in fractures; 
separating baseflow and stonnflow components of karst aquifers; estimating flux of liquid pollutants in vadose 
zone. 

Method Description: Tracing: Soluble salts (such as NaO, IiBr) are dissolved in water and injected into a well 
and monitoring wells downgradient are sampled at time intervals (see Figure 4.4.7a). Concentrations of the ion 
of interest are analyzed in the laboratory. Neutron activation (see Sections 3.3.5 and 10.6.1 for description of 
neutron activation) can be used to detect bromide tracers. Fluorinated benzoic acid derivatives, which are anions 
at pHs greater than 5.0, also have been shown to be conservative in a variety of aquifer materials (Bowman, 1984; 
Bowman and Gibbons, 1992). Less commonly nonionic substances are used as tracers. For example, fluorescent 
polylcyclic aromatic hydrocarbons have been used as tracers to study the transport of contaminants on colloids 
in ground water (Backhus and Gschwend, 1990). Figure 4.4.1 illustrates use of an injected tracer and multilevel 
sampling installations to measure hydrodynamic dispersion. Monitoring: Measurement of natural variation in 
Ca and Mg concentrations in karst aquifers can be used to separate baseflow (where concentrations are higher) 
and stonnwater flow (which dilutes the concentration). Potassium (K+) can serve as an indicator of leachate 
migration from sanitary landfllls which receive a large amount of vegetable waste, because it is less susceptible 
to immobilization by cation exchange. 

Method Selection Considerations: A major advantage of ionic tracers is that they do not decompose, so are not 
lost from the system. Anionic tracers such as nitrate, chloride, and bromide, generally do not interact with 
aquifer material so serve as conservative tracers (i.e., travel at the same velocity as ground-water). Bromide is 
often the anion of choice because natural background levels usually are low. Where natural background 
concentrations of chloride and nitrate exist, injection oflarger amounts as a tracer can have unacceptable impacts 
on water quality. In fissured and fracture fonnations, soluble chemical tracers (NaCL, CaOz, UO, NH40) have 
to be diluted or used in large volumes to prevent them from sinking and escaping from circulation because of 
their high density. Where density effects are a concern, potassium bichromate is a good tracer because of 
dilution of 1 to 2 x 10"9 can be detected by diphenylcarbazide reagent. Cations have more severe limitations as 
tracers because they tend to interact with aquifer material through cation exchange, but can be useful for 
monitoring applications (s<>..e method description above). 

Frequency of Use: Common 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: U.S. EPA (1991-Cltapter 4). 
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Figure 4.4.1 Use of ionic or other type of tracers to test hydrodynamic dispersion under natural ground-water 
gradients (Davis et al., 1985). 
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4. AQUIFER TFST METIIODS 

4.4 GROUND-WA1ER TRACERS 

4.4.2 Dyes 

Other Names Used to Describe Method: Dye tracing, dye injection. 

Uses at Contaminated Sites: Identifying zones of preferential water flow in the vadose zone. In karst limestone, 
other fractured rock and porous media, dyes can be used to measure the speed and directions of ground-water 
flow. Identifying sources, velocity, and direction of movement of contaminants. 

Method Description: Dye is poured on the ground surface, down a drain, or injected into a well. Suspected 
points of discharge (well, spring, stream, or lake) are monitored visually or sampled. The presence of dye at a 
discharge point indicates a hydrologic connection and the time it appears after injection allows estimation of the 
speed of travel. Dye can be recovered by taking periodic water samples or using detectors (called bugs) and 
using cotton or charcoal to absorb the dye, depending on the type of dye used (Figure 4.4.2a). A fluorometer 
or spectrofluorometer can be used to detect concentrations that might not be discernible to the eye. A 
spectrofluorometer also allows differentiation of different dyes in the same sample. Quantitative tests require 
precise measurement of dye concentrations in grab samples of water and monitoring of flow rates for mass 
balance analysis. Figure 4.4.2b shows a continuous recording fluorimeter that can be used for quantitative tests. 
See also, Section 3.5.6 (Single-Borehole Tracer Methods). 

Method/Device Selection Considerations: Dyes are relatively inexpensive and simple to use. Either fluorescent 
or nonfluorescent dyes can be used for visual inspection of flow patterns in soil. Fluorescent dyes are better for 
ground-water tracer studies because they are easier to detect and are non-toxic in the concentrations typically 
used in tracer tests (Field et al., in press). Many dyes are available but nomenclature can be confusing. 
Available methods for estimating the optimum amount of dye to inject result in greatly varying estimates. 
Adsorption of dye on subsurface geologic materials can be a problem. 

Freauency of Use: Fluorescent dyes are the main method used in this country for mapping ground-water flow 
patterns in karst systems. Dyes are commonly used to identify contamination of wells or surface water bodies 
from septic-tank absorption fields. Use for vadose zone and porous media aquifer characterization has been 
limited mostly to research applications in the past, and more widespread use in those settings would probably 
be beneficial. 

Standard Methods/Guidelines: Quinlan (1989) for karst areas. No standard reference for uses in porous media. 
Aley et al. (in preparation) will be a good source when it is published. 

Sources for Additional Infonnation: U.S. EPA (1991-Chapter 4). See also, Table 4-5. 
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Figure 4.4.2 Tracer tests using dyes: (a) Gumdrop used to suspend dye-detectors (bugs) above stream beds for karst 
tracing: A--concrete weight, B--galvanized steel wire, C--nylon cord, D--vinyl-clad electrical wire, E-
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(Wilson et al., 1986). 
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4. AQUIFER TEST MEIHODS 

4.4 GROUND-WA1ER TRACERS 

4.4.3 Gases 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Similar to ions in porous media; detecting fracture connectivity in the unsaturated 
zone; estimating ground-water age (see also, Sections 4.4.6 and 4.4. 7); detecting natural gas leaks (isotopic 
differentiation, see Section 4.4.6); detecting pipeline leaks (helium). 

Method Description: Gas tracers can be grouped into three major groups: (1) Inert natural gases include the 
noble gases, which are argon, neon, helium, krypton, and xenon; (2) anthropogenic gases of which fluorocarbons 
are of the most interest as tracers; and (3) gas isotopes in which the atomic weight of the gas is of interest 
(covered in Sections 4.4.4 and 4.3.5). These groups are not mutually exclusive. For example Krypton 85 has 
been used as a radioactive tracer, and tritium (a radioactive isotope of hydrogen) in recently recharged ground
water has its origin in nuclear weapons testing. In ground water, injection and sampling procedures generally 
are similar to those for ions. In the unsaturated zone, fracture-connectivity can be characterized using packers 
to isolate different sections of adjacent open boreholes. Gas is injected into the space between the packers in 
one hole, and air pumped out of the area between the packers in the other hole, with sampling to detect 
presence of the injected gas (Figure 4.4.3). The natural concentration of inert natural gases (such as argon and 
krypton) in infiltrating water is a function oftemperature, and measurement ofvariations in the concentrations 
of these gases in aquifers can be used to reconstruct paleoclimatic trends. The presence of fluorocarbons in 
ground water (unless a point source is suspected) indicates that the water has infiltrated within the past 40 years 
or so, since large amounts of flourocarbons were not released into the atmosphere before the late 1940's. 

Method Selection Considerations: Noble gases (such as helium, argon, and krypton) have the advantage ofbeing 
nonreactive, nontoxic, and low natural background concentrations. Problems with gases as active tracers include: 
(1) Difficulties in maintaining a constant recharge rate, (2) time required to develop equilibrium in unconfmed 
aquifers, and (3) possible loss to the atmosphere in unconfined aquifers. 

Frequency of Use: Uncommon as an active tracer. Volatile gases are commonly monitored in the vadose zone 
to detect subsurface contamination by volatile organics (see Section 9.4). 

Standard Methods/Guidelines: --

Sources for Additional ~formation: U.S. EPA (1991-Cllapter 4). 
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al., 1985). 
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4. AQUIFER TEST ME'IHODS 

4.4 GROUND-WATER TRACERS 

4.4.4 Stable Isotopes 

Other Names Used to Describe Method: Environmental isotopes. 

Uses at Contaminated Sites: Differentiating contaminant-derived and naturally occurring chemical constituents 
in ground water (for example, nitrates from fertilizer/sewage contribution, sulfates from a sulfuric acid spill, 
methane from gas leaks); tracing large-scale movement of ground water and locating areas of recharge eH and 
180). 

Method Description: Ground-water samples are collected and analyzed for isotopic composition. The average 
isotopic composition of deuterium eH) and 110 in precipitation reaches the ground water through infiltration 
changes with elevation latitude, distance from the coast, and temperature, and these variations allow 
interpretations to be made concerning the origin or recharge and large-scale movement of ground water. 
Alternatively, naturally occurring chemical constituents in ground water, such as nitrate, sulfate, and methane, 
are sampled and analyzed to determine ratios of stable isotopes of nitrogen, sulfur, and carbon. For example, 
methane (CH4) originating from deep geologic deposits is isotopically heavier than methane originating from 
near-surface sources, allowing identification of methane contamination from pipelines or subsurface storage tanks 
(Figure 4.4.4). Stable isotopes rarely are artificially injected in the field because: (1) It is difficult to detect small 
variations of most isotopes against the natural background; (2) their analysis is costly; and (3) preparing 
isotopically enriched tracers is expensive. 

Method Selection Considerations: Advantages: Isotopic ratios might be the only way to differentiate between 
natural and contaminant sources where nitrates, sulfates, and methane can result from either source. 
Disadvantages: (1) Require laboratory analyses, which are relatively expensive; (2) generally are not suitable for 
injection tests for reasons discussed above. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: U.S. EPA (1991-Chapter 4). See also, Table 4-5. 
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Figure 4.4.4 Carbon isotope percentages allow differentiation of bedrock-derived methane leaking from pipelines or 
tanks from natural methane generated in shallow aquifers in glacial drift (Davis et al., 1985, after 
Coleman et al., 1977). 
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4. AQUIFER TEST METIIODS 

4.4 GROUND-WA1ER TRACERS 

4.4.5 Radioactive Isotopes 

Other Names Used to Describe Method: Radionuclides. 

Uses at Contaminated Sites: Estimating ground-water age (tritium, carbon-14); infiltrating and discharging ground 
water to surface waters (Radon-222); testing deep-well mechanical integrity. Injected radioactive tracers can be 
used to measure a wide range of aquifer properties, but in recent years, health concerns have generally limited 
their use for near-surface applications. 

Method Description: In the early 1950s, there was extensive experimentation using radionuclides as natural 
"environmental" tracers and as injected artificial tracers for a wide variety of applications (see Table 4-3). For 
example, Figure 4.4.5a illustrates identification of ground-water flow direction in a borehole using a radioactive 
tracer. However, the use of artificially injected radioactive tracers has been greatly restricted as a result of 
concerns about possible adverse health effects. The use of "natural" environmental radioisotopes, such as 
anthropogenic tritium, carbon-14, and radon-222, can be used in estimating how long it has been since ground 
water infiltrated from the surface. In all applications of this kind, ground- or surface-water samples are collected 
and analyzed to the radionuclide of interest. Tritium: Since the 1950s, atmospheric tritium, the radioactive 
isotope of hydrogen with a half-life of 12.3 years, has been dominated by tritium from the detonation of 
thermonuclear devices. Consequently, ground water in the northern hemisphere with more than about 5 tritium 
units generally is less than 30 years old. Figure 4.4.5b illustrates age estimates and flow directions in a ground
water basin using tritium as a tracer. Carbon-14, with a half-life of 5,730 years, can be used to identify ground 
water that infiltrated in the range of 500 to 30,000 years ago. Radon-222, a daughter product from the 
spontaneous fission of Uranium-238, is present in the subsurface, but due to its short half-life of 3.8 days, is 
virtually absent in surface water that has reached equilibrium with the atmosphere. Consequently, reduced levels 
in ground water are an indication of recent infiltration of precipitation and increased levels in surface water are 
an indication of ground-water discharge. 

Method Selection Considerations: Environmental Radioisotope Advantages: (1) Normal ground-water sampling 
procedures can be followed with no health concerns; (2) analysis for tritium or Radon-222 is a relatively easy way 
to test for recent recharge. Environmental Radioisotope Disadvantages: (1) Tests for radioisotopes are not 
standard laboratmy procedures and could require some effort to find a suitable laboratory; (2) interpretation 
of carbon-14 "ages" is very complex due to possible sources of old carbon from the dissolution oflimestone and 
fractionation of isotopes by formation of gases and precipitation reactions. Injected Radioisotopes: As noted 
above, health concerns have largely stopped the use of radionuclides as active tracers, except where is not a likely 
threat to quality for drinking water, such as in deep petroleum production zones or testing the mechanical 
integrity of deep underground waste injection wells (see for example, Thornhill and Benefield [1990]). 

Frequency ofUse: Uncommon. Environmental radioisotopes could probably be beneficially used more frequently 
than they are. 

Standard Methods/Guidelines: --

Sources for Additional Information: Bradbury (1991-tritium), U.S. EPA (1991-Chapter 4). See also, Table 4-6. 
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Figure 4.4.5 Radioactive Tracers: (a) Flow direction in an uncased borehole determined from an uncased borehole 
(Halevy et al., 1967); (b) Estimated minimum ground-water age in Buena Vista ground-water basin 
(Bradbury, 1991, by permission). 
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4. AQUIFER TEST METIIODS 

4.4 GROUND-WATER TRACERS 

4.4.6 Water Temperature 

Other Names Used to Describe Method: See also, Sections 1.6.2 (Shallow Geothermal), 3.5.2 (Temperature Log), 
and 35.4 (lbermal F1owmeter). 

Uses at Contaminated Sites: Measuring ground-water travel time between two wells; detecting temperature 
anomalies associated with transport of radioactive wastes in the subsurface; detecting temperature anomalies 
associated with subsurface microbial degradation of contaminants (see Section 1.6.2); detecting river recharge 
in an aquifer. 

Method Description: A pulse of hot water is injected into a well and temperature in one or more observations 
wells down-gradient is measured at intervals to identify the initial arrival time and time of peak temperature after 
injection (Figure 4.4.6). One or more wells outside the travel path also are monitored for baseline comparison. 
Surface-water recharge of an aquifer adjacent to a river can be observed by measuring temperatures in 
observation wells near the river. Most rivers have large seasonal water temperature fluctuations, whereas ground
water temperature remain relatively constant through the year. Consequently, seasonal fluctuations in ground
water temperature near a river serve as an indicator that recharge from the surface is occurring. At a regional 
level, ground water in areas of active recharge will generally be warmer than areas of ground-water discharge. 

Method Selection Considerations: Simple, inexpensive and applicable in granular media, fractured rock, or karst. 
Very precise temperature measurement instruments should be used if the distance between observation points 
is very large (for example, a temperature drop from 40"C to 27"C has been observed over the space of0.6 meters 
[2 feet] with the peak temperature measured about 2 hours after injection). Temperature-induced changes in 
water density and viscosity can alter the velocity and direction of flow. For this reason, measurements might be 
less accurate than other tracers, but can serve as a useful complement to other tracers: (1) For selecting wells 
for more accurate tracer tests (i.e., allow focussing of sampling on only those wells that receive flow from the 
injection well where multiple wells have been installed); and (2) as a guide for developing the sampling schedule 
for other tracers. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Davis et al. (1985), U.S. EPA (1991). 
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Figure 4.4.6 Results of a field tracer test using hot water (Davis et al., 1985). 
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4. AQUIFER TEST METIIODS 

4.4 GROUND-WATER TRACERS 

4.4. 7 Particulates 

Other Names Used to Describe Method: Microbial tracers (yeast, bacteria, viruses), lycopodium spores. 

Uses at Contaminated Sites: Tracing the velocity and direction of flow in areas where water flows in large 
conduits (some basalt, karst limestone); detecting actual or potential ground-water contamination from subsurface 
seepage of sewage. 

Method Description: Microbes: A selected microbe (typically baker's yeast or nonpathogenic bacteria) are 
injected in a well and monitoring wells downgradient are sampled at time intervals (Figure 4.4. 7a). Samples are 
incubated and identified in the laboratory. If pollution is suspected, ground water is sampled at one or more 
points downgradient from the source and the samples are analyzed. Spores: A few kilograms of dyed spores are 
added to a cave or sinking stream. Movement of the tracer is monitored by sampling downstream in the cave 
at a spring with plankton nets (Figure 4.4.7b). Sediment caught in the net is concentrated, treated to remove 
organic matter, and the presence or absence spore determined using a microscope. 

Method Selection Considerations: Microbes: Can be used in any porous media where the pore size is larger than 
the size of the microorganism. In fine-grained material, sorption effects can slow travel time compared to actual 
ground-water flow. The fecal coliform R coli usually is used as an indicator of fecal pollution. Yeast and 
bacteria commonly are used due to ease of growth and detection, but care must be taken to ensure that types 
used are nonpathogenic (not a concern with baker's yeast). Viruses are smaller, but create greater health 
concerns. Spore Advantages: (1) High injection concentration is possible; (2) pose no health threat; (3) are easily 
detectable under a microscope; (4) use of multiple dye color (at least five) allows injection of multiple sites at 
the same time (however dyes used to color spores tend to be toxic); and (5) can be a good alternative to dyes 
for use in large-scale water resource reconnaissance studies in karst areas. Spore Disadvantages: (1) Spore 
tracers do not perform well without turbulent flow to keep spores in suspension or in water with high sediment 
concentrations; (2) sample collection is very labor intensive; and (3) if multiple simultaneous traces are required, 
use of fluorescent dyes and a scanning spectrofluorophotometer are easier and cheaper (see Section 4.4.2). 

Fregueney of Use: Testing of ground water for actual microbial contamination is very commonly used method 
to evaluate the effectiveness of surface and subsurface disposal of sewage wastes. The use of injected microbial 
tracers is uncommon. Lycopodium spores occasionally have been used as tracers in karst areas in Europe, but 
rarely in the United States. 

Standard Methods/Guidelines: --

Sources for Additional Information: Microbial Tracers: Keswick et al. (1982), See also, Table 4-6; Spore 
Tracers: Drew and Smith (1969), Gardner and Gray (1976). 
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Figure 4.4.7 Particulate tracers: (a) Results of a two-well tracer test in an alluvial aquifer using yeast and bromide 
(Davis et al., 1985, after Wood and Ehrlich, 1978); (b) Diagram of operating dyed-spore trap for karst 
tracer tests (Gardner and Gray, 1976). 
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4. AQUIFER TEST MEIHODS 

4.5 OrnER AQUIFER CHARACfERIZATION MEIHODS 

4.5.1 Unconfined Ground-Water Balance 

Other Names Used to Describe Method: Water/hydrologic budget. 

Uses at Contaminated Sites: Predicting the response of near-surface ground-water levels to other parameters in 
the hydrologic system. 

Method Description: A water budget requires quantification of all aspects of the hydrologic system that add or 
remove water from the component of interest. The water balance equation can be solved for any individual 
component, and there are numerous forms of the water balance equation. In the case of ground water, it usually 
is applied to unconfmed aquifers to determine changes in the amount of water stored in an aquifer and/or 
ground-water levels with time. Positive elements in the balance include: (1) lnflltration reaching the capillary 
fringe, (2) unconfined ground-water inflow in a horizontal direction, and (3) confmed water leakage from 
underlying aquifers. The negative elements of the balance include: (1) Evapotranspiration from the top of the 
capillary fringe above the water table, (2) unconfined ground-water outflow in a horizontal direction, and (3) 
unconfined ground-water outflow downwards as leakage to underlying semi-confined aquifers. Figure 4.5.1 
illustrates the way the water table responds to the interaction of the different components of the water balance. 
Most vadose zone computer models either are based on, or contain modules using, water budget principles (see 
Section 7.5.1), and often can be used without field measurement of all the input parameters of concern to 
estimate the inflltration/evapotranspiration balance in relation to ground water. The well test methods discussed 
in this section, and Section 8 (Vadose Zone Water Budget Characterization Methods) cover ways in which 
specific components of the water balance equation can be measured, if required. Other methods using water 
balance calculations are covered in Sections 7.1.1 (Infiltration Impoundment Methods), 7.5.1 (Unsaturated Zone 
Water Flux), and 8.3 (Evapotranspiration Water Balance Methods). 

Method Selection Considerations: Advantages: (1) Most useful at early stage of site characterization for using 
estimated values for various components to develop a conceptual model of the site and to identify critical 
components that might require more detailed field measurement; and (2) also useful in evaluating different 
approaches and designs for remediation of contaminated sites. Disadvantages: (1) Field measurement of 
parameters required for a water balance is very time-consuming and expensive; and (2) use of estimated values 
in place of field measurement might reduce the accuracy of calculations. 

Frequency of Use: Water balance approach is more commonly used to evaluate leaching potential of 
contaminants from the vadose to the saturated zone (Sections 7 .5.1 and 9.5.1) than for determining ground-water 
balance at a site-specific level. Commonly used for analysis of ground-water storage changes for larger areas. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 4-3. 
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4. AQUIFER TEST METIIODS 

4.5 OiliER AQUIFER CHARACfERIZATION METIIODS 

4.5.2 Moisture Profl1es for Specific Yield 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Measuring specific yield (drainable pore space) in shallow, unconfmed aquifers. 

Method Description: The initial level in a shallow well (up to 5 to 6 meters) is measured, and moisture content 
is determined at intervals of 0.1 meters in the capillary fringe above the water table, either by sampling and 
gravimetric analysis (Section 6.2.1), a neutron probe (Sections 3.3.3 and 6.2.2), or some other in situ 
measurement method (see Table 6-1). When the ground-water level has risen by the value delta H (Figure 
4.5.2), the moisture profile above the water table is determined again at the same location. The difference in 
area between the two moisture profiles in Figure 4.5.1 represents the increment of gravity water reserves for the 
observed water level rise. Brown et al. (1983) provide equations for accurate calculation of specific yield from 
the moisture profile data. 

Method Selection Considerations: Advantages: Most useful when specific yield needs to be determined at a site 
where it is desirable to avoid a pumping test that brings contaminated water to the surface. Disadvantages: (1) 
Can only be used with a shallow, unconfmed aquifer; and (2) provides Jess information about the aquifer than 
a pumping test. 

Frequency of Use: Uncommon. The advantage cited above might merit more widespread use at contaminated 
sites. 

Standard Methods/Guidelines: Brown et al. (1983). 

Sources for Additional Information: Bouwer and Jackson (1974). 
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Table 4-4 Reference Index: for Ground-Water Level/Pressure Measurement Methods 

Topic 

Reviews of Methods 

Accuracy/Precision 

Water Level Fluctuations 

Data Interpretation 

Air Line 

Electric 

Sonic Methods 

Transducers 

Float Methods 

In Situ Piezometers 

References 

Brown et al. (1983), Bureau of Reclamation (1981, 1984), Cordes (1984), Dalton 
et al. (1991), Driscoll (1986), Garber and Koopman (1968), Sophocleous and 
Perry (1984), Sweet et al. (1990), Thompson et al. (1989), Thornhill (1989), U.S. 
EPA (1987), U.S. Geological Survey (1980) 

Gibbons (1990), Sweet et al. (1990); U.S. Geological Survey Testing Program: 
Holland and Rapp (1988), Olive (1989), Rapp et al. (1985a, 1985b) 

Andreason and Brookhart (1963-reverse fluctuations), Freeze and Cherry (1979), 
Kohout (1960-effects of salt water), Languth and Treskatis (1989), Moench 
(1971), Rockaway (1970), Sayko et al. (1990), Weeks (1979-barometric effects), 
Weiss-Jennemann (1991-offsite effects), Winograd (1970) 

Chapus (1988), Davis and DeWiest (1966), Fetter (1981), Frimpter (1992), 
Henning (1990), Hoeksma et al. (1989), Rockaway (1970), Rosenberry (1990), 
Saines (1981), Struckmeier et al. (1986) 

Fournier and Truesdell (1971), Franzoy and Busch (1966), Peake and 
Mioduszewski (1989) 

Henszey (1991), Luthin (1949), Ritchey (1986), Sanders (1984), Weir and Nelson 
(1976) 

Andersen (1986), Ritchey (1986) 

Durham and Bumala (1992) 

Mechanical Float: Walton (1963); Potentiometer Float: Buchanan and Somers 
(1968), Rosenberry (1990) 

Hemond (1982), Massarsch et al. (1975), Reeve (1986), Reeve and Jensen (1949), 
Rice (1967), Russel (1981), Talsma (1960), Wissa et al. (1975), Wolf et al. (1991), 
Wolff and Olsen (1968) 
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Table 4-5 Sour£es of Information on Aquifer Tests and Analysis of Test Data 

Topic 

Ground-Water Hydraulics 

Shallow Water Table Tests 

Reviews 

Auger-Hole Method 

Pit-Baling Method 

Pumped Borehole Method 

Piezometer Methods 

Multiple-Hole Methods 

Slug Tests 

Texts/Reviews 

Pressure Displacement 

Reference 

Bear (1972,1979), Bear and Corapciuglu (1987), Bennett (1976), Brooks and 
Corey (1964-unsaturated flow), Bureau of Reclamation (1981), Campbell and 
Lehr (1973), Cedergren (1989), Collins (1961), Colt Industries (1974), Corey 
(1977), Daly (1984), DeWiest (1966, 1969), Dodge and Thompson (1937), Driscoll 
(1986), Dullien (1979), Edelman (1983), Glover (1966), Hantush (1964), Hubbert 
(1969), IAHR (1972), Lohman (1972), Marsily (1986), McWhorter and Sunada 
(1981), Muskat (1937), Peterson et al. (1952), Rosenshein and Bennett (1984), 
Scheidegger (1974), Simon (1976), Stallman (1967-unsaturated flow), Strack 
(1989), U.S. EPA (1986) 

Amoozegar and Warrick (1986), Boersma (1965), Bouma (1979, 1983), Bouwer 
and Jackson (1974), Johnson and Richter (1967), Kessler and Oosterbaan (1974), 
Kirkham (1965), Luthin (1957), Schmid (1967), U.S. EPA (1986), Youngs (1991) 

Boast and Kirkham (1971), Bouma (1983), Bouma et al. (1976, 1979a,b, 1981), 
Bouwer (1978), Bouwer and Jackson (1974), Bouwer et al. (1955-stony soils), 
Bureau of Reclamation (1978), Ernst (1950), Hendrickx (1990), Hoffman and 
Scwab (1964), Johnson et al. (1952), Kirkham (1958, 1965), Kirkham and van 
Bavel (1948), Luthin (1957-layered soils), Maasland (1955, 1957-anisotropic soils), 
Roberts (1984), Topp and Sattlecker (1983), Topp and Zebchuk (1986), U.S. 
EPA (1981), van Bavel and Kirkham (1948), van Beers (1958), Youngs (1991) 

Boast and Langebartel (1984), Bouwer and Rice (1983), Healy and Laak (1973), 
Hendrickx (1990) 

Hendrickx (1990), Kessler and Oosterbaan (1974) 

Piezometer Method: Bouwer (1978), Bureau of Reclamation (1978), Hendrickx 
(1990), Johnson et al. (1952), Kessler and Oosterbaan (1974), King and 
Franzmeier (1981), Kirkham (1946), Luthin and Kirkham (1949), Youngs (1968, 
1991); Tube Method: Frevert and Kirkham (1948), Kirkham (1946), Luthin 
(1973); Well Point Method: Bouwer and Jackson (1974), Donnan and Aronovici 
(1961) 

Overviews: Amoozegar and Warrick (1986), Bouwer and Jackson (1974), Luthin 
(1957), Youngs (1991); Two-Well: Childs (1952), Childs et al. (1953); Four-Well: 
Bouwer and Jackson (1974), Kirkham (1954), Snell and van Schilfgaarde (1964), 
Thomas and Snell (1967); Multiple-Well: Smiles and Youngs (1963); Drainage 
Outflow Method: Hendrickx (1990), Smedema and Rycroft (1983), Youngs (1991) 

Bentall (1963a), Bouwer (1978), Campbell et al. (1990), Chapus (1989), Chirlin 
(1990), Dagan (1978), Dawson and Istok (1991), Herzog and Morse (1986, 1990), 
Kraemer et al. (1990), Lohman (1972), Olson and Daniel (1981), Sevee (1991), 
Thompson et al. (1989), Wynne (1992) 

Leap (1984), Levy and Pannell (1991), McLane et al. (1990), Orient et al. (1987) 
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Topic 

Slug Tests (cont.) 

Multilevel Tests 

Hvorslev Method 

Ferris-Knowles Method 

Cooper-Bredehoeft
Papadopulos Method 

Bouwer-Rice Method 

Data Analysis 
Procedures 

Pumping Tests 

Packer Tests 

Water Balance Methods 

Texts/Reviews 

Case Studies 

Other Aquifer Properties 

Effective Porosity 

Table 4-5 (cont.) 

Reference 

Mastrolonardo and Thomsen (1992), Melville et al. (1991), Molz et al. (1990a, b), 
Widdowson et al. (1989, 1990) 

Cedergren (1989), Chirlin (1989), Freeze and Cheny (1979), Hvorslev (1951), 
Leap (1984) 

Ferris and Knowles (1954, 1963), Ferris et al. (1962), Leap (1984) 

Cooper et al. (1967), Leap (1984), Papadopulos et al. (1973), 

Bouwer (1989), Bouwer and Rice (1976) 

Dax (1987), Faust and Mercer (1984), Keller and van der Kamp (1992), Marschall 
and Barczewski (1989), Moench and Hsieh (1985), Nguyen and Pinder (1984), 
Palmer and Paul (1987), Peres et al. (1989), Widdowson et al. (1990) 

Bentall (1963a,b), Bouwer (1978), Brown et al. (1983), Bureau of Reclamation 
(1981), Qarke (1988), Dawson and Istok (1991), Driscoll (1986), Earlougher 
(1977), Ferris et al. (1962), Johnson and Richter (1967), Kruseman and de Ridder 
(1990), Lang (1967), Lohman (1972), Schicht (1972), Stallman (1971), Streltsova 
(1989), U.S. EPA (1986, 1991), U.S. Geological Survey (1980), Walton (1962, 
1979, 1987), Wenzel (1942) 

Braester and Thunvik (1984), Brassington and Walthall (1985), Bureau of 
Reclamation (1981), Dagan (1978), Koopman et al. (1962), Sevee (1991), Shuter 
and Pemberton (1978), Sutcliffe and Joyner (1966); Lugeon Test: Houlsby (1976), 
Roeper et al. (1992); see also, references for multilevel slug tests 

ASCE (1952), Brown et al. (1983), Bureau of Reclamation (1981), Chapman 
(1964), Childs (1969), Downes (1964), Hagan et al. (1967), Meinzer (1932), 
Phillips (1964, 1969), Rijtema and Wassink (1969), Skeat (1969), Sokolow and 
Chapman (1974), Thomthwaite and Mather (1955), Walton (1970) 

Dennehy and McMahon (1989), Holmes (1960), Kohler (1964), Meinzer and 
Steams (1929), Rasmussen and Andreason (1959), Schicht and Walton (1961), 
Turner and Halpenny (1941), Ubell (1965), White (1990), Williams and Lohman 
(1947) .I 

Horton et al. (1988) 
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Table 4-6 Sources of Information on Tracer Tests 

Topic 

Other Aquifer Properties (cont.) 

General Reviews 

Bibliographies 

Specific Tracers 

Dyes 

Microorganisms 

Stable Isotopes 

Radioactive Isotopes 

Karst Tracing 

Reference 

Atkinson and Smart (1981), Davis et al. (1980, 1985), Drew and Smith (1969), 
Gaspar (1987), Grisak et al. (1983), Kaufman and Orlob (1956), Knuttson (1968), 
Molz et al. (1986, 1987), U.S. EPA (1991-0lapter 4) 

Edwards and Smart (1988a,b), LaMoreaux et al. (1984, 1989), Smart et al. (1988), 
Taylor and Dey (1985), van der Leeden (1991) 

Drew and Smith (1969), Field et al. (in press), McLaughlin (1982), Mull et al. 
(1988), Quinlin (1989), Smart and Laidlaw (1977), Thrailkill et al. (1983), Wilson 
et al. (1986); see also, Karst Tracing 

Crane and Moore (1984), Gerba (1983, 1985, 1987), Gerba and Bitton (1984), 
Keswick and Gerba (1980), Keswick et al. (1982), Matthess and Pekdeger (1985), 
Romero (1970), Sobsey and Shields (1987), Vaughn and Landry (1983), Wood 
and Ehrlich (1978) 

Back and Cherry (1976), Bowen (1980-Chapter 3), Coleman et al. (1977), Davis 
and Bentley (1982), Ferronsky and Polyakov (1982), Fritz and Fontes (1980, 
1986), Halevy et al. (1967), IAEA (1967a, 1967c, 1970, 1974a, 1974b, 1978), 
Lamoreaux et al. (1984), Moser and Rauert (1985), Payne (1972) 

Csallany (1966), Gaspar and Oncescu (1972), Hoefs (1980), IAEA (1963, 1967b, 
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SECTION 5 

GROUND-WATER SAMPUNG DEVICES AND INSTALLATIONS 

A wide variety of devices and installations are available for the sampling of ground water. Sampling 
devices can be broadly classified as: (1) Portable samplers, which are used in permanently installed and screened 
monitoring wells, and (2) portable in situ samplers, which do not require monitoring wells. 

Portable Samplers 

Table 5-1 provides the following information on 20 portable sampling devices, which can be used to 
collect ground-water samples from wells: (1) Maximum depth, (2) minimum well diameter, (3) typical ranges of 
sampling rates, and (4) sections and tables in the handbook where additional information can be found. Portable 
well samplers are divided into three main groups: (1) Positive displacement samplers, (2) other sampling pumps, 
(3) grab/depth specific samplers. 

Positive displacement pumps are placed below the static water level of the well and pump the sample 
to the surface. These pumps include: Bladder pumps (also called gas-operated squeeze pumps [Section 5.1.1]); 
gear-drive (Section 5.1.2); helical rotor pumps (Section 5.1.3); gas-drive/displacement pumps, where gas displaces 
water in the subsurface to force it to surface without mixing with the sample (Section 5.1.4); and gas-drive piston 
and mechanical piston pumps (Sections 5.1.5 and 5.1.6). 

Other types of portable sampling pumps include: Suction-lift pumps (peristaltic pumps being the most 
common, but surface centrifugal and any other type of surface pump that operates using suction or a vacuum 
fall in this category [Section 5.2.1]); submersible centrifugal pumps (note that surface centrifugal pumps are 
classified as suction-lift pumps); inertial-lift pumps, which are simple mechanisms using foot-valves and inertia 
to bring water to the surface (Section 5.2.3); gas-lift pumps, where air or gas mixes with the water to bring 
ground water to the surface (Section 5.2.4); and jet or venturi pumps (Section 5.2.5). Packer pumps isolate a 
portion of the well using inflatable packers (Section 5.2.6). 

Grab samplers include: BaUers (open and point-source [Section 5.3.1]); mechanical or thief depth 
specific samplers (Kemmerer, Coliwasa, stratified sample thief [Section 5.3.3]); and pneumatic depth specific 
samplers, which use vacuum or pressure to activate the sampling mechanism (syringe, Westbay [Section 5.3.2]). 

Terminology, especially the use of the terms "air-lift" and "pneumatic" has not been used consistently 
in the literature, so it might be necessary to examine the basic operating principles of any specific sampling device 
in order to find the appropriate section that discusses its relative advantages and disadvantages. Sampling devices 
vary greatly in their suitability for sampling different chemical constituents. Table 5-2 summarizes the suitability 
of the 12 most commonly used sampling devices for 14 ground-water parameters. Bladder and helical rotor 
pumps are rated as suitable for the largest number of parameters, followed by point-source bailers. The inertial 
pump, which is not included in Table 5-2, is a quite new device, which probably would rate favorably for sampling 
many of the parameters on the table. Table 5-3 provides information on sampling devices available from 60 
commercial sources. 

Portable In Situ Samplers 

A relatively new development in ground-water sampling technology has been the design of in situ 
sampling probes, which allow rapid collection of samples without the installation of permanent wells. The 
Hydropunch• (Section 5.5.1) and BAT systems (Section 5.5.2) both operate in conjunction with conventional cone 
penetrometer rigs. This category also includes a variety of driven probes (Section 5.5.3), which can be retrieved 
after sampling, or left in place as permanent sampling points. These devices often are best used during the 
preliminary site characterization stage, or where only a shallow water table is to be sampled. Portable in situ 
samplers can be valuable in deciding the best location of permanent monitoring wells. Chemical sensors, such 
as Eh and pH probes (Section 55.4), and ion-selective electrodes (Section 5.5.5) usually are used in boreholes. 
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Table 5-1 su-ary lafonuation on Ground-Water Samplinc Devices (Information is for general guidance only) 

Sampling Device Max. Min. Sample Section Tables 
Sample Well Delivery 
Depth Diameter RateNol.• 

Portable Positive Diselacement Samelers 

Bladder Pwnps 1,000' 1.5" 0-3.0 gpm 5.1.1 5-2, 5-3 
Gear Pumps 200 2.0" 0-l.S gpm 5.1.2 5-2, 5-3 
Helical Rotor Pumps 160' 2.0" 0-1.5 gpm 5.1.3 5-2, 5-3 
Gas-Drive/Diaplaeement 300' 1.0" 0.1-10 gpm 5.1.4 5-2, 5-3 
Gas-Drive Piston Pwaps 900' 1.5" 0-1.5 gpm 5.1.5 5-2,5-3 
Mechanical Piston-Pumps Variable 1.0 to 4.0" Variable 5.1.6 

Other Portable Ground-Water Sameling Pumm! 

Peristaltic Suction Lift 25' 0.5" O.Dl-8 gpm 5.2.1 5-2, 5-3 
Centrifugal Suction lift 15' 1.0" 1.0-25 gpm 5.2.1 
Variable-Speed Submersible 
Centrifugal Pump 290' 1.75" 0.026-8 gpm 5.2.2 5-2, 5-3 

Other Submersible 
Centrifugal Pumps 2,000' 4.0+" 5.0-60 gpm 5.2.2 5-2, 5-3 

Inertial-lift Pump 200 1.5" 0-2.0 gpm 5.2.3 
Gas-lift Variable 1.0" Variable 5.2.4 5-2 
Jet (Venturi) Pump 200' <1.0" 25-30 gpm 5.2.5 
Packer Pumpsb Variable 2.0" Variable 5.2.6 

Portable Grabffieeth Seecific Samelers 

Open Bailer" No limit 0.5" Variable 5.3.1 5-2, 5-3 
Point-Souree Bailer" No limit 0.5" Variable 5.3.1 5-2, 5-3 
Syrince Slllllpler No limit 1.5" 0.01-0.2 gal 5.3.2 5-2, 5-3 
Westbay Sampler No limit 1.5" 40mL 5.3.2 
KemmererNan Dom No limit 1.0" Variable 5.3.3 
Coliwasa 5' 2.0" Variable 5.3.3 
Stratified Sample Thief No limit 1.5" Variable 5.3.3 
Swabbing No limit 6.0" Variable 5.3.3 

Portableffermanent In Situ Samele!!L§ensors 

Hydropunch 150'd NA 500-1,250 mL 5.5.1 
BAT Sampler 100'd NA 150mL 5.5.2 
Other CPT Samplers" 25' NA 0.01-0.3 gpm 5.5.2 
Other In Situ Probes" 25' NA 0.01-0.3 gpm 5.5.3 
Eh, pH Probes No limit 1.0" NA 5.5.4 
Ion-Selective Electrodes No limit 1.0" NA 5.5.5 
Fiber Optic Sensors No limit ±2.0" NA 5.5.6 
Other Chemical Sensors No limit 2.0-6.0" NA 10.6.5 

Boldfaee = most commonly used devices. 

•Sample delivery rates and volumes are averages based on typical field conditions. Actual rates are a function of diameter of 
monitoring well installation, size and capacity of sampling device, hydrogeologic conditions, and depth to sampling point. 
bDepends on type of pump used (submersible, gas lift, suction)--see appropriate device for ratings. 
"Not recommended for use with sensitive chemical constituents (see text discussion). 
<~Unlimited depth if hole is bored to desired depth before using sampler. Otherwise, actual depth of penetration is highly dependent 
on type of soil material. 
"Depth and pumping rate depends on type of suction-lift device used. Values shown are for peristaltic pump. 
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Table 5-l Suitability of M.Vor Ground-Water S11111plinc Devices for Different Ground-Water PIU'Illlleters 

Inorganic Organic Other 
--------------·-------·--------------------------------·----- ................................................................... ---------------------------------

Sampling Device EC pH Re- Major Tr. N03 Diss. Non Vol. TOC TOX Ra- Alpha Coli-
dox Ions Met. F Gases Vol. dium Beta form 

Portable GrabLQel!th Sl!ecific Saml!lers 

Open Bailer X X X X X X X 

Point-Source Bailer X X X X X X X X X X X X 

Syringe Sampler X X X X X X X X X X 

Portable Positive Disl!lacement (Submersible) Puml!!! 

Bladder X X X X X X X X X X X X X X 

Centrifugal X X X X X 

Helical Rotor X X X X X X X X X X X X X 

Gas-Drive Piston X X X X X X X 

"-· Gear-Drive X 

Other Portable Saml!lers 

Peristaltic X X X X X X 

Gas-Drive/Displacement X X X X X 

Gas-Lift 

Portable In Situ Saml!lers 

Pneumatic X X X X X X X X X X 

TOC = Total Organic Carbon. 
TOX "" Total Organic Halogen. 

Source: Adapted from Pohlmann and Hess (1988) 
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Table 5-3 Characteristics of Some Commercially Available Ground-Water Sampling Devices 

GROUND 
WELL SAMPLERS CONDUCT. 

~ w E ~ if J: 

~ 
w 1- ::l 

::;j C!l C!l 
z 0 ...J ~ z 

:$ 6 w 
~ 

en 
~ 

<( 

0 8 ...J a: J: a: 
w ...J > w 1- 1- ll. 

MANUFACTURER ll. ...J ...J ...i 8 ti: ~ 
a: ll. :::;; 

~ 1- ~ 0 ~ w w. :::;; > ID ::::; 0 1-

AMERICAN SIGMA BA.SL AV,SS 2+ 250 14 400 CG,CA PO,FX 
7161798-5580. 800/635-4567 AL,GS TE 
AMETEK, PM T 215/355-6000 
ARTS MANUFACTURING & SUPPLY X 
208/226-2017, 800/635-7330 
ATLANTIC SCREEN & MANUFACTURING BA.SU AB,PV,SS 1.315- 1.49- 12- 300 AC,DC PO.FX 
3021684-3197 AL TE PE 4.50 84.48 120 CA 
BENNETT SAMPLE PUMPS 806/352·0264 GP ss 1.5+ 1000 CACG PO.FX 
BRAINARD KILMAN BA.GR AY,PV 2-4 2.3 100 MA,CA PO.FX 
404/469-2720. 800/241-9468 SL ss 5 
CAMBRIDGE SCIENTIFIC X 
410/228-51 11 800/638·9566 
CAPITAL CONTROLS 215/822-2901, 800/523-2553 X 
DIVERSIFIED REMEDIATION CONTROLS GR 
6121424-2421.800/644-1372 
DIVERSIFIED WELL PRODUCTS BA,AL PV,SS 2 12 300 CA PO 
7141637-2383. 800/637-9355 
DREXELBROOK ENGINEERING 215/674·1234 
DYNAMIC PROCESS INDUSTRIES 214/556-0010 GR 
E L E INTERNATIONAL'SOILTEST PRODUCTS 
708/295-9400. 8001323·1242 
EJECTOR SYSTEMS 708/543-2214,800/645-5325 GR 
ENVIRO PRODUCTS BA,SU PE,AY,PV 1+ 12- 250 AC PO 
517/887-1222, 800/368-4764 SSTE 36 
ENVIRONMENTAL INSTRUMENTS BA,SL AY,PV 2+ 36 280 CG PO,FX 150 212 
510/686-4474, 800/648-9355 SU,AL SSTE 
ENVIRONMENTAL MONITORING 
206/486-8687. 800/468-3106 
ENVIRONMENTAL SYSTEMS ENGINEERING GR 
215/538-7000 
FULZ PUMPS 717/248-2300 su PESSTE 2-3 150 DC PO,FX 
GENERAL OCEANICS/ENVIRONMENTAL X X 
3051621-2882 
GEOTECH ENVIRONMENTAL EQUIPMENT BA,SL PP,SR,SS 400 CG,AC PO,FX 330 23-122 
3031433-7101,800/833-7958 SU,AL PV,TE DC,BT 

VYPE CA 
GEOTECHNICAL SERVICES 714/832-5610 X X 
GODWIN PUMPS 609/467-3636 GR 
GRUNDFOS PUMPS 209/292·8000 su 
HAZCO SERVICES 513/293·2700 8001332·0435 BA 
HYDROLAB 5121255-8841 X 600 23·122 
IN-SITU 920 
3071742-8213, 800/446-7488 
INDUSTRIAL & CHEMICAL MEASUREMENTS X 
503/648-2014 8001262-3668 
INSTRUMENTATION NORTHWEST su SS,TE 2+ 500 DC,CA PO,FX 
2061885-3729 8oom6-9355 
INVENTRON 
313/473-9250 
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1.5 

500 BT y 

3000 ACDC 1/a 

X 

X 
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Table 5-3 (cont.) 

WELL SAMPLERS 

w MANUFACTURER 0.. 

~ 
ISCO ENVIRONMENTAL BA,SL 
4021474·2233, 800/228-4373 GS 
JENSEN INERT PRODUCTS BA 
305/871·8339, 800/446·3781 

KECK INSTRUMENTS BA,SU 
517/655·5616, 800/542·5681 
KELLER PSI619/697·6066. 800/328·3665 
LEUPOLD & STEVENS 503/646·9171, 800/452·5272 
M M C INTERNATIONAL BA 
516/239· 7339. 800/645· 7339 
MARSCHALK 919/781·8788, 800/722-8200 GS 
MARTEK INSTRUMENTS 714/250-4738 X 
METRITAPE 508/369·7500 
NATIONAL ENVIRONMENTAL SYSTEMS GR 
508!761·6611 
NEPCCO EQUIPMENT 904/867·7482 800/277·3279 BA,GR 
NORTON PERFORMANCE PLASTICS BA 
201/696-4700, 800/526·7844 
OMNIDATA INTERNATIONAL 8011753·7760 
ONTEK 310/510·0434, 800/356-5872 BA 
PETRO VEND 708/485-4200 
PROTEC 918/493·6101 GR 
0 E D GROUNDWATER SPECIALISTS GS,BA 
313/995·2547, 800/624·2026 GR 
REMEDIAL SYSTEMS 508/543·1512 
SEEPEX 513/233·9904 800/695·3659 
SOIL MOISTURE EQUIPMENT 805/964·3525 X 
SOLINST CANADA BA,AL 
416/873·2255 GS 
SOLOMAT 203/849·3111, 800/765-6628 
TELOG 7161359·1110 
TIMCO AL,GS 
608/643-8534. 800/236·8534 BA,GR 
UNIDATA AMERICA 503/697-3570 
VEEDER ROOT 203/651·2700 
XITECH INSTRUMENTS 7071425·9283 GR 
y s 1513/767·7241 800/765-4974 

KEY FOR GROUNDWATER SAMPLING 
AB ABS 
AC AC 
AL AIR LIFT SAMPLERS 
AY ACRYLIC 
BA BAILERS 
BT BATTERY 
CA COMPRESSED AIR 
CG COMPRESSED GAS 
DC DC 
FX FIXED 
GP GAS-OPERATED PISTON PUMPS 

~ 
::E 
< 
15 
...J 

...J ...J 
1- w 
::; s: 

TE,PE 1'12+ 
SR,SS 

TE 2,4 

PV,TE 1 213 
SS,VI 

ss 1o/a 

ss 1.5+ 

TE,PP 1,2 
3,4 

AY,PV 1V•+ 
SS,TE 

SS,TE 'h+ 

AY,PV 0.84· 
SS,TE 4.5 

GR GROUNDWATER RECOVERY PUMPING SYSTEMS 
GS GAS-OPERATED SQUEEZE PUMPS 

Source: April 1993 issue of Pollution Equipment News 
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BT,GA PO,FX 
CG 

DC.BT PO 

CA PO,FX 
1000 212 

100 23·178 

DC.CA PO X 
CG 

CA.CG PO,FX 

X 32-122 

BT,CA PO,FX 
CG 

150 23·122 

MA MANUAL 
PE POLYETHYLENE 
PO PORTABLE 
PP POLYPROPYLENE 
PV PVC 
SL SUCTION LIFT PUMPS 
SR SILICONE RUBBER 
SS STAINLESS STEEL 
SU SUBMERSIBLE PUMPS 
TE TEFLON 
VI VITON 
VY VINYL 
X PRODUCT PRODUCED 
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Use of ftber opUe (Section 5.5.6), electrochemical piezoelectric,and other chemical sensors (Section 10.6.5) for 
subsurface chemical characterization is the subject of considerable research, and might become more widespread 
for routine investigations with further refinements in instrumentation. Strictly speaking, the term in situ (from 
Latin, meaning in its original position) only should be applied to chemical sensors that measure ground-water 
quality in place without bringing the sample to the surface. In common usage, however, the term is applied to 
methods that allow collection of samples without the installation of a permanent monitoring well, or permanent 
installations that do not require use of portable sampling equipment. 

Sampling Installations 

Permanent well installations for portable samplers include: (1) Single-riser/limited interval wells, in 
which only a small section of an aquifer is sampled (Section 5.4.1); (2) single-riser/long screen wells, in which 
the entire thickness of the aquifer is sampled (Section 5.4.2); (3) nested wells in a single borehole, in which 
different portions of the aquifers are sampled from isolated screen intetvals installed in one hole (Section 5.4.3); 
and (4) nested wells in separate boreholes (often called elusters), in which single-riser/limited intetval wells are 
installed in a cluster to different levels in an aquifer (Section 5.4.4). Permanent in situ installations include: (1) 
Capsule multilevel installations (Section 5.6.1), and (2) multiple-port casings (Section 5.6.2). 

This section also covers destructive ground-water sampling methods (Section 5.7). An overview of 
general aspects of ground-water sampling procedures is contained in Appendix B. 
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5. GROUND-WATER SAMPI.lNG METIIODS 

5.1 PORTABLE POSITIVE DISPlACEMENT GROUND-WATER SAMPLERS 

5.1.1 Bladder Pumps 

Other Names Used to Describe Method: Gas-operated bladder pump, gas-squeeze pump, diaphragm pump, 
Middelburg-type bladder pump, gas-operated squeeze pump. 

Uses at Contaminated Sites: Collecting ground-water samples. 

Method Description: A flexible bladder within the device has check valves at each end (Figure 5.1.1a). The 
pump mechanism is placed in the well. Gas from ground surface is cycled between the bladder and sampler wall, 
forcing the sample to enter the bladder and then be driven up the discharge line. Figure 5.1.1b shows an 
operational bladder pump unit. 

Method Selection Considerations: See Table 5-2 for suitability ratings for different ground-water parameters 
using bladder pumps. Advantages: (1) Most bladder pumps have been designed specifically to sample for low 
levels of contaminants, so most are, or can be, made of inert or nearly inert materials; (2) the driving gas does 
not contact the sample directly, minimizing problems of aeration or gas stripping; (3) are portable, although 
accessory equipment can be cumbersome; (4) relatively high pumping rate in comparison to other sampling 
devices allows well purging and large sample volumes to be collected; (5) pumping rate of most models can be 
controlled easily to allow for both well purging at high flow rates and collection of volatile samples at low flow 
rates; (6) most models are capable of pumping lifts in excess of 200 feet; (7) are easy to disassemble for cleaning 
and repair; (8) most models are designed for use in small-diameter wells (1.5 to 2 inches), while large diameter 
pumps (3.25 inch outer diameter) are available for larger diameter wells; (9) are relatively durable, allowing 
dedication of pumps to individual wells to eliminate cross contamination and speed sample collection; and (10) 
in-line filtration is possible. Disadvantages: (1) Deep sampling requires large volumes of gas and longer cycles, 
increasing operating time and expense, and reducing portability; (2) check valves in some pump models can fail 
in water with high suspended solids; (3) relatively expensive; (4) minimum rates of discharge for some models 
can be higher than ideal for sampling volatile compounds; (5) require large but portable power source 
(compressed gas); and (6) intermittent but adjustable flow. 

Frequency of Use: Second most common sampling device, and the most widely used device when samplers are 
dedicated to a single well. One of the best devices for sampling both trace inorganics and volatile organics. 

Standard Methods/Guidelines: --

Sources for Additional Information: Gillham et al. (1983), Morrison (1983), Nielsen and Yeates (1985), 
Pohlmann and Hess (1988), Rehm et al. (1985), Scalf et al. (1981). See also, Table 5-4. 

5-1 



r~ 

Sample Discharge Check Valve-----------~ 

Gas Inlet ------•·lr"-ll 

~~ 

Pump Casing--~---'--...-

Bladder -------1-11-1 __ -. 

~ 
-----~=";\~'l::: Water Intake Check Valve _,-

l4 4.2 em »! 

(a) 

102 em 

PERFORATED 
FLOW 
TUBE 

INTAKE VALVE 
ASSEMBLY 

(INSIDE 
SCREEN) 

(b) 

AIR LINE 
TO 
PRESSURIZE 

ANNULAR 
SPACE 

Figure 5.1.1 Bladder pump: (a) Schematic (Pohlmann et al., 1990); (b) Operational unit (Morrison, 1983, by 
permission). 
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5. GROUND-WA1ER SAMPLING METHODS 

5.1 PORTABLE POSffiVE DISPlACEMENT GROUND-WATER SAMPLERS 

5.1.2 Gear Pump 

Other Names Used to Describe Method: Gear-drive electric submersible pump. 

Uses at Contaminated Sites: Well development and purging; collecting ground-water samples for non-sensitive 
parameters. 

Method Description: Electric motor rotates a set of gears, which drives the sample up the discharge line (Figure 
5.1.2). Pumps designed for ground-water sampling use Teflon gears. 

Method Selection Considerations: See Table 5-2 for suitability ratings for different ground-water parameters 
using a gear-drive pump. Advantages: (1) Constructed of inert or nearly inert materials, making it suitable for 
sampling organics when optionally available Teflon discharge line is used; (2) highly portable and totally self
contained, except when auxiliary power sources are used; (3) able to provide a continuous sample over extended 
periods of time; (4) models available for both 2-inch and 3-inch or larger wells; (5) high pumping rates are 
possible, making it feasible to use the pump for both well purging and sampling; (6) reasonably high pumping 
rates can be achieved to depths of 150 feet, and depth range can be extended through the use of an auxiliary 
power source; (7) easy to operate, clean, and maintain in the field, and replacement parts are inexpensive; and 
(8) in comparison to other pumps offering the same performance, these pumps are inexpensive to purchase and 
operate. Disadvantages: (1) No control over flow rates, so it is not possible to adjust from a high pumping rate 
for well purging to a lower rate required for sampling volatiles; (2) sampling of wells with high levels of 
suspended solids might require frequent replacement of gears; and (3) potential for pressure changes (cavitation) 
exists at the drive mechanism (this has not be adequately evaluated). 

Frequency of Use: Units designed for ground-water sampling are relatively new (6 to 7 years old). Pohlmann 
and Hess (1988) rate this pump as suitable for volatiles sampling (Figure 5-2), but their use has not be widely 
reported in the ground-water literature. 

Standard Methods/Guidelines: --

Sources for Additional Information: Imbrigiotta et al. (1988), Nielsen and Yeates (1985), Pohlmann and Hess 
(1988). 
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5. GROUND-WAlER SAMPLING METHODS 

5.1 PORTABLE POSffiVE DISPlACEMENT GROUND-WA1ER SAMPLERS 

5.1.3 Helical-Rotor Pump 

Other Names Used to Describe Method: Helical rotor electric submersible pump, helical submersible electric 
pump (HSEP), progressive cavity pump. 

Uses at Contaminated Sites: Well development and purging; collecting ground-water samples for non-sensitive 
parameters. 

Method Description: Water sample is forced up discharge line by electrically driven rotor-stator assembly that 
moves water through a progression of cavities to the discharge line (Figure 5.1.3). 

Method Selection Considerations: See Table 5-2 for suitability ratings for different ground-water parameters 
using a helical rotor pump. Advantages: (1) Portable and relatively easy to transport in the field to remote 
locations; (2) well-suited for use in 2-inch wells; (3) relatively high pumping rates are possible with currently 
available units, allowing well purging, while low pumping rates are possible for sampling; ( 4) Keck pump has been 
specificaJly designed for monitoring ground-water contamination, and so is constructed of inert or nearly inert 
materials (stainless steel and Teflon); and (5) no priming necessary. Disadvantages: (1) Currently available pump 
unit is limited to 160 feet of pumping lift; (2) high pumping rates with this pump lead to creation of turbulence, 
which can alter sample chemistry; (3) thorough cleaning and repair in the field can be difficult because the pump 
is moderately difficult to dissemble; (4) water with high suspended solids content can cause aeration problems; 
(5) the currently available model is expensive in comparison to other devices offering comparable performance; 
(6) the pump must be cycled on and off approximately every 20 minutes to avoid overheating the motor; (7) the 
flow rate cannot be controlled, so the pump might not be suitable to taking samples for analysis of chemically 
sensitive parameters; and (8) sample might be contaminated by coming in contact with the pumping mechanism. 

Frequency of Use: Large-diameter progressive cavity pumps are used in the petroleum industry and in water 
wells; small-diameter helical rotor pumps designed for ground-water sampling are becoming more commonly 
used. 

Standard Methods/Guidelines: --

Sources for Additional Information: Koopman (1979), Morrison (1983), Nielsen and Yeates (1985), Pohlmann 
and Hess (1988), Rehm et al. (1985). See also, Table 5-4. 
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Figure 5.1.3 Submersible helical rotor pump (Morrison, 1983, by permission). 
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5. GROUND-WA'IER SAMPLING METIIODS 

5.1 PORTABlE POSffiVE DISPLACEMENT GROUND-WA'IER SAMPlERS 

5.1.4 Gas-Drive (Displacement) Pumps. • 

Other Names Used to Describe Method: Pressure displacement pumps, single/double/triple tube gas-drive 
sampler; gas-drive continuous flow pump, nitrogen-powered continuous-delivery pump, pneumatic sampler (not 
to be confused with depth-specific pneumatic samplers in Section 5.3.2). 

Uses at Contaminated Sites: Collecting ground-water samples. 

Method Description: Positive gas pressure applied to the surface of water within the device's sample chamber 
forces the sample to surface through an open tube. Most available devices function on a filling-emptying two
step cycle, in which no water is obtained at the surface during the filling step (Figure 5.1.4a). A continuous-flow 
device consisting of two separate, in-line gas-drive devices has been developed that eliminates this problem 
(Figure 5.1.4b). Materials can include polyethylene, brass, nylon, aluminum oxide, PVC, and polypropylene. A 
simpler, annulus-type sampling method involves pressurizing the annulus space to drive water up a tube in which 
the intake is placed below the maximum depression of the water level in the well (Figure 5.1.4c). 

Method Selection Considerations: See Table 5-2 for suitability ratings for different ground-water parameters 
using gas drive devices. Advantages: (1) Can be used in wells as small a8 1.25 inches; (2) inexpensive, allowing 
dedication to individual wells to eliminate possible cross-contamination; (3) highly portable for most sampling 
applications; (4) discrete depth sampling possible; (5) deliver sample at a controlled, nearly continuous flow rate; 
(6) use of an inert gas, such as nitrogen, minimizes sample oxidation and other chemical alteration; (7) can be 
installed permanently in boreholes without casing; (8) permanent and multiple installations in a single borehole 
are possible (see Section 5.6.2), avoiding possible cross-contamination; (9) can be constructed entirely of inert 
materials; (10) depth of sampling limited only by the burst strength of the materials from which the device and 
tubing are made (typically 300 feet); (11) good potential for preserving sample integrity because there is minimal 
contact between the driving gas and the sample, and because the sample is driven by a positive pressure gradient; 
and (12) triple-tube sampler is well-suited for installations of very narrow diameter (as low as 3!8 of an inch). 
Disadvantages: (1) Might not be appropriate for chemically sensitive parameters if air or oxygen is used as the 
driving gas due to oxidation (causing possible precipitation of meals), and gas stripping of volatiles or carbon 
dioxide (with consequent shift in pH); (2) deep sampling locations require an air compressor or large 
compressed-air tanks, reducing portability; (3) application of excessive pressure can rupture the gas entry or 
discharge tubing; (4) permanent installations in boreholes without casing are difficult or impossible to retrieve 
for repair and proper installation and operation might not be assured; (5) not very efficient for purging wells 
larger than about l-inch diameter; (6) can be difficult to clean between sampling sessions; (7) driving gas comes 
in contact with the water, which contaminates the beginning and the end of the slug of water obtained as the 
surface; and (8) pump intermittently and at a variable flow-rate. 

Frequency of Use: Most commonly used for purging rather than sampling. 

Standard Methods/Guidelines: Purging: Ford et al. (1984). 

Sources for Additional Information: Gillham et al. (1983), Morrison (1983), Nielsen and Yeates (1985), 
Pohlmann and Hess (1988), Rehm et al. (1985). See also, Table 5-4. 

*There is some inconsistency in the published literature in the use of the term "gas" or "air" lift, which has been 
applied to two distinctly different types of samplers. In this handbook the term gas lift (Section 5.2.4) refers to 
methods where gas mixes with water to provide the buoyant force to bring it to the surface, and gas drive (this 
section) refers to methods in which gas is used to push water up a tube without the gas becoming mixed with 
the water that is brought to the surface. Morrison (1983) and Scalf et al. (1981) have applied the term "lift" to 
samplers that are classified as gas-drive samplers in this guide. 
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5. GROUND-WA1ER SAMPLING METIIODS 

5.1 PORTABLE POSITIVE DISPlACEMENT GROUND-WA1ER SAMPLERS 

5.1.5 Gas-Drive Piston Pumps 

Other Names Used to Describe Method: Gas-drive piston pump, gas-operated double-acting piston pump, rod 
pump, stationary barrel piston pump, air activated piston pump (AAPP). 

Uses at Contaminated Sites: Collecting ground-water samples. 

Method Description: Piston pumps consist of one or more plungers (pistons) moving inside a submerged cylinder 
or barrel. When the piston moves up and down, one-way check valves direct water moved by the pistons to the 
surface. Gas-drive pumps use gas pressure controlled from the surface to drive the piston up and down. Figure 
5.1.5a illustrates an in-situ single-piston syringe pump for a multi-level sampling installation. Figure 5.1.5b shows 
a schematic of a dual-piston pump. Section 5.1.6 discusses mechanically-driven piston pumps. 

Method Selection Considerations: See Table 5-2 for suitability ratings for different ground-water parameters 
using a gas-drive piston pump. Advantages: (1) Sample is isolated from the driving gas, avoiding aeration; (2) 
provide a continuous sample over extended periods of time; (3) relatively easy to operate and easy to disassemble 
for cleaning and maintenance, although some problems, such as with the pump motor or valving mechanism, 
cannot usually be solved in the field; (4) models available for small diameter wells (1.25 to 2 inches or greater); 
(5) pump uses gas economically; (6) pumping lifts of more than 500 feet can be overcome; (7) double-acting 
pumps have continuous adjustable flow rate by varying the driving gas pressure on the pump; (8) can be made 
of inert or nearly inert materials, although most commercially available pumps are not; and (9) moderately high 
pumping rates at great depths allow collection of large volumes of sample in a relatively short time. 
Disadvantages: (1) Relatively expensive in comparison to other sampling devices; (2) not highly portable, must 
be mounted on a vehicle; (3) unless pump intake is filtered, particulate matter can damage the pump's intricate 
valving mechanism; (4) the pump's valving mechanism might cause a series of pressure drops in the sample 
resulting in sample degassing and pH changes; (5) fixed-length tubing bundles can be inconvenient for shallow, 
low-yield monitoring wells; (6) the tubing bundles can be difficult to clean adequately to avoid cross
contamination; and (7) single acting pumps have intermittent flow. 

Frequency of Use: Gas-drive piston pumps are designed specifically for ground-water sampling; moderately 
common. 

Standard Methods/Guidelines: Sampling: Ford et al. (1984). 

Sources for Additional Information: Gillham et al. (1983), Koopman (1979), Nielsen and Yeates (1985), 
Pohlmann and Hess (1988), Rehm et al. (1985), Scalf et al. (1981). See also, Table 5-4. 

5-15 



FIBERGLASS 
CLOTH 

SCREENED 
SAMPLING 
TIP 

(a) 

PRESSURE TUBE 
(0.3 em I. D. POLYETHYLENE) 

B I 

CHECK 
VALVE 

SAMPLE 
DELIVERY 
TUBE 

5.0 em I.D 
SCHEDULE 80 
PVC PIPE 

CHECK 
VALVE 

OUTFLOW 

PISTON 
PUMP 

SUCTION 

EXHAUST 

L---t=~~=-4--NORMAL 
POSITION 

', 
P' 

~ 
BUTTON 
BLEED 
VALVE 

(b) 

\ 

OPERATED 
POSITION 

PILOT VALVE 
P'~PRESSURE 
E'~EXHAUST 

NEEDLE VALVE 
RESTRICTION 

SWITCHING UNIT 
P~PRESSURE 
E~EXHAUST 

"0" RING SEALS 
DURING UP CYCLE 

"0" RING SEALS 
DURING 
DOWN CYCLE 

NEEDLE VALVE 
RESTRICTION 
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5. GROUND-WA1ER SAMPLING METHODS 

5.1 PORTABLE POSffiVE DISPlACEMENT GROUND-WATER SAMPLERS 

5.1.6 Mechanical Piston Pumps 

Other Names Used to Describe Method: Rod pump, stationary barrel piston pump, sucker rod pump, piston 
pump. 

Uses at Contaminated Sites: Collecting ground-water samples. 

Method Description: Piston pumps consist of one or more plungers (pistons) moving inside a submerged cylinder 
or barrel. When the piston moves up and down, one-way check valves direct water moved by the pistons to the 
surface (Figure 5.1.6). Rod pumps use steel or wooden rods that are attached to the piston and run to the 
surface, where they are connected to a mechanical driving mechanism, which can be powered by hand, electric 
motor, gasoline engine, or windmill. Figure 5.1.6 illustrates wind-mill and hand pump assemblies for moving the 
rod up and down. 

Method Selection Considerations: Rod-Pumps: Generally not suited for ground-water sampling because: (1) 
Require large power sources and are permanently mounted; (2) are difficult to clean; (3) require large diameter 
wells (4 inches or greater); and (4) contact with pumping mechanism can cause contamination. Unwin (1982) 
has noted the development of a prototype rod pump small enough to fit down a l-inch casing. 

Frequency of Use: Mechanical piston pumps commonly are used for water and petroleum production; use for 
ground-water is fairly common. 

Standard Methods/Guidelines: --

Sources for Additional Information: Gillham et al. (1983), Unwin (1982), U.S. Anny (1981). 
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5. GROUND-WA1ER SAMPLING METIIODS 

5.2 OTIIER PORTABLE GROUND-WA1ER SAMPLING PUMPS 

5.2.1 Suction-Uft Pumps 

Other Names Used to Describe Method: Peristaltic suction/tubing pump, direct line vacuum pump, surface 
centrifugal pump, manual diaphragm-type pump, pitcher pump, surface adsorption/thermal desorption (AID) 
sampler, subsurface AID sampler. 

Uses at Contaminated Sites: Collecting ground-water samples. 

Method Description: A large variety of surface pumps that apply a vacuum to the well casing, or to tubing 
running from the pump to the desired sampling depth, can be used for ground-water sampling. The most 
commonly used is the peristaltic pump, which is a self priming manual or power operated vacuum pump (Figure 
5.2.1a). Other types of manual vacuum or diaphragm-type pumps or portable gasoline-powered or electric 
surface centrifugal pumps can be attached to tubing for sample retrieval. Another device that can be used as 
a permanent sampling installation for ground-water sampling where sensitive parameters are not involved is the 
conventional manual pitcher pump, which is commonly used on shallow water supply wells (Figure 5.2.1b). 
Ground-water samples containing volatile organic compounds require use of sample tubing and containers that 
can be used for gas headspace/vacuum extraction (Section 10.2.1) or purge and trap extraction (Section 10.2.2), 
or adsorption/thermal desorption (AD'I) samplers (Section 10.2.4). ADT samplers can be placed at the surface 
(Figure 5.2.1c) or in the well (Figure 5.2.1d). 

Method Selection Considerations: See Table 5-2 for suitability ratings for different ground-water parameters 
using a peristaltic pump. Advantages: (1) Most suction lift pumps are easily controlled to provide a continuous 
and variable flow rate; (2) simple, convenient to operate, highly portable, and readily available; (3) most are 
relatively inexpensive to purchase and operate; (4) sample does not come in contact with the pump, so only the 
tubing must be cleaned (peristaltic pump only); (5) can be used in wells of any diameter and can be used in 
nonplumb wells; (6) easily cleaned; (7) components can be made of inert materials; and (8) in-line filtration is 
possible. Disadvantages: (1) Sampling is limited to wells where the water level is less than 25 feet below the 
surface; (2) the drop in pressure caused by the suction causes degassing of the sample and loss of volatiles, 
especially if the sample is taken from an in-line vacuum flask; (3) the gasoline motor power source used for most 
centrifugal pumps creates potential for hydrocarbon contamination of samples; (4) pumping with centrifugal 
pumps causes aeration and turbulence, which might disturb sample integrity; (5) centrifugal pumps might have 
to be primed, providing a possible source of sample contamination; (6) low pumping rates of peristaltic pumps 
make it difficult to purge the well in a reasonable amount of time; (7) can cause contamination if sample is 
allowed to touch pump components; and (8) where the sample comes in contact with the pump mechanism or 
tubing, the choice of appropriate materials for impellers (centrifugal pump) or flexible pump-head tubing 
(peristaltic pump) might be restrictive. 

Frequency of Use: Surface centrifugal pump is commonly used for well development. Peristaltic pumps are 
commonly used for shallow ground-water sampling. 

Standard Methods/Guidelines: Peristaltic (purging and sampling): Ford et al. (1984). 

Sources for Additional Information: Gillham et al. (1983), Morrison (1983), Nielsen and Yeates (1985), 
Pohlmann and Hess (1988), Rehm et al. (1985), Scalf et al. (1981), Unwin (1982). See also, Table 5-4. 
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5. GROUND-WATER SAMPLING MEIHODS 

5.2 01HER PORTABLE GROUND-WATER SAMPLING PUMPS 

5.2.2 Submersible Centrifugal Pumps 

Other Names Used to Describe Method: Rotary submersible pump, impeller submersible electric pump (ISEP); 
small-diameter submersible centrifugal: Johnson-Keck, Grundfos. 

Uses at Contaminated Sites: Well purging and collecting ground-water samples. 

Method Description: Electrically driven rotating impeller accelerates water within the pump body, building up 
pressure and forcing the sample up the discharge line (Figure 5.2.2). Commonly constructed of stainless steel, 
teflon, rubber, and brass. 

Method Selection Considerations: See Table 5-2 for suitability ratings for different ground-water parameters 
using centrifugal pumps. Advantages: (1) Can pump at large and variable flow rates, which makes them good for 
purging; (2) small-diameter units are available that can be used in 2-inch diameter wells and can be operated at 
both high flow rates for purging and low flow rates for sampling; (3) clay, silt, and fine sand have relatively little 
effect on small-diameter units; and (4) relatively limited test data indicates that small-diameter units yield 
comparable results to bladder pumps and helical rotor pumps when VOCs are sampled. Disadvantages: (1) 
Conventional units are subject to excessive wear in abrasive or corrosive waters; (2) relatively expensive in 
comparison to other devices offering comparable perfonnance; (3) conventional pumps cannot be used in 
installations of diameter less than about 4 inches; and (4) potential for sample contamination from lubricants in 
motors in both small- diameter and conventional pumps. 

Frequency of Use: Conventional, large-diameter pumps are common in water wells; small-diameter units for 
ground-water sampling are becoming more commonly used. 

Standard Methods/Guidelines: Sampling: Ford et al. (1984). 

Sources for Additional Infonnation: Gillham et al. (1983), Koopman (1979), McMillion and Keeley (1968), 
Morrison (1983), Pohlmann and Hess (1988), Rehm et al. (1985). See also, Table 5-4. 
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5. GROUND-WATER SAMPLING METHODS 

5.2 01HER PORTABLE GROUND-WATER SAMPLING PUMPS 

5.2.3 Inertial-lift Pumps 

Other Names Used to Describe Method: Inertial pump. 

Uses at Contaminated Sites: Well purging and ground-water sampling. 

Method Description: The pump consists of a foot valve at the end of a flexible tube, which runs to the surface. 
At the beginning of sampling, the water column in the sampling tube is equal to that in the well. A levered 
handle or gasoline motor drive provides a continuous up-and-down movement of the tubing. An initial rapid 
upstroke lifts the water column in the tubing a distance equal to the stroke length. At the end of the upstroke, 
the water continues to move slightly upward by inertia. On the downstroke, the foot valve opens allowing fresh 
water to enter the tube. Figure 5.2.3 shows an installation with a levered handle for pumping. 

Method Selection Considerations: Advantages: (1) Design is simple, easy to operate, and requires little or no 
maintenance; (2) inexpensive in comparison to other pumps, allowing dedication of pumps to individual wells; 
(3) can be used in monitoring wells as small as 05 inches in diameter and are capable of controlled flow rates 
between 0 and 2 gallons per minute; (4) are suitable for sampling volatile organics; (5) operate in silty and sandy 
environments without difficulty; (6) can be used to develop, purge, sample, and test monitoring wells; (7) can 
be operated manually as deep as 40 meters (130 feet), and as deep as 60 meters (200 feet); (8) the manual pump 
is lightweight and portable; and (9) drive mechanisms and pump construction materials can be selected to suit 
a variety of technical and budgetary requirements. Disadvantages: (1) Manual pump is difficult to operate in 
deep, large diameter wells (motor drive can overcome this); (2) cannot operate manually as deep as bladder or 
gas-drive pumps; (3) manual pumping is labor-intensive and requires some exertion for deeper wells; (4) some 
skill is necessary for most effective manual operation; (5) gasoline motor drive is heavy and not very portable; 
(6) plastic foot valves wear with heavy use, especially in metal casing; and (7) tubing coils are stiff and awkward 
to transfer between monitoring wells. 

Frequency of Use: Relatively new method. 

Standard Methods/Guidelines: Rannie and Nadon (1988). 

Sources for Additional Information: Baerg et al. (1992), Barker and Dickhout (1988), Des et al. (1992). 
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5. GROUND-WA1ER SAMPLING METHODS 

5.2 01HER PORTABLE GROUND-WA1ER SAMPLING PUMPS 

5.2.4 Gas-Uft Pumps• 

Other Names Used to Describe Method: Air lift pump, hydrogen/nitrogen lift pump. 

Uses at Contaminated Sites: Collecting ground-water samples. 

Method Description: Gas emitted from a gas line at the desired depth forces the sample to surface, either by 
the gas bubbles mixing with the water to reduce its overall specific gravity (annulus type [Figure 5.2.4a]), or the 
bubbles completely block the riser tube while ascending, thus pushing the water ahead (riser type (Figure 5.2.4b]). 

Method Selection Considerations: See Table 5-2 for suitability ratings for different ground-water parameters 
using gas lift devices. Advantages: (1) Simple to construct, or are available commercially at relatively low cost; 
(2) can be used in any diameter wells; (3) usually are easily portable or can be permanently installed; and (4) 
are easily cleaned. Disadvantages: (1) On1y efficient when roughly 1/3 of the underground portion of the device 
is submerged; (2) contamination of the sample by the driving gas, atmosphere, and degassing all are unavoidable; 
(3) large power source (compressed gas) is required; and (4) does not work well in deep wells. 

Frequency ofUse: Very commonly used for well development (Section B.5); not recommended by Pohlmann and 
Hess (1988) due to potential for alteration of most chemical parameters of interest. 

Standard Methods/Guidelines: --

Sources for Additional Information: Gillham et al. (1983), Morrison (1983), Pohlmann and Hess (1988), Rehm 
et al. (1985), Scalf et al. (1981), Unwin (1982). See also, Table 5-4. 

*There is some inconsistency in the published literature in the use of the term "gas" or "air" lift, which has been 
applied to two distinctly different types of samplers. In this handbook the term gas lift (this section) refers only 
to methods where gas mixes with water to provide the buoyant force to bring the water to the surface, and gas 
drive (Section 5.1.4) refers to methods in which gas is used push water up a tube without the gas becoming mixed 
with the water that is brought to the surface. Morrison (1983) and Scalf et al. (1981) have applied the term "lift" 
to samplers that are classified as gas-drive samplers in this guide. 

5-25 



hm= Maximum height to which the 
air -water mixture will rise 

Tm 

h.,.= Submerged length of the air line 

7m= Density of the air -water mixture 

7w= Density of water 

:SZ. '" Potentiometric surface ... 

(a) 

CAP 

PIPE 

TEE 
CAP 

HOL.E 
CAP 

VAL.VE 
CASING 

-....--.-------AIRLINE 

(b) 

Figure 5.2.4 Gas-lift pumps: (a) Annulus type (Gillham et al., 1983, after Trescott and Pinder, 1970, by permission); 
(b) Riser type (Gillham et al., 1983, after Walker, 1974, by permission). 
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5. GROUND-WATER SAMPLING METHODS 

5.2 OrnER PORTABLE GROUND-WATER SAMPLING PUMPS 

5.2.5 Jet Pumps 

Other Names Used to Describe Method: Venturi/eductor pump. 

Uses at Contaminated Sites: Developing or purging of monitoring wells. 

Method Description: A circulating pump at the surface is attached to two tubes extending down the well. The 
submerged end of the tubes is connected by an ejector-venturi assembly and the pump maintains positive 
pressure in the tube that injects water and negative pressure on the tube that draws both water from the 
formation and circulates water to the surface (Figure 5.2.5). At the surface, water can be drawn off at the input 
end of the pump. 

Method Selection Considerations: Advantages: (1) Can be used at great depths; (2) useful for well development 
or possibly purging; (3) high capacity at low heads; and (4) simple to operate and has no moving parts in the well. 
Disadvantages: (1) Use circulating water, which mixes with the formation water, requiring pumping a large 
amount of water before the circulating water has similar composition to the formation water; (2) water entering 
the venturi assembly is subject to a potentially large pressure drop, causing degassing and/or volatilization of the 
sample; (3) water circulating through the pump at the surface can be contaminated by materials and lubricants; 
and (4) air in suction or return line will stop pumping. 

Frequency of Use: Uncommon, though a new down-well design does exist. Sometimes used for well 
development. Not recommended for sampling. 

Standard Methods/Guidelines: --

Sources for Additional Information: Gillham et al. (1983), Des et al. (1992), Koopman (1979), Unwin (1982), U.S. 
Geological Survey (1980). 
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Figure 5.2.5 Jet (venturi) pump (Unwin, 1982). 
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5. GROUND-WA1ER SAMPLING METIIODS 

5.2 01HER PORTABLE GROUND-WA1ER SAMPLING PUMPS 

5.2.6 Packer Pumps 

Other Names Used to Describe Method: Packer-equipped pump. 

Uses at Contaminated Sites: Collecting depth specific ground-water samples; perfonning borehole dilution tests 
to measure ground-water velocity. 

Method Description: Hydraulically or pneumatically inflated packers are wedged against the wall of an open 
borehole, perforated casing, or screen to isolate a section of the well for sampling. The packers are deflated for 
vertical movement in the well and inflated when the desired depth is reached. Ground water is pumped to the 
surface using a submersible pump (Figure 5.2.6a), gas lift, suction pump (Figure 5.2.6b), or bladder pump. 

Method Selection Considerations: Advantages: Discrete, vertically spaced samples can be collected in a single 
well. Disadvantages: (1) Vertical movement of water outside the well might result in samples that are not 
representative ofthe sampling intetval (can be minimized by low pumping rates); and (2) failure to obtain a tight 
seal with the packers, because of an irregular open borehole or because of deterioration in the expandable 
material, might affect representativeness of the sample. 

Freauencv of Use: Very common in dedicated systems; occasionally used for portable applications. 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: Bureau of Reclamation (1981), Morrison (1983). See also, Table 5-4. 
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Figure 5.2.6 Packer pumps: (a) With submersible pump (Bureau of Reclamation, 1981); (b) With vacuum pump 

(Morrison, 1983, by permission). 
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5. GROUND-WATER SAMPLING ME1HODS 

5.3 PORTABLE GRAB GROUND-WATER SAMPLERS 

5.3.1 Bailers 

Other Names Used to Describe Method: Open bailer, point-source bailer. 

Uses at Contaminated Sites: Collecting ground-water samples. 

Method Description: A bailer is a hollow tube with a check valve at the base (open bailer) or a double check 
valve (point-source bailer). The bailer is attached to a line (polypropylene or nylon rope, or stainless steel or 
Teflon-coated wire) and lowered into the water column, with the check valve allowing water to flow through the 
bailer. When the desired depth is reached, the bailer is pulled up, with the weight of the water closing the check 
valve. At the surface, the sample in decanted into a sample container. Open bailers provide an integrated 
sample of the column of water through which it has descended (Figure 5.3.1a). Point-source bailers can use balls 
that serve as checks to prevent additional water from entering the bailer when it is pulled to the surface (Figure 
5.3.1b), or can have valves that are opened and closed from a cable operated from the surface, allowing collection 
of a sample at a specific point. The first type allows water to flow through the bailer as it is being lowered, 
whereas the latter type allows water to enter only when the sampling depth has been reached. The check valves 
of depth-specific bailers can also be operated pneumatically (Section 5.3.2). 

Method Selection Considerations: See Table 5-2 for suitability ratings of open and point-source bailers for 
different ground-water parameters. Advantages: (1) Low cost can allow dedication of one bailer per well, 
avoiding potential for cross contamination; (2) simple to operate; (3) easily cleaned, although cleaning of ropes 
and/or cables can be more difficult; ( 4) can be constructed of almost any rigid or flexible material, including those 
materials that are inert to chemical contaminants and can be made to fit any diameter well and to almost any 
length to obtain desired sample volume; (5) no limit to depth of sampling; (6) bailers made of flexible material 
can pass through nonplumb wells; (7) very portable and require no power source; and (8) good for sampling 
nonaqueous phase liquids at the water table surface. Disadvantages: (1) Tune consuming and physically 
demanding (if device is lowered and raised by hand) when used for purging, especially in deep wells; (2) lines 
used with bailer can be difficult to decontaminate and cause cross contamination if not dedicated to a sample 
well; (3) can cause chemical alterations due to aeration, degassing, volatilization, turbulence, or atmospheric 
invasion while lowering the bailer through the water column and/or when transferring the sample to the storage 
container; (4) the person sampling might be exposed to contaminants in the sample; (5) does not supply a 
continuous flow of water to the surface; (6) with open bailers, it might be difficult to determine the point within 
the water column that the sample represents; (7) bailer check valves might not operate properly with high 
suspended solids content or freezing temperatures; and (8) the swabbing effect of tightly fitting bailers might 
cause fines to enter the well, especially if it has been poorly developed. 

Frequency of Use: Bailers have been the most widely used sampling method because they are inexpensive, but 
other devices, such as the bladder pump, helical rotor, and gear-drive pump, provide better results when sensitive 
constituents, such as volatile organics, are present. 

Standard Methods/Guidelines: Berg (1982), de Vera (1980), Ford et al. (1984). 

Sources for Additional Information: Dunlap et al. (1977), Gillham et al. (1983), Morrison (1983), Nielsen and 
Yeates (1985), Pohlmann and Hess (1988), Rehm et al. (1985), Scalf et al. (1981). See also, Table 5-4. 
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Figure 5.3.1 Bailers: (a) Standard type; (b) Point-source type (Gillham et al., 1983, by permission). 
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5. GROUND-WATER SAMPLING METIIODS 

5.3 PORTABLE GRAB GROUND-WA1ER SAMPLERS 

53.2 Pneumatic Depth-Specific Samplers 

Other Names Used to Describe Method: Syringe sampler, syringe bailer, discrete point sampler, pressurized 
bailer, Chismar (surface bomb/pressurized bailer) samplers, Westbay sampler, VOA trap sampler. 

Uses at Contaminated Sites: Collecting depth-specific ground-water samples. 

Method Description: Various types of samplers have been developed in which the sample container is pressurized 
or evacuated before being lowered into the sampling installation. Opening the container and/or releasing the 
pressure allows sample to enter the device. Figure 5.3.2a illustrates a syringe sampler constructed from a hospital 
syringe. Figure 5.3.2b illustrates the operation of the sampling device used with a Westbay multilevel sampling 
installation (see Section 5.6.2). The BAT sampler (Section 5.5.2) is another example of this type of sampler. 

Method Selection Considerations: See Table 5-2 for suitability ratings for different ground-water parameters 
using syringe samplers. Syringe Advantages: (1) Sample does not come into contact with any atmospheric gases; 
very slight negative pressure during sampling should minimize aeration or degassing; (2) samples can be collected 
at discrete intervals and at any depth; (3) syringes can be made out of inert or nearly inert materials; (4) the 
syringe can be used as the sample container, eliminating the possibility of cross-<X>ntamination between wells; (5) 
syringes are inexpensive, highly portable, and simple to operate, requiring only a hand pump; (6) can be used 
in small diameter wells (as small as 1.2 inches); and (7) syringe can be flushed downhole with the water to be 
sampled. Syringe Disadvantages: (1) Inefficient for collecting large volume samples; (2) cannot be used to purge 
well; (3) might not be as readily available as other, more established, sampling devices; (4) sample contamination 
by components of ''homemade" sampling devices is possible unless materials are carefully selected; (5) use limited 
to water with low suspended solids because particulates might damage plunger or check valve; (6) possible gas 
diffusion through polyethylene barrel wall; (7) requires compressed gas; and (8) failure of the seal between the 
piston and the syringe barrel can result of loss of volatile organics. Other Samplers Disadvantages: (1) 
Commercially available pneumatic samplers are moderately expensive; (2) Westbay sampler is only compatible 
with the Westbay casing system (Section 5.6.2); (3) might be difficult to clean. 

Frequency of Use: Most commonly used in research projects. 

Standard Methods/Guidelines: --

Sources for Additional Information: Gillham et al. (1983), Morrison (1983), Nielsen and Yeates (1985), 
Pohlmann and Hess (1988), Rehm et al. (1985). See also, Table 5-4. 
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Figure 5.3.2 Pneumatic Depth-Specific Samplers: (a) Syringe sampler (Gillham et al., 1983, after Gillham, 1982, by 
permission); (b) Westbay sampling probe operation (Pohlmann et al., 1990, after Black et al., 1986). 
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5. GROUND-WATER SAMPLING METHODS 

5.3 PORTABLE GRAB GROUND-WATER SAMPLERS 

5.3.3 Mechanical Depth-Specific Samplers 

Other Names Used to Describe Method: Kemmerer sampler, Van Dom sampler, composite liquid waste samplers 
(coliwasa), stratified sample thief, swabbing. • 

Uses at Contaminated Sites: Collecting depth-specific ground-water samples; sampling thickness of nonaqueous 
phase liquids (NAPI.s) floating on the water table, or at the bottom of a well (stratified sample thief). 

Method Description: Kemmerer (Figure 5.3.3a) and Van Dom samplers are tube samplers with end caps that 
close when triggered by a "messenger" sent down the line, allowing collection of a water sample at the desired 
depth. The Coliwasa is a tube with neoprene stoppers at each end, which are controlled by a rod running 
through the tube and a locking mechanism, and is used for sampling fluids in tank (Figure5.3.3b). The stratified 
sample thief was developed by the petroleum industry to sample stratified immiscible fluids. It consists of a rod 
passing through the center of a series of disks spaced at the interval for which sampling is desired (Figure 5.3.3c ). 
The assembly is lowered into the fluid to the depth of interest and a tube with an inside diameter slightly larger 
than the diameter of the disks is slipped over the assembly, entrapping fluid between the adjacent disks. The 
entire assembly is brought to the surface and fluid sample obtained for each chamber as the tube is withdrawn 
from the disks. Swabbing involves pushing a leather swabbing cup, which is attached to a rod that extends from 
the surface, down into the well. As the cup is lowered to the desired depth, water flow past it. As the cup is 
drawn out of the well, it opens, lifting water to the surface. 

Method Selection Considerations: Depth-Specific Sampler Advantages: (1) Coliwasa is inexpensive to construct 
and can be made of inert materials; (2) are very portable and require no power source; (3) the stratified sampler 
is well-suited for sampling hydrocarbon contaminated ground water where distinct layers have developed between 
immiscible fluids; and (4) are easily cleaned. Depth-Spec:fic Sampler Disadvantages: (1) Activating mechanism 
of Kemmerer and Van Dom samplers can be prone to malfunctions; (2) Kemmerer sampler is difficult to clean 
thoroughly, as are rubber stoppers used with other samplers, causing the potential for cross-contamination; (3) 
operation might be difficult at depth; ( 4) problems with potential chemical alteration of sample similar to bailers; 
and (5) can be difficult to transfer sample to storage container. Swapping Advantages: Sampling to great depths 
is possible (limited only by the length of rod attached to the swabbing cup). Swabbing Disadvantages: (1) 
Difficult to use with large diameter wells; (2) volumes of water obtained and discharge rates cannot be regulated; 
(3) contamination is common when oil-field equipment is used for deep sampling; (4) technique is difficult to 
use, requiring a crew of about four people; (5) might cause plugging of well screens in small diameter wells; and 
(6) consistent water quality sample collection is difficult due to vertical mixing of water during extraction. 

Frequency of Use: Kemmerer and Van Dom samplers are most commonly used for surface water sampling. The 
Coliwasa is primarily used for sampling containerized waste. The stratified sample thief has good potential for 
use at hydrocarbon contaminated sites, although actual use has been infrequent. Swabbing is commonly used 
in oil field operations, but is not recommended for ground water sampling (Everett et al. [1983]). 

Standard Methods/Guidelines: Kemmerer and Coliwasa samplers: Ford et al. (1984); Stratified sample thief: 
Johnson (1981). 

Sources for Additional Information: Penn et al. (1977), Gillham et al. (1983), Houghton and Berger (1984), 
Rehm et al. (1985), Spaulding et al. (1976), Tate (1973), Wood (1976). 

*Swabbing in only roughly depth-specific in that it provides integrated samples of the depth below the water table 
to which the swabber is placed. 
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Figure 5.3.3 Mechanical depth-specific samplers: (a) Modified Kemmerer sampler (Scalf et al., 1981); (b) Coliwasa 
(Ford et al., 1984); (c) Stratified Sample Thief (Gillham et al., 1983, after Johnson, 1981, by 
permission). 
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5. GROUND-WATER SAMPLING METIIODS 

5.4 SAMPLING INSTAllATIONS FOR PORTABlE SAMPlERS 

5.4.1 Single-Riser/Limited Interval Wells 

Other Names Used to Describe Method: Single-level or short-screened installations/Well completions/piezometers. 

Uses at Contaminated Sites: Providing access for ground-water sampling of specific subsurface intervals. 

Method Description: A borehole is drilled to the desired depth in an aquifer and a short to moderate length 
screen (usually 3 to 10 feet) is installed (Figure 5.4.1). See Appendix B for additional infonnation on well 
installation, and Figure B.1a for a more detailed schematic of elements of a monitoring well. 

Method Selection Considerations: Advantages: (1) Simple and suitable for any type of fonnation; (2) easier to 
install, pack, and seal than multilevel installations; (3) no potential for vertical cross-contamination between 
sampling points due to leaky seals; (4) maximum flexibility in selection of well diameter (up to diameter of 
borehole); and (5) most common well diameters (2 to 4 inches) do not restrict the choice of sample collection 
methods. Disadvantages: (1) Provide no infonnation on the vertical distribution of contaminants; (2) high cost 
per sampling point compared to multilevel installations, especially at great depth; and (3) contaminant plume 
might bypass wells with short screened intervals. 

Frequency of Use: Common. 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: Aller et al. (1991), Gi11ham et al. (1983), Morrison (1983), Scalf et al. (1981). 
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Figure 5.4.1 Typical monitoring well screened over a single vertical interval (Gillham et al., 1983, after Fenn et al., 
1977, by permission). 
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5. GROUND-WAlER SAMPLING METIIODS 

5.4 SAMPLING INSTALlATIONS FOR PORTABlE SAMPlERS 

5.4.2 Single-Riser/Long-Screened Wells 

Other Names Used to Describe Method: Flow-through installations/completion/piezometers. 

Uses at Contaminated Sites: Detection monitoring; collecting ground-water samples at different levels in an 
aquifer (if flow-through assumptions apply). 

Method Description: A borehole is drilled to the bottom of the aquifer of interest and the full thickness of the 
aquifer is screened (unconsolidated material [Figure 5.4.2]), or left open (bedrock aquifers). Sampling such a 
well after purging yields a composite sample of the aquifer. Gillham et al. (1983) restrict use of the term "flow 
through" wells to small diameter wells (2 inches or less) in hydraulically homogeneous formations with no vertical 
gradient, where ground water flows through the well without having its course altered. In this special situation, 
purging in not necessary. Minimally disturbed water samples can be obtained at different levels in the well by 
either taking a series of grab samples, or a series of samples at very low pumping rates. 

Method Selection Considerations: Advantages: (1) Simple and suitable for any type of formation; (2) easier to 
install, pack, and seal than multilevel installations; (3) maximum flexibility in selection of well diameter (up to 
diameter of borehole); (4) most common well diameters (2 to 4 inches) do not restrict the choice of sample 
collection methods; and (5) where flow-through assumptions apply, there is no need to purge the well before 
sampling and the number ofvertical sampling points is not limited by the diameter of the well. Disadvantages: 
(1) Contaminant plume might bypass wells with short-screened intervals; (2) long-screened intervals might not 
give accurate measurement of maximum concentrations because concentration and hydraulic-head values tend 
to be averaged over the length of the screen; (3) because of disadvantage #4, long-screened installations can be 
used to confirm the presence, but not the absence of a contaminant; (4) long-screened installations can cause 
cross-contamination in an aquifer by connecting contaminated zones to uncontaminated zones; and (5) the 
underlying assumption for flow-through wells that the well screen will not alter the flow of ground water cannot 
be support for most natural systems. 

Frequency of Use: Relatively common at older sites; uncommon at new sites. 

Standard Methods/Guidelines: --

Sources for Additional Information: Aller et al. (1991), Gillham et al. (1983), Reynolds et al. (1991). 
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Figure 5.4.2 Diagram of single-riser/flow-through well (Aller et al., 1991). 
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5. GROUND-WA1ER SAMPLING METHODS 

5.4 SAMPLING INSTALlATIONS FOR PORTABlE SAMPlERS 

5.4.3 Nested Wells/Single Borehole 

Other Names Used to Describe Method: Multiple wells/single borehole installation, multiple well-single borehole 
installation/completion, well clusters, hybrid. 

Uses at Contaminated Sites: Delineating contaminant plumes; detection monitoring. 

Method Description: A cluster of single-riser/limited intelVal wells is installed at different depths in a single 
borehole (Figure 5.4.3a). Each screened intelVal is separated by a grout seal. In cohesionless deposits, bundle 
piezometers can be installed, which consist of a bundle of narrow-diameter standpipe piezometers, each of 
different length. At the bottom of each pipe is a short (6-8 inch) slotted intelVal wrapped with fine nylon screen. 
A cluster of nine piezometers can be placed down a hollow-stem auger, and the formation is allowed to cave in 
around the bundles as the auger is withdrawn from the hole (Figure 5.4.3b). Well casings can be eliminated by 
installing in situ samplers (well screens with submersible pumps) or individual gas-drive/suction-lift samplers 
(Section 5.6.1) at different levels in single borehole. Hybrid well installations can involve a variety of 
combinations of permanently placed in situ vadose zone and ground-water monitoring devices and/or small 
diameter monitoring wells (Figure 5.4.3c). 

Method Selection Considerations: Advantages: (1) Allow sampling for vertical distribution of ground-water 
constituents; (2) lower cost per sampling point than separate single-riser wells; and (3) the generally smaller 
diameters of individual wells in a nest compared to single-riser installations means that smaller volumes of water 
must be removed for purging. Disadvantages: (1) Installation, packing, and sealing is more difficult than for 
single-level installations and increases greatly as the number of wells in the boreholes increases; (2) the short
screened intelVals must be separated by a grout seal with the possibility that small zones of contaminated water 
might be missed in heterogeneous materials (reconnaissance methods such as destructive sampling [see Sections 
5.7.1 and 5.7.2] can reduce the this likelihood); (3) cross-contamination of sampling points might occur as a result 
ofleaky seals (this can be checked using tracer tests); (4) number of sampling points per borehole is restricted 
by the diameter of the borehole and the diameter of the individual piezometers; (5) bundle piezometers are 
suitable only where cohesionless sands will collapse around the tips; (6) the small diameter of individual 
piezometers might restrict choice of sampling methods; and (7) in fine-grained material with low hydraulic 
conductivity, the small storage volume of individual piezometers might make it difficult to collect samples of 
sufficient volume. 

Frequency of Use: Relatively uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Aller et al. (1991), Penn et al. (1977), Gillham et al. (1983), Morrison 
(1983), Scalf et al. (1981). See also, Table 5-4. 
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Figure 5.4.3 Multiple wells in a single borehole: (a) Conventional completion (Aller et al., 1991, after Johnson, 
1983); (b) Bundle piezometers (Morrison, 1983, by permission); (c) Hybrid well systems (Morrison, 
1983, by permission). 
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5. GROUND-WATER SAMPLING METIIODS 

5.4 SAMPLING INSTALlATIONS FOR PORTABlE SAMPlERS 

5.4.4 Nested Wells/Multiple Boreholes 

Other Names Used to Describe Method: Multi-level wells/multiple borehole installation, multi-level wells/multiple 
borehole completion. 

Uses at Contaminated Sites: Delineating contaminant plumes; detection monitoring. 

Method Description: A series of single-riser/limited interval wells is installed at different depths in an aquifer 
in separate, but closely spaced or clustered boreholes (Figure 5.4.4). See Appendix B for additional information 
on well installation. 

Method Selection Considerations: Advantages: (1) Allow sampling for vertical distribution of ground-water 
constituents; (2) somewhat lower cost per sampling point than widely spaced single-riser wells; (3) simple design 
and operation; (4) potential for cross-contamination between different levels in the aquifer is eliminated; (5) only 
the drilling method limits well diameter; and (6) if desired, screened intervals can be placed to provide complete 
vertical coverage of the aquifer. Disadvantages: (1) More expensive than nested wells in a single borehole; and 
(2) small zones of contaminated water might be missed in heterogeneous materials if the screened intervals do 
not provide complete vertical coverage of the aquifer (reconnaissance methods such as destructive sampling [see 
Sections 5.7.1 and 5.7.2) can reduce the this likelihood). 

Frequency of Use: Common. 

Standard Methods/Guidelines: --

Sources for Additional Information: Aller et al. (1991), Gillham et al. (1983), Reynolds (1991). 
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Figure 5.4.4 Nested wells with multiple boreholes (Aller et al., 1991, after Johnson, 1983). 
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5. GROUND-WA1ER SAMPLING METHODS 

5.5 PORTABLE IN SITU GROUND-WA1ER SAMPLERS/SENSORS 

5.5.1 Hydropunch• 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Collecting representative ground-water samples without installation of permanent 
ground-water monitoring wells. 

Method Description: The Hydropunch• is a device that collects one-time ground-water samples in unconsolidated 
material (Figure 5.5.1a). It is attached to cone penetrometer rods (see Section 2.2.2) and driven into the soil 
with hydraulic rams (Figure 5.5.1b). When the bottom of the probe is at least 5 feet below the water table, the 
outer cylinder is pulled back, exposing a perforated stainless steel sample entry barrel covered with either a nylon 
or polyethylene filter material (Figure 5.5.1c). Hydrostatic pressure forces ground water that is relatively free 
of turbidity into the sample compartment, and the probe is pulled to the surface to retrieve the sample. 
Depending on the soil materials, depths up to 150 feet can be achieved by direct penetration. If deeper depths 
are desired, boreholes can be drilled to the desired depth before using the sampler. 

Method Selection Considerations: Advantages: (1) Allows relatively rapid collection of ground-water samples with 
minimal disturbance of the ground surface (6 to 10 samples of between 500 and 1,000 mL a day if no major 
problems occur); (2) cost-effective method for preliminary contaminant plume delineation based on actual 
ground-water sampling; and (3) can be used in most materials that can be augered or sampled with a split spoon. 
Disadvantages: (1) Provides one-time sample only; (2) cannot be used in very gravelly or consolidated formations; 
(3) samples must be taken 3 to 5 feet below the water table surface, meaning the light nonaqueous phase liquid 
floating at the ground-water surface might be missed in sampling; (4) collection of samples in clayey zones 
requires excessive fill times (up to 2 hours) and filter mesh might allow significant uptake of fines in the sample; 
and (5) problems in penetrating well-sorted coarse sand might result in a zone of significant contamination being 
bypassed during sampling. 

Frequency of Use: Relatively new method that has gained rapid acceptance as a preliminary reconnaissance 
method. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 5-5. 
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5. GROUND-WA1ER SAMPLING METIIODS 

5.5 PORTABLE IN SITIJ GROUND-WA1ER SAMPLERS/SENSORS 

5.5.2 Other Cone Penetrometer Samplers 

Other Names Used to Describe Method: CPT!porous probe, BAT system; CPT samplers (radial filter element, 
retractable tip, expendable tip, slotted probe); TerraTrog (soil-gas sampler). 

Uses at Contaminated Sites: Collecting in situ ground-water samples; measuring pore-water pressure and 
hydraulic conductivity. 

Method Description: BAT system: A special ground-water/soil-gas sampling cone, with a filter mounted inside 
its stainless steel shaft, either is placed in the subsurface as a permanent installation or attached to cone 
penetration rods and pushed into the ground (Figure 5.5.2a). A specially developed septum keeps the top of the 
filter sealed. A pre-sterilized evacuated sample vial sealed with a similar septum and a disposable double-ended 
hypodermic needle are lowered down the cone penetration rods. The sample vial connects with the porous probe 
when the hypodermic needle penetrates both devices and the vacuum in the vial pulls a sample into the vial 
(Figure 5.5.2b). The septum on the probe reseals when the vial and needle are pulled to the surface, allowing 
collection of multiple samples from the same point. The BAT system can be used for ground-water sampling, 
as a vacuum-type porous cup suction lysimeter (Section 9.2.1), and for soil gas sampling (Section 9.4.2). Figure 
5.5.2c illustrates several types of permanent installations of the filter tip probe. With the appropriate additional 
equipment, the probe also is able to measure pore-water pressure, and to measure hydraulic conductivity. Other 
CPT samplers: Various other types of tips (radial filter element, retractable tip, expendable tip, slotted probe) 
have been developed that can be attached to a cone penetration rig for ground-water and soil-gas sampling. 
Unlike the BAT and Hydropunch• probes, ground-water samples are drawn to the surface using a suction-lift 
device, commonly a peristaltic pump (Section 5.2.1). 

Method Selection Considerations: BAT Advantages: (1) Allows relatively rapid collection of ground-water samples 
with minimal disturbance of the ground surface; (2) cost-effective method for preliminary contaminant plume 
delineation based on actual ground-water sampling; (3) can be used in most materials that can be augered or 
sampled with a split spoon; (4) permanent installation for ongoing sampling is possible; and (5) also can be used 
to sample soil gases and soil water in the vadose zone. BAT Disadvantages: (1) Provides one-time sample only 
(unless permanent installation is used); (2) cannot be used in very gravelly or consolidated formations; (3) one
time sample volumes are smaller that Hydropunch• (150 mL vs. 500 to 1,000 mL); (4) with permanent 
installations, depth of ground-water sampling is limited to the suction capacity of the suction-lift device that is 
used (around 15 to 25 feet); and (5) problems in penetrating well-sorted coarse sand might result in a zone of 
significant contamination being bypassed during sampling. Other CPT Samplers: Different probes vary in the 
suitability for use in fine-grained and coarse-grained soil materials. All require suction-lift devices for ground
water sampling, limiting sampling depth to around 15 to 25 feet. 

Frequency of Use: Relatively new method that has potential for wide applications. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 5-5. 
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Figure 5.5.2 BAT system: (a) Schematic of test adaptor for sampling of ground water and gas; (b) Filter tip 
attachment for cone penetration rig (A) with double-ended hypodermic needle (B) and sample vial (C) 
(Torstensson and Petsonk, 1988, Copyright ASTM, reprinted with permission); (c) Example permanent 
installations of filter tip probe (Torstensson, 1984, by permission). 
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5. GROUND-WATER SAMPLING METHODS 

55 PORTABlE IN SITU GROUND-WATER SAMPlERS/SENSORS 

5.5.3 Other Driven Samplers 

Other Names Used to Describe Method: Well point sampler, driven multilevel sampler (DMLS), hydraulic probe 
sampler, hollow steel drive probe, miniature multi-level sampler. 

Uses at Contaminated Sites: Collecting in situ ground-water samples; performing tracer studies of ground-water 
flow (multi-level). 

Method Description: Well point samplers: A well point (Figure 5.5.3a), which usually is fabricated from metal 
and includes a screen, casing, and hardened point, is jetted (see Section 2.1.8) or driven (see Section 2.2.1) into 
the soil. The well point is left in place to function as a monitoring well. Multiple port well point sampler: A 
driveable well point, with multiple sampling ports separated by a sand matrix and caulking, is driven into the soil 
and a suction device is used to collect samples from the different ports (Figure 5.5.3b). DMLS: This sampler 
consists of a 4.4-centimeter OD screwed, flush-joint steel casing, with sampling tubes on the inside of the casing, 
which are attached by pressure fittings to screened sampling ports at 25- to 38-centimeter intervals (Figure 
5.5.3c). The lower end of the casing is attached to a drive point. It is installed by augering to the top of the 
desired depth of placement and driving the sampler to the final depth. Water is pumped into the sampling tubes 
to keep the sampling ports from being clogged while the casing is being driven. Once in place, the auger hole 
is backfilled and sealed at the surface. Hydraulic probe sampler: This sampler uses a modification of soil-gas 
sampling methods (Section 9.4.2) to collect ground-water samples. A 0. 75 to l-inch outer diameter hollow probe 
with detachable drive points is hydraulically driven 2 feet below the water table (as determined by an electronic 
water level indicator). Ground-water samples are taken using tubing placed down the probe and a peristaltic 
pump (Section 5.2.1). Miniature multilevel sampler: This sampler is like a cross between the hydraulic probe 
sampler and the simpler types of multiple port-casings (Section 5.6.2). It is constructed of steel conduit with a 
drive point so that sampler can be driven into the ground. Hydrocarbon thickness probe: A hollow steel rod, 
with a circuit at the tip to sense the top of the water table, is driven into the soil until it is to the top of the water 
table. A replaceable insert, which contains a coating of product indicator chemicals, is placed down the tube. 
A horizontal slot above the tip allows petroleum products floating on the surface of the water table to enter the 
tube and react with the chemicals on the insert. The insert is removed and the thickness of product measured. 

Method Selection Considerations: Advantages: Most devices offer a portable, quick, and efficient method for 
monitoring at shallow depths in bogs, muds, unconsolidated sands, and permafrost. Disadvantages: (1) Most 
devices are limited to relatively shallow depths; (2) forcing probes into the soils affects the soil density 
immediately adjacent to the well, which might influence some downhole monitoring instruments; and (3) except 
for well points, off-the-shelf availability of most types generally is limited. 

Frequency of Use: Well points are commonly used for shallow monitoring; other methods are used less 
commonly due to relativeness newness of methods, but more widespread use is likely. 

Standard Methods/Guidelines: --

Sources for Additional Information: Well point samplers: Morrison (1983), see also, Table 5-5; Multiple port 
well point probe: Hansen and Harris (1974, 1980); DMLS: Boggs and Hemond (1988); Hydraulic probes: 
Mastrolonardo and Thomsen (1990), Patton (1990); Miniature multilevel samplers: Stites and Chambers (1991); 
Hydrocarbon thickness probe: Wagner et al. (1989). 
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Figure 5.5.3 Driven samplers: (a) Well point sampler (Morrison, 1983, after Summerfield, 1973); (b) Multiple port 
well point sampler (Morrison, 1983, after Hansen and Harris, 1974); (c) Driven multi-level sampler 
(Boggs and Hemond, 1988, Copyright © 1988, Electric Power Research Institute, EPRI EA-5816, 
Evaluation of Tracer Sampling Devices for the Macrodispersion Experiment, reprinted with permission). 
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5. GROUND-WA1ER SAMPLING METIIODS 

5.5 PORTABLE IN SITU GROUND-WA1ER SAMPLERS/SENSORS 

5.5.4 Dissolved Oxygen, F.h, and pH Probes 

Other Names Used to Describe Method: Continuous pH log, continuous redox (ORP) log. 

Uses at Contaminated Sites: Detecting contaminant plumes; obtaining information on the vertical distribution 
and temporal variations in the pH and redox status of ground-water/borehole fluid. 

Method Description: Various probes are available that measure dissolved oxygen, oxidation-reduction potential 
(Eh), and hydrogen ion concentration (pH) in borehole fluids, individually or in combination. Pedlar et al. 
(1990) describe a technique for defining the relative contribution of fractures to the specific capacity of a well 
and characterizing hydrochemistry using a new logging tool, which simultaneously measures fluid electrical 
conductivity (see also, Section 3.1.3), temperature (see also, Section 3.5.2), pH, and F.h. Figure 5.5.4 shows 
example logs from such a device. Section 10.1 discusses in more detail field the measurement of pH and F.h in 
ground-water samples. 

Method Selection Considerations: Advantages: (1) In situ measurements are less likely to reflect chemical 
alteration due to pressure changes than measurements taken of a water sample brought to the surface; and (2) 
combination probes that measure several hydrochemical parameters simultaneously greatly simplify collection. 
Disadvantages: The general disadvantages that are associated with a new method: (1) Umited operational and 
field experience; and (2) limited equipment availability. 

Frequency of Use: Good potential for wider use for aquifer characterization as the instrumentation is refined 
and becomes more widely available. 

Standard Methods/Guidelines: --

Sources for Additional Information: Pedlar et al. (1990). 
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5. GROUND-WATER SAMPLING METHODS .r ·'. 
r• 

5.5 PORTABLE IN SITU GROUND-WATER SAMPLERS/SENSORS 
\ 

5.5.5 Ion-Selective Electrodes 
{._) . 

Other Names Used to Describe Method: Specific-ion electrodes. 

Uses at Contaminated Sites: Detecting presence and concentration of specific ions. Ion-selective electrodes have 
been developed for ammonia, bromide, calcium, chloride, fluoride, hydrogen sulfide, and nitrate. t 

Method Description: Electrodes are designed to detect the presence and concentration of specific ions using a 
reference electrode. Figure 5.5.5a shows a nitrate-specific electrode, which consists of a solvent-polymer 
membrane containing a nitrate ion exchanger in an inert polyvinyl chloride plastic matrix. The electrode has an 
internal silver/silver chloride element, which establishes a fixed potential in contact with the internal filling 
solution. The membrane undergoes ion exchange, which varies inversely with the activity of the nitrate ion. 
Signals are recorded on a strip chart recorder that presents readings in parts per million or millivolts on a 
logarithmic or linear scale. Readings in millivolts require use of a calibration curve to convert readings to parts 
per million (Figure 5.5.5b). 

Method Selection Considerations: Advantages: Relatively new method with good potential for detection 
monitoring and preliminary water quality characterization. Disadvantages: (1) Proper calibration is difficult due 
to interference from different constituents present in many ground waters; (2) some parameters might inhibit 
the electrode's output; and (3) constituents for which specific electrodes have been developed are limited. 

Freauency of Use: Use for contaminated-site investigations relatively new. 

Standard Methods/Guidelines: ASTM (1982) describes standard terminology, measurement technique, and 
conditions affecting measurements. 

Sources for Additional Information: Jeffers et al. (1982), Newman and Corbell (1990), Ritchey (1986). 
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Figure 5.5.5 Nitrate specific ion electrode: (a) Probe; (b) Calibration curve (Newman and Corbell, 1990, by 
permission). 
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5. GROUND-WATER SAMPLING METIIODS 

5.5 PORTABLE IN SITU GROUND-WATER SAMPLERS/SENSORS 

5.5.6 Fiber-Optic Chemical Sensors (FOCS) 

Other Names Used to Describe Method: Remote laser-induced fluorescence (RIJF), remote fiber spectroscopy 
with fiber optic chemical sensors (RFS-FOCS), immunochemical fiber optic sensors. 

Uses at Contaminated Sites: Detecting the presence of specific organic compounds in water or vapor phase. 
Solid fiber: B1EX, DCE, TCE, carbon tetrachloride, chloroform, diesel fuel, JP-5, gasoline, and phenols; Porous 
fiber: Humidity, pH, ammonia, ethylene, CO, hydrazines, and BTX. 

Method Description: A variety of chemical sensors using fiber optic technology are in developmental stages. 
FOCS are made of a reagent phase, which is physically confined or chemically immobilized at the end of an 
optical fiber. The reagent phase contains a chemical or immunochemical indicator that changes its optical 
properties, usually absorbance or fluorescence, when it interacts with the analyte (immunochemical techniques 
are discussed further in Section 10.5.2). The optical fiber is a strand of glass or plastic, ranging from two to 
several hundred microns in diameter, and acts as a conduit to propagate light to and from the FOCS. The FOCS 
is placed in the subsurface using a cone penetration rig (Figure 5.5.6a) or into a ground-water monitoring well. 
The fiber optic cable is attached to a spectrophotometer (Section 10.4.3) or a fluorometer (Section 10.4.2), which 
contains a light source (light bulb or laser) and a detector. An excitation signal from the light source is 
transmitted down the cable to the FOCS, and the sensor fluoresces and provides a constant-intensity light source 
that is transmitted back up the cable and detected as the return signal (Figure 5.5.6b). If the target contaminant 
is present, the intensity of the return signal is reduced, and the intensity oflight that is recorded by the detector 
is inversely proportional to the concentration (Figure 5.5.6c). Fiber optic sensors also are used with the 
colorimetric borehole dilution techniques (Section 3.5.6). 

Method Selection Considerations: Advantages: (1) Provide selective in situ real-time measurements in the field; 
(2) eliminate sample handling and chain-of-custody concerns; (3) potential for specific detection of a large 
number of specific organic compounds (theoretically over half the organics on EPA's priority pollutant list); (4) 
sensors can be placed in small boreholes (0.5-inch diameter), reducing drilling and monitoring well installation 
costs, or can be used with cone penetration rigs (Section 5 .5.2) for rapid field screening; (5) field instrumentation 
is potentially very portable (small enough to fit in a coat pocket); and (6) potential for greatly reduced costs 
compared to conventional sampling and analytical methods for organic contaminants. Disadvantages: (1) New 
technique with limited operational and field experience; (2) equipment not yet readily available; (3) field 
performance ofRIJFhas been poorer than laboratory results, perhaps due to temperature fluctuations and affect 
of increased vibration on optics; ( 4) numerous separate sensors are required for discrimination between specific 
compounds; and (5) turbidity might interfere with readings. 

Frequency of Use: Relatively new development with excellent potential. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 5-5. 
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Figure 5.5.6 Fiber optie sensors: (a) Sehematie of laser indueed fiber optie fluorometer system (Lieberman et al., 
1991); (b) Bloek diagram of field-portable fluorometer with fiber optie sensor (Barnard and Walt, 
1991); (e) Principle of operation of a fiber optic sensor (Morloek, 1989, by permission). 
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5. GROUND-WA1ER SAMPLING ME1HODS 

5.6 FIXED IN SI'IU GROUND-WA1ER SAMPlERS 

5.6.1 Multilevel Capsule Samplers 

Other Names Used to Describe Method: Gas-drive/suction-lift multilevel sampling device installation. 

Uses at Contaminated Sites: Delineating contaminant plumes; detection monitoring; ground-water quality 
monitoring. 

Method Description: A variety of gas-drive (see Section 5.1.4) or suction-lift (see Section 5.2.1) sampling devices 
have been developed for permanent installation in a single borehole to allow multi-level sampling. Individual 
gas-drive (Figure 5.6.1a) or suction-lift samplers are placed at different levels in a borehole and separated by 
grout in a manner similar to nested wells in a single borehole (Figure 5.6.1b). Samples are collected using tubing 
that runs from the surface to each individual sampling device. 

Method Selection Considerations: Advantages: (1) Allow sampling for vertical distribution of ground-water 
constituents; (2) relatively easy to operate and safer than most other installation types where hazardous 
contaminants are involved; and (3) minimal purging is required because there is little mixing between incoming 
water from the formation and stagnant water. Disadvantages: (1) Proper installation is difficult; (2) cost per 
sampling point is moderately high; (3) depending on the type of sampler, number of sampling points might be 
limited by the diameter of the borehole (commonly three to four sampling points for 6-inch borehole); (4) 
permanent nature of installation means that devices at individual sampling points cannot be retrieved for 
servicing or repairs, and malfunction means the sampling point is lost; (5) cross contamination is a potential 
concern with multi-level installations requiring grout to isolate sampling points; and (6) the choice of sample 
collection method is restricted to gas-drive or suction-lift devices (for shallow water table). See Sections 5.1.4 
and 5.2.1 for advantages and disadvantages of these sampling methods. 

Frequency of Use: Relatively uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Aller et al. (1991), Gillham et al. (1983), Morrison (1983). See also, Table 
5-5. 
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Figure 5.6.1 Capsule multilevel installation: (a) Gas-drive capsule sampling device (Morrison, 1983, by permission); 
(b) Multilevel installation (Aller et al., 1991, after Johnson, 1983). 
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5. GROUND-WA1ER SAMPLING MEIHODS 

5.6 FIXED IN STIU GROUND-WA1ER SAMPlERS 

5.6.2 Multiple-Port Casings 

Other Names Used to Describe Method: Vacuum-lift multiple port devices, pneumatic in-situ sampler, dialysis 
cell method. 

Uses at Contaminated Sites: Delineating contaminant plumes; detection monitoring; ground-water quality 
monitoring. 

Method Description: A variety of multiple port casings have been developed that allow collection of samples from 
different levels, using a casing that has been installed in a single borehole. In cohesionless sands, the formation 
collapses around the casing as a hollow-stem auger or drill casing is withdrawn from the borehole. In other 
formations, grout or inflatable packers can be used to isolate sampling ports. The simplest type involves field
fabricated multilevel samplers, in which individual sampling points are screen rubber stoppers placed at intervals 
along PVC pipe with flexible tubing that runs to the surface from each sampling point (Figure 5.6.2a). A suction
lift pump is used to obtain samples where the water table is shallow or a gas-driven piston pump can be installed 
by each port for deeper installations. The Westbay system (Figure 5.6.2b) is probably the most complex example 
of this type. This system has specially designed ports that allow measurement of pressure and sampling with a 
pneumatic device, which generally uses the same operating principles as syringe samplers (i.e., a pressurized or 
evacuated sample container is lowered to the sampling port and opened, allowing the sample to enter). The 
Waterloo system uses chemical packer assemblies to isolate ports (Figure 5.6.2b). The dialysis cell methods uses 
polyethylene vials with replaceable dialysis membranes at both ends placed at intervals in a perforated casing 
(Ronen et al., 1987). Vials are filled with distilled water and allowed to equilibrate with ground water for around 
4 weeks before being removed for sample analysis. 

Method Selection Considerations: Advantages: (1) Allow sampling for vertical distribution of ground-water 
constituents; (2) cost per sampling point is relatively small (except for Westbay system); (3) generally smaller 
diameters of individual wells in a nest compared to single-riser installations means that smaller volumes of water 
must be removed for purging; and (4) seals between sampling points can be obtained using permanent packers 
or traditional back-filled seals. Disadvantages: (1) Assembly and placement can be difficult; (2) cross
contamination of sampling points might occur as a result of leaky seals; (3) the number of sampling points is 
limited by the diameter of the borehole (does not apply to Westbay system); ( 4) permanent nature of installation 
means that devices at individual sampling points cannot be retrieved for servicing or repairs, and malfunction 
means the sampling point is lost; (5) the Westbay system is very expensive, but can be cost-effective if a large 
number of sampling points at great depth is required; (6) operation of the Westbay system requires special 
operator skills and can be time consuming; and (7) the down-hole complexity of the Westbay system might result 
in mechanical difficulties. 

Frequency of Use: Vacuum-lift multiple-port casings are relatively common for monitoring of shallow aquifers 
in unconsolidated sediments. The dialysis cell method is uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Aller et al. (1991), Gillham et al. (1983), Morrison (1983). See also, Table 
5-5. 
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5. GROUND-WATER SAMPLING METIIODS 

5.7 DES1RUCI1VE GROUND-WATER SAMPLING METIIODS 

5.7.1 Coring and Extraction 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Collecting ground-water samples during initial site characterization to assist in 
vertical placement of permanent monitoring well installations. 

Method Description: Cores are collected, usually with a power-driven sampling device (see Section 2.4), which 
is driven ahead of the cutting head of a drill bit. Various methods are available for extracting water samples 
from cores (see Methods/Guidelines below). 

Method Selection Considerations: Advantages: (1) Can provide useful information in preliminary site 
characterization for selection of drillhole placement and vertical placement of permanent monitoring wells; (2) 
use during the drilling operation keeps the option open for installing a permanent monitoring well; and (3) 
coring-extraction methods provide information on parameters related to both the solid and liquid phase, and 
might be the best way to obtain unbiased water quality samples in fine-grained formations. Disadvantages: (1) 
Cannot be used to monitor long-term trends in ground-water quality (although installation of a permanent 
monitoring well in the borehole from which cores have been extracted makes this possible); (2) collection of 
cores increases drilling costs; (3) water extracted from cores can be contaminated with drilling fluids and might 
undergo degassing and volatilization at the ground surface or during extraction; and (4) relatively small water 
samples are obtained from cores. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Coring: See Section 2.4; Extraction: See Section 9.3.4. 

Sources for Additional Information: Penn et al. (1977), Gillham et al. (1983); c, se studies: Roberts et al. (1982), 
Schwartz et al. (1982). See also, references in Table 9-5. ' 
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5. GROUND-WATER SAMPUNG METIIODS 

5.7 DESTRUCTIVE GROUND-WATER SAMPUNG METIIODS 

5.7.2 Temporary Installations 

Other Names Used to Describe Method: Multiple-completion well, screened auger. 

Uses at Contaminated Sites: Collecting ground-water samples. 

Method Description: Ground-water samples can be collected during drilling with a hollow-stem auger by using 
a screened auger section (Figure 5.7.2a). Various types of screens near or above the cutting head can be used, 
and samples can be collected using a portable sampler (suction-lift or positive-displacement), which is lowered 
down the hollow stem. Another type of temporary installation is the multiple-completion well. Multiple
completion wells can be done from the bottom up (casing is gun-perforated at the bottom, samples taken, 
grouted to seal perforations, perforated at the next level, sampled, grouted, etc. [see Figure 5.7.2b]), or from the 
top down (drilled to a certain depth, a temporary well installed and sampled, and casing removed and drilled 
deeper to the next sampling point [see Figure 5.7.2c]). 

Method Selection Considerations: Advantages: In some situations temporary installations can be the most cost
effective way of obtaining preliminary and/or reconnaissance data. Disadvantages: (1) Cannot be used to monitor 
long-term trends in ground-water quality; (2) additional expense required for drilling and installation of 
permanent monitoring wells; (3) can be time-consuming; (4) cement grout used in multiple completion wells can 
affect quality of samples, but use might be justified in a deep hole where detailed vertical sampling is desired; 
(5) top-down multiple completion wells are very time consuming; and (6) screened-auger sampling can be 
expensive in very fine-grained sediments because of the time required to obtain samples from low-yielding 
formations, and depth of sampling might be limited by the type of sampling device that is used (suction-lift or 
submersible-pump). 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Multiple completion wells: Bottom-up (Scalf et al., 1981), top-down (Yare, 1975); 
Screened augers: Scalf et al. (1981). 

Sources for Additional Information: Anderson (1977), Cherry et al. (1992), Gillham et al. (1983), Karwoski et 
al. (1992), Tuttle and Chapman (1989); Screened augers: Durrett et al. (1992), Reynolds et al. (1991), Taylor 
and Serfmi (1988). 
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Figure 5.7.2 Temporary installations: (a) Screened hollow-stem auger (Aller et al., 1991); (b) Bottom-up multiple 
completion well (Scalf et al., 1981) (c) Top-down temporary sampling wells (Gillham et al., 1983, after 
Yare, 1975, by permission). 
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Table 5-4 Reference Index for Portable Ground-Water SampliDK Devices and Installations 

Topic 

General 

Text Reviews 

Review Papers 

Chemical Effects 

Volatiles Sampling 

NAPL Sampling/Detection 

References 

See Appendix C, Table C-1 

Barcelona et al. (1984, 1988), Barker and Dickhout (1988), Blegen et al. (1987-
bibliography), Bryden et al. (1986), Cherty et al. (1983), Herzog et al. (1991), 
Koopman (1979), Nielsen and Yeates (1985), Pohlmann and Hess (1988) 

Barcelona et al. (1984, 1985b-tubing), Qark et al. (1992), Gibb and Schuller 
(1981), Gibb et al. (1981), Holm et al. (1988-tubing), Houghton and Berger 
(1984), Des et al. (1992), Junk et al. (1974), Parker (1992-material 
recommendations), Pennino (1988), Rose and Long (1988-sampling for dissolved 
oxygen), Schuller et al. (1981), Small (1953), Stolzenburg and Nichols (1985, 
1986); see also, Volatile Sample Comparisons below 

Baerg et al. (1992), Barcelona et al. (1984), Barker and Dickhout (1988), Barker 
et al. (1987), Ho (1983), Imbrigiotta et al. (1987, 1988), Knobel and Mann (1993), 
Laney and Enberg (1992), Luhdorff and Scalmanini (1982), Mines et al. (1993), 
Muska et al. (1986), Pankow et al. (1985), Pearsall and Eckhardt (1987), 
Pohlmann et al. (1990), Reynolds et al. (1991), Rosen et al. (1992), Schalla et al. 
(1988), Seanor and Brannaka (1981), Sonntag (1987), Unwin (1984), Unwin and 
Maltby (1988), Yeskis et al. (1988) 

Abdul et al. (1989), API (1989), Blake and Hall (1984), Borst (1987), Cohen et al. 
(1992), Collins et al. (1991), Dumford et al. (1991), Parr et al. (1990), Feenstra et 
al. (1991), Hall et al. (1984), Hampton and Miller (1988), Hughes et al. (1988), 
Kemblowski and Chiang (1990), Korte and Kearl (1991), Kram (1990), Lenhard 
and Parker (1990), Lundy and Gogel (1988), McElroy et al. (1992), Preslo (1989), 
Sullivan et al. (1988), Testa and Paczkowski (1989), Viallaune (1985), Wagner et 
al. (1989), Wallace and Huntley (1992), Wilson et al. (1988), Yaniga (1984), 
Yaniga and Warburton (1984) 

Positive Displacement (Submersible) Pumps 

Bladder 

Electrical Submersible 

Gas-Drive (Displacement) 

Baerg et al. (1992), Barcelona et al. (1984), Barker and Dickhout (1988), Bryden 
et al. (1986), Qark et al. (1992), Durrett et al. (1992), Houghton and Berger 
(1984), Des et al. (1992), Imbrigiotta et al. (1988), Meyer (1990-dedicated 
sampler), Middleburg (1976), Muska et al. (1986), Parker et al. (1992), Paul and 
Puis (1992), Pohlmann et al. (1990), Ross et al. (1992), Schalla et al. (1988), Snow 
et al. (1992), Stolzenburg and Nichols (1985, 1986), Tai et al. (1991), Unwin 
(1982, 1984), Yeskis et al. (1988) 

Bryden et al. (1986), McMillion and Keeley (1968), Meyer (1990-dedicated 
sampler), Ring and Sale (1987); Helical-Rotor: Barcelona et al. (1984), 
Imbrigiotta et al. (1988), Pearsall and Eckhardt (1987), Rosen et al. (1992), Tai et 
al. (1991), Yeskis et al. (1988) 

Barcelona et al. (1984), Bianchi et al. (1962), Buss and Bandt (1981), Cadwgan 
and Barvenick (1980), Gibb and Schuller (1981), Gibb et al. (1981), Houghton 
and Berger (1984), Idler (1980), Norman (1986), Parker et al. (1992), Robin et al. 
(1982), Scalf et al. (1981-continuous flow), Schalla et al. (1988), Timmons (1981), 
Tomson et al. (1980, 1981-continuous flow), Sommerfeldt and Campbell (1975), 
Trescott and Pinder (1970) 
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Table 5-4 (cont.) 

Topic References 

Positive Displacement (Submersible) Pumps (cont.) 

Gas-Drive (Piston) 

Other Portable Pumps 

Suction-Lift 

Submersible Centrifugal 

Gas-Lift 

Packer 

Cadwgan et al. (1983), Cheny et al. (1983), Knobel and Mann (1993), Koopman 
(1979), Schalla et al. (1988), Tai et al. (1991), Yeskis et al. (1988); Single-Acting: 
Bianchi et al. (1962), Gillham and Johnson (1981), Hillerich (1977); Double
Acting: Signor (1978), Syringe Pump: Gillham (1982) 

Peristaltic: Baerg et al. (1992), Barker and Dickhout (1988), Bryden et al. (1986), 
Gibb and Schuller (1981), Gibb et al. (1981), Houghton and Berger (1984), 
Imbrigiotta et al. (1988), Paul and Puis (1992), Pearsall and Eckhardt (1987), 
Pettyjohn et al. (1981), Schuller et al. (1981), Tai et al. (1991); Centrifugal: 
Pearsall and Eckhardt (1987), Wilson (1980); Vacuum: Allison (1971), Hitchman 
(1988), Stolzenburg and Nichols (1985, 1986), Willardson et al. (1972); 
Adsorption Column Sampler: Dunlap et al. (1977), Pettyjohn et al. (1981), Rosen 
et al. (1992), Scalf et al. (1981) 

Small Diameter: Oark et al. (1992), Gass et al. (1991), Harju (1992), Des et al. 
(1992), Knobel and Mann (1993), Muska et al. (1986), Parker et al. (1992), Paul 
and Puis (1992), Snow et al. (1992), Tai (1992), Unwin (1984), Yeskis et al. 
(1988); Large Diameter: Houghton and Berger (1984), Stolzenburg and Nichols 
(1985, 1986) 

Fenn et al. (1977), Gronowski (1979), Sommerfeldt and Campbell (1975), 
Trescott and Pinder (1970); Chemical Effects: Gibb and Schuller (1981), Gibb et 
al. (1981), Houghton and Berger (1984), Des et al. (1992), Schuller et al. (1981), 
Stolzenburg and Nichols (1985) 

Cadwgan et al. (1983), Cheny (1965), Cheny and Johnson (1982), Galgowski and 
Wright (1980), Grisak et al. (1977), Truettner et al. (1986), Welch and Lee (1987) 

Portable Grab/Depth-specific Samplers 

Bailers 

Pneumatic Depth-Specific 

Bryden et al. (1986), Buss and Bandt (1981), Laney and Enberg (1992), Parker et 
al. (1992), Tai et al. (1991); Chemical Effects: Baerg et al. (1992), Barcelona et al. 
(1984), Gibb and Schuller (1981), Gibb et al. (1981), Gillham (1982), Des et al. 
(1992), Imbrigiotta et al. (1988), Muska et al. (1986), Pearsall and Eckhardt 
(1987), Pohlmann et al. (1990), Schalla et al. (1988), Schuller et al. (1981), Seanor 
and Brannaka (1981), Snow et al. (1992), Stolzenburg and Nichols (1985, 1986), 
Thomey et al. (1991), Unwin (1984), Yeskis et al. (1988) 

Baerg et al. (1992-syringe ), Barcelona et al. (1984), Bryden et al. (1986), Gillham 
(1982-syringe), Ficken (1988), Imbrigiotta et al. (1988), Johnson et al. (1987), 
MacPherson and Pankow (1988), Muska et al. (1986), Pankow et al. (1984, 1985), 
Pohlmann et al. (1990-Westbay), Rosen et al. (1992-dowhole AID sampler) 

Sampling Installations for Portable Samplers 

Nested Wells/Single Borehole Cadwgan et al. (1983), Korte and Kearl (1991), Nakamoto et al. (1986), Patton 
and Smith (1988); Bundle Piezometers: Cheny et al. (1980), Cheny et al. (1983), 
Hitchman (1988), Jackson et al. (1985), Lee and Cheny (1979), Stites and 
Chambers (1991) 
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Table 5-5 Reference Index for In-Place and In Situ Samplersllnstallations 

Topic 

In Situ Samplers 

Hydropunch• 

Other Cone Penetrometer 
Samplers 

Well Point Samplers 

Fiber optics 

In Situ Multilevel Installations 

Gas-Drive/Suction lift 

Multiple Port Casings 

References 

Bergren et al. (1990), Cordry (1986, 1991), Edge and Cordry (1989), Ehrenzeller 
et al. (1991), Kaback et al. (1990), Klabanow et al. (1992), Kuhlmeier and 
Sturdivant (1992), Lammons et al. (1989), Smolley and Kappmeyer (1989, 1991), 
Strutynsky and Sainey (1992), Taylor and Berzins (1988), Zemo et al. (1992a, 
1992b) 

Berzins (1992), Chiang et al. (1989a, 1989b, 1992), Christy and Spradlin (1992), 
Cooper et al. (1989, 1990, 1991), Haldorsen et al. (1985), Karwoski et al. (1992), 
Klopp et al. (1989), Lang et al. (1991), litherland et al. (1985), Lucero (1989, 
1990), Mines et al. (1993), Pohlmann et al. (1990), Smolley and Kappmeyer (1989, 
1991), Smythe et al. (1988), Strutynksy and Sainey (1990, 1992), Strutynksy et al. 
(1992), Taylor and Berzins (1988), Torstensson (1984), Torstensson and Petsonk 
(1988), Zemo et al. (1992a, 1992b) 

Cherry et al. (1992-temporary, multilevel), Harrison and Ostercamp (1981), 
Harrison et al. (1981), John et al. (1977), Patton (1990), Reeve and Doering 
(1965), Rutter and Webster (1962), Summerfield (1973) 

Texts/Reports: Eccles and Simon (1987), Eccles et al. (1987), Hirschfield et al. 
(1984), Murphy and Hostetler (1989), U.S. EPA (1988a,b), Wilson and Hawks 
(1983); Papers: Arendale and Hatcher (1991-calibration), Barnard and Walt 
(1991), Beemster and Schlager (1992), Carrabba et al. (1988, 1991-
spectroelectrochemical), Chudyk et al. (1988, 1990, 1991), Ferrel et al. (1988), 
Finger et al. (1988-porous), Griffm and Olsen (1992), Kenny et al. (1988), Klainer 
et al. (1988a,b), Knuth (1991-TNT), lieberman et al. (1991), Milanovich et al. 
(1991-TCE), Morlock (1989), Morlock et al. (1992-VOCs), Nielsen et al. (1991), 
Olsen et al. (1988), Shahriari et al. (1988-porous), Smith et al. (1988), St. 
Germain and Gillislpie (1991), Tabacco et al. (1991-porous); UV fluorescence: 
Gillispie and St. Germain (1988), Haas et al. (1988, 1991), Taylor et al. (1991); 
UV Absorption Spectroscopy: Beemster and Schlager (1991); lmmunochemical: 
Bolts et al. (1988), Un et al. (1988) 

Boyle (1992); Individual Gas Drive Samplers: Barker et al. (1987), Barvenik and 
Cadwgan (1983), Cherry et al. (1983), Lofy et al. (1977), Morrison and Brewer 
(1981), Morrison and Ross (1978); Suction: Cherry et al. (1983), FJeuterius 
(1980), John et al. (1977) 

Morrison and Brewer (1981), Ronen et al. (1987-dialysis cells), Welch and Lee 
(1987); Multiple Port Well Casing: Cherry et al. (1983), Gillham and Johnson 
(1981), Hyman and McLaughlin (1991), Pickens et al. (1978, 1981), Wells (1988); 
Packer/Waterloo System: Cherry and Johnson (1982), Rehtlane and Patton 
(1982), Ridgeway and Larssen (1990); Westbay System: Black et al. (1986), 
Dreier et al. (1991), Gilmore (1990), Pohlmann et al. (1990), Ridgeway and 
Larssen (1990), Vispi (1980); Auger Installed Multilevel Sampler: Boggs and 
Hemond (1988) 
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APPENDIX A 

DESIGN AND CONSTRUCfiON OF MONITORING WElLS 

This appendix provides an overview of basic elements of the design and construction of permanent 
ground-water monitoring wells in which portable sampling devices can be used. Section 2 covers well drilling 
methods and Section 5.4 should be referred to for a discussion of basic types of monitoring well installations. 
ASTM (1992c) and U.S. EPA (1992) identify the minimum set of data elements necessruy for documenting the 
location and construction of monitoring wells. 

Figures A-la and A-lb show the basic design components of properly and constructed single- and multi
cased monitoring wells. Nielsen and Schall a (1991) have identified six common monitoring well design flaws and 
installation problems that should be avoided: 

1. Use of well casing or well screen materials that are not compatible with the hydrogeologic environment, 
known or suspected contaminants, or the requirements of the ground-water sampling program. The 
result is chemical alteration of samples or failure of the well. See Section A.l. 

2. Incorrect screen slot-sizing practices or use of nonstandard types of well screen, such as field-slotted, 
drilled, or perforated casing. The result is well sedimentation and turbid samples throughout the 
monitoring program. See Section A.2. 

3. Improper length and placement of well screens so that discrete zones of the aquifer are missed or cannot 
be differentiated. In this situation, water level measurements and water quality samples might provide 
misleading results. See Section 5.4. 

4. Improper selection and placement of filter pack materials. Consequences can include well sedimenta
tion, well screen plugging, ground-water sample alteration, or potential well failure. See Section A.3. 

5. Improper selection and placement of annular seal materials. The results can include alteration of 
chemistry of water samples, plugging of the filter pack and/or well screen, and cross-contamination 
between water-bearing units that have not be adequately isolated. See Section A.4. 

6. Inadequate surface protection measures, such as surface seals that are susceptible to frost heave. The 
results can include surface water entering the well, chemical alteration of water quality samples, and well 
damage to destruction. See Section A.4. 

Another common installation problem that can be added to this list occurs after installation has been 
completed: 

7. Use of improper well development techniques. The results can include continuing turbidity in water 
quality samples due to failure to remove fines for the well screen and filter pack, chemical alteration of 
water quality samples due to the introduction of air or foreign water into the aquifer, and possible 
damage to the well screen by stresses caused by excessive surging. See Section A.5. 

Once a well has been installed, ongoing maintenance is required to ensure proper functioning and 
rehabilitation might be required if routine maintenance is not able to prevent impairment of well efficiency or 
if modifications are required for a change in purpose of the well (see Section A.6). Finally, when a well is no 
longer required for its original or modified purpose, it must be properly abandoned (see Section A.7). 

Table A-1, located at the beginning of the reference section, provides an index of general references 
which cover monitoring well design and installation, as well as references that cover more specific topics. 
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A.1 WElL CASING MA1ERIALS 

Other Names Used to Describe Materials: Thermoplastics: Polyvinyl chloride (PVq, acrylonitrile butadiene 
styrene (ABS). Fluoropolymers: Polytetratluoroethylene/tetratluoroethylene (PTFEIIFE, Teflon, Halon, Auon, 
Hostatlon, Polyflon, Algoflon, Soriflon), fluorinated ethylene propylene (PEP, Neflon, Teflon), perfluoroalkoxy ·4 
(PFA, Neoflon, Teflon), polyvinylidine fluoride (PVDF, Kynar), chlorotrifluoroethylene (CIFE, Kel-F, Diatlon). "' 
Metallic: Cast iron, mild/soft steel, carbon steel, low carbon steel, galvanized steel, and stainless steel (particularly 
types 304 and 316). Fiber-glass reinforced: Fiberglass-reinforced epoxy (FRE), fiberglass-reinforced plastic 
(FRP). 

Uses at Contaminated Sites: Casing materials for monitoring wells. 

Materials Description: Thermoplastics include vacying formulations of plastics, which are molded or extruded 
to form rigid well casing (PVC and ABS) or tubing (polyethylene and polypropylene). Fluoropolymers are 
plastics with high chemical resistance consisting of different formulations offluoromonomers, which can be either 
molded by powder metallurgy methods or extruded with heat. Metals: Various types of steel tubing. Fiberglass 
reinforced plastic or epoxy forms casing of higher strength than thermoplastic or fluoropolymer materials. 

Materials Selection Considerations: Plastic CasiDK Advantqes: (1) Is lightweight; (2) PVC is inexpensive; and 
(3) generally good to excellent chemical resistance (fluoropolymers have the best chemical resistance, except for 
fluorinated solvents; PVC has poor resistance to high concentrations of aromatic hydrocarbons [toluene, xylene, 
trichlorethylene] esters, and ketones). Plastic CasiDK Disadvantqes: (1) Weaker, less rigid, and more 
temperature sensitive than metallic materials (PTFEIIFE is especially low, PVDF is stronger; ABS has low 
strength and less heat resistance compared to PVq; (2) PVC might adsorb some constituents from ground water; 
(3) PVC might react with and leach some constituents into ground water and PTFE is prone to sorption of 
selected organic compounds (proper purging and sampling procedures can minimize these problems); (4) 
fluoropolymers are expensive (PVDF is less expensive than PTFE/TFE); (5) some materials are not commonly 
available (ABS, PVDF); (6) tensile strength of wear resistance ofPTFE/I'FE is low compared to other plastics, 
and screen slot opening might decrease in size over time; and (7) antistick properties offluoropolymer materials 
make it difficult to achieve an annular seal with neat cement grout, creating potential for alteration of ground
water chemistry by percolating surface water (see Figure A.4a). Metallic CasiDK Advantqes: (1) Stainless steel 
has least adsorption of halogenated and aromatic hydrocarbons; (2) all steel casings have high strength and 
generally are not temperature sensitive; (3) stainless steel has excellent resistance to corrosion and oxidation; (4) 
stainless steel is readily available in all diameters and screen slot sizes; and (5) mild steel is readily available and 
less expensive than stainless steel for casing. Metallic CasiDK Disadvantqes: (1) Heavier than plastics; (2) 
stainless steel might corrode and leach some chromium in highly acidic water, and might act as a catalyst in some 
organic reactions; (3) stainless steel screens are more expensive than plastic screens; (4) mild steel might react 
with and leach some constituents into ground water and is not as chemically resistant as stainless steel; (5) under 
saturated conditions carbon and low carbon steel rust easily, providing highly sorptive surface for many metals, 
and they deteriorate in corrosive environments; and (6) zinc might leach from galvanized steel, and if the coating 
is scratched, will rust, providing a highly sorptive surface for metals. Fiberglass Reinforced Advantages: (1) High
strength (almost as strong as stainless steel); (2) light (weighs about the same as PVq; and (3) limited available 
data indicate that it is relatively inert in most monitoring well environments. Fiberglass Reinforced 
Disadvantqes: (1) Some adsorption of volatile organics (can be overcome by proper purging and sampling 
procedures; and (2) not readily available and little data available on its performance in the field. 

Frequency of Use: PVC in the most commonly used casing material, followed by stainless steel. PTFE is 
uncommon due to expense and low strength (best application where concentrations of organic solvents are high 
[parts-per-thousand levels] and highly corrosive conditions preclude use of metallic casing). 

Standard Guidelines: ASTM (1990a,b). 

Sources for Additional Information: Aller et al. (1991), Devinny et al. (1990), Driscoll (1986), Nielsen and Schall a 
(1991). See also, Table A-1. 
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A.2 WELL SCREEN TYPES AND MA1ERIALS 

Other Names Used to Describe Method: Monitoring wells: Wire-wound (plastic) continuous-slot, verticle or 
horizontal machine slotted casing, factory slotted perforated pipe, bridge-slot, shutter-type (louvre-type). Other 
well screens: Field slotted pipe (torch cut or perforated), wire-wound perforated pipe (pipe-based screen). 

Uses at Contaminated Sites: Allowing ground water to enter monitoring wells for sampling. 

Method Description: Well screens of the appropriate length and slot size are attached to solid casing and placed 
at the depth in the aquifer where sampling is desired. This method usually is used in unconsolidated formations 
in combination with a filter pack (see Section A.3) to minimize entry of fine particles from the aquifer into the 
well during development (Section A.5), purging (Section B.2), and sampling (Section B.3). The slot size is 
selected to: (1) Maximize open area for water to flow through, and (2) minimize entry of fines into the well 
during pumping. The major types of well intake screens are: (1) Factory slotted (Figure A.2a), (2) continuous 
slot (Figure A.2b), (3) bridge slot (Figure A.2c), and (4) shutter type (Figure A.2d). Other types include field
slotted pipe, in which slots are manually cut, and wire-wound perforated pipe. 

Method Selection Considerations: Factory Slotted Casing Advantages: (1) Has good slot control; (2) is readily 
available; and (3) is inexpensive. Factory Slotted Casing Disadvantages: (1) Low amount of open area makes 
development difficult; (2) rough, jagged edges might be present, forming surface for sorption of chemicals, (3) 
lighter stock metal screens (less than 8 gage) not strong enough for depths greater than 100 to 150 feet, and 
plastic screens much weaker (one-sixth to one-tenth as strong as stainless steel screens) are used. Continuous 
Slot Advantages: (1) Very good slot control is possible, allowing custom made slot sizes for specific aquifer 
gradations; (2) wide range of slot sizes are available; (3) is the most efficient screen available because of high 
amount of open area, facilitating development and ensuring good flow for sampling; ( 4) wire-wound is made in 
both telescoping and pipe sizes; and (5) plastic is less expensive than wire-wound. Continuous Slot 
Disadvantages: (1) Wire-wound is more expensive than slotted pipe, but still moderately priced; and (2) plastic 
screens have much lower strength than metal screens. Bridge and Shutter Type Advantages: (1) Slots are 
accurately sized; (2) are wire-brushed to remove roughness and irregularities; (3) have reasonably high intake 
area (up to 20%); and (4) are relatively inexpensive. Bridge and Shutter Type Disadvantages: (1) aog relatively 
easily; (2) have relatively low collapse strength; (3) have a minimum diameter of 6 inches. Field-slotted pipe is 
not recommended due to low amount of open area, poor slot control, and the development of rough jagged 
edges, which are vulnerable to corrosion (metal pipe). Ware-wound perforated pipe screens have good tensile 
and collapse strength, but have relatively low open area and are easily clogged with fines. 

Frequency ofUse: Wire-wound continuous-slot (or continuous plastic slotted) screens and machine slotted casing 
are the most commonly used types of screens, because they are the most readily available for 2-inch monitoring 
wells. 

Standard Methods/Guidelines: AS1M (1990a). 

Sources for Additional Information: Aller et al. (1991), Bureau of Reclamation (1981), Devinny et al. (1990). 
See also, Table A-1. 
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A.3 FIL1ER PACK 

Other Names Used to Describe Method: Natural and artificial "gravel" pack/sand pack. 

Uses at Contaminated Sites: Increasing hydraulic conductivity around the well screen and keeping fine particles 
from entering the well screen during ground-water sampling. 

Method Description: An artificial filter pack is placed around the well screen. The filter pack must: (1) Be clean 
(to minimize loss of material during development and development time [Section A.5]), (2) have well-rounded 
grains (to increase hydraulic conductivity, porosity, yield, and effectiveness of well development), (3) have 90 to 
95% quartz grains (to minimize changes to ground-water chemistry and to eliminate loss of volume by dissolution 
of minerals), and (4) have a unifonnity coefficient of2.5 or less (to minimize separation during installation and 
lower head loss). Alternatively, well screen slot size is detennined based on the particle-size distribution in the 
aquifer materials and the fines are removed during the development process. In relatively shallow wells, the 
filter pack can be placed by simply dumping sand down the annulus (provided the annular space is more than 
2 inches). More typically, the filter pack is placed by pouring the sand into a tremie pipe, a rigid or partially 
flexible tube of pipe that allows funneling of the material directly to the interval around the well screen (Figure 
A.3a). Other methods include the reverse cin:ulatlon method, where a sand and water mixture is fed into the 
annulus around the well screen and the water entering the screen is pumped up to the surface (Figure A.3b), 
and baekwasbing, where water is pumped down the well and allowed to rise up around the annular area as filter
pack material filters down through the rising water (Figure A.3c). 

Method Selection Considerations: Artificial Filter Pack Advantages: Characteristics of the filter-pack material 
can be selected for optimum efficiency of well operation. Artificial Filter Pack Disadvantages: (1) Procedure 
is relatively time consuming and expensive; (2) bridging might prevent complete filling around the well screen; 
(3) extension of filter pack above or below the screen area might allow contaminants to move to uncontaminated 
areas; (4) filter pack material might introduce contaminants into the aquifer (a leaching test can be used to 
detennine whether this might be a problem); and (5) use of reverse circulation and backwashing emplacement 
methods might alter ground-water chemistry. Natural Filter Pack Advantages: (1) Simpler and can be less 
expensive (depending on time requirements for well development); and (2) potential for alteration of ground
water chemistry is minimized. Natural Filter Pack Disadvantages: (1) Well development is more difficult, and 
success is less assured; (2) selection of optimum screen slot size is more difficult. 

Frequency of Use: Filter packs are a standard feature of monitoring wells. Artificial filter packs are usually used 
in finer and very coarse grained material. 

Standard Methods/Guidelines: ASTM (1990a). 

Sources for Additional Infonnation: Aller et al. (1991), Campbell and Lehr (1973), Driscoll (1986), U.S. EPA 
(1975, 1986). See also, Table A-1. 
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Figure A.3 Artificial filter pack placement methods: (a) Tremie-pipe emplacement; (b) Reverse circulation 
emplacement; (c) Backwashing (Nielsen and Schalla, 1991, by permission). 

A-7 



A.4 GROUTS AND SEALS 

Other Names Used to Describe Method: Bentonite, cement, neat cement. 

Uses at Contaminated Sites: Sealing the annular space between the well casing and the formation to prevent 
contaminants from moving upward or downward to uncontaminated areas (Figure A4). 

Method Description: After the filter pack is placed, grout (usually either bentonite or neat cement) is used to 
provide the optimum seal in the annual space between the casing and borehole walls. Bentonite can be placed 
either as unhydrated pellets or chips with water added later, or pumped down through a tremie pipe as a slurry. 
Neat cement (a mixture of 5 to 6 gallons of clean water per 1 cubic foot bag of Portland Cement, usually Type 
I) is mixed manually or with a mechanical mixture and pumped into the annulus. A variety of additives can be 
mixed with the cement slurry to change the properties ofthe cement (Table A4). The more common additives 
include: (1) Bentonite (to improve workability, and to reduce weight and shrinkage), (2) calcium chloride (to 
accelerate setting time and create higher early strength, especially useful in cold climates), (3) gypsum (quick 
setting, expanding cement, but expensive), (4) aluminum powder (which produces a strong, quick-setting cement 
than expands on setting), (5) fly ash (to increase sulfate resistance and early compressive strength), (6) 
hydroxylated carboxylic acid (to retard setting time and improve workability without compromising set strength), 
and (7) diatomaceous earth (to reduce slurry density and thickening time, but increase water demand and reduce 
set strength). Table A.4 summarizes information on the effect of 15 additives commonly used with cement. 
Major surface sealing measures include: (1) Placement of a sturdy protective outer casing with cover and lock 
to a depth below the frost line and a drainage hole to prevent moisture buildup between the protective casing 
and the well casing, and (2) placement of a concrete pad sloping away from the casing to prevent infiltration of 
surface water and shaped so as to prevent frost heaving. See Figure A-la for typical surface protection measures. 

Method Selection Considerations: Bentonite Advantages: (1) Is readily available; (2) is inexpensive; and (3) 
pellets or slurry can be used. Bentonite Disadvantages: (1) Might cause constituent interference due to ion 
exchange; (2) might not give complete seal and complete bond to casing cannot be assured; (3) pellets might 
bridge or wet and swell, sticking to the formation or casing before filling the annular space; and (4) pump might 
clog if slurry gets too dense. Cement Advantages: (1) Is readily available; (2) is inexpensive; (3) can use sand 
and/or gravel filler; and (4) is possible to determine how well the cement has been placed by means of 
temperature logs (see Figure 2.6.2a) or sonic bond logs (Section 3.6.2). Cement Disadvantages: (1) Might cause 
constituent interferences (high pH with attendant change in ground-water chemistry); (2) mixer, pump, and 
tremie lines are required and more cleanup generally is required compared to bentonite; (3) can have problems 
getting the material to set up; (4) channeling between the casing and seal might develop because of temperature 
changes during the curing process, swelling and shrinkage of the grout while the mixture cures, and poor bonding 
between the grout and the casing surface; and (5) heat from setting can compromise structural integrity of some 
well casing materials (i.e., thermoplastic). 

Frequency of Use: Both bentonite and neat cement are used widely. 

Standard Methods/Guidelines: API (1990, 1991a), ASTM (1990a, 1992b). 

Sources for Additional Information: Aller et al. (1991), Driscoll (1986). See also, Table A-1. 
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Figure A.4 Potential pathways for fluid movement in the casing-borehole annulus (Aller et al., 1991). 
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Table A.4 Some Additives Commonly Used with Cement 

Source: API, (1959) 
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EARLY DECREASED X X X X X X ® ® 
STRENGTH INCREASED I® ® 
FINAL DECREASED X X 0 X X 10 
STRENGTH INCREASED X 

DURABILITY 
DECREASED X X X X 

INCREASED ® 
WATER LOSS 

DECREASED I® X ® X 

INCREASED X X 

DENOTES MINOR EFFECT. 

0 DENOTES MAJOR EFFECT AND/OR PRINCIPAL PURPOSE FOR WHICH USED. 

SMALL PERCENTAGES OF SODIUM CHLORIDE ACCELERATE THICKENING. 

LARGE PERCENTAGES MAY RETARD API CLASS A CEMENT.' 

CARBOXYMETHYL HYDROXYETHYL CELLULOSE. 
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A.5 WElL DEVELOPMENT 

Other Names Used to Describe Method: Over-pumping, backwashing, surge-plunger, surge block, mechanical 
surging, bailer, compressed air, airlift pumping, air surging, high velocity (water/hydraulic) jetting, blasting, 
acidizing. 

Uses at Contaminated Sites: Removing fines from filter pack around monitoring wells to improve hydraulic 
performance and eliminate or reduce collection of sediment in water quality samples; rectifying damage done 
during drilling to borehole wall and adjacent formation. 

Method Description: In overpumping the well is pumped at a rate that substantially exceeds the ability of the 
formation to deliver water. Backwashing often is used in conjunction with overpumping. If the pump does not 
have a backflow prevention valve, alternately starting and stopping the pump creates a surging effect where water 
is driven back into the formation during the off cycle. Alternatively, water can be added to the well (Figure 
A.5a). In bailing, a bailer (Section 5.3.1) is allowed to fall freely through the borehole until it strikes the surface 
of the water. The impact of the bailer produces an outward surge ofwater through the well screen and filter 
pack. As the bailer fills, the flow of water reverses and fines migrate into the well and are brought to the surface 
in the bailer. Sediment in the bottom of the well can be mobilized by short rapid strokes of the bailer near the 
bottom before retrieving the bailer. Mechanical surging forces water into and out of the well screen by operating 
a plunger, called a surge block, which is attached to a drill rod or a wireline (Figure A.5b). The surge block is 
lowered to the top of the well intake and operated in a pumping action with strokes typically around 3 feet and 
is gradually worked downward through the screened interval. At regular intervals, the surge block is removed 
and fines that have entered the well are removed by pumping or with a bailer. Compressed air can be used to 
alternately surge and air-lift pump a well to remove sediment. In air surging, injected air lifts the water column 
until it reaches the top of the casing and the air supply is shut off, causing an outward surging action in the well 
intake. Air lift pumping using compressed air (Figure A.5c) brings water to the surface as described in Section 
5.2.4. High velocity jetting uses a single- or multiple-nozzle device, which directs a horizontal stream of water 
against the well screen opening (Figure A.5d). The jetting tool is placed near the bottom of the screen and 
slowly rotated while being pulled upward. Material that enters the screen in the backwash of the jet stream is 
removed by pumping or bailing. Jetting/pumping, which combines jetting with simultaneous pumping, provides 
for maximum development efficiency. Two development methods that are used for water wells but are not 
recommended for monitoring well development because they introduce contaminants into the aquifer are: (1) 
Blasting (used only in solid rock wells), and (2) addizing (used only in limestone aquifers). 

Method Selection Considerations: Overpumping Advantages: (1) Is convenient for small wells or poor aquifers; 
(2) minimal time and effort are required; (3) no new fluids are introduced; and (4) removes fluids introduced 
during drilling and fine sediments. Overpumping Disadvantages: (1) Not adequate for large wells; (2) will not 
develop maximum efficiency in a well because does not effectively remove fine-grained sediment; (3) tends to 
cause sand to bridge in the formations (can be reduced by alternating pump on and pump oft); (4) requires the 
use of high capacity pumping equipment; (5) can result in a large volume of water to be contained and disposed; 
(6) can leave the lower portion of large screen intervals undeveloped; (7) excessive pumping rates can caused 
well collapse, especially in deep wells; and (8) equipment for effective overpumping might not fit in small 
diameter wells. Backwashing Advantages: (1) Effectively rearranges filter pack; (2) effective in breaking down 
bridging; and (3) no new fluids introduced with on-off overpumping. BackwashingDisadvantages: (1) Fine sand, 
mud, silt, or clay can be washed into the well or filter pack from the formation; (2) not fully effective unless 
combined with surging, bailing, or pumping; (3) large quantities ofwater are required; (4) unless combined with 
pumping or bailing, does not remove drilling fluids; and (5) backwashing with added water introduces fluid into 
the well that might alter formation chemistry. Bailing Advantages: (1) No new fluids are introduced into the 
aquifer; (2) removes fluids introduced during drilling; (3) removes fines from well; and (4) bailers are easily 
obtained and can double as sampling devices. Bailing Disadvantages: (1) Is time-consuming and tiring if done 
manually; (2) not as effective as surge blocks; and (3) is not effective in unproductive wells. Mechanical Surging 
Advantages: (1) Is low cost; (2) effectively rearranges filter pack; (3) has greater suction action and surging than 
backwashing; ( 4) breaks down bridging in filter pack; (5) no new fluids are introduced; and (6) convenient to use 
for cable-tool rigs. Mechanical Surging Disadvantages: (1) Can produce unsatisfactory results when an aquifer 
contains clay because the casing or screen can collapse if it becomes plugged with fines; (2) tends to push fine
grained sediments into the filter pack; (3) unless combined with pumping or bailing, does not remove drilling 
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Figure A.5 Well development methods: (a) backwashing (U.S. EPA, 1991); (b) specialized surge block (Schalla and 
Landick, 1986); (c) compressed air (U.S. EPA, 1991); (d) high-velocity jetting (U.S. EPA, 1991). 
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fluids; (4) sometimes the well seal can be disturbed when surging; and (5) excessive sand can result in sand
locking of the surge block. Compressed Air Advantages: It is a rapid method. Compressed Air Disadvantages: 
Not recommended for monitoring wells because: (1) Air can become entrained in the filter pack and reduce 
permeability; (2) where yield is very weak and drawdown rapid, or submergence is low, other methods will be 
more satisfactory; and (3) introduction of air into aquifer can alter chemistry. Jetting Advantages: (1) Simple 
to use; (2) effectively rearranges and breaks down bridging in filter pack; (3) effectively removes mud cake 
around screen; ( 4) jetting with simultaneous pumping is particularly successful for wells in unconsolidated sands 
and gravels; and (5) jetting/pumping removes sediment from the well before it can settle in the screen and jetting 
waters can be recirculated after sediment has been removed at the surface. Jetting Disadvantages: Generally 
not recommended because: (1) Foreign water and possible contaminants are introduced to the aquifer; (2) air 
blockage can develop with air jetting; (3) air jetting can change water chemistry and biology (iron bacteria) near 
well; (4) unless combined with pumping or bailing, does not remove drilling fluids; and (5) jetting with 
simultaneous pumping is not always practicable. 

Frequency of Use: Well development in some form should be performed on any monitoring well. Ovetpumping 
and backwashing are probably the most commonly used forms of well development. These methods or bailing 
combined with mechanical surging will be the most effective methods for most situations. 

Standard Methods/Guidelines: Draft AS1M guide (AS1M, 1993). 

Sources for Additional Information: Aller et al. (1991), Barcelona et al. (1983), Barrett et al. (1980), Campbell 
and Lehr (1973), Driscoll (1986), GeoTrans (1989), Scalfet al. (1981), Unwin (1982), U.S. EPA (1986). See also, 
Table A-1. 
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A.6 WElL MAINTENANCE AND REHABIUTATION 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Maintaining monitoring well integrity; restoring monitoring well functions or changes 
in the purpose of a well. 

Method Description: Maintenance involves the routine, ongoing tasks that ensure a well is a representative 
sampling point. This involves full documentation of design and installation of the well and of all subsequent 
sampling and other activities involving the well. Routine maintenance activities include: (1) Periodic bail testing 
of the well to determine specific capacity (can be done during normal purging for sampling or more frequently 
if sampling is infrequent); (2) measurement of depth before purging; (3) repair of protective casing, covers, 
hinges, and any other exposed parts of the well; and ( 4) occasional redevelopment by bailing, surging or bottom 
pumping (see Section A.5). Rehabilitation involves efforts beyond normal maintenance that are intended to 
restore the well's original performance or to alter the well to serve other purposes. Common rehabilitation 
techniques include: (1) Deepening because the water table has been lowered; (2) installation of sleeving to repair 
a physical problem; (3) treatment of screens to reduce plugging or encrustation; and (4) use of aggressive 
development techniques, such as high-velocity jetting (Section A.5), to improve well performance. In traditional 
well rehabilitation, three categories of chemicals are used for rehabilitation: (1) Acids, to dissolve incrustation 
on the well intake or in the surrounding formation; (2) biocides, to kill bacteria in the well or surrounding 
formation that contribute to clogging; and (3) surfactants, to disperse clay and fine materials for easier removal. 

Method Selection Considerations: The main consideration in selection of maintenance and rehabilitation 
techniques is to avoid or minimize practices that might alter the integrity of water quality samples from the well. 
In general, this means avoiding use of development techniques, such as compressed air, non-native water for 
jetting, and traditional well rehabilitation chemical treatment methods, which introduce chemicals or alter the 
chemical environment of the formation. 

Frequency ofUse: All wells requiring maintenance procedures should be clearly defined in the site sampling plan. 
Rehabilitation procedures are used on an as-needed basis. 

Standard Methods/Guidelines: ASTM Draft Standard Guide for Maintenance and Rehabilitation of Monitoring 
Wells (Nielsen, 1991). 

Sources for Additional Information: Aller et al. (1991), Campbell and Lehr (1973), Driscoll (1986), U.S. EPA 
(1975, 1986). See also, Table A-1. 
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A 7 WElL ABANDONMENT 

Other Names Used to Describe Method: Decommissioning. 

Uses at Contaminated Sites: Eliminating physical hazards; preventing ground-water contamination; conserving 
aquifer yield and hydrostatic head; preventing intermixing of subsurface water. 

Method Description: Well abandonment involves the combination of full or partial casing/screen removal and 
plugging. Casing/screen removal techniques: The two main casing removal techniques are: (1) Pulling, using 
hydraulic jacks or by pumping the casing with a rig, and (2) overdrilling, in which a large-diameter hollow stem 
auger is used to drill around the casing. In shallow, sandy aquifers, casing can be removed by jetting (see Section 
2.1.8). Sandlocking can be used to remove telescoped well screens, where the diameter is smaller than the 
casing. A pulling pipe wrapped with burlap strips is lowered to penetrate about 2(3 of the length of the screen. 
Sand is added to create a locking effect and the screen is pulled to the surface. Lateh-type tools can be used 
to remove telescoped well screens that are 2 to 6 inches in diameter. Partial easing removal involves cutting the 
casing off below ground level. Plugging techniques: The simplest technique for plugging an uncased borehole 
is to fill the entire hole with grout material, commonly a cement/bentonite mixture (Section A4), which is 
chemically compatible with the formation. Where casing is left in place, the interval adjacent to water-bearing 
zones is ripped or perforated with easing rippers, gun-perforators, or jet perforators, and grouted under pressure 
to allow penetration outside the casing. Partial grouting requires the use of bridge plugs, which allow sealing 
of selected portions of a borehole. A permanent bridge seal is the most deeply located plug that forms a bridge 
upon which fill material can be placed and is used to prevent cross contamination between lower and upper 
aquifers. If more than two water-bearing zones are intersected by the wells, intermediate seals are placed 
adjacent to intermediate zones and the remaining permeable zones are filled with clean disinfected sand, gravel, 
or other material. Uppermost aquifer seals keep out surface water and keep artesian aquifers from flowing to 
the surface. In artesian aquifers, special procedures might be required for plugging such as: (1) Pumping nearby 
wells to lower hydrostatic head, (2) placing fluids of high specific gravity in the borehole, or (3) elevating the 
casing high enough to stop the flow. 

Method Selection Considerations: Casing Removal Advantages: Preferred method for abandonment because 
complete removal of casing provides greatest assurance that the hole is completely sealed. Casing Removal 
Disadvantages: (1) Pulling method generally is not feasible if casing has been sealed and grouted; (2) overdrilling 
requires hollow stem at least 2 inches larger than the casing being removed, which might not be available; (3) 
overdrilling will not work in consolidated formations and might be difficult if the well casing is not plumb; (4) 
sandlocking and latch-type tools can only be used when screen diameter is smaller than the inner diameter of 
casing; and (5) unstable boreholes require placement of grout at the same time the casing is pulled. Plugging 
Advantages: (1) Full plugging provides the greatest assurance that there will be no contamination or cross 
contamination of aquifers; and (2) partial plugging is less expensive than full plugging. Plugging Disadvantages: 
(1) Full plugging is more expensive than partial plugging, especially in deep boreholes; and (2) partial plugging 
procedures are more complex and do not provide as great assurance that the effective seals have been developed. 

Frequency of Use: All wells should be properly abandoned when they are no longer needed for their original 
or a modified putpose. 

Standard Methods/Guidelines: ASTM (1992c). Most states have well abandonment laws (see Kraemer et al., 
1991 for summary of status of state well abandonment requirements). AWWA (1984), also reproduced as 
Appendix C in Aller et al. (1991), provides general guidelines for well abandonment. 

Sources for Additional Information: Aller et al. (1991), Campbell and I..ehr (1973), Driscoll (1986), U.S. EPA 
(1975, 1986). See also, Table A-1. 
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Table A-1 Index to References on DesiKn and Installation of Monitoring Wells" 

Topic 

General 

Texts/Symposia 

Federal/State Guidelines 

Specific Topics 

Case Studies 

Well Costs 

Chemical Effects 

Cross Contamination 
Prevention 

Decontamination 

Design/Installation 

References 

Aller et al. (1991), Anderson (1971), Barcelona et al. (1985a), Campbell and Lehr 
(1973), Driscoll (1986), Gaitlin (1960), GeoTrans (1989), Gibson and Singer 
(1969, 1971), Gillham et al. (1983), Howsam (1990), Johnson (1966), Korte and 
Kearl (1985), Lehr et al. (1988), Oregon Well Contractors Association (1968), 
Scott and Scalamini (1978), U.S. EPA (1975, 1986, 1993); Bibliographies: 
Campbell and Lehr (1973), Giefer (1963), Hix (1992a) 

CDHS (1986), CEPA (1983), Oark and Sabel (1980), NDEC (1984), U.S. Anny 
Corps of Engineers (1990), USATHAMA (1982), WDNR (1985, 1991) 

Fetter and Gritrm (1988), Gordon and Powell (1989), Hunkin et al. (1984), Keely 
and Boateng (1987b), Laney (1988), Last and Bjomstand (1990), Macfarlane et al. 
(1988), Moore et al. (1990), Petennarm et al. (1989), Reaber and Stein (1990), 
Schalla and Landick (1986), Seikan and Deyling (1989), Smith (1988), Smith et al. 
(1989), Spruill (1988), White (1990) 

Ackennarm (1969), Everett et al. (1976), Gibb (1971), Gibb and Sanderson (1969) 

Barcelona et al. (1983, 1985b, 1988a), Boettner et al. (1981), Brobst and Buszka 
(1986-drilling fluids), Oarke (1966), Dunbar et al. (1985), Evans and Ellingson 
(1988), Gibb (1987), Gillham et al. (1983), Hamm (1971), Junk et al. (1974), 
Lewis (1982), Liikala et al. (1988), Lolcama (1988), Martin and Lee (1989), 
Massee et al. (1990), Nielsen (1988), Reynolds and Gillham (1985), Reynolds et 
al. (1990), Richter and Callentine (1983), Robertson (1968), Schmidt (1983), 
Struempler (1973), Walker (1983); see also, references on chemical effects listed 
under "Well Casing," and references on "water quality effects of well drilling" and 
"mud toxicity/water chemistry effects" in Table 2-4 

Fetter and Gritrm (1988), Hamm (1971), Millison et al. (1989) 

Hix (1992b); see also, Section B.4 and Table B-5 

Ahrens (1957, 1958, 1970), ASTM (1990a), Beard (1992), Beck (1983), Cohen 
and Rabold (1988), Dablow et al. (1988-Teflon casing), Diefendorf and Ausburn 
(1977), Fetter and Gritrm (1988), Gass (1984), Healy (1990), Keely and Boateng 
(1987a,b), Kelly (1982), Kerfoot (1988), Lewis (1982), Luhdorff and Scalmanini 
(1982), McCullom and Cronin (1992-pemiafrost areas), Minning (1982), Nielsen 
(1991), Paul et al. (1988), Reynolds and Zemo (1992-fine-grained formations), 
Richter and Collentine (1983), Riggs and Hatheway (1988), Rinaldo-Lee (1983), 
Robbins (1989), Schaff (1950), Smith et al. (1989), Swanson (1988), Treadway 
(1990), Walker (1983), Wehnnarm (1983), Williams (1981), Voytek (1983); 
Horizontal Wells: See Section 2.1.11 and Table 2-4 
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Table A-1 (eont.) 

Topic 

Network Design 

Well Casing 

Well Screens 

Filter Pack 

Sealing/Grouting 

References 

Andricevic and Foufoula-Georgiou (1991), Barcelona et al. (1989), Brown et al. 
(1983), Carerra et al. (1984), Cleveland and Yeh (1991), Cohen and Rabold 
(1988), Collins et al. (1991), Gordon and Powell (1989), Grisak et al. (1978), 
Haug et al. (1989), Hsueh and Rajagopal (1988), Huber (1989), Hudak and 
Laoiciga (1992), Hughes and Lettenmaier (1981), Knopman and Voss (1989), 
I..oaiciga (1989), Loftis and Ward (1978), McKinney and Loucks (1992), 
McLaughlin and Graham (1986), McNichols and Davis (1988), Meyer and Brill 
(1988), Moore et al. (1990), Nightingale and Bianchi (1979), Robbins (1989), 
Schalla et al. (1989), Slawson (1980), Sophocleous et al. (1982), Spruill and 
Candela (1990), Wood and McLaughlin (1984), Young and Boggs (1990) 

API (1976), ASTM (1986, 1990), Barcelona and Gibb (1988), Barcelona et al. 
(1983), Boettner et al. (1981), Brice (1990), Committee of Steel Pipe Producers 
(1979), Dablow et al. (1988), Foster (1989), Gross (1970), Kurt (1979), Nass 
(1976), National Association of Steel Pipe Distributors (1979), Nielsen (1988), 
NWWNPPI (1980), Parker (1992-guidelines), Purdin (1980), Royce (1991), Uni
Bell Plastic Pipe Association (1979), Yu (1989); Casing Chemical Effects (see 
also, references listed under "Chemical Effects"): Barcelona and Helfrich (1986), 
Barcelona et al. (1988b), Bianchi-Mosquera and Mackay (1992), Boettner et al. 
(1981), Cowgill (1988), Curran and Tomson (1983), Dowd (1987), Gillham and 
O'Hannesin (1990), Hewitt (1989a,b, 1991, 1992), Hewitt et al. (1989), Houghton 
and Berger (1984), Jones and Miller (1988), Lang et al. (1989), Miller (1982), 
Parker and Jenkins (1986), Parker et al. (1989a, 1989b, 1990), Raber et al. (1983), 
Sosebee et al. (1983), Sykes et al. (1986); Diameter: Rinaldo-Lee (1983), Schalla 
and Myers (1988), Schalla and Oberlander (1983), Schmidt (1982) 

Ahmad et al. (1983), Bikis (1979), Blair (1970), Burger (1989), Clark and Turner 
(1983), Gass (1988), Giddings and Shosky (1987), Gillespie (1992), Jackson 
(1983), Mcllvride and Rector (1988), Meredith and Bryce (1992), Peterson et al. 
(1955), Rich and Beck (1990), Schalla and Walters (1990), Schmidt (1987), Smith 
(1963) 

Blair (1970), Boyle (1992), Bureau of Reclamation (1986), Fawcett (1963), Gass 
(1988), Hampton and Heuvelhorst (1990), Hampton et al. (1991), Mader (1989), 
Palmer et al. (1987), Schalla and Walters (1990), Smith (1954), Svitana (1989) 

API (1959, 1990, 1991a, 1991b), Baker (1992), Bertane (1986), Bodocsi et al. 
(1988-reactivity with waste/leachate), Bowen (1981), Boyle (1992), Calhoun 
(1988), Campbell and Lehr (1975), CEMBUREAU (1967), Colangelo (1988), 
Coleman and Corrigan (1941), Edil et al. (1992), Fetzer (1982), Gaber and Fisher 
(1988), Gibb (1987-chemical effects), Halliburton (1968, 1969), Johnson et al. 
(1980), Kosmatka and Panarese (1988), Kurt (1983), Kurt and Johnson (1982), 
Leonard (1985), Lerch and Ford (1948), McCandless et al. (1988), McEllhiney 
(1955), Moerhl (1964), Molz and Kurt (1979), Senger and Perpich (1983), Smith 
(1976), Smith et al. (1990), Troxell et al. (1968), Williams and Evans (1987) 
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Table A·l (cont.) 

Topic 

Well Development 

Maintenance/Rehabilitation 

Abandonment 

References 

Ault and Bethart (1970), Qarke (1966), Dougherty and Paczkowski (1988), Gass 
(1986), Giddings (1983), Gordon (1959), Hall and Luttrell (1990), Helweg et al. 
(1983), Johnson (1968), Keely and Boateng (1987a,b), Kelly (1982), Kill (1990), 
Lorenz and Price (1988), Mogg (1966), Nuckols (1990), Paul et al. (1988), Sevee 
and Maher (1990), Walker (1974), Whitesides (1970), Winegardner (1990); 
Hydraulic Fracturing: Howard and Fast (1970) 

Texts: Gass et al. (1980); Papers: Bennison (1953), Gates (1989), Grubb and 
Martin (1963), Kraemer et al. (1991), Leach et al. (1991), McCullom and Cronin 
(1992-permafrost areas), Sevee and Maher (1990), Strumel (1965), Upp (1966), 
Winegardner (1990); Mechanical Integrity Testing: Aller and Nielsen (1984), 
Thornhill and Benefield (1990, 1992); see also, Section 3.6 on well construction 
logs (3.6) 

A WW A (1984), Bergren et al. (1988), Herndon and Smith (1976, 1984), Hix 
(1990), Kraemer et al. (1991), Lamb and Kinney (1989), Perazzo et al. (1984), 
Renz (1989), Smith et al. (1990), U.S. EPA (1968), VanEck (1978), Winegardner 
(1990); Old Abandoned Wells: Aller (1984), Fairchild and Canter (1984), 
Frischknecht et al. (1983), Gass et al. (1977), Hamm (1971) 

"Other related reference index tables: 

Table 2-4 (drilling methods). 
Table 5-4 (well installations for NAPL sampling/detection). 
Table 5-5 (well installations for portable samplers and in situ multilevel installations). 
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APPENDIX B 

GENERAL GROUND-WATER. SAMPUNG AND HANDUNG PROCEDURES 

This appendix provides an ovetview of ground-water sampling and handling procedures, which generally 
are applicable to any ground-water monitoring program. This information should be considered in combination 
with Section 5 (Ground-Water Sampling Devices and Installations, and Appendix A (Design and Construction 
of Monitoring Wells). This appendix is not intended to provide specific guidance on sampling for a specific 
situation, but provides information on the major activities that are required for sample collection and handling. 
The appropriate guidance documents and other reference sources identified in Table B-1 (at the end of this 
appendix) should be used in consultation with the appropriate regulatory agency to determine procedures 
appropriate to a specific site. 

The starting point for any ground-water sampling program is the quality assurance/quality control 
(QA/QC) plan (Section B.1). Ground-water sampling protocols appropriate to the data quality objectives and 
the site conditions will define the specific procedures that will be followed for individual sampling events. Well 
purging (Section B.2) typically has been an important element of sampling procedures, the specific procedures 
of which will vary with site conditions. As discussed in Section B.2, well purging should no longer be assumed 
to be required for all well sampling situations. Specific sample handling and preservation procedures (Section 
B3) are likely to vary somewhat, depending on the analyte of interest at a site, as will decontamination 
procedures (Section B.4). U.S. EPA (1992) and ASlM (1992a) identify the minimum information that is 
required for documenting a ground-water sampling event ASlM is nearing completion of a series of guides that 
cover additional descriptors for documenting a ground-water sampling events (ASlM 1992b, 1992c,1992d,1993). 
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B.1 QUAliTY ASSURANCE/QUAliTY CONTROL 

Other Names Used to Describe Method: QA/QC, sampling protocol. 

Uses at Contaminated Sites: Minimizing the sources of error in ground-water (and soil) sampling results. 

Method Description: A QA/QC plan involves the establishment of a sampling protocol, which is designed to 
minimize sources of error in each stage of the sampling process, from sample collection to analysis and reporting 
of analytical data. Key elements include: (1) Development of a statistically sound sampling plan for spatial and 
temporal characterization of ground water (U.S~ EPA, 1989b); (2) installation of a vertical and horizontal 
sampling network, which allows collection of samples that are representative of the subsurface; (3) use of 
sampling devices that minimize disturbance of the chemistey of the formation water; (4) use of decontamination 
procedures for all sampling equipment to minimize cross-contamination between sampling points (see Section 
B.4); (5) collection of QA/QC samples (see Table B.1 for types of samples); and (6) bottling, preservation, and 
transport of samples to maximize the integrity of the samples (Section B.3). Additional QA/QC procedures must 
be followed in the laboratoey. Figure B.1 shows a generalized flow diagram for ground-water soil sampling 
protocol. -

Method Selection Considerations: As requirements for precision and accuracy increase, the type and number of 
QA/QC samples will increase. Field rinsate blanks should be collected any time there is a possibility of cross
contamination from sampling equipment. 

Frequency of Use: Required standard procedure for all ground-water sampling. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table B-1. 
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Table B.l Types of QA/QC Samples 

Double-Blind Samples 

Field evaluation samples (FES) 
Low-level field evaluation samples (LLFES) 
External laboratOJ:y evaluation samples (ELES) 
Low-level external laboratoty evaluation samples (LLELES) 
Field matrix spike (FMS) 
Field duplicate (FD) 
Preparation split (PS) 

Single-Blind Samples 

Field rinsate blanks (FRB)--also called field blanks, decontamination blanks, equipment blanks, and dynamic 
blanks 
Preparat!on rinsate blank (PRB)-also called sample bank blanks 
Trip blank (I'B)-also called field blank 

Source: van Ee et al. (1990) 
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Step Procedure 

Wei/Inspection Hydrologic Measurements 

~ 
Well Purging Removal or Isolation of Stagnant Water 

-~ 

Determination of Well-Purging Parameters 
(pH, £h. T, n.-')'" 

Sample Collection 
Filtration• Unfiltered Field Filtered• Field ,:..;;.;..;;...;... __ __. ___ , 

Determinations •• 

Preservation 
Field Blanks 
Standards 

Storage 
Transport 

Volatile Organics, TOX 

~ 
Dissolved Gases, TOC 

~ 
Large Volume Sam

ples for Organic 
Compound Determi

nations 

! 
Assorted Sensitive 
Inorganic Species 
NO;, Nf· Fe(//) 

(as needed for good 

Q'1QC) 

Trace Metals for 
Mobile Substance 

Load+++ 

Alkalinity! Acidity • • 

~ 
Trace Metal Samples 

for Specific Geochemical 
Information+++ 

~ 
S •• Sensitive 

lnor1anics 

Major Cations and 
Anions 

Essential Elements 

Water-Level 
Measurements 

Representative Water 
Access 

Verification of 
Representative Water 

Sample Access 

Sample Collection by 
Appropriate Mechanism 

Minimal Sample Handling 

Head-Space 
Free Samples 

Minimal Aeration or 
Depressurization 

Minimal Air Contact, 
Field Determination 

Adequate Rinsing against 
Contamination 

Minimal Air Contact, 
Preservation 

Minimal Loss of Sample 
Integrity Prior to Analysis 

Recommendations 

Measure the water level to ±0.3 
em (±0.01 ft). 

Pump water until well purging 
parameters (e.g., pH, T. n.-1, £h) 
stabilize to± 10% over at least 
two successive well volumes 
pumped. 

Pumping rates should be limited 
to -100 mUmin for volatile 
organics and gas-sensitive 
parameters. 

Filter: Trace metals, inorganic 
anions/cations, alkalinity. 
Do not filter: TOC, TOX, volatile 
organic compound samples. Filter 
other organic compound 
samples only when required. 

Samples for determinations of 
gases, alkalinity and pH should 
be analyzed in the field if at all 
possible. 

At least one blank and one 
standard for each sensitive 
parameter should be made up in 
the field on each day of 
sampling. Spiked samples are 
also recommended for good QAI 
OC. 

Observe maximum sample 
holding or storage periods 
recommended by the Agency. 
Documentation of actual holding 
periods should be carefully 
performed. 

Denotes samples that should be filtered to determine dissolved constituents. Filtration should be accomplished preferably with in-line filters 
and pump pressure or by N2 pressure methods. Samples for dissolved gases or volatile organics should not be filtered. In instances where 
well development procedures do not allow for turbidity free samples and may bias analytical results. split samples should be spiked with 
standards before filtration. Both spiked samples and regular samples should be analyzed to determine recoveries from both types of handling. 
Denotes analytical determinations that should be made in the field. 

+++ See Puts and Barcelona (1989). 

Figure B.l Generalized Dow diagram of ground-water sampling protocol (U.S. EPA, 1991a). 
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B.2 WElL PURGING 

Other Names Used to Describe Method: Well flushing. 

Uses at Contaminated Sites: Removing stagnant water from a well before sample collection. 

Method Description: Well purging involves the pumping of stagnant water from a well before sample collection. 
A monitoring well is pumped (generally at a rate from 1 to 5 gallons per minute) until a certain number of well 
volumes have been removed and until water quality indicators, such as pH, conductance, and/ or temperature, 
have stabilized, indicating that fresh formation water fills the well. Sampling takes place after purging in 
completed. Recent research (Kearl et al., 1992) has suggested that purging is not desirable because it can 
mobilize colloidal particles upon which contaminants are sorbed. The alternative to purging is to use a dedicated 
sampling device set at the level of the well screen capable of low pumping rates (around 100 mi./minute), which 
will not increase colloid density in the ground-water sample compared to natural colloidal flow through the well 
screen. 

Method Selection Considerations: Recommended rules of thumb, such as purging three to five volumes (Penn 
et al., 1977) should be treated only as a starting point. Accurate estimation of purge volume requires knowing: 
(1) Well yield, determined from a slug or pumping test, and (2) the stagnant volumes of both the well casing, 
and the sand pack. Figure B.2a shows the volume of water stored per foot of well casing at different diameters. 
In slowly recovering wells, extra care is required when purging to ensure that water levels do not drop below the 
level of the well screen because aeration might allow loss of volatile or redox sensitive contaminants. After 
stagnant water has been removed or isolated, chemical indicators (pH, conductance, and temperature) should 
continue to be monitored until they reach a consistent end point (no upward or downward trend). Another 
important consideration in purging is that the pumping rate should not exceed levels that will cause turbulent 
flow. Turbulent flow in the well might cause pressure changes, which could result in loss of carbon dioxide and 
other volatile gases, subsequently changing pH and dissolved solids content (Meredith and Brice, 1992). The 
maximum discharge rate during pumping that avoids turbulent flow is a function of hydraulic conductivity, the 
length of the well screen, width of the screen openings, and the total open area of the screen. Figure B.2b shows 
the optimum screen entrance velocity related to the hydraulic conductivity of an aquifer. Table B.2 provides 
guidelines for maximum purging rate based on screen type, diameter, slot size, open area, and entrance velocity 
(from Figure B.2b). 

Frequency of Use: Has been a standard procedure for all ground-water sampling, although, as noted above, the 
practice has been called into question. 

Standard Methods/Guidelines: Barcelona et al. (1985) provide a detailed procedure for estimating well purging 
volume. 

Sources for Additional Information: All standard guides on ground-water sampling discuss purging (see general 
texts/reports and additional references listed under "purging" in Table B-1). Herzog et al. (1991) provide a good 
review of the literature on well purging. 
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Figure ll.2 Well purging: (a) Volume of water stored per foot of well casing for different diameter casings (Rinaldo
Lee, 1983, by permission); (b) Optimum screen entrance velocity related to hydraulic conductivity of 
aquifer (Meredith and Brice, 1992, by permission). 
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Table B.l Maximum Recommended PurJIDK Rate for Monltorlna WeD Screens 

Screen Diameter Slot 0{2!2n Area 0{2!2n Area Recommen_sfed Pumping Rate-
~ (in) (in) (ft21ft) (%) gpmlft@ Igp;Tllri@I g~ 

0.1 rvs o.o7 rvs 0.03 rvs 
2 0.01 0.018 3.4 0.804 0.563 0.241 
2 0.02 0.033 6.4 1.496 1.047 0.449 
2 0.025 0.042 8.0 1.870 1.309 0.561 
2 0.04 0.060 11.5 2.693 1.885 0.808 

PVC 2 0.051 0.075 14.4 3.385 2.369 1.015 
(machine slot) . 

4 0.01 0.036 3.4 1.608 1.126 0.482 
4 0.02 0.067 6.4 2.992 2.094 0.898 
4 0.025 0.083 8.0 3.740 2.618 1.122 
4 0.04 0.120 11.5 5.386 3.770 1.616 
4 0.051 0.151 14.4 6.773 4.741 2.032 

2 0.01 0.047 9.0 2.119 1.484-D.636 
2 0.02 0.089 17.0 3.989 2.793 1.197 
2 0.03 0.124 23.7 5.579 3.905 1.674 
2 0.04 0.156 29.7 6.981 4.887 2.094 

PVC 2 0.05 0.183 34.9 8.197 5.738 2.459 
(wound) 

4 0.01 0.078 7.5 ---3.~-2.46-5---1~57 

4 0.02 0.147 14.1 6.607 4.625 1.982 
4 0.03 0.208 19.9 9.350 6.545 2.805 
4 0.04 0.262 25 0 11.750 8.225 3.525 
4 0.05 0.309 29.5 13.869 9.708 4.161 

2 0.01 0.090 17.1 4.021 2.814 1.206 
2 0.02 0.157 30.0 7.044 4.931 2.113 
2 0.03 0.210 40.2 9.444 6.610 2.833 
2 0.04 0.253 48.4 11.376 7.963 3.413 

Stainless 2 005 0.287 54.8 12.872 9.010 3.862 
Steel 

(wire-wound) 4 0.01 0.177 16.9 7.948 5.563 2.384 
4 0.02 0.307 29.3 13.776 9.643 4.133 
4 0.03 0.410 39.1 18.388 12.872 5.517 
4 0.04 0.492 47.0 22.097 15.468 6.629 
4 0.05 0.560 53.4 25.120 17.584 7.536 

Source: Meredith and Brice (1992), by pennission 
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B.3 SAMPLE HANDLING AND PRESERVATION 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Minimizing chemical changes to samples from the time they are collected to the time 
they are analyzed. 

Method Description: Figure B.l gives a generalized flow diagram of ground-water sampling steps. Ground-water 
samples are collected using a device that is appropriate for the type of well installation and for the constituents 
of concern (see Table 5-1 and 5-2 for guidance on selection of devices). Other considerations in sample 
collection include: (1) The required volume, (2) the type of container, (3) method of preservation, and (4) the 
maximum holding period before the sample should be analyzed. Depending on the constituents to be analyzed, 
these can vary considerably. Sample volume can range from 10 to 1,000 mL Containers can be Teflon, stainless 
steel, plastic (PVC, polypropylene, or polyethylene), or borosilicate glass. In most instances preservation involves 
cooling to 4° Centigrade. Some types of samples (such as for major ions and phenols) require field acidification 
to a specified pH. Required holding times can range from hours (for highly sensitive parameters) to days. 
Samples for some constituents, such as major cations require filtration before being sealed in the sample 
container. The question of filtration of samples being analyzed for contaminants has received considerable 
attention in the last few years because contaminants can be sorbed to colloidal particles moving through an 
aquifer. Analysis of filtered ground-water samples might underestimate the amount of a contaminant that is 
actively moving through an aquifer if colloidal transport of occurring. Given the changing status of regulatory 
thinking on this issue, it is probably best to consult with the appropriate regulatory agency to determine whether 
samples should be filtered before being placed in the sampling container. Table B-1 identifies a number of 
references that address the issue of filtration. 

Method Selection Considerations: Depends on the constituents to be analyzed. Table B.3 provides guidance 
for a detective monitoring program. Devinny et al. (1990-0tapter 6) contains an expanded list for 60 specific 
types of contaminants and ground-water chemical parameters. 

Frequency of Use: Required standard procedure for all ground-water sampling. 

Standard Methods/Guidelines: General sampling procedures: U.S. EPA (1986b-Otapter 11), ASTM (198~). 

Sources for Additional Information: All standard guides on ground-water sampling discuss sample collection, 
handling, and preservation. See generally, Table B-1. 
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Table B.3 Recommended Sample Handling and Preservation Procedures for a Detective-Monitoring Program 

Volume Maximum 
Parameters Required(mL) Containers Preservation Holding 

(Type) 1 Sample" (Material) Method Period 

Well purging 
pH (grab) 50 T,S,P,G None; field det. <1hr" 
n·l (grab) 100 T,S,P,G None; field det. <1hr" 
T (grab) 1,000 T,S,P,G None; field det. None 
Eh (grab) 1,000 T,S,P,G None; field det. None 

Contamination 
indicators 

pH, o·1 (grab) As above As above As above As above 
TOC 40 G,T Dark, 4°C 24 btl 
TOX 500 G,T Dark, 4°C 5 days 

Water quality 
Dissolved gases 10 mL minimum G,S Dark, 40C <24 hr 

(020CH..,C02) 

A1kalinity/acidity 100 T,G,P 4°C/None <6hr" 
<24 hr 

Filtered under 
pressure with 
appropriate 
media 

(Fe, Mn, Na+, A11 filtered T,P Field acidified 6 months< 
K+, ca++, 1,000 mLr to pH <2 with 
Mg++) HN03 

(Po4·, a·, @50 (T,P,G 4°C 24 hr/ 
Silicate) glass only) 7 days•; 

7 days 

NOi 100 T,P,G 4°C 24 btl 

so4• 50 T,P,G 4°C 7 days• 

o~+ 400 T,P,G 4°C/HzS04 to 24 hr/ 
pH <2 7 days 
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Parameters 
(Type) 

Phenols 

Drinking Water 
suitability 

F 

As, Ba, Cd, Cr, 
Pb, Hg, Se, Ag 

Remaining organic 

Volume 
Required(mL) 
1 Sample" 

500 

Same as 
above for 
water 
quality 
cations 
(Fe, Mn, 
etc.i 

Same as 
chloride 
above 

As forTOX/ 
TOC, except 
where analyti
cal parameters 
method calls 
for acidifi
cation of sample 

Table 8.3 (cont.) · 

Containers 
(Material) 

T,G 

Same as 
above 

Same as 
above 

Preservation 
Method 

4°CIHJ>04 to 
pH <4 

Same as above 

Same as above 

T = Teflon; S = stainless steel; P = PVC, polypropylene, polyethylene; G = borosilicate glass. 

Maximum 
Holding 
Period 

24 hours 

6 months 

7 days 

24 hours 

"It is assumed that at each site, for each sampling date, replicates, a field blank, and standards must be taken at equal 
volume to those of the samples. 
~emperature correction must be made for reliable reporting. Variations greater than + 10% can result from a longer 
holding period. 
'In the event that HN03 cannot be used because of shipping restrictions, the sample should be refrigerated to 4°C, shipped 
immediately, and acidified on receipt at the laboratory. Container should be rinsed with 1:1 HN03 and included with 
sample. 
~-day holding time if samples are preserved (acidified). 
•Longer holding times in U.S. EPA (1986b). 
1Fdtration is not recommended for ·samples intended to indicate the mobile substance lead. See Puis and Barcelona 
(1989a) for more specific recommendations for filtration procedures involving samples for dissolved species. 

Source: U.S. EPA, 1991b, adapted from Scalf et al. (1981) and U.S. EPA (1986b) 
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B.4 DECONTAMINATION 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Preventing cross-contamination between sampling sites. 

· Method Description: Any equipment that has come in contact with potentially contaminated soil or water is 
cleaned prior to and after each use. Decontamination methods can be broadly classified as physical and 
chemical. Physical decontamination techniques include: (1) Physical removal/scrubbing, (2) air blasting, (3) wet 
blasting (high pressure steam cleaning/hot-water power wash/hydrolazer), (4) dry ice blasting, (5) high pressure 
Freon cleaning, (6) ultrasonic cleaning, and (7) vacuum cleaning. Chemical decontamination techniques can 
involve use of one or more cleaning solutions (see Table B.4). A typical minimum decontamination sequence 
would include: (1) Scraping or brushing to remove any soil or residue from the device; (2) washing with potable 
water, deionized water, and/or one or more or a variety of detergents and cleaning fluids, such as acetone; and 
(3) pressure cleaning (high pressure steam cleaner or water blaster/hydrolazer). 

Method Selection Considerations: See discussion of standard methods below. 

Frequency of Use: Required standard procedure for all ground-water sampling. 

Standard Methods/Guidelines: ASTM (1990). Mickam et al. (1989) summarize recommended procedures and 
materials in U.S. EPA guidance documents. Specific procedures for state agencies vary greatly from state to state 
and also are summarized in Mickam et al. (1989). The appropriate regional EPA office or state agency should 
be contacted to identify recommended or required procedures for site of interest. Table B.4 identifies potential 
cleaning solutions. The selection of solvents depends on the nature of the contaminant and weighing character
istics of the solvent, such as flash point, threshold limit value, and toxicity factors. 

Sources for Additional Information: See Table B-1. 
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Table B.4 Deeontamination Solutions 

Type of Hazard 

Amphoteric-acids and bases 

Inorganic acids, metal processing 
wastes, heavy metals 

Solvents and organic compounds, 
oily, greasy unspecified wastes 

Pesticides, fungicides, cyanides, 
ammonia, and other non-acidic 
inorganic wastes 

Name of Solution 

Sodium bicarbonate 

Sodium carbonate 

Trisodium phosphate 

Calcium hypochlorite 

Remarks 

5-15% aqueous solution 

Good water softener, 10-20% 
aqueous solution 

Good rinsing solution or 
detergent, 10% aqueous solution 

Excellent disinfectant, bleaching 
and oxidizing agent, 10% aqueous 
solution 

Other Types of Decontamination Solutions 

Other Detergents and Aqueous Surfactants 

Phosphate-free laboratoty detergent (Alconox, Liquinox), Pennsalt 91, Oakite, Gunk, Oorox 

Solvents 

1,1,2-trichloroethane, H2-ethyl-hexyl acetate, pesticide-grade isopropanoVacetone/methano)Jbexane, heptane (non
hydrogen bonding), alcohol, diesel fuel, naptha, beta-propiolactone, carbon tetrachloride, 8% formalinethylene, 
8% hexachloromelamine, 1,2-dichlorethane (in solution), Quadcoat 

Other Solutions 

10% nitric acid, 0.1 N/10%/20% hydrochloric acid 

Potable/tap water (demonstrated to be analyte-free ), distilled water, deionized water, reagent grade distilled and 
deionized water 

Source: Adapted from Devinny et al. (1990) and Mickam et al. (1989) 
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Table B-1 R.eference Index for Ground-Water Sampling Procedures 

Topic 

General 

Texts/Reports• 

Review Papers 

Minimum Data Elements 

Specific Topics 

Sampling Frequency 

Sample Preservation 

Metals/Colloids/Filtration 

Sampling Volatiles/Gases 

Sampling in Karst 

Microbiological 

References 

Barcelona et al. (1983, 1985), Oassen (1982), Fenn et al. (1977), Gibb et al. 
(1981), Korte and Kearl (1985), Undorff et al. (1987), Uoyd and Walters (1985), 
Mooij and Rovers (1976), Nash and Leslie (1991), NJDEP (1988), Rainwater and 
Thatcher (1960), Santa Oara County Water District (1985), Scalf (1984), Scalf et 
al. (1981), Starks (1989), U.S. EPA (1986a, 1986b, 1993) 

Barcelona (1988), Barcelona and Gibb (1988), Bone (1986), Bryden et al. (1986), 
Cullen et al. (1992), Herzog et al. (1991), Keith (1990), Nelson and Ward (1981), 
Parsons and Davis (1992), Schuller et al. (1981), Sgambat and Stedinger (1981), 
Smith et al. (1988), Summers and Gherini (1987), Unwin (1982) 

ASTM (1992a, 1992b, 1992c, 1992d, 1993), U.S. EPA (1992) 

Barcelona et al. (1989), Casey et al. (1983), Loftis and Ward (1979), Rajagopal 
(1986), Sgambat and Stedinger (1981) 

Berg (1982), Maskarinec and Moody (1988), Parr et al. (1988), Prentice and 
Bender (1987) 

Backhus and Gschwend (1990), Backhus et al. (1993), Braids (1986, 1987), Burger 
(1986, 1987), Oark et al. (1992), Kearl et al. (1992), Kennedy et al. (1974, 1976), 
Laxen and Chandler (1982), McCarthy and Zachara (1989), Pennino (1990), Puis 
(1990), Puis and Barcelona (1989a,b), Puis and Eychaner (1990), Puis and Powell 
(1992), Puis et al. (1990, 1991), Ryan and Gscwhend (1990), Skougstad and 
Scarbro (1968), Stolzenburg and Nichols (1986), Trela (1986), Wagemann and 
Brunskill (1975), West (1990) 

Barker and Dickhout (1988), Brice and Kelley (1991), Dunlap et al. (1977), Gibb 
and Barcelona (1984), Holden (1984), Pettyjohn et al. (1981), Schaal (1992), 
Schalla et al. (1988), Unwin and Maltby (1988); see also, references in Table 5-4 
on effect of sampling devices and materials on volatiles 

Beck (1986), Field (1988), Quinlan (1989), Quinlan and Alexander (1987), 
Quinlan and Ewars (1985), Quinlan et al. (1988) 

Britton and Greeson (1989), Dunlap et al. (1977), Gerba (1988), Greeson et al. 
(1977) 
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Topic 

Purging 

Quality Assurance and 
Quality Control 

Decontamination 

Table B-1 (cont.) 

References 

Backhus et al. (1993), Barber and Davis (1987), Barcelona and Helrich (1986), 
Gibb et al. (1981), Gibs and lmbrigiotta (1990), Giddings (1983), Gillham et al. 
(1985), Herzog et al. (1988), Kearl et al. (1992), Keely and Boateng (1987a,b), 
MacFarlane et al. (1992), Maltby and Unwin (1992), Oliveros et al. (1988), 
Palmer et al. (1987), Panko and Barth (1988), Pennino (1988), Robbins (1989), 
Robin and Gillham (1987), Ross et al. (1992), Ryan and Gschwend (1990), Schaal 
(1992), Schalla (1992), Smith et al. (1988), Unwin and Maltby (1988); Water 
Quality Changes with Pumping: Gibb et al. (1981), Keith et al. (1982), Marsh and 
lloyd (1980), Nightingale and Bianchi (1979, 1980), Pettyjohn (1976, 1982), 
Slawson et al. (1982), Summers and Brandvold (1967) 

Barcelona et al. (1985), Barth et al. (1989), Campbell and Mabey (1985), Evans 
(1986), Evans et al. (1987), Friedman and Erdman (1982), Kent and Payne 
(1988), Lewis (1988), Mateo et al. (1991), Mitchell-Hall et al. (1989), Paulson et 
al. (1988), Provost and FJder (1985), Simes (1989), Stanley and Verner (1983), 
Starks and Flatman (1991), Taylor (1987), U.S. Anny Corps of Engineers (1990), 
U.S. EPA (1986a, 1986b, 1987, 1989a, 1989b, 1990, 1991b), van Ee and McMillion 
(1986), van Ee et al. (1990). 

Brice and Kelley (1991), Esposito et al. (1985), Fetter (1983), Fetter and Griffm 
(1988), Lewis (1988), Matteoli and Noonan (1987), Meade and FJlis (1985), 
Mickam et al. (1989), Moberly (1985), Nielsen (1991), Richter and Collentine 
(1983) 

"Reports focussing on ground-water sampling procedures are identified here. Many other references identified in 
Appendix A also cover ground-water sampling procedures. 
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INTRODUCTION 

Many EPA programs, including those under the Resource Conservation and Recovery Act (RCRA) 
and the Comprehensive Response, Compensation, and liability Act (CERCIA), require subsurface 
characterization and monitoring to detect ground-water contamination and provide data to develop plans to 
prevent new contamination and remediate existing contamination. Hundreds of specific methods and techniques 
exist for characterizing, sampling, and monitoring the saturated and unsaturated zones at contaminated sites. 
Existing field methods are often refined and new methods are continually being developed. This guide is 
designed to setve as a single, comprehensive source of information on existing and developing field methods as 
of early 1993. Appendix C provides some suggestions on the best places to obtain information on new 
developments that occur after this guide is completed. 

USE OF miS GUIDE 

As the title "Desk Reference Guide" implies, this is not a bow-to handbook for the field. Instead, the 
guide provides, in a single document, enough information about specific techniques to make some judgements 
concerning their potential suitability for a specific site and also gives information on where to go to find more 
detailed guidance on how to use the technique. This guide can be used in two major ways: 

1. Development of Site Characterization and Monitoring Plans. Each subsection listed in the table of 
contents represents a one-to-two page summary of a specific technique or several related techniques. 
A table at the beginning of each of the 10 major sections (summarized below), provides general 
comparative information on all methods covered in the sections, and cross-references relevant methods 
covered in other parts of the guide. In the summary tables, boldfacing is used to identify those 
techniques that are most commonly used. These tables might also be helpful in identifying new, or less 
common methods that might be of value for specific objectives or site conditions. Within a grouping 
of method summazy sheets, techniques are listed in approximate order of frequency of use. 

2. Overview ofSpecitk Methods. Individuals who are unfamiliar with specific methods that are being used 
or proposed to be used at a hazardous waste site can find a concise description of the method, its 
applications, major advantages and disadvantages in its use, and major reference sources where more 
detailed information can be found about the method. To locate information on a specific method, the 
table of contents should be used to identify the section in which the method is located. If the term used 
to describe the method is not included in the table of contents, go to the summary table at the 
beginning of the appropriate section of the guide. If the summazy table does not use the term, peruse 
the listing of alternative names for techniques in the individual summazy sheets. For example, the 
hydraulic percussion drilling method is not listed in the table of contents, but appears in summary 
Table 2-1. The hollow-rod method, is listed in neither the table of contents or the summazy, and 
requires looking through the individual summazy sheets in Section 2.1 (Drilling Methods), until Section 
2.1.6 is reached, which identifies the hollow-rod method as an alternative term for hydraulic percussion. 

GUIDE ORGANIZATION AND FORMAT 

Site characterization, monitoring, and field screening are related activities for which there might not 
be a clear dividing line. Generally, site characterization methods involve one-time field point measurements and 
sampling (or continuous measurements in the case of some geophysical methods) of physical and chemical 
properties of the subsurface, or multiple measurements to characterize seasonal variations at the site. Monitoring 
methods, on the other hand, involve sampling or measurements at a single point or the same area over time. 
Many methods can be used for both site characterization and monitoring, and site characterization activities can 
continue after monitoring begins to further refme subsurface interpretations. Field screening is a form of site 
characterization that involves the use of rapid, relatively low-cost field methods (typically chemical) in the field 
during site characterization to assist in the selection of locations for permanent monitoring well installations or 
for guiding remediation activities. Field analytical methods are distinguished from field screening methods by 
having a higher degree of precision and accuracy than field screening methods. This distinction in discussed 
further in the introduction to Section 10. 
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This guide includes two volumes. The first volume covers solids and ground water and the second 
volume covers the vadose zone. The site characterization, monitoring, and field screening methods covered in 
the guide are divided into 10 major sections, which are described below. Because site characterization generally 
precedes monitoring, earlier sections of the guide tend to cover site characterization methods, while later sections 
cover monitoring. Finally, field screening and analytical methods are covered in Section 10. 

Section 1 (Remote Sensing and Surface Geophysical Methods) covers more than 30 airborne and 
surface geophysical methods that are often valuable during the initial phases of site characterization. 
These methods can provide preliminary information on the subsurface to provide guidance on 
placement of boreholes for direct observation of the subsurface and installation of permanent 
monitoring wells. A number of these methods can also be useful for monitoring the movement of 
contaminant plumes. 

Section l (Drilling and SoUds SampUng Methods) covers 20 drilling methods, and a variety of power
driven and hand-held devices for sampling soils and geologic materials. The section also briefly 
identifies important soil physical properties that are described in the field. 

Section 3 (Geophysical Logging of Boreholes) covers more than 40 borehole logging and sensing 
techniques for the physical and chemical characterization of the subsurface. 

Section 4 (Aquifer Test Methods) covers 10 methods for measuring ground-water well levels or 
pressure, pumping and slug tests, six categories of ground-water tracers, and several other techniques 
for measurement of aquifer properties that might be needed for modeling ground-water flow and 
contaminant transport. 

Section 5 (Ground-Water Sampling Devices and Installations) covers more than 20 types of portable 
ground-water sampling devices and different types of permanent well installations for portable sampling 
devices. Appendix A (Design and Installation of Monitoring Wells) provides more detailed information 
on such installations. Section 5 also includes various types of portable and fixed in situ sampling devices 
and installations. General ground-water sampling methods are covered in Appendix B. 

Section 6 (Vadose Zone Hydrologic Properties (1): Water State) covers over 20 methods for measuring 
vadose zone soil water potential, moisture content, and other soil hydrologic characteristics. 

Section 7 (Vadose Zone Hydrologic Properties (II): Infiltration, Conductivity, and Flux) covers four 
approaches to measuring or estimating inftltration and approximately 30 methods for measuring 
unsaturated and saturated hydraulic conductivity and water flux in the vadose zone. 

Section 8 (Vadose Zone Water Budget Characterization Methods) covers a large number of methods 
for obtaining data that might be required for water budget calculations to assess contaminant transport 
in the vadose zone. This includes 37 methods for obtaining various types of hydrometeorologic data, 
and 16 methods for measuring or estimating transpiration or evapotranspiration. 

Section 9 (Vadose Zone Soii.Solute/Gas Sampling and Monitoring Methods) covers six indirect methods 
for monitoring soil solute movement, more than 20 methods for direct sampling of soil solutions, and 
a variety of methods for soil gas sampling and gaseous phase characterization in the vadose zone. The 
section also summarizes a number of methods to measure or estimate soil solute and gas flux in the 
vadose zone. 

Section 10 (Field Screening and Analytical Methods) covers a large number of techniques and groups 
of techniques for field screening and analysis: Chemical field measurement (three summary sheets), 
sample extraction procedures (five summary sheets), gaseous phase analytical techniques (five summary 
sheets), luminescence/spectroscopic techniques (four summary sheets); wet chemistry methods (four 
summary sheets). and other techniques (fiVe summary sheets). 
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More than 280 specific field methods are covered in this guide. The large number of methods precludes 
detailed coverage of any single method, which is often available from other sources. Instead, each method has 
a single-page summary in a unifonn fonnat that includes: 

1. General method category title. 
2. Method title. 
3. Other names used to describe method. 
4. Uses at contaminated sites. 
5. Method/procedure/device description. 
6. Method selection considerations. 
7. Frequency of use. 
8. Standard Methods/Guidelines (AS1M or other sources that give detailed instruction for use of the 

specific method). 
9. Sources for additional infonnation (which provides comparative information where other methods for 

similar applications are available). 

The frequency of use ratings are very approximate, and actual usage might vaty from region to region. Similarly, 
the summaty tables at the beginning of each section should not be relied upon as definitive. Specific 
instrumentation or variants of techniques covered in this guide might have different characteristics than indicated 
in the summaty tables. A specific method that bas been rarely used might be suited for certain site-specific 
conditions. Conversely, site-specific conditions might make a widely-used technique a poor method of choice. 
When in doubt, obtaining the opinion of more than one person familiar with a particular technique is advisable. 

Wherever possible, one or more figures or tables that illustrate instruments or how a method is used 
are included with summaty sheets. These figures and tables have the same number as the section to which they 
are related (i.e., Figure 1.1.1 and Table 1.1.1 are located after Section 1.1.1 on visible and near infrared remote 
sensing). Each major section has a brief introduction that defines major concepts and provides an overview of 
methods covered in the section. Summary tables and figures at the beginning of each section, and index 
reference tables near the end of a section are numbered in sequence (i.e., Tables 1·1 to 1-3 provide summary 
information on remote sensing and geophysical methods, and Tables 1-4 and 1-5 provide an index to references 
contained at the end of the section). 

SOURCES OF ADDITIONAL INFORMATION 

As indicated above, two types of references are given for each method. First, if ASTM, EPA, or other 
standard methods, protocols, or guidelines related to the method have been promulgated, or are being developed, 
these are identified. Otherwise, references that give detailed instructions on bow to use the method are cited, 
if available. 

Secondly, major references that provide information on the use of the method in the context of ground
water and hazardous waste site investigations are listed. All references are in a single section. EPA documents 
are indicated (with EPA and NTIS numbers). Appendix C (Guide to Major References on Subsurface 
Characterization and Monitoring) provides annotated descriptions of more than 70 major books and reports and 
over 80 published conference and symposium proceedings that can serve as information sources for general and 
specific aspects of soil quality and ground-water field screening, characterization, and monitoring. 

The following EPA documents are recommended for use as companions to this guide (all of which are 
available for no cost from U.S. EPA's Center for Environmental Research Information (see Appendix C for 
ordering address): Ground-Water Handbook, Volume 1: Ground Water and Contamination; Volume Z: 
Methodology (U.S. EPA, 1990 and 199la), Site Characterization for Subsurface Remediation (U.S. EPA, 1991b ), 
Handbook of Suggested Practices for the Design and Installation of Ground-Water Monitoring Wells (Aller et 
al., 1991), Description and Sampling of Contaminated Soils: A Field Pocket Guide (Boulding, 1991), and Use 
of Airborne, Surfac'\ and Borehole Geophysical Techniques at Contaminated Sites: A .Reference Guide (U.S. 
EPA, 1993). Other EPA documents that are available from NTIS and commercially published references that 
can be of potential value are too numerous to be named individually here. Appendix B should provide guidance 
concerning other publications that might be worth obtaining. 
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SECTION 6 

VADOSE ZONE HYDROLOGIC PROPERTIES (1): WATER STATE 

Water state in the subsurface is measured in tenns of hydraulic head in the saturated zone (see Section 
4.1) and negative pressure potential or suction in the vadose zone. Water movement in the vadose zone is 
determined by the interaction of three major types of energy potentials: (1) Matrlc potential (the attraction of 
water to solids in the subsurface, (2) osmotic potential (the attraction of solute ions to water molecules), and (3) 
gravitational potential (the attraction of the force of gravity toward the earth's center). Matric and osmotic 
potentials are negative and serve to inhibit the movement of water when the vadose zone is unsaturated. 
Unsaturated flow occurs, however, whenever the force of gravity on a water molecule exceeds matric plus osmotic 
potential. Water flow in the vadose zone is strongly influenced by the moisture content, with flow decreasing 
as moisture content decreases. 

Table 6-1 provides summary information on six major techniques for measuring soil water potential and 
a dozen methods for measuring soil moisture content. The measurement of soil water potential and moisture 
content in the vadose zone is intimately connected, and a specific measurement technique can be classified as 
measuring potential or moisture content, depending on the perspective of the writer in the literature. Either 
measurement can be used to obtain the other if a moisture characteristic curve has been developed (Section 
6.3.1). Porous cup tensiometers are the most commonly used method for measuring soil water potential in the 
vadose zone. The gravimetric method is most commonly used to measure moisture content from soil samples, 
and the neutron probe and gamma gamma methods are most commonly used for in situ measurement of soil 
moisture. The relatively recent commercial availability of dielectric or capacitance sensors (Section 6.2.3) is likely 
to increase the use of this method, which provides accuracy similar to the neutron probe without some of the 
disadvantages of nuclear methods (i.e., radioactive sources). Similarly, time domain reflectometry, a relatively 
new method (Section 6.2.4), is becoming more widely used with the advent of commercially available units. All 
methods for vadose zone measurement of water content or matric potential have limitations with respect to soils 
contaminated with nonaqueous phase liquids, due to interference effects. 

Other field-measurable hydrologic properties of the vadose zone, which might be of use in evaluating 
contaminant transport include water sorptivity and diffusivity (Section 6.3.2) and available water capacity 
(Section 6.3.3). Sotptivity and diffusivity are properties that are significant in evaluating infiltration of water into 
the subsurface (discussed in more detail in Section 7.1). Available water capacity is a measure of the ability of 
soil to store water. 
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Table 6-1 SuDUilary Information on Vadose Zone Water State Measurement and Monitoring Methods 

Method Property 
Measured 

Vadose Zone Soil Water Potential Measurement• 

Porous Cup Tensiometers Capillary pressure 

Thermocouple Psychrometers Relative humidity 

Water Activity Meter Relative humidity 
Resistance Sensors Resistance 

Gypsum Blocks Resistance 
Fiberglass/Nylon Cells Resistance 

Electrothermal Methods Heat transfer 
Osmotic Tensiometers Osmotic + pressure 

potential 
Filter-Paper Method Water content 
Electro-Optical Sensors Optical properties 

Vadose Zone Soil Water Content Measurement• 

Gravimetric Weight 
Gamma-Gamma Radiation 
Neut.-on Moisture Probe Radiation 
Dielectric Sensors Dielectric 
Time Domain Reflectometry Dielectric 
Nuclear Magnetic Resonance Magnetic field 
Electro-Optical Sensors Optical properties 
CAT Scan Radiation 
Thermal Infrared Remote sensing 
Active Microwave Remote sensing 
Four-Electrode Method Resistivity 
Salinity Sensors Conductivity 
Electromagnetic Induction Conductivity 

Boldface = most commonly used methods. 

Accuracy/ 
Range 

0 to -85 kPab 
0 to -80 kPa• 
-200 to -8,000 kPab 
-100 to -5,000 kPa• 
0 to -31,600 kPa 
-SO to -1,500 kPa• 
0 to -30 kPab 
No limitsb 
0 to -200 kPa 
0 to -1,500 kPab 

-10 to -100,000 kPa 
0 to ·2,400 kPa 

4 

d 

d 

d 

d 

d 

d 

d 

d 

Sections 

6.1.1 

6.1.2 

6.1.2 
6.1.3 
6.1.3 
6.1.3 
6.1.4 
6.1.5 

6.1.6 
6.2.6 

6.2.1 
6.2.2, 3.3.2 
6.2.2, 3.3.3 
6.2.3 
6.2.4 
3.2.4, 10.6.3 
6.2.6 
6.2.7 
1.1.3 
1.1.4 
9.1.1 
9.1.3 
9.1.4 

•Moisture content can be determined from measurement of soil water potential and vice versa by the use of a moisture characteristic 
curve, which relates matric potential to water content (Section 6.3.1). The pascal is the Standard International unit for measuring 
pressure used by the Soil Science Society of America. The bar is commonly used as a pressure unit in vadose zone investigations: 1 
kPa = 1 centibar. 
hlndicated by Rehm et al. (1985). 
"Indicated by Bruce and Luxmoore (1986). 
"Most methods for measuring moisture content are accurate to around 1%. Gravimetric methods and nuclear methods can be 
accurate to 0.1% or less. 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE 

6.1 VADOSE ZONE SOIL WATER POTENTIAL 

6.1.1 Porous Cup Tensiometers 

Other Names Used to Describe Method: Capillary potentiometer, soil hygrometer, soil moisture meter, 
transiometer. Tensiometers often are described according to the type of device that is used to measure pressure: 
Vacuum gauge, water manometer, mercury-water manometer, or electrical pressure transducer. 

Uses at Contaminated Sites: Measuring water (matric) potential and gradients in the unsaturated zone; irrigation 
scheduling; performing root zone delineation; developing moisture characteristic cuiVes {see Section 6.3.1); can 
be used to measure and monitor changes in moisture content if matric potential-water content relationship is 
known. 

Method Description: Many designs for tensiometers have been developed. Most have the following basic 
elements: (1) A porous tip or cup attached to a barrel or connective tube, (2) a removable air tight cap for filling 
the tensiometer with water, and (3) a device to measure pressure in the water in the porous cup. The ceramic 
cup (or other material, such as fritted glass) is placed in the soil, filled with water, and the unit is sealed. Pores 
in the cup form a continuum with the pores in the soil, and water moves into or out of the tensiometer until 
equilibrium is reached. The measured pressure corresponds to the water pressure in the soil. Figure 6.1.1 shows 
three types of porous cup tensiometers. A transiometer is a type of porous cup tensiometer in which a pressure 
transducer is placed inside the porous cup, rather than at the surface. 

Method Selection Considerations: The useful range oftensiometers is 0 to 0.85 bars capillary pressure when the 
ambient atmospheric pressure is around 76 centimeters of mercury. Advantages: (1) Provide continuous in-place 
measurements of the same soil material over time; (2) are relatively inexpensive and simple; (3) transducer unit 
responds fairly rapidly to water content changes and can be used for automatic data collection; and ( 4) 
transiometers can be used to measure soil water potential in both saturated and unsaturated conditions. 
Disadvantages: (1) Units fail at the air entry value of the ceramic cup, generally about -0.8 atmospheres; (2) unit 
will not operate properly unless good contact is made between cup and soil; (3) are sensitive to temperature 
changes; (4) water content estimates prone to error resulting from uncertainty of moisture-matric potential 
relationship (hysteresis causes different cuiVes depending on soil is wetting or drying); (5) difficult to install at 
great depth in the vadose zone; (6) air in the system causes errors in measurement, and special efforts, such as 
using deaired water, are required to minimize such problems; (7) lower air pressures at higher elevations reduce 
the operating range; (8) operation will be affected if the surface tension characteristics of chemical liquid wastes 
in the vadose zone differ from that of water; and (9) multiple calibration curves are required for soil moisture 
monitoring in stratified media. 

Frequency of Use: Widely used for pressure measurement; usually not recommended for water content 
measurement. 

Standard Methods/Guidelines: ASTM (1991), Cassel and Klute (1986). 

Sources for Additional Information: Brakensiek et al. (1979), Gairon and Hadas (1973), Holmes et a!. (1967), 
Morrison (1983), Rehm et al. (1985), Stannard (1986), Troolen et al. (1986-transiometer), Wilson (1980, 1981). 
See also, Table 6-2. 
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Figure 6.1.1 Three types of porous-cup tensiometers (Morrison, 1983, by permission). 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE 

6.1 VADOSE ZONE SOIL WATER POTENTIAL 

6.1.2 Thermocouple Psychrometers 

Other Names Used to Describe Method: Spanner/Peltier psychrometer, Richards-Ogata/Wet-loop psychrometer, 
thermocouple hygrometer, in situ hygrometer. 

Uses at Contaminated Sites: Measuring water potential (sum of osmotic and matric potential) and gradients in 
the unsaturated zone; estimating water content (if moisture characteristic curve is developed, see Section 6.3.1); 
measuring soil water flux in the vadose zone (see Section 7.5.2). 

Method Description: Soil water potential is calculated based on measurement of relative humidity within the 
soil voids. A basic psychrometer unit consists of: (1) A porous bulb, with a chamber in which the relative 
humidity of the soil is sampled, (2) a sensitive thermocouple, (3) a heat sink, and (4) a reference electrode. Two 
major types are available, wet bulb and dew point; both types rely on cooling of the thermocouple junctions by 
the Peltier effect, but differ in how temperature is controlled once the dew point of the sample is reached. With 
in situ measurements of soil water potential, the thermocouple is protected by a cup-shaped device that maintains 
a void in the soil. Calibration curves relating relative humidity to water potential, osmotic potential, and 
temperature (if temperature in the subsurface varies) need to be developed in the laboratory. Figure 6.1.2 
illustrates: (a) A basic Spanner, and (b) a modified Spanner-type psychrometer. 

Method Selection Considerations: The dew point method is more accurate than the wet bulb method. The useful 
range is 10 to 70 bars capillary pressure. Advantages: (1) In situ pressure measurements are possible for very 
dry soils in arid regions; (2) continuous recording of pressures is possible; (3) can be interfaced with portable 
or remote data collection systems; and (4) depth is no limitation (installations have gone as deep as 300 feet). 
Disadvantages: (1) Water content estimates prone to errors due to hysteresis; (2) even in very dry soils, the 
relative humidity is high, making accurate calibration difficult; (3) good contact between bulb and surrounding 
material might be difficult to achieve; (4) provide only point measurements; (5) accurate calibration curves for 
deep regions of the vadose zone might be difficult to obtain; (6) instruments are expensive, fragile, and require 
great care in installation; (7) contamination of the chamber interior or thermocouple can result in erroneous 
readings; (8) interference from dissolved solutes is likely in calcium-rich waste and acid media and can cause 
thermocouple wire corrosion problems; (9) perform very poorly in very wet media (water pressure >1 bar); (10) 
accuracy of near-surface measurements is adversely affected by diurnal changes in heat flux; (11) unsealed cup 
units are susceptible to attack by fungi and bacteria; and (12) ceramic cup psychrometers respond slowly to rapid 
changes in moisture content. 

Frequency of Use: Widely used in agricultural research; sometime used at hazardous waste sites in the arid west. 

Standard Methods/Guidelines: Rawlins and Campbell (1986). 

Sources for Additional Information: Morrison (1983), Rehm et al. (1985), Thompson et al. (1989), Wilson 
(1981). See also, Table 6-2. 
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Figure 6.1.2 Thermocouple psychrometers: (a) Spanner psychrometer (Morrison, 1983, after Meyn and White, 1972, 
by permission); (b) Double-loop, temperature-compensating psychrometer (Morrison, 1983, after 
Meeuwig, 1972, by permission). 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE 

6.1 VADOSE ZONE SOIL WATER POTENTIAL 

6.1.3 Electrical Resistance Sensors 

Other Names Used to Describe Method: Four-electrode soil moisture probe, electrical resistance blocks, porous
block method, soil moisture blocks. 

Uses at Contaminated Sites: Measuring/monitoring water potential and water content in the unsaturated zone; 
monitoring of soil freezing. 

Method Description: In the porous-block method, two electrodes (Figure 6.1.3a and b) are imbedded in a porous 
block (nylon cloth, fiberglass, or casting plaster), or multi-electrode probes can be used (Figure 6.1.3c). 
Calibration curves are first developed by placing the porous block in soil typical of the area to be measured and 
resistivity is plotted against changes in matric potential. In the field, the porous blocks can be placed in a hole 
and buried, or horizontally in the side of a trench, and the blocks are allowed to equilibrate with the surrounding 
soil. Matric potential then can be monitored by taking resistance measurements, using the calibration curves to 
convert the measurements to pressure. Water content also can be monitored either by using the procedure 
described above to develop a calibration curve for water content or by using a moisture characteristic curve if 
a resistance-water potential calibration curve has been developed (Section 6.3.1). 

Method Selection Considerations: Advantages: (1) Are inexpensive and relatively easy to install; (2) 
measurements can be recorded from many units over a large area using an automated recording system; and (3) 
can be calibrated for either suction or water content. Disadvantages: (1) Calibration procedures can be 
complicated and time consuming if accurate measurement of water potential for evaluation ofhydraulic gradient 
is required; (2) restricted water flow at the interface between the smooth face of a porous black creates some 
problems for measurements in coarse soil material; (3) small changes in electrolyte concentration of the soil 
water (which might well occur at contaminated sites) will affect resistivity readings; ( 4) measurements are made 
in equilibrium with matric potential, so moisture content is inferred from matric potential rather than actual 
moisture content; (5) gypsum sensors might dissolve in the subsurface; (6) water content estimates are prone to 
error resulting from uncertainty of moisture-matric potential relationship (hysteresis causes different curves 
depending on soil is wetting or drying); and (7) are rather insensitive to moisture changes in the wet range. 

Frequency of Use: Commonly used for irrigation timing and other qualitative field-monitoring programs. Less 
common for accurate measurement of soil hydrologic properties. 

Standard Methods/Guidelines: Campbell and Gee (1986), Gardner (1986). 

Sources for Additional Information: Bouyoucos (1960), Everett et al. (1983), Gairon and Had as (1973), Holmes 
et al. (1967), Morrison (1983), Rehm et al. (1985), Schmugge et al. (1980). See also, Table 6-2. 
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Figure 6.1.3 Electtical resistance sensors: (a) Rectangular soil moisture block (Morrison, 1983, by permission); (b 
Fiberglass and Monel soil moisture sensor with thermistor (Morrison, 1983, after Colman and Hend1 
1949, by permission); (c) Multielectrode probe (Morrison, 1983, after Perrier and Marsh, 1958, by 
permission). 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE 

6.1 VADOSE ZONE SOIL WATER POTENTIAL 

6.1.4 Electrothermal Methods 

Other Names Used to Describe Method: Thermal diffusivity, heat diffusion/dissipation sensors. 

Uses at Contaminated Sites: Measuring water potential and gradients in the unsaturated zone; estimating water 
content (if moisture characteristic cuiVe is developed, see Section 6.3.1); measuring soil temperature. 

Method Description: Similar to the resistivity method (Section 6.1.3), except that thermal diffusivity of an 
implanted porous sensor, which is in equilibrium with the surrounding soil, is measured. A known amount of 
heat is applied in the center of the sensor and the rate of dissipation is measured, which is a function of water 
content. Major types of sensors include: (1) Porous-block type with embedded electrical elements (Figure 6.1.4a ), 
(2) direct-eontact type with electrical elements in direct contact with the soil, and (3) modified direckontact 
probe or cell, in which the heating wire is enclosed in a protective sheath with high thermal conductivity (Figure 
6.1.4b). Calibration cuiVes ofmatricpotential vs. temperature difference are obtained in the laboratory with soils 
from the site using a pressure plate apparatus. The matric potential is related to water content by preparing a 
moisture characteristic cuiVe (Section 6.3.1). 

Method Selection Considerations: Useful range is 0 to 2 bars capillary pressure. Advantages: (1) Are simple; 
(2) can be interfaced with data acquisition systems for remote collection of data; (3) measurements are 
independent of salt content of soil; (4) calibration appears to remain constant; (5) can be used to measure soil 
temperature as well as matric potential; and (6) are useful for measurement of water contents in the dry range. 
Disadvantages: (1) Water content estimates subject to hysteresis; (2) calibration is required for each change in 
texture; and (3) might be difficult to install at depth in the vadose zone and to maintain good contact between 
the sensor and medium. 

Freguenc,y of Use: Uncommon. 

Standard Methods/Guidelines: Campbell and Gee (1986). 

Sources for Additional Information: Morrison (1983), Thompson et al. (1989), Wilson (1981). See also, Table 
6-2. 
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Figure 6.1.4 Electrothermal sensors: (a) Porous-block type (Morrison, 1983, after Phene et aJ., 1971b, by 
permission); (b) Modified direct-contact probe (Sophocleous, 1979, by permission). 

6-10 



6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE 

6.1 VADOSE ZONE SOIL WATER POTENTIAL 

6.1.5 Osmotic Tensiometers 

Other Names Used to Describe Method ~-

Uses at Contaminated Sites: Measuring of combined osmotic and pressure potential. 

Method Description: An osmotic tensiometer uses a confmed solution of polyethylene glycol, rather than deaired 
water, as the reference solution and a semipermeable membrane, which separates the confmed solution from the 
soil water (Figure 6.1.5). Small ions and molecules in the soil water are able pass through the membrane, and 
once equilibrium is attained between the soil water and the reference solution, a pressure transducer measures 
subsequent soil moisture~related pressure changes. 

Method Selection Considerations: Advantages: Allows differentiation of osmotic and pressure components of 
soil water potential if used with porous cup tensiometer. Disadvantages: (1) Are susceptible to fluid leakage and 
instrument drift; {2) require long equilibration times (hours to days); and (3) are sensitive to temperature changes. 

Frequency of Use: Uncommon for reasons cited above. Thermocouple psychrometers are the preferred method 
for measuring combined osmotic and pressure potential. 

Standard Methods/Guidelines ~~ 

Sources for Additional Information: Backing and Fredland (1979), Morrison (1983), Peck and Rabbidge 
(1966a,b, 1969), Rehm et al. (1985). 
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Figure 6.1.5 Osmotic tensiometer (Morrison, 1983, after Peck and Rabbidge, 1966a, by permission). 

6-12 



6-]5 



COOLED MIRROR 
(AND THERMOPILE) 

r-----~li•••••L.o-+-----+- SLIDE TRAY 

SENSING 
CHAMBER 

SOIL SAMPLE 
(4 em x 0.5 em) 

Figure 6.1.7 Schematic of a water activity (relative humidity) meter (Gee et al., 1992, by permission). 
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6. VADosE ZONE HYDROLOGIC PROPERTIEs (I)' WATER Sl'AJE 

6.1 VADOSE ZONE SOIL WATER POTENTIAL 

6.1.6 Filter-Paper Method 

Other Names Used to Describe Method--

Method Sclootion Considonotio"'l' ""'-ntage,, (1) R"""nobly aocw-ate OVer a Mde range of matrie P<>tentioJ~ 
(2) requ;,.,., minimoJ and inexpensive equ;pmen~ (3) """" ean be USed to dG-eetJy me...,,. mo;"""' ronrent and 
to measure bulk den~ty; and ( 4) .;mpHc;ty all'"" talring a large number of '"'"""""'ent to charncterize apat;oJ 
variabil;ty. Dba""'ntages, (1) So;! core rolloction;, de.nroctw., and doe, not allow repeated me.,remen" at 
exoctJy tho """o locat;on (Hgure 6.2.1 in tho noxt ''"'""' "'""' pattoms fur "'quont;.j """pling. H th;. motbod 
;, Uood); and (2) dilkrent filrer papom m;ght requ;re dovel-ent of "'P•rnte eaHbrnt;.,., """""-

Mothoo De,.ri~t;QQ, The filrer-pape, mothod inVOlves tho rol!eetion of ron rore, at dUferent locatio., andJm 
depths. Each "'" rore ;, placed in a ""'ed <ontWnor in rontact Mth filter paper, wb;cl> b"" beon Pretreated w;tb 
3% pentaohloropbenoJ """"""" in methanol to prevent mkrob;ru dogradatioo. fu the laboratory. tho "'"'pies 
are maintained at a ""'"tant tompenoture fur at Jo.,t 1 Weok to allow oquWbntt;.,., of mo;...,,. be'-n the ron 
and tho filtor paper. Gr.Mmotric water ron tent of tho "'" and lliter paper ;, detennined nsing tho <Wen-d>ying 
method (•ee Section 6.2.1). The m"ric potcntW then ;, coJculated u•ing a cam•·at;.,., equation (Hgure 6.1.6). 

Standard Methods/Guideline~: ASTM (1992b). 

Sou""' for AddWonoJ fufo!matiol!, MeQ,..,n and MH!or (1968a, 1968b), Soremoo ot ru. (1989) cite 18 references on this method. 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE 

6.2 VADOSE ZONE MOISTURE CONTENT 

6.2.1 Gravimetric Methods 

Other Names Used to Describe Method: Oven-drying method, carbide/gas pressure method. 

Uses at Contaminated Sites: Measurement of soil moisture content. 

Method Description: Oven-dry method: The mass of a sample collected in the field is weighed before and after 
oven drying, typically at 105°C, the difference being the water content. Other methods of drying, such as a 
microwave oven and direct heating using a hotplate, stove, or blowtorch, can be used for more rapid, but less 
accurate measurements in the field. Carbide method: A soil sample of known weight is placed in a container 
with calcium carbide. The calcium carbide reacts with water, releasing a gas. After completion of the reaction, 
the gas pressure, registered on a gage, is converted into water content on a dry weight basis. Since all gravimetric 
moisture measurements require destructive sampling, the careful design of the sample collection sequence is 
required to measure changes in moisture content over time (Figure 6.2.1). Other gravimetric methods: Other 
techniques of drying and soil moisture extraction include: (1) Centrifugation, (2) pressure plate extraction, and 
(3) desiccation. Section 9.3.4 further discusses these and other methods of soil water extraction from solids 
samples. 

Method Selection Considerations: Standard Oven-Dry Method Advantages: (1) The most accurate available 
method and serves as the standard method for the calibration of all other moisture determination techniques; 
(2) is simple; (3) provides a direct measurement of the mass of water. Standard Oven-Dry Method 
Disadvantages: (1) Obtaining representative moisture values in a heterogeneous profile is difficult, requiring a 
large number of replicate samples for each depth increment; (2) is destructive, requiring removal of samples for 
laboratory analysis and thus preventing additional measurements at the same sites; (3) expensive iflarge numbers 
of samples are required; ( 4) plotted vertical moisture proftles will not be accurate if water is moving rapidly 
through the vadose zone, because water distribution profile is changing as samples are being taken; (5) samples 
from contaminated sites might require special handling if hazardous contaminants are present; (6) not suitable 
for nongranular media (i.e., fractured rock, carbonates); and (7) sample collection might be difficult in indurated 
layers, such as fragipans, when soil is very dry (soil difficult to penetrate) or very wet (soil will not remain in 
sampling tool), and when soils are frozen. Other Drying Methods Advantages: Generally faster than standard 
oven-dry method. Other Drying Methods Disadvantages: (1) Might not be as accurate as standard oven-dtying; 
(2) with microwave oven, sample might explode and be lost if power level is too high; and (3) other disadvantages 
are the same as for oven drying. Carbide Method Advantages: (1) Can be used in the field and is more rapid 
than oven-drying; (2) initial capital investment is lower. Carbide Method Disadvantages: (1) Might not be as 
accurate as standard oven-drying; and (2) other disadvantages are same as for oven drying. 

Frequency of Use: Widely used. The ASTM oven-dry method is the standard by which the accuracy of other 
moisture measurement methods are evaluated. 

Standard Methods/Guidelines: Gardner (1986); Standard oven-dry method: ASTM (1990); Microwave oven 
method: ASTM (1987); Direct heating method: ASTM (1989a); Carbide method: ASTM (1989b). 

Sources for Additional Information: Everett et al. (1983), Morrison (1983), Thompson et al. (1989), Wilson 
(1981). See also, Table 6-2. 
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Figure 6.2.1 Arrangement of boreholes for gravimetric soil-moisture sampling: (a) Rectangular microplots; (b) along 
perimeters of polygons (Brown et al., 1983) 
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Figure 6.2.2 Nuclear methods for soil moisture measurement: (a) Cross-section of surface neutron probe (Morrison, 
1983, after DeVries and King, 1961, by permission); (b) Double-tube gamma method for soil moisture 
content determination (Rehm et al., 1985, Copyright© 1985, Electric Power Research Institute, EPRI 
EA-4301, Field Measurement Methods for Hydrogeologic Investigations: A Critical Review of the Literature, 
reprinted with permission). 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WA1ER STATE 

6.2 VADOSE ZONE MOISTURE CONTENT 

6.2.2 Nuclear Methods 

Other Names Used to Describe Method: Neutron probe, gamma transmission/double-tube gamma method. 

Uses at Contaminated Sites: Measuring and monitoring of changes in soil moisture content. 

Method Description: The neutron method, which measures moisture content based on the interaction between 
neutrons and hydrogen atoms in water molecules, is discussed in Section 3.3.3, and the gamma-gamma method 
for measuring soil moisture is discussed in Section 3.3.2. Soil moisture using the neutron method can be 
measured using either a surface neutron probe (Figure 6.2.2a) or a depth probe (see Figure 3.3.3). Near-surface 
soil moisture measurements usually involve the gamma-transmission method, in which a gamma photon source 
and detectors are lowered simultaneously down two parallel boreholes (Figure 6.2.2b). In boreholes, the gamma
scattering method is used (see Figure 3.3.2). 

Method Selection Considerations: Neutron probe: See Section 3.3.3; Double-tube gamma method: See Section 
3.3.2. 

Frequency of Use: Neutron probes are commonly used for monitoring of soil moisture in the near surface. The 
double-tube gamma method is less common. 

Standard Methods/Guidelines: Neutron probe: ASTM (1988, 1992a), Gardner (1986). 

Sources for Additional Information: Table 3-4 in Section 3 provides an index of over 100 references on the 
neutron method and around 40 references on gamma-gamma logging methods. 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (1): WA1ER STA'IE 

6.2 VADOSE ZONE MOISTURE CON'IENT 

6.2.3 Dielectric Sensors 

Other Names Used to Describe Method: Radio frequency/microwave techniques, capacitance techniques, 
capacitive sensors, 'fringe' capacitance, resonance capacitance, in situ permittivity meter. 

Uses at Contaminated Sites: Measuring soil moisture content.' 

Method Description: Basic principles are similar to the induced polarization surface geophysical method (see 
Section 1.2.3 for discussion of frequency domain and time domain IP methods), except that sensors are placed 
below the ground surface. A variety of capacitive sensors (Figure 6.2.3a,b) have been developed that measure 
the dielectric properties of soil, which are primarily related to water content. These sensors depend upon specific 
electrode configurations and detailed calibration. Dieledric probes, which measure vertical soil moisture profiles 
in a cased holed similar to neutron probes (Section 3.3.3), are a relatively recent development. Dielectric probes 
have significant advantages over neutron probes and other nuclear methods for measuring soil moisture (see 
below). 

Method Selection Considerations: Sensor Advantages: (1) With accurate calibration, can provide accurate values 
for soil moisture; (2) can be placed at any depth for obtaining moisture profile data; (3) a wide variety of sensor 
configurations, from very small to large, are possible, allowing some control over the sensor volume of influence; 
and (4) capacitive sensors have high precision and the property they measure (dielectric constant) is primarily 
related to water content. Sensor Disadvantages: (1) The moisture sensor must be implanted properly to 
minimize disturbance to the soil; (2) long-term reliability and maintenance of the calibration is uncertain, 
especially if the ionic concentration of the soil water changes; and (3) cost of readout devices and interfaces with 
remote collection platforms is high. Probe Advantages: (1) Provide better resolution in measuring vertical soil 
moisture proftles than neutron probes; (2) are less expensive than neutron probes and time domain reflectometry 
sensors; (3) are as accurate as neutron probes without having to deal with radioactive materials; and (4) can be 
used to accurately determine position of a wetting front and ground-water level in soil. Probe Disadvantages: 
(1) Special care is required to make sure that there are no air gaps outside the access tube, because relatively 
limited radial penetration gives more weight to measurements near the borehole compared to neutron probe; 
(2) less sensitive at high moisture contents than low moisture contents; and (3) air-soil interface affects accuracy 
of measurements of in the upper 20 to 50 centimeters of soil. 

Frequency of Use: Numerous prototypes have been developed. Relatively recent development of commercially 
available units means that this method is likely to be used more commonly in the future. 

Standard Methods/Guidelines: --

Sources for Additional Information: Morrison (1983), Schmugge et al. (1980). See also, Table 6-2. 

•Capacitance sensors are classified here as moisture sensors because they are most commonly calibrated to 
measure soil moisture. They could just as easily be classified as a matric potential measurement technique 
because they operate by moisture moving into the sensor in response to the matric potential gradient. 
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Figure 6.2.3 Capacitance sensors: (a) Capacitance probe (Morrison, 1983, after Thomas, 1966, by permission); (b) 
Cylindrical sensor (Morrison, 1983, after Wobschall, 1978, by permission). 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (1): WA'IER STA'IE 

6.2 VADOSE ZONE MOIS1URE CONTENT 

6.2.4 Tune Domain Reflectometty 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Measuring soil moisture content; estimating soil bulk electrical conductivity. 

Method Description: Use of time domain reDectometey to measure soil moisture content is a relatively recent 
development that shows great promise for field applications. Volumetric water content can be determined based 
on measuring the travel time and the attenuation of the amplitude of an electromagnetic pulse launched along 
one or more transmission lines (coaxial, two-, three-, or four-rod probes) embedded in the soil. Portable probes 
can be used to make multiple near-surface measurements or in situ probes of varying length can be installed 
vertically to different depths, or horizontally at different depths in the side of a trench (Figure 6.2.4). The IDR 
trace can be recorded either on a photograph of the oscilloscope display or on an X-Y recorder. The measured 
dielectric constant is converted to volumetric water content using an empirically derived equation that can be 
applied to many soils. Electrical conductivity also can be estimated from the attenuation of the signal (Section 
9.1.4). 

Method Selection Considerations: Advantages: (1) With accurate calibration, can provide accurate values for 
soil moisture; (2) can be placed at any depth for obtaining moisture profile data; (3) a wide variety of sensor 
configurations, from vety small to large, are possible, allowing some control over the sensor volume of influence; 
(4) readily amenable for use with automatic data acquisition systems; and (5) available from several commercial 
sources. Disadvantages: (1) The moisture sensor must be implanted properly to minimize disturbance to the soil; 
(2) long-term reliability and maintenance of the calibration is uncertain, especially if the ionic concentration of 
the soil water changes; and (3) cost of readout devices and interfaces with remote collection platforms is high. 

Frequency of Use: Relatively new method with good potential for field applications. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 6-2. 
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Figure 6.2.4 Diagram of vertical and horizontal TDR probe installations for soil moisture monitoring at different 
depths (Topp and Davis, 1985a, by permission). 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE 

6.2 VADOSE ZONE MOISTURE CONTENT 

6.2.5 Nuclear Magnetic Resonance (NMR) 

Other Names Used to Describe Method: Nuclear-magnetic logging. 

Uses at Contaminated Sites: Measuring porosity, permeability, moisture content, pore-size distribution, available 
water. 

Method Description: A magnetic field is induced using a pulsed, direct current, polarizing tield to align a 
fraction of the nuclei ofhydrogen atoms (protons). When the polarizing field is shut off, the probe records the 
precession of the protons into the Earth's magnetic field. The proton relaxation time is short for fluids in solids 
or bound to a surface, but is •much longer for fluids free to move in pore spaces. Figure 6.2.5a shows 
components of a pulsed nuclear magnetic resonance sensor and Figure 6.2.5b shows a prototype unit for in situ 
measurements of soil moisture. Installation involves digging a test pit to the desired depth, driving a thin-walled 
plastic tube into the bottom, and excavating around the tube to a depth of about 4 centimeters. The sensor is 
slipped over the tube and seated firmly and the excavation is backfilled with a coaxial cable running to the 
surface, which is plugged into the instrumentation for inducing the magnetic field and measuring the response 
when it shut off. 

Method Selection Considerations: Advantages: (1) More precise characterization of free and bound water and 
porosity than other logging methods; and (2) prototype units for in situ measurement of soil moisture have been 
developed. Disadvantages: (1) Use limited to large boreholes (generally >7 inches) filled with drilling mud 
(magnetite powder usually has to be added to the mud to eliminate the borehole contribution to the Jog); (2) 
installation procedures are relatively complex for in situ units; and (3) equipment availability might be a problem. 

Freguency of Use: Not widely used for petroleum applications and relatively unknown for ground-water 
applications. Potentially very useful if borehole conditions are appropriate. 

Standard Methods/Guidelines: --

Sources for Additional fuformation: NMR general: Ahragam (1961), Schlichter (1963), see also, Section 10.6.3; 
Borehole applications: See Section 3.2.4; Soil moisture applications: Morrison (1983), and references indexed 
in Table 6-2. 
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Figure 6.2.5 Nuclear magnetic resonance: (a) Components of a pulsed nuclear magnetic resonance sensor and 
associated instrumentation; (b) Prototype in situ nuclear magnetic resonance sensor (Morrison, 1' 
after Matzkanin and Gardner, 1974, by permission). 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WA1ER STATE 

6.2 VADOSE ZONE MOISTURE CONTENT 

6.2.6 Electro-Optical Sensors "', 

Other Names Used to Describe Method: Electro-optical switch sensor, CdS photoresistor sensor. 

Uses at Contaminated Sites: In situ monitoring of soil water content and/or matric potential. 

Method Description: Several types of electro-optical sensors have been developed that can use changes in the 
optical properties of different materials at different moisture contents to measure soil moisture and/or matric 
potential. The electro-optical switch sensor involves placement of a nylon filter disk in the gap of an electro
optical switch. (Figure 6.2.6a). An infrared light emitting diode (IR lED) sends a signal that passes through the 
filter disc and is sensed by a photo diode. The sensor is calibrated by measuring the response in the soil at 
known moisture content and/or matric potentials. A second type of sensor involves the placement of porous glass 
or nylon disks of different pore-size grades between a CdS photoresistor cell and light emitting diode (Figure 
6.2.6b). The use of different pore-size disks allows continuous measurement of electrical response over a wide 
range of moisture contents. Calibration procedures are similar to those for the electro-optical switch sensor. 

Method Selection Considerations: Advantages: (1) Potential for low cost and high physical stability and reliability; 
(2) can be calibrated to measure both moisture content and water potential over a wide range of moisture 
contents and mat ric potentials (electro-optical switches are better than CdS photoresistors for direct measurement 
ofmatric potential); and (3) electronic circuitry allows automatic data acquisition and analysis. Disadvantages: 
(1) New technique with limited operational and field experience; (2) equipment is not yet readily available 
(although both types of devices can be readily made using off-the-shelf materials); and (3) separate calibrations 
might be required for changes in soil texture. 

Frequency of Use: New technique with potential for widespread use. 

Standard Methods/Guidelines: --

Sources for Additional Information: Alessia and Prunty (1986), Cary eta!. (1989, 1991) 
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Figure 6.2.6 Diagrams of two electro-optical soil-water sensors: (a) Electro-optical switch with nylon disk using 
infrared-light transmission; (b) CdS cell (photoresistor) with layered fritted glass using visible-light 
transmission (Cary et al., 1991, by permission). 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE 

6.2 VADOSE ZONE MOISTURE CONTENT 

6.2.7 Computerized Axial Tomography (CA'l) 

Other Names Used to Describe Method: Computer assisted tomography, CAT scanning, x-ray computed 
(computer) tomography, computed tomographic scanning, CTscanning, x-ray CT, gamma-ray attenuation CAT, 
nuclear tomography. 

Uses at Contaminated Sites: Potential for measuring spatial distribution of soil moisture, bulk density, and soil 
macroporosity; detecting roots, seeds, insects. 

Method Description: CAT scanning systems can use single or multiple sources of gamma radiation or x-rays. 
Detectors can be on the same probe as the source, or placed in adjacent boreholes. The detectors measure the 
attenuated signal, and counts in the desired energy ranges are discriminated by a single channel analyzer. Signals 
are processed using tomographic theory (see also, Section 3.4.5) to allow three dimensional analysis of variations 
of the parameter of interest. Figure 6.2. 7 illustrates the operation of a CT scanner used for scanning soil cores 
in the laboratory. 

Method Selection Considerations: Relatively new method, which has shown promising results in laboratory 
studies, but has not yet been tested for field applications. 

Frequency of Use: Usefulness in the field not yet demonstrated. 

Standard Methods/Guidelines: ASTM (1991b). 

Sources for Additional Information: Anderson et al. (1988), Phogat et al. (1991). 
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Figure 6.2.7 Schematic of how aCT scanner measures the attenuated x-ray beams passing through a detection 
aperture containing a soil core. The x-ray source and detector array rotate clockwise around the 
detection zone (Anderson et al., 1988, by permission). 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE 

6.3 OTIIER SOIL HYDROLOGIC PROPERTIES 

6.3.1 Soil Moisture-Potential-Conductivity Relationships 

Other Names Used to Describe Method: Moisture characteristics curves: Water retention function, specific 
retention, water content-matric potential relationship, capillary pressure-saturation curve, capillary-moisture 
relationship. 

Uses at Contaminated Sites: Estimating water content from soil water potential measurements; estimating soil 
water potential from soil moisture measurements; estimating hydraulic conductivity from soil water potential or 
soil moisture measurements; modeling of contaminant flow in the vadose zone. 

Method Description: Soil moisture (usually represented by the symbol "8"), soil matric potential (usually 
represented with the symbol "1/1'), and soil hydraulic conductivity are all intimately related. Once the relationship 
between two of these properties have been established for a soil horizon, then measurement of one parameter 
allows calculation of the other parameters. The soil moisture characteristic curve (see above for other terms 
used to describe this relationship) is a commonly used relationship to define soil hydrologic properties. An 
important property of this relationship is that it is subject to hysteresis (i.e., the relationship is different 
depending on whether the soil is wetting or drying). Figure 6.3.1a shows the moisture characteristic curve for 
a sandy soil and illustrates the effect of hysteresis. In the field, the moisture characteristic curve is determined 
by monitoring soil water content (using methods described in Section 6.2) and soil water potential (using methods 
described in Section 6.1) during the wetting or drying cycle of a soil. Jury et al. (1978) provide an example of 
developing a moisture characteristic curve in the field using tensiometers and neutron-probe measurements. 
Shani et al. (1987) describe a reliable and quick method for estimating this relationship in the field using a 
dripper method (Section 7.2.5). In a similar manner, K(8) (hydraulic conductivity as a function of moisture 
content) and K( 1/1) (hydraulic conductivity as a function of soil-water potential [pressure head]) can be measured. 
These relationships also are subject to hysteresis as shown in Figure 6.3.1b. Estimation from other soil 
properties: The hydrologic properties of soils are strongly related to physical properties, such as particle-size 
distribution, porosity, and bulk density. Empirical relationships between physical and hydrologic properties can 
be used to estimate soil moisture-potential relationships based on measurement of physical properties, provided 
that the soils are similar to the soils from which the empirical relationships have been derived. Section 7.2.8 
provides additional information on estimation of unsaturated hydraulic conductivity using physically and 
empirically-based equations and relationships, many of which can be related to moisture characteristic curves. 
Mualem and Friedman (1991) have developed an equation that relates soil electrical conductivity (from saturation 
extract-see Section 9.3.5) to water content, which can be used to estimate soil water content of samples for a 
wide range of coarse and stable structured soils when no other data are available. Reference index Table 9-3 
(EC-Salinity Calibrations), identifies other references that discuss the relationship between moisture content and 
electrical conductivity. The moisture characteristic also can be estimated from sorptivity measurements (Section 
6.3.2). 

Method Selection Considerations: The soil moisture-potential relationship is required input for many vadose 
hydrologic models. Field measurement of moisture characteristic curves using conventional methods is 
complicated and time-consuming, although the recently developed dripper method (Section 7.2.5) now provides 
a simpler and more rapid alternative for field measurement. Laboratory measurements using undisturbed core 
samples are simpler, but a large number of cores might be required to adequately characterize spatial variability. 
Empirical relationships based on other soil physical properties are the simplest and least expensive method, but 
probably are the least accurate method unless soil physical properties are very similar to the soils from which 
the empirical relationships were derived. 

Frequency of Use: Field measurement is uncommon. Usually measured in the laboratory or estimated using 
empirical relationships. 

Standard Methods/Guidelines: Field: Bruce and Luxmore (1986), Shani et al. (1987); Laboratory: ASTM (1968), 
Klute (1986); Empirical equations/relationships: See Table 6-3. 

Sources for Additional Information: See Table 6-3. 
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Figure 6.3.1 Relationships between soil moisture, matric potential, and hydraulic conductivity: (a) Moisture 
characteristic curves for a sandy soil during wetting and drying; (b) K-matric potential curves showing 
effect of hysteresis during wetting and drying (Everett et al. 1983, after Freeze and Cherry, 1979). 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WA1ER STA1E 

6.3 OTIIER SOIL HYDROLOGIC PROPERTIES 

6.3.2 Water Sorptivity and Diffusivity 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Sorptivity: Estimating diffusivity-moisture relationship, moisture characteristic curve, 
and hydraulic conductivity as a function of matric potential; estimating soil water distribution. Diffusivity: 
Characterizing soil transmission/storage properties; calculating inflltration (some equations). 

Method Description: Soil diffusivity is a single parameter of unsaturated soil that relates the hydraulic 
conductivity and water storage properties of a soil and can be calculated as either a function of changes in soil 
water potential or water content. Hydraulic diffusivity can be an important parameter in inftltration equations 
(Section 7.1.4). Sorptivity is a measure of the capacity of a porous medium to absorb a wetting liquid. The 
greater the value, the larger the volume of water that can be absorbed, and the more rapidly it will be absorbed. 
Sorptivity decreases from a maximum value (dependent on the soil physical properties) to zero as water 
content/matric potential increase to the point of saturation. Sorptivity is closely related to hydraulic conductivity 
and soil water diffusivity, and is sometimes used to calculate diffusivity. Field Measurement of Diffusivity: Any 
field method for measuring unsaturated hydraulic conductivity as a function of matric potential, which measures 
changes in water content with time and changes in matric potential with time, can be used to determine diffusivity 
(see Table 7-1). Field measurement of sorptivity: Green et al. (1986) describe two methods for measurement 
of sorptivity: (1) Ponded infiltration: A single- or double-ring inflltrometer (see Section 7.3.1) is filled with water 
and cumulative infiltration is measured as the head of ponded water falls with time; (2) Constant-head porous 
Plate: Similar to ponded inftltration method, except that a constant-head device delivers water to the soil through 
a porous plate in contact with the soil. This process results in a slight negative pressure at the bottom of the 
porous plate, preventing water from entering large pores or cracks. The second method is a variant of the 
tension infiltrometer (see Section 7.2.3). Table 7-1 identifies other methods for measuring saturated and 
unsaturated hydraulic conductivity, which also can be used to measure sorptivity. 

Method Selection Considerations: Sorptivity: The ponded infiltration method is simple and rapid, but works only 
when there is negligible flow of water through large cracks or channels. The constant-head porous plate method 
also is simple, rapid and reliable, and should be used any time flow through large pores is a concern. See also, 
appropriate subsections in Section 7, as identified in Table 7-1. 

Frequency of Use: Relatively uncommon in routine field applications. 

Standard Methods/Guidelines: Green et al. (1986). 

Sources for Additional Information: See Table 6-3 and additional references identified under tension 
inftltrometers in reference index Table 7-3. 
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6. VADOSE ZONE HYDROLOGIC PROPERTIES (I): WATER STATE 

6.3 OTHER SOIL HYDROLOGIC PROPERTIES 

6.3.3 Available Water Capacity 

Other Names Used to Describe Method: Field capacity, water holding capacity. 

Uses at Contaminated Sites: Evaluating water storage in the rooting zone and the movement of contaminants 
from the rooting to the vadose zone in response to precipitation events. 

Method Description: Available water capacity is the difference between field capacity (the amount of water 
remaining in a soil2 or 3 days after having been wetted and after free drainage is negligible) and water held in 
the soil at the permanent wilting point, PWP (the point at which plants generally are unable to extract additional 
water from the soil--around 15 bars suction = -1,500 kPa). This represents the amount of water that is available 
to plants for growth. The field procedure involves wetting soil test plots and measuring water content using one 
of the methods identified in Table 6-1 (gravimetric, neutron, or gamma-gamma are the most commonly used) 
when the soil is at field capacity at different depth increments. Alternatively, natural changes in soil moisture 
can be monitored over an extended period of time. Figure 6.3.3a shows that this approach can result in a range 
rather than an exact percentage for field capacity. Determination of the PWP requires laboratory tests using the 
Sunflower method, in which water is withheld from a dwarf sunflower growing in a sample of the depth horizon 
of interest until it wilts, at which time the soil water content is determined. Alternatively, PWP can be 
approximated using a pressure plate apparatus to withdraw water from a sample of the depth increment of 
interest until matric potential is -15 bars, at which time water content is measured. Figure 6.3.3b show several 
ways in which the resulting data can be plotted, and illustrates the difference that rooting depth of plants present 
in a soil can make in the amount of water that is likely to be removed from the soil by evapotranspiration. 
Available water capacity also can be estimated from a moisture characteristic curve (Figure 6.3.1), and from soil 
texture (Figure 6.3.3c). The particle-size ranges of the texture classes shown in Figure 6.3.3c are shown in Figure 
2.5.1. 

Method Selection Considerations: There is no good alternative to the procedure described above for accurate 
measurement of in situ field capacity, although approximations usinglaboratoty analysis of undisturbed soil cores 
or centrifugation of disturbed soil samples can be obtained. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Cassel and Nielsen (1986). 

Sources for Additional Information: Richards (1965). 

6-34 



0\ w 
VI 

e 
:;, 

0 
> 
>. 
.D 

c 35 ., 
~ 

0.60 

! 
c 
~ 
1: 
0 
<.> 

e 
:;, 
l;i 
·o 

} Field capacity 

E 
·s 
U') e 

:s 
Oct. Nov. · Dec. 0 

~ 
:X: b:: 0.6 
w 
0 
..J 
0 0.9 
(/) 

1.2 

1.~ I VIllA 

Month 

(a) 

> 

~ 
c 
.g ... 
0 c. 
2 
~ 

SOIL WATER CONTENT (M/M) 

0,6 

c 

(c) 

(b) 

Figure 6.3.3 Available water capacity: (a) Estimation of field capacity (28 to 30 percent) by repeated measurement 
of soil moisture in situ (Dunne and Leopold, 1978, From: Water in Environmental Planning by Dunne 
and Leopold, Copyright© 1978 by W.H. Freeman and Company, reprinted with permission), (b) Upper 
and )ower limits of available water: (A) Measured in 0.15-meter increments, (B) limits expressed for 
this profile for a 0.6-meter rooting depth, (C) and for a 1.5-meter rooting depth; FC = field capacity, 
PWP = permanent wilting point (Cassel and Nielsen, 1986, by permission); (c) Chart for estimating 
field capacity and available water capacity based on soil texture (Dunne and Leopold, 1978, From: 
Water in Environmental Planning by Dunne and Leopold, Copy1·ight © 1978 by W.H. Freeman and 
Company, reprinted with permission). 



Table 6-2 Reference Index for Vadose Zone Soil Water Potential/Moisture Measurement and Monitormi> ., __ 

Topic References 

Soil Water (Matric) Potential 

General Hendrickx et al. (1990-variability), Wilkinson and Klute (1962-temperature effects); 
Reviews: Bouyoucos (1960), Brakensiek et al. (1979), Mullins (1991), Richards (1949) 

Porous Cup Tensiometers Colman et al. (1946), Cummings and Chandler (1940), Dennehy and McMahon (1989), 
Hendrickx and Nieber (1985), Huber and Dirksen (1978), Hunter and Kelley (1946), 
McKim et al. (1980b), Miller (1951), Oaksford (1978-manometer), Perrier and Evans 
(1961), Rehm et al. (1987), Richards (1942), Richards and Gardner (1936), Richards 
and Neal (1937), Richards et al. (1938, 1973), Rogers (1935), Sawides et al. (1977-
mercury), Thomas and Phillips (1991), Towner (1980), Wendt et al. (1978); Reviews: 
Cassel and Klute (1986), Hendrickx (1990), Richards (1949), Schmugge et al. (1980), 
Stannard (1986, 1990); Transducer type: Anderson and Burt (1977), Bianchi (1962), 
Burt (1978), Elzeftawy and Mansell (1975), Enfield and Gillaspy (1980), Fitzsimmons 
and Young (1972), Gillham et al. (1976), Klute and Peters (1962), Leonard and Low 
(1962), Long (1982), Long and Huck (1980), Marthaler et al. (1983), Rice (1969), 
Thiel eta!. (1963), Thony and Vachaud (1980), Watson (1965, 1967), Watson and 
Jackson (1967-temperature effects), Williams (1978); Recording 
Tensiometers/Automatic Data Acquisition: Anderson and Burt (1977), Bianchi and 
Tovey (1968), Burt (1978), Enfield and Gillaspy (1980), Long and Huck (1980), 
Lowery et al. (1986), Nyhan and Drennon (1990), Rice (1969), Walkotten (1972), 
Williams (1978); Moisture Measurement: Cummings and Chandler (1940), McKim et 
al. (1980b), Troolen et al. (1986); Snowpack: Colbeck (1976), Wankiewicz (1978); Wick 
Tensiometer: Gee and Campbell (1991) 

Thermocouple Psychrometers Review: Savage and Cass (1984); Papers: Barrs and Slaytor (1965), Box (1965), Brown 
(1970), Brown and Collins (1980), Brown and Johnson (1976), Campbell (1972, 1979), 
Campbell et al. (1968), Chow and deVries (1973), Dalton and Rawlins (1968), Daniel 
(1979), Daniel et al. (1981), Enfield and Hsieh (1972), Enfield et a!. (1973), Hoffman 
et al. (1969, 1972), Hsieh and Hungate (1970), Hsieh et al. (1972), Ingvalson et a!. 
(1970), Jones et al. (1990), Koorevar and Janse (1972), Korven and Taylor (1959), 
Lambert and van Schilfgaarde (1965), Lang and Trickett (1965), Lopushinsky (1971), 
Lopushinsky and Klock (1971), Madsen et al. (1986), Meeuwig (1972), Merril and 
Rawlins (1972), Merril et al. (1968), Meyn and White (1972), Monteith and Owen 
(1958), Moore and Caldwell (1972), Peck (1968), Rawlins (1966), Rawlins and Dalton 
(1967), Richards (1949), Richards and Caldwell (1987), Richards and Ogata (1958), 
Roundy (1984), Spanner (1951), Van Heveren (1972-humidity in snow), Van Heveren 
and Brown (1972), Wiebe et al. (1971, 1977), Zanstra (1976), Zollinger et al. (1966); 
Texts: Brown and Van Heveren (1972), Campbell (1977), Fritschen and Gay (1979); 
Measurement Interpretation: Campbell and Gardner (1971), Lang (1967); Calibration: 
Brown and Collins (1980); Water Activity Meter: Gee et a!. (1992) 

Resistance Sensors Anderson and Edlefsen (1942), Atchison and Butler (1951), Becker et al. (1946), 
Bourget et al. (1958), Bouyoucos (1949, 1953, 1954), Bouyoucos and Mick (1940, 1947, 
1948), Colman and Hendrix (1949), Croney et al. (1951), Cummings and Chandler 
(1940), Daniel eta!. (1992), Dennehy and McMahon (1989), EJ-Samie and Marsh 
(1955), Raise and Kelley (1946), Hancox and Walker (1966), Kemper and Amemiya 
(1958), Michelson and Lord (1962), Pereira (1951), Perrier and Marsh (1958), Rehm 
et al. (1987), Richards and Weaver (1943), Salaruddin and Khasbardar (1967), Schlub 
and Maine (1979), Slater (1942), Tanner and Hanks (1952), Williams (1980); 
Automatic Data Acquisition: Armstong et al. (1985); Calibration: Atchison and Butler 
(1951), Kelley (1944), Shaw and Baver (1939a); Moisture Measurement: Cummings 
and Chandler (1940) 
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Table 6-2 (cont.) 

Topic References 

Soil Water (Matric) Potential (cont.) 

Electrothennal Methods 

Soil Moisture Content 

Aldous and Lawton (1952), Beck et al. (1971), Blackwell (1954, 1956), Bloodworth and 
Page (1957), Bloomer and Ward (1979), Cummings and Chandler (1940), Daniel et al. 
(1992), DeVries (1952, 1953), DeVries and Peck (1958a,b), Fritton et al. (1974), Fuchs 
and Hada (1973), Fuchs and Tanner (1968), Gardner et al. (1991), Hooper (1952), 
Hooper and Leeper (1950), Jaeger (1958), Kubo (1953), Momin (1945), Phene et al. 
(1971a, 1971b, 1973), Philip (1961), Shaw and Baver (1939a,b), Slusarchuk and Fougler 
(1973), Sophocleous (1979), Van Duin and DeVries (1954), Wechsler et al. (1965); 
Calibration: Kelley (1944), Overgaard (1970), Shaw and Baver (1939a); Moisture 
Measurement: Cummings and Chandler (1940) 

General Hendrickx et al. (1990-variability), Reinhart (1961-physical factors), Yates and Warrick 
(1987-estimation with cokriging); Reviews: Bouyoucos (1952), Johnson (1962), McKim 
et al. (1980a), Postlethwaite and Trickett (1956), Schmugge et al. (1980), Taylor 
(1955), Wilson (1971) 

Gravimetric Hawley et al. (1982), Hendrickx (1990), McKim et al. (1980b), Rehm et al. (1987), 
Reynolds (1970a,b,c) 

Time Domain Reflectomet:ty Ansoult et a!. (1985), Baker and Allmaras (1990), Baker and Lascano (1989), Brisco et 
al. (1992), Chudobiak et al. (1979), Cole (1977), Dalton (1989), Dalton and van 
Genucthen (1986), Dalton et al. (1984), Dasberg and Dalton (1985), Dasberg and 
Hopmans (1992-calibration), Davis and Annan (1977), Davis and Chudobiak (1975), 
Elrick et al. (1992), Fellner-Feldegg (1969, 1972), Heimovaara et al. (1988), Hokett et 
a!. (1992), Hook et al. (1992), Kachonoski et al. (1990, 1992), Nadler (1991), Nadler et 
al. (1991), Patterson and Smith (1981), Redman et al. (1991), Reeves and Elgezawi 
(1992), Smith and Tice (1988), Stein and Kane (1983), Tektronix (1987), Topp and 
Davis (1981, 1985a,b), Topp et al. (1980a,b, 1982a,b, 1984, 1988), Van Loon et al. 
(1990-electrical conductivity), Yanuka et al. (1988), Zegelin et al. (1989); NAPL 
Detection: Brewster et al. (1992); Leak Detection: Davis et al. (1984) 

Dielectric Sensors Bell et al. (1987), Birchak et al. (1974), Brisco et al. (1992), Dean et al. (1987), 
DePlater (1955), Hancox and Walker (1966), Kuraz (1981), Kuraz and Matousek 
(1977), Kuraz et al. (1970), Layman (1979), Mack and Brach (1966), Matthews (1963), 
Matzkanin et at. (1979), McKim et al. (1979, 1980b), Roth (1966), Selig and 
Mansukhani (1975), Selig et a!. (1975), Thomas (1966), Troxler Electronic Laboratories 
(1992), Walsh et al. (1979), Wobschall (1978); Soil Dielectric Properties: Cihlar and 
Ulaby (1974), Hipp (1974), Hoekstra and Delaney (1974), Smith-Rose (1933), Wang 
and Schmugge (1978), see also, references in Section 1.5.1 

Nuclear Magnetic Resonance Soil Moisture: Andreyev and Martens (1960), Matzkanin and Gardner (1974), Prebble 
and Currie (1970), Rollwitz (1965), Smith and Tice (1988), Tice et al. (1981), Wu 
(1964); Borehole: See Section 3.2.4 
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Table 6-3 Reference Index for Measurement and Estimation Soil Hydrologic Properties Other than Hydraulic 
Conductivity 

Topic 

General Soil-Water 
Rei ationships 

Soil-Water Retention 

Sorptivity 

Diffusivity 

References 

Bouwer and Jackson (1974), Childs (1969), Day et al. (1967), Gairon and Hadas 
(1973), Hendrickx (1990), Holmes et al. (1967), Marshall (1960), Nielsen et al. (1972), 
Reeve and Carter (1991), Richards (1965), Rode (1965), Wiebe et al. (1971) 

Measurement: Madsen et al. (1986), Richards (1965), Su and Brooks (1980); 
Eguations: Bumb et al. (1991), Gillham et al. (1979), McKee and Bumb (1984); see 
also, Section 7.2.8 and Table 7-5; Estimation from Other Soil Properties: Ahuja et al. 
(1985), Alessi et el. (1992), Axya and Paris (1981), Bruce (1972), Brust et al. (1968), 
Carsel and Parrish (1988), aausnitzer et al. (1992), DeJong (1982), Gregson et al. 
(1987), Gupta and Larson (1979), Haverkamp and Parlange (1986), Hendrickx (1990), 
Hendrickx et al. (1991), McQueen and Miller (1974), Mishra and Parker (1990), 
Mishra et al. (1989), Puckett et al. (1985), Rawls and Brakensiek (1985), Rawls et al. 
(1982), Rogowski (1971, 1972), Ross et al. (1991), Saxton et al. (1986), Schuh et al. 
(1988), Topp and Zebchuck (1979), Tyler and Wheatcraft (1989), Vereecken et al. 
(1992), Williams et al. (1992), Yoshida et al. (1985); Temperature Effects: Haridasan 
and Jensen (1972), Nimmo and Miller (1986); Hysteresis: Nimmo (1992) 

Bridge and Ross (1985), Brutsaert (1976), Chong (1983), Chong et al. (1982), Clothier 
and White (1982), Dirksen (1975), Kutilek and Valentova (1986), Parlange (1971, 
1975a,b), Philip (1955), Reichardt and Ubardi (1974), Reynolds and Elrick (1990), 
Smiles (1977), Smiles et al. (1981, 1982), Talsma (1969), Topp and Zebchuck (1979), 
White (1979), White and Perroux (1987, 1989), White et al. (1989) 

Bruce and Klute (1956), Brutsaert (1976, 1979), Cassel et al. (1968), Dirksen (1975), 
Gardner (1970), Gardner and Mayhugh (1958), Hillel and Gardner (1970), Jackson 
(1963), Klute (1965, 1972), Miller and Bresler (1977), Parlange (1975a,b), Perroux et 
al. (1981), Philip (1955), Reichardt et al. (1972), Roberts (1984), Scatter and Clothier 
(1983), Smiles (1977), Smiles and Harvey (1973), Weeks and Richards (1967) 
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Dirksen, 1986). ASTM (1990a) provides guidance on selecting field methods for measuring unsaturated hydraulic 
conductivity in the vadose zone. 

Measurement of Saturated Hydraulic Conductivity 

Table 7-1 summarizes information on 10 methods for measuring K,. above a shallow water table (Section 
7.2), and 5 methods for measuring K,. above a deep water table (Section 7 .3). The cylinder or ring inftltrometer 
(Section 7.3.1) is a widely used method that measures both infiltration and K,. at the soil surface. Most other 
shallow methods require a borehole and devices at the surface to control the flow of water into the hole to 
achieve steady state infiltration before measurements are taken. The constant-head borehole infiltration or 
shallow-well pump-in method (Section 7.3.2) and the Guelph permeameter (Section 7.3.3) probably are the most 
commonly used methods for measuring K,.. Most of these methods are restricted to depth of 2 meters or less, 
but recently developed compact constant-head permeameter (Section 7.3.2) can be used to depths of 10 meters. 
Most methods for measuring K,. above a deep water table require drilling or relatively large diameter boreholes 
(at least 6 inches) and a large supply of water, which can be pumped into the borehole. ASTM (1990a) provides 
guidance on selecting field methods, for measuring saturated hydraulic conductivity in the vadose zone, and Table 
7 ·2 provides comparative information on nine methods for measuring saturated hydraulic conductivity above and 
below a water table. 

Measurement of Water Flux in the Vadose Zone 

Various methods are available to measure or estimate the amount ofwater that passes through the 
vadose zone and enters the ground-water system. A water budget (Section 7.5.1) uses a mass balance by 
measuring inflows, outflows, and storage changes in the area of interest. More often, a simplified water budget 
approach can be used, in which only changes in soil moisture or matrie potential are measured (Section 7.5.2). 
A variety of tracers, such as chloride and tritium, can be used to estimate the rate of recharge and water flux 
(Section 7.5.3). Localized water flux can be measured using a soU-water tlux meter (Section 7.5.4). A variety 
of methods for measuring the velocity ofwater flow in the vadose zone are described in Section 7.5.5. Finally, 
a variety of physical and empirical equations can be used in combination with the methods above, or using site
specific data on hydraulic conductivity or soil physical characteristics, such as texture and bulk density. Tile 
drains or collection lysimeters (Section 9.3.1) also can be used to measure water flux in the vadose zone, 
provided the area of vertical inftltration is known and lateral ground-water flow can be excluded or quantified. 
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Table 7-2 Operational Aspects of Nine Methods for Measuring Saturated Hydraulic Conductivity 

Ksat 

Method 

Column method 

Cube method 

Drain -cube method 

Air entry perm. 

Cylinder perm. 

Double- tube 

Augerhole method 

Piezometer method 

Four-holes method 

• 
• • 

• 
• 
• 
• 

l•l • 
(•} • 
• 

• 
• 
• 

• • 
• • 
• • 

Source: Amoozegar and Warrick (1986), after Bouma (1983) 
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SECTION 7 

VADOSE ZONE HYDROWGIC PROPERTIES (II): INFILTRATION, 
CONDUCTIVITY, AND FLUX 

Characterization of water movement in the vadose zone is complicated by the fact that hydraulic 
conductivity varies as a function of pressure potential and moisture content. The introduction to Section 6 
discusses the types of energy potentials that affect flow of water in the vadose zone. Various terms are used to 
describe hydraulic conductivity in the vadose zone: 

1. Saturated hydraulic conductivity (K..t) is the hydraulic conductivity at saturation with no entrapped air. 
This state rarely is achieved in the vadose zone, except, perhaps, in the zone of seasonal fluctuation of 
an unconfined water table. 

2. Field-saturated hydraulic conductivity (Kf.), also called the satiated hydraulic conductivity, is the 
hydraulic conductivity when entrapped air is present, which can be as much as 50 percent below the true 
K.1 (Reynolds and Elrick, 1986). Methods for measuring saturated hydraulic conductivity above the 
water table usually measure K,.. Another term, ~ .. t>• has been proposed by Bouma (1982) for hydraulic 
conductivity measurements of the soil matrix without macropore flow (see Column-Crust method, 
Section 7.3.8 and Figure 7.3.8b[c]). ~sot) will be less than K..1 or Kr, because water flows more rapidly 
in macropores than in the soil matrix. The term K.1 often is loosely used for reporting measurements 
that should more accurately be termed Kr,. 

3. Unsaturated hydraulic conductivity (K.....1) is the hydraulic conductivity of soil at negative pressure 
potentials. K(!(») is the term usually used to describe the hydraulic conductivity-pressure potential 
function, and K(B) to describe the hydraulic conductivity-moisture content function. Complete 
characterization of K.-1 requires measuring hydraulic conductivity at a range of moisture contents to 
develop a K(8) curve or at a range of pressures to develop a K(¢) curve (see Section 6.4.1). These 
functions are subject to hysteresis (i.e., K,..1 might differ at the same water content or matric potential, 
depending on whether tht~ soil is wetting or drying [Section 6.4.1]). 

Infiltration 

The infiltration capacity of a soil is a critical element of water budget calculations because it affects how 
much precipitation that reaches the ground surface enters the soil and how much moves off a site as surface 
runoff. The infiltration rate generally is the same as the unsaturated and saturated hydraulic conductivity, except 
that some processes, such as the initial moisture content (see Figure 7.1.4), crusting, or sediment clogging, might 
cause different inf:lltrations at the ground surface compared to the subsurface with all other soil factors being 
equal. Table 7-1 summarizes information on eight methods for measuring or estimating infiltration grouped into 
four categories: (1) Impoundment methods, where infiltration is below a water surface (Section 7.1.1); (2) land 
surface methods (Section 7.1.2), (3) watershed methods for estimating inftltration over larger areas (Section 
7.1.3), and (4) infiltration equations (Section 7.1.4). In most situations inflltration can be estimated using 
empirical relations or inftltration equations using other measured variables, which can be measured with an air
entrypermeameter (Section 7.3.4) and unsaturated hydraulic conductivity/pressure head relations (Section 6.3.1). 

Measurement of Unsaturated Hydraulic Conductivity 

Table 7-1 summarizes information on nine methods for measuring or estimating unsaturated hydraulic 
conductivity from field measurements. Most of these methods can be used to develop K( 4>) or K( 8) relationships, 
which once established, allow subsequent monitoring to focus on either changes in pressure potential or moisture 
content. 1be instantaneous profile method (Section 7.2.1) is the most commonly used method for accurate 
measurement of unsaturated hydraulic conductivity in the field. Various draining profile methods (Section 7.2.2) 
are simpler and less expensive to use if the simplifying assumptions apply to the site of interest. Another 
common procedure is to collect undisturbed core samples and measure K,..1 in the laboratory (Klute and 
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Table 7·1 su-ary lnfonnation on Vadose Hydraulk Conductivity Techniques• 

Technique ~or K Other Parameters Section Tables 

K..... Directionb Measured 

Infiltration (see also, Sections 7.2.3, 7.2.5, 7.2.6, 7.3.1, 7.3.4) 
Seepqe Meters Saturated Undefined 7.1.1 
Instantaneous Rate Saturated Undefined 7.1.1 
Impoundment Water Budget Saturated Undefined 7.1.1 
Sprinkler Infiltrometer Saturated Vertical 7.1.2 
Infiltration Test Basins Saturated Undefined 7.1.2 
Watershed Average Undefined Undefined I 7.1.3 
Watershed Empirical Relations Undefined Undefined I 7.1.3 
Infiltration Equations Both Vertical I 7.1.4 7-'5 

Unsaturated Hidraulic Conductivi!I 
Instantaneous Profile Unsaturated Vertical D, F, K(q,), R 7.2.1 7-3 
Draininc Profile Methods Unsaturated Vertical D, F, K(q,), R, S 7.2.2 7-3 
Tension lnf'dtrometers Both Vertical I, D, F, K(q,), R, S 7.2.3 7-3 
Crust-Imposed Steady Flux Unsaturated Vertical I, F, K(4>) 7.2.4 7-3 
Sprinkler/Dripper Methods Unsaturated Vertical I, F, K(otJ), R, S 7.2.'5 7-3 
Entrapped Air Method Unsaturated Vertical I, F 7.2.6 7-3 
Parameter Identification Both Undefined R 7.2.7 7-3 
Empirieal Equations Both Undefined Varies 7.2.8 1-5 
Column-Crust Both Vertical F, K(otJ) 7.3.8 7-4 

Saturated Hidraulic Conductivi!I Above Shallow Water Table• 
Cylinder lnf'dtrometen Saturated Vertical I, S 7.3.1 7-4 
Constant Head Borehole 
lnf'dtration Saturated Horizontal s 7.3.2 7-4 

Guelph Penaeameter Both Vert./Hor. K(otJ), S 7.3.3 7-4 
Au-. Entry Penaeameter Both Vertical I, K(4>), S 7.3.4 7-2, 7-4 
Double Tube Saturated Vertical 7.3.5 7-2,7-4 
Cylinder Permeameter Saturated Vertical 7.3.6 7-2,7-4 
Infiltration Gradient Saturated Verticald 7.3.7 7-4 
Cube Saturated Vert./Hor. 7.3.8 7-2,7-4 
Column/Monoliths Saturated Vertical 7.3.8 7-2,7-4 
Boutwell Method Saturated Vert./Hor. 7.3.9 
Velocity Permeameter Saturated Vertical 7.3.10 
Percolation Test --. --. 7.3.11 7-4 
CP Porous Probe Saturated Horizontal 2.2.2 
Collection Lysimeter Saturated Vertical F 9.3.1 

Saturated Hxdraulic Conductivi!I Above Dee~ Water Table" 
USBR Single Well Saturated Undefined 7.4.1 
USBR Multiple-Well Saturated Horizontal 7.4.2 
Stephens-Neuman Single Well Saturated Undefined 7.4.3 
Air Permeability Saturated Undefined 7.4.4 
Packer Tests Saturated Vert/Hor. 4.3.3 

D == diffusivity; F = Flux; I "" Infiltration; K( ofJ) = hydraulic conductivity-pressure head relationship; R == Retention (pressure
moisture relationship); S "" Sorptivity. 

•Most methods for measuring or estimating unsaturated hydraulic conductivity also can be used to measure water flux in the vadose 
zone. Section 7.'5 discusses the application of these and other methods for measuring soil water flux. 
bDirectional ratings are qualitative in nature. Different references might give different ratings depending on site conditions and 
criteria used to define directionality. 
"These methods measure field-saturated or satiated hydraulic conductivity (K,.), which is lower than saturated hydraulic conductivity, 
due to the presence of entrapped air. 
ciJ)ifferentiation of vertical and horizontal is possible when used with double tube method. 
"'The percolation test does not provide an accurate measure of saturated hydraulic conductivity. See Table 7-4 for sources on 
information on the relationship between percolation test results and K..,.. 
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n;"'-,1086} As'I1o< (199o.J J»ovid<s BUid...., on selecting field- furme,,,,.,g -'""""" ""'"'uli< 
COnductivity in tbe Vadase zone. 

Table 7-1....,_ U.funnation on1o me- ro.-......,ring I<,. abo, a"'""""' """""able (Section 
7.2), and 5 met~>o.J. fur "'-ring I<,. abo, a deep ""ter table (Sectro, 7 .3), The "''-or .... U.filt-eter 
(Section 7.3.1);, a w;dely"""' "'etbod that.,_ both U.filt.tation and I<,. at the '<>H su>fue. Moat Other 

"''JJ"" "'etl>o.J. requ;,. a bore!.ole and dev;... at the """""" 1o COntroJ the Bow of "'""'r U.1o the bole 1o achieve "eady atate U.filtmtion befon. --.. ., ""' taken. The -........, ........ lnGJ ...... or 
....,.,._,.,, -P-Io '"etbod (Section 7 .3.2) and the """"""-.,_(Section 7 .3.3) Probably are the "'"'t 

below a water table. 

Meas~~reanent of Water Flux in the Vadose Zone 

_,only"""' "'etl>o.J. fu,- .,_ring I<,.. Moat Of these- ""'"""'*'"" 1o depth of 2 - ... or le&, 
but -.uy develOped --- ........ -.._ (Sectro, 7.3.2) can be....., 1o depths of 10 meten. 
Moot "'etl>o.J. ""'"-ring I<,. abo, a deep -.r table requ;,. driJJing or reJat;..Jy 1.,.. di..,eter bore!.oleo 
(at 1-6 U.<beo) and a 1-SUpPly of ... ..,, ""kb can be p- U.1o the borebole. As'I1o< (199oo) J»ovid<s 

guid"""' OUaeJeoting field method, fur-....,g,.ru..,.., byd,.uJie-.,.,«Miy;, the v._ zane, and TobJe 
7-2 J»ovid<s --infunnauon ""nine "'etl>o.J. fur.,._ringsaru,.,.., h-"""'ulic COnduan;ly abo, and 

Various- .,. available 1o .,_, or-.., the -..,t of"'ater that- through the 
v- ZOne and entem the ground...,...,_.,.,.,, A.,.,.,_ ...... (Section 7S.1).,.. a'""' boJaoce by 
mea.uring inB-o~ and """Be ......... in the- of inte,..,t M.,.. ollen, a aimpJUied """"'budget 
'"'""'"" can be """·;, ""kb ooJy ......... in soil-.._ or--..,. .,., .,_..., (Sect;., 7S.2). 
A Variety of ........ JUch "cbloride and tritJun,, can be """' tu ..,...,. the mte of-.,,. and "'"'"Bu. 
(Sectron 7S.3} ~ ... fer Bur can be .,_red USing a so~~_,.,.,_ S.. .._(Sect;.., 7S.4). A Yariely 
of met~>o.J. "".,._ring the """"'> of ... ter Bow in the vadoae zane .,., deocn'beQ in Section 7 Ss. FinaJJy, 
a Yariely of phYikaJ and elbpU;<aJ "<JUatio., can be ....., in ""'"binauon "*b the "'etl>o.J. abo,, or Using site
-ilic data on "-"""u11e COnduct;vfty or soH phY8kal """""""nm... "'"" " ""'""' and bone d-1y. 111e 
- or .......... - ...... (Section 9.3.1) ""' """ be """' 1o .,._,. -r BU> in the - ZOne, 
J»ovided the - ofVelticaJ infiltration ;, """"" and 1~raJ -...,-\Vater Bow can be ""'""'"" or quantJiied. 
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. "A!JOSB :zptre aYDRoWOlc FRoJ'l3l'.'fli'.S (ll}: n<f1L nvmol<. cotmoCI1"ff"l• NIP FJ.lllC 

Qtbo' ,..,. .. o.-d to D<oeri"" Metno<!: s.epag• - (SCS. oSBR. _.,.,.RiCO). ;nstantane<>"" -

7.1 JNFIL1"RA110N 

'7.1.1 bnp0undtnent Methods 

tnethod• water budget tnethod. ~: M~ ;nfiluaUon of suda<O .,...,, \ln~ts ;nto the~!""""'· 
Melho<! ~ .-.• metets .,. .-oled ;n!il..-"'" p\,.ed ;n the"""""' of a channel "'i""'d that ~by a tubo to a ,..oil_,..,., of..- ;n a_...,.,, .,nich ""'bo ~~"""'red"',.,...,. 
to the.,,.., .,da<O of the \101""'-t (!'>&""' 7.1.1} WbeO the ,..oil-""''" ,_.1 .-the tcve\ of 
the natU,ol .,.,., sntfa"'• th• - of fa\\ i& -ted. o' teiAliV< chaJ1&"' ;n p_. bead ms><l• the -011• 

...... ead th• .,..., ouu;ide ... .,-red· Jnfiluat\01>--"" oo~cU~ated uom ·~ --"· 'IW"' ;notude the scs.o.s. ·-orRecl"""'tio•· ead ~-R><" -""'~·-The _ .. _ ........ 00<1 in"-"'"''"'' d- oil ;nft- ead d"""""' - • prod ead 0"""""" the d<OI' .. """''· te•ol· -U>Il 
e•"l"""'\on ;s neg\ig\bl• ead thete is no goond"''"'' "'"'"""' to the pond. the <ate of declln< ;n .,..., tcvel 
is the ;nmuation (WilsO"· 19BZ). The'""""_.. roetOOd ,.quues .. --nt of \nil"" to the prodoil.,.,.,.., p--· d .......... ead .. "'"""""' ead the"''""'""'"',._ t.ead ... ,.,d ........ """"' 
- P""""ete" ate__., ;nfiluation-bo .,wed-the,....,, ,.aget eq-(-~· 197&} Sed""' 

7 

5.

1 

d-the .,ate' ,.age, ,.etnod ~u<th«· ead Fi&""' 7 5.1 at...,..,. an -ual. _ut.,... ~""'' bol-
,.,..1 to dete,.in• -011• - a.,.,...,. .. , tagoon· Qtbo' methodS fo'. oh~,_-"'"'~be
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Figure 7.1.1 Schematic of seepage meter in open channel with a falling-level reservoir and U-tube manometer 
(Bouwer, 1986, by permission). 
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Table 7.1.1 Guidelines for Selecting Techniques to Assess Ground-Surface Water Interactions 

Use Shoreline 
jMoni to ring seepage Mini- core 

Well Meter Piezometer Well Point Sample 

Determination 
of hydraulic B, c NA A A NA 
gradient 

Determination 
of hydraulic B, c B, c c A c 
conductivity 
of sediments 

Flux between 
ground D c B, 
iwater;surface 

c B, c NA 

!water systems 

Determination 
of long term B D c B NA 
interaction 
of ground and 
surface water 

Collection of 
flux samples c c A A NA 
for field 
screening 
analysis 

collection of 
flux samples c D c A NA 
for lab 
analysis 

Estimation of 
sediment NA NA c c A 
transport (porosity (porosity 
properties only) only) 

NA - not applicable 
lA - good performance in most conditions 
B - acceptable when used in conjunction w; another technique 
c - acceptable under certain conditions 
D - poor choice 

Source: Wolf et al. (1991), by pennission 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX 

7.1 INFILTRATION 

7.1.2 Land Surface Methods* 

Other Names Used to Describe Method: Infiltration test basins, sprinkler infiltrometer, cylinder infiltrometer. 

Uses at Contaminated Sites: Measuring of ground-water recharge; determining soil infiltration capacity for land 
treatment of wastewater; calculating sorptivity (sprinkler inflltrometer [see also, Section 6.4.2]). 

Method Description: Infiltration test basins: Large cylinder infiltrometers (Figure 7.1.2a and b) or basins (20 
feet by 20 feet) are constructed at several locations in a field and flooded with water. Measurements are similar 
to cylinder infiltrometer for measuring infiltration rates. Sprinkler infiltrometer: Nozzles or drop-formers are 
used to simulate the size and fall velocity of natural raindrops over a plot, which is set up so that surface runoff 
can be accurately measured (see also, Section 7.2.5 and Figure 7.2.5). The difference between the amount of 
water applied and the surface runoff is the infiltration rate. 

Method Selection Considerations: Inftltration can be estimated using empirical relations or inftltration equations 
(Section 7.1.4), using other measured variables that can be measured with an air-entry permeameter (Section 
7.3.4), and from soil moisture content, if the K(tP) relationship is known (see Section 6.4.1). Infiltration test 
basins are relatively simple and provide more representative measurements than cylinder infiltrometers, but are 
relatively expensive, time consuming, and water availability can be a problem. Sprinkler intiltrometers are 
relatively complex, expensive to operate, and are not weU adapted to routine field applications. Relatively recent 
developments of more portable equipment might make this a more attractive method (see Section 7.2.5). 

Frequency of Use: Test basins are used primarily for the design of full-scale projects for the land treatment of 
municipal wastewater. Sprinkler inflltrometers have been widely used in agricultural research, but have not been 
commonly used for contaminated site characterization. 

Standard Methods/Guidelines: Sprinkler infiltrometer: Peterson and Bubenzer (1986), Test basin: U.S. EPA 
(1981). 

Sources for Additional Information: Dunne and Leopold (1978), Thompson et al. (1989), Wilson (1982). 
Sprinkler infiltrometers: Bertrand (1965), aothier et al. (1981b), Dunne and Leopold (1978), Grierson and 
Oades (1977), Hamon (1979), Parr and Bertrand (1960), Peterson and Bubenzer (1986), Sidle (1979), Tovey and 
Pair (1963), U.S. EPA (1981), Zegelin and White (1982). Peterson and Bubenzer (1986) summarize information 
on over 30 rainfall simulator and sprinkler·infiltrometer studies and cite 66 references, which are not listed here 
on this topic. See also, Section 7.2.5. Cylinder infiltrometers: Bureau of Reclamation (1978), Raise et al. (1956), 
Hills (1971), Parr and Bertrand (1960); See also, Section 7.3.1 and Table 7-4. Test basins: Abele et al. (1980), 
Nielsen et al. (1973), Parr and Bertrand (1960), U.S. Army Corps of Engineers (1980). 

*See also, cylinder infiltrometers (Section 7.3.1). 
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Figure 7.1.2 Infiltration test basin: (a) Groove preparation for Dashing (berm); (b) Schematic of finished 
installation (U.S. EPA, 1981, after U.S. Army Corps of Engineers, 1980). 

7-10 



7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUGnVITY, AND FLUX 

7.1 JNFIL1RATION 

7.1.3 Watershed Methods 

Other Names Used to Descn'be Method: Average inflltration method, point infiltration method, empirical 
relations. 

Uses at Contaminated Sites: Estimating infiltration over large areas for water budget studies. 

Method Description: Av_..p lnfUtratlon method: Infiltration is estimated by measuring the rainfall duration 
and intensity from individual precipitation events, and subtracting the measured runoff. The difference between 
the two values is assumed to be the infiltration. Figure 7.1.3 illustrates bow infiltration capacity curves are 
developed for a small watershed. Empirleal relationships: Musgrave and Holtan (1964) have grouped soils into 
four basic classes and summarized infiltration rates for a large number of different soil types within these classes. 
1be U.S. Soil Conservation Service has used this classification system to develop some empirical relationships 
for estimating infiltration based on soil-vegetation types to approximate infiltration over large watershed areas 
(SCS, 197S). Huggins and Monke (1966) developed an empirical infdtration equation in which infdtration is a 
function of soil moisture. Ranld (1990) has developed a point infiltration watershed model for estimating runoff 
using infiltration estimates based on soil types and several empirical infiltration parameters. 

Method Selection Considerations: Methods for estimating infiltration in watersheds generally do not have 
enough accuracy for site specific applications. Empirical relationships might be useful when combined with 
limited infiltrometer measurements to obtain a gross approximation of inftttration. 

Freguency of Use: Uncommon, mainly because site investigations tend to cover areas that are smaller than 
entire watersheds. 

Standard Methods/Quidelines: --

Sources for Additional lnfonnation: Average infiltration method: Dunne and Leopold (1978); Empirleal 
relations: Bras (1990-Huggins-Monke and SCS methods), Huggins and Monke (1966), Musgrave and Holtan 
(1964), Ran1d (1982, 1990), SCS (1975); Other: Parr and Bertrand (1960). 
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Figure 7.1.3 Average infiltration method of computing an infiltration capacity curve for a small drainage basin 
(Dunne and Leopold, 1978). Bursts of rainfall plotted in the upper diagram (a) cause separate 
hydrograph rises (b). Each burst provides one point on the infiltration capacity curve (c). (From: 
Water in Environmental Planning by Dunne and Leopold, Copyright@ 1978 by W.H. Freeman and 
Company, reprinted with permission). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX 

7.1 INFILTRATION 

7.1.4 Infiltration Equations 

Other Names Used to Describe Method: Green-Ampt, Richards, Philip equations (numerous other solutions 
and refinements have been derived from these equations); parametric infiltration equations; Horton equation; 
Huggins-Monke equation (see Section 7.1.3). 

Uses at Contaminated Sites: Obtaining indirect estimations of soil infiltration rates. 

Method Description: An alternative to direct measurement of infiltration is to measure variables required for 
analytical equations, such as the Richards', Green-Ampt, and Philip's equations. Variables typically required for 
these equations include the hydraulic conductivity of the wetted zone, pressure head at the wetting front, and 
sorptivity of the soil. Most of these variables can be measured in situ with an air entry permeameter (Section 
7.3.4), from unsaturated hydraulic-conductivity/pressure head relations (Section 6.3.1), and from infiltrometer 
measurements (Section 7.3.1). When estimating infiltration, it also is important to take the initial water content 
of the soil into account. Infiltration rates in a dry soil will be initially higher, and take a longer time to reach 
saturated hydraulic conductivity than infiltration into a soil that already is relatively wet (Figure 7.1.4). The 
Horton empirical equation for infiltration has been commonly used by hydrologists, but has a basic problem in 
that it does not satisfy the theoretical requirement that the initial infiltration be of infinite value. It might be 
suitable for describing infUtration when water is applied by rain or sprinkling for short time periods. Most 
infiltration equations have been derived from the study of soil physics. The Green-Ampt equation is satisfactory 
for describing infiltration into initially dry coarse-textured soils, and requires data on the hydraulic conductivity 
of the wetted zone and an estimate of the critical pressure head of soil for wetting. The Philip's equation is a 
two-parameter algebraic equation derived from the Richards' basic partial differential equation for unsaturated 
flow, and requires measurement or estimation of sorptivity and an inflltration curve. Numerous solutions and 
refinements of the basic Green-Ampt and Richards' equations have been developed in recent years, as well other 
approaches, such as parametric inflltration equations. Each equation or model has its own assumptions and soil 
moisture conditions that must be satisfied. For example, the Broadbridge-White model (Broadbridge and White, 
1988) spans a wide range of known soil hydraulic properties. Table 7-5 identiftes over 50 references dealing with 
equations and models for infiltration and unsaturated flow in the vadose zone and this literature should be 
reviewed to identify the most appropriate equation or model. 

Method Selection Considerations: All inflltration equations require field measurement and characterization of 
the spatial variability of the required parameters for accurate estimation of inflltration. Advantages: Might be 
the best method for evaluating vertical infiltration rates of soils that contain restricting layers at some depth. 
Disadvantages: If inflltrating water contains sediment or suspended solids, the reduction infiltration rate due 
to the accumulation of solids on the soil surface must be estimated. 

Frequency of Use: The Green-Ampt and Philip's equations are probably the most commonly used. As noted 
above, numerous refinements and alternatives to these equations, which might merit consideration, have been 
developed in recent years. 

Standard Methods/Guidelines: 

Sources for Additional Information: Bouwer (1986), Green and Ampt (1911), Philip (1957a, 1969), Thompson, 
et al. (1989). See also, references in Table 7-5 and Section 7.2.8 (Unsaturated Hydraulic Conductivity, 
Physical/Empirical Equations and Relationships). 
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Figure 7.1.4 The effect of the initial water content of soU on inftllr'ation rates (Ev-erett et al"' 1983). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.2 UNSATURATED HYDRAUliC CONDUCTIVITY 

7.2.1 Instantaneous Profile Method 

Other Names Used to Describe Method: Unsteady drainage flux, plane of zero flux, instantaneous rate method, 
hot-air method (Arya et al., 1975, as cited by Bouma, 1982). 

Uses at Contaminated Sites: Measuring unsaturated hydraulic conductivity and diffusivity for vadose zone 
contaminant transport evaluation. Also can be used for monitoring water flux (Section 7 5.2) and developing 
moisture characteristic curves (Section 6.3.1) or K-matric potential relationships. 

Method Description: A field plot (Figure 7.2.1a) or a double-ring infiltrometer is placed on a soil plot (Figure 
7.2.1b) and instrumented with a battery oftensiometers at different depths for measuring water pressures (see 
Section 6.2.1) and an access tube for neutron moisture logging (see Section 3.3.3 and 6.3.2). The soil is wetted 
to saturation throughout the study depth. Wetting is stopped and the surface covered to prevent evaporation. 
Water pressure and water content are measured at intervals as the soil drains. Any combination of methods for 
measuring soil water potential (see Section 6.2) and soil moisture content (see Section 6.3 and Table 6-1) can 
be used for this method. Tensiometer/soil core method: A variant of the instantaneous proftle method in which 
only changes in soil water pressure are monitored in the field after the soil is wetted. Soil cores are collected 
from the depth increments that tensiometers have been placed and moisture characteristic curves are measured 
in the laboratory. Hydraulic conductivity at different matric potentials is calculated from the field-measured 
tensiometer data and the moisture characteristic curve. The entrapped air method (Section 7.2.6) also can be 
considered a variant of this method. 

Method/Device Selection Considerations: Instantaneous Profile Advantages: (1) Simple and reasonably accurate 
at each measuring site; and (2) suitable for stratified soils. Instantaneous Profile Disadvantages: (1) Provides 
hydraulic conductivity values only for draining proftles and values will be different during wetting cycles; (2) time 
consuming and relatively expensive, especially if site variability requires a large number of sites to obtain mean 
values; (3) does not provide reliable data near saturation (0 to -15 centimeters) because of rapidly changing and 
poorly defined pressure head gradients; (4) primarily measures vertical conductivity and will underestimate flux 
if horizontal conductivity exceeds vertical conductivity; (5) interactions between wastewater and solids might affect 
results (such as dispersion of clays or clogging); and (6) not suitable for percolating water with sufficient 
concentration of chemical wastes (such as nonaqueous phase liquids) to change its physical properties that affect 
inftltration rates. Tensiometer/Soil Core Advantages: Similar to instantaneous proftle method except that field 
data collection is less time consuming and expensive because only soil-water pressure is monitored. 
Tensiometer/Soil Core Disadvantages: Similar to instantaneous proftle method, except that use of laboratory 
measurements on soil cores might not accurately reflect in situ conditions. 

Frequency of Use: Probably the most commonly used field method for accurate measurement of unsaturated 
hydraulic conductivity. 

Standard Methods/Guidelines: ASTM (1990a), Bouma et al. (1974), Green et al. (1986). 

Sources for Additional Information: Bouwer and Jackson (1974), Everett et al. (1982, 1983), Hendrickx (1990), 
Thompson et al. (1989), Wilson (1980). See also, Table 7-3. 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.2 UNSATURA1ED HYDRAUliC CONDUCTIVITY 

7.2.2 Draining Profile Methods 

Other Names Used to Describe Method: Simplified unsteady drainage flux method, unit gradient method, Theta 
(8) method, flux method, CGA-method, water content measurement method (flux), tensiometric simplified 
functions method. 

Uses at Contaminated Sites: Estimating unsaturated hydraulic conductivity and flux of water in the vadose zone. 

Method Description: Unsaturated hydraulic conductivity: A number of approaches have been developed to 
simplify the instantaneous profile method so that only soil moisture content or soil water potential needs to be 
monitored in the field. Procedures are similar to the instantaneous profile method in that the soil is wetted until 
steady-state infiltration (field saturated) conditions are reached at the test plot or double-ring infiltrometer, at 
which time wetting is stopped and the surface covered to prevent evaporation. Changes in the draining profile 
are observed as a function of time either by monitoring soil water content at different depths, or by monitoring 
soil matric potential at different depths. Different equations are used to calculate hydraulic conductivity as a 
function of soil water content. In the theta (8) method, changes in soil water content with time at different 
depths are used in the calculations. Figure 7.2.2a illustrates use of this method for a single soil horizon. In the 
flux- and CGA-methods, different formulas involving changes in average water content over the depth of interest 
are used. In the pressure profile method, tensiometric measurements taken over time at small depth increments 
are used to calculate hydraulic conductivity as a function of soil-water suction (Figure 7 .2.2b ). Flux in the vadose 
zone: Monitoring of changes in water content over time (neutron logging, tensiometers, resistance blocks, and 
psychrometers) allows calculation of the water flux for a given depth (Wilson 1980, 1982). See Section 7.5.2 for 
further discussion of flux measurement using these methods. 

Method Selection Considerations: Moisture Profile Advantages: (1) Simpler instrumentation allows 
measurements to be made at more points than with more complex methods, allowing statistical analysis to 
characterize soil variability; and (2) works well on coarse- and fine-textured homogenous materials. Moisture 
Profile Disadvantages: (1) Point measurements are less accurate than instantaneous profile and crust methods; 
(2) most methods assume a unit hydraulic gradient and will not work if the assumption does not apply; and (3) 
separate measurements of matric potential-water content relationships are required. Pressure Profile 
Advantages: (1) Simpler instrumentation allows measurements to be made at more points than with more 
complex methods, allowing statistical analysis to characterize soil variability; (2) the assumption of unit hydraulic 
gradient is not required; (3) measurement ofmatric potential-water content relationships are not required; (4) 
a one-time measurement of the soil water content profile allows estimates of drainage fluxes and soil water 
storage in the profile with time and as a function of average matric potential; and (5) works well in coarse- and 
fine-textured soils and soil profiles with stratification. Pressure Profile Disadvantages: (1) Point measurements 
are less accurate than instantaneous profile and crust methods; (2) reliable, frequent tensiometric data at small 
time and depth intervals, especially at low suctions, are required; (3) accurate determination of the representative 
field-saturated hydraulic conductivity is required; and (4) curves are somewhat less accurate for depths greater 
than around 100 centimeters. General Disadvantages: (1) Generally requires uniform drainage over shallow 
water tables (in deeper soils the upper proftle can be draining while the lower profile is wetting, so flux will not 
equal drainage); (2) chemical conditions affecting methods to measure water content changes might introduce 
errors (i.e., chlorine in solution affecting neutron logging); (3) drainage in well-structured soils might occur more 
rapidly than in soil blocks where water content changes are measured, resulting in underestimation of water flux; 
and (4) a large number of measurements is required to characterize spatial variability. 

Frequency of Use: Relatively new methods with good potential for more extensive field application due to their 
relative simplicity. 

Standard Methods/Guidelines: I and Dux methods: :Ubardi et al. (1980); CGA-method: Chong et al. (1981); 
Pressure profile: Ahuja et al. (1988). See also, Section 7.2.7 (Parameter Identification). 
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Sources for Additional Infonnation: Everett et al. (1983), Green et al. (1986), Hendrickx (1990), Wilson (1980, 
1982). See also, Table 7-3. 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX 

7.2 UNSATURATED HYDRAUliC CONDUCTIVITY 

7.2.3 Tension Infiltrometers 

Other Names Used to Describe Method: Tension disc permeameter, suction permeameter, porous plate 
infiltrometer, Guelph infiltrometer, sorptivity method. 

Uses at Contaminated Sites: Measuring infiltration, sorptivity, hydraulic conductivity; characterizing macropore 
soil water flow and mean pore size. 

Method Description: The tension infiltrometer originally was developed to measure soil sorptivity and diffusivity 
(see Section 6.3.2), but relatively recent improvements in instrument design (Figures 7.2.3a and b) have made 
this a versatile device for measuring and estimating a variety of soil hydrologic properties. The tension disc: 
penneameter has three main components: (1) A nylon membrane that rests on the ground surface, (2) a 
calibrated reseiVoir, and (3) a bubble tower, which is used to control the starting tension in the calibrated 
reseiVoir (Figure 7.2.3a). At the beginning of the test, the water reseiVoir is full of water, and the water level 
in the bubble tower is set at a height to achieve the desired starting tension. The stopcock in the bubbler tower 
is opened to start the test, allowing air to enter the reseiVoir as water moves through the membrane into the soil. 
Multiple tests can be run in several ways by varying: (1) The starting tension, (2) the pore size of the nylon 
membrane, and (3) the size of the disc-membrane. Sorptivity is calculated from the rate at which the water level 
in the calibrated reseiVoir falls during the first 3 minutes, and hydraulic conductivity is determined when the 
infiltration rate reaches a steady flux. Measurements ofsorptivity and hydraulic conductivity at different starting 
tensions allows development of a hydraulic conductivity-matric potential cuiVe. The positive pressure 
penneameter (Figure 7 .2.3b) looks similar to the tension permeameter, but operates quite differently. The unit 
is attached to a stainless steel cylinder, which is driven far enough into the ground to prevent water from leaking 
around the side. The supply pressure is the distance between the air bubble exit point and the soil surface, and 
can be adjusted by screws. The air entry side tube is filled with enough water to fill the space between the 
central water reseiVoir and the soil. This water is rapidly deposited on the soil surface by opening the side tube 
stopcock to start infiltration, and the rate of fall of water in the central calibirated water reservoir is measured. 

Method Selection Considerations: Advantages: (1) Simpler than instantaneous proftle, draining, and steady-flux 
methods because knowledge of initial water potential or content is not required, which eliminates requirements 
for installation of tensiometer or neutron access probes not required; (2) lower cost than more complex methods 
allows more extensive characterization of spatial variability of soil hydraulic characteristics; (3) rings do not need 
to be driven into the soil surface, avoiding possible disturbance of soil structure and allowing use of the method 
on rocky soils; and (4) control of tension at the surface allows characterization of flow in different pore sizes. 
Disadvantages: (1) Accurate measurements might be difficult in very wet and highly permeable soils; (2) methods 
requiring solution of simultaneous equations might be susceptible to errors resulting from soil heterogeneity; (3) 
measurements with instruments using different radii surface disks might be affected by spatial variability 
associated with different soil surfaces; and (4) measurements sample a relatively shallow depth of the soil surface 
(different depths can be tested by excavation, but the process become more cumbersome and time-consuming). 

Frequency of Use: Tension inflltrometers have gained rapid acceptance in the last few years and are likely to 
become a standard tool for in situ determination of saturated and near-saturated soil hydraulic properties near 
the soil surface. 

Standard Methods/Guidelines: Perroux and White (1988). 

Sources for Additional Information: See Table 7-3. 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.2 UNSATURATED HYDRAUliC CONDUCTIVITY 

7.2.4 Crust-Imposed Steady F1ux 

Other Names Used to Describe Method: Unit-hydraulic gradient method, crust test. 

Uses at Contaminated Sites: Measuring vertical unsaturated hydraulic conductivity during wetting portion of 
moisture characteristic curve. 

Method Description: A pedestal soil about 25 cetimeters in diameter and 30 centimeters high is exposed by 
excavation, the exterior of which is covered with aluminum foil, and a tensiometer is inserted into the pedestal 
(Figure 7.2.4). Crusts with varying hydraulic conductivity by varying percentages of gypsum and sand or sand 
and quick-setting hydraulic cement. Each test run uses a crust placed on the soil surface, which is then covered 
by an infiltration ring with an air-tight cover, which fits tightly over the pedestal. A water source supplies water 
to the infiltration ring assembly at a constant head, with the crust controlling the flow of water to the soil 
pedestal to a rate below the maximum possible infiltration rates. Pressure head is monitored near the surface 
and at depth to determine when steady-state unsaturated flow has been reached. Successive steady-state flow 
systems, with increasing levels of saturation, are achieved by using crusts with increasingly higher permeabilities. 
Multiple tests allow plotting of hydraulic conductivity as a function of pressure head. 

Method Selection Considerations: Advantages: (1) Measurements and calculations are reasonably simple; (2) 
a high degree of accuracy can be achieved if the crusts are carefully prepared; (3) can be used on sloping land 
surfaces; and (4) measurements can be made on large undisturbed soil columns to include effects of soil structure 
and other macroporosity, which might be missed by laboratory measurements of soil cores. Disadvantages: (1) 
Measurements are time and labor intensive; (2) a unit hydraulic gradient must exist in a vertical direction for 
measurements to be accurate (a reasonable assumption if steady-state flow is reached and the soil material is 
homogeneous); (3) only records the wetting portion of the soil water retention curve (see Section 6.4.1), so the 
effects of hysteresis are not determined; and (4) measurements apply to a relatively small area of soil. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: ASTM (1990a), Green et al. (1986). 

Sources for Additional Information: Bouma et al. (1974), Hendrickx (1990), Thompson et al. (1989), Wilson 
(1982). See also, Table 7-3. 
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Figure 7.2.4 Schematic diagram of field installation of the measurement apparatus for the crust-imposed steady flux 
method: M = constant-head device, Sc = wing nut, PC = plastic cover, W = water inlet, A = air 
outlet, RG = rubber gasket, C = gypsum-sand crust, Ca = tensiometer cap, Cy = metal cylinder with 
sharpened edge, H = height of mercury column above mercury pool, and G = height of mercury pool 
above tensiometer porous cup, P (Green et al., 1986, after Baker, 1977, by permission). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.2 UNSATURATED HYDRAUUC CONDUCTIVITY 

7.2.5 Sprinkler/Dripper Methods 

Other Names Used to Describe Method: Sprinkler-imposed steady flux, dripper method. 

Uses at Contaminated Sites: Sprinkler-impose steady Dux: Measuring vertical unsaturated hydraulic conductivity 
during wetting portion of moisture characteristic curve; Dripper method: Measuring of saturated hydraulic 
conductivity and sorptivity and estimating hydraulic conductivity-matric potential function, K( t1J ), and matric
potential ( t1J )-moisture (8) function. 

Method Description: The sprinkler-imposed steady Dux method is similar in principle to the crust-imposed 
steady flux method (Section 7.2.4). A sprinkler (Figure 7.2.5) is used to apply a steady rate of water to the soil 
surface, which is below the rate sufficient to saturate the soil. Soil moisture content is monitored using a neutron 
access tube, and matric potential is measured using tensiometers placed at different depths. Moisture content 
and pressure head is measured when steady-state flow conditions are achieved. K is calculated by dividing flux 
per unit area by the hydraulic gradient. Successively higher sprinkler flux rates are used to create the next 
steady-state flow system. Typically, the vertical gradient is unity. The dripper method is a relatively new and 
different method for measuring and estimating a variety of soil hydrologic properties. A water storage bottle 
with Marriott type burette is connected to button drippers (used commercially for drip irrigation) in a cluster-like 
arrangement, which allows different rates of constant discharge by plugging different numbers of drippers. The 
drippers are located in the center of a level and relatively smooth plot (about 0.8 meters square). When water 
flow begins, the diameters of the horizontal wetted and ponded zones are measured until a constant value is 
reached (i.e., the water dripping onto the soil moves downward rather than outward on the soil surface). When 
a steady state is reached, the rate of dripping is increased and the diameter measured until it stabilizes again. 
Sorptivity is determined by measuring the horizontal wetting front advance from the ponded zone borders as a 
function of time. The hydraulic conductivity-matric-potential-water content functions are estimated from 
measurements of the saturated area on the soil surface and the distance from the ponded radius to the wetting 
front as a function of dripper discharge rate for several rates using equations such as Brooks-Corey (Section 
7.2.8). 

Method Selection Considerations: Sprinkler-Imposed Steady Flux Advantages: Measurements apply to a larger 
sample area than the crust method. Sprinkler-Imposed Steady Flux Disadvantages: (1) As with the crust 
method, K is determined only during wetting; (2) unlike the crust method, it works only at relatively high 
moisture contents; and (3) sprinklers are relatively expensive and cumbersome to use. Dripper Method 
Advantages: (1) Equipment is much simpler and more portable than conventional sprinkler devices; (2) rock 
fragments in the soil do no pose a limitation (rock at the soil surface might create problems); and (3) several 
hydrologic parameters are measured (infiltration, sorptivity, ~. K{t~J], and t~J-8 functions). Dripper Method 
Disadvantages: Requires a flat, relatively dry soil. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Sprinkler-imposed steady Dux: Green et al. (1986); Dripper method: Shani et 
al. (1987). 

Sources for Additional Information: Hendrickx (1990), Thompson et al. (1989). See also, Table 7-3 and 
references in Section 7.1.2. 
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Figure 7.2.5 Layout of sprinkler infiltrometer (U.S. EPA, 1981, after Tovey and Pair, 1963). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTITIVY, AND FLUX 

7.2 UNSATURATED HYDRAUUC CONDUCTIVITY 

7.2.6 Entrapped Air Method 

Other Names Used to Describe Method: 

Uses at Contaminated Sites: Measuring unsaturated hydraulic conductivity and flux in the vadose zone. 

Method Description: This method is a variant of the instantaneous profile method (Section 7.2.1). An initially 
saturated column of porous material, in the process of draining to a water table at its base, is rewet at its upper 
surface at an appropriate time, causing an increase in the pore air pressure in the zone of entrapped air in the 
proflle between the wetting and draining fronts. When steady state is reached, soil-water pressure is measured 
at different depth increments in the column to calculate pressure-head gradients along the bell-shaped water 
content profile caused by the zone of entrapped air. The water content profile is measured directly, or inferred 
from a separately measured moisture characteristic curve. Since the flow is steady and the flow rate is known, 
hydraulic conductivity over a range of water contents can be readily calculated. Figure 7.2.6 illustrates the types 
of data plots that are used in this method. 

Method Selection Considerations: Advantages: (1) Instrumentation for the instantaneous proftle method also 
can be used for this method; and (2) total time for data collection might be somewhat shorter than for 
instantaneous profile method. Disadvantages: (1) Generally does not work well in fine-grained soils; and (2) 
requires more closely spaced instrumentation for moisture and matric potential measurement than a conventional 
instantaneous proftle method. 

Frequency of Use: Uncommon. More widespread use in coarse-grained soils might be merited. 

Standard Methods/Guidelines: Watson (1967). 

Sources for Additional Information: Bouwer and Jackson (1974). See also, Table 7-3. 
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Figure 7.2.6 Entapped air method (Watson, 1967, by permission): Hydraulic head (a) and water content profiles (b) 
are measured at the same time after draining soil has been rewetted and the entrapped air moved 
downward into the soil. The hydraulic gradient (c) is determined from the hydraulic head profile and 
conductivity values are determined by dividing the steady-state flux by the gradient, and these values 
are plotted against the corresponding water content (c) to develop the K(9) relationship. 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCilVITY, AND FLUX 

7:1. UNSATURAlED HYDRAUliC CONDUCTIVITY 

7 .2. 7 Parameter Identification 

Other Names Used to Describe Method: Parameter estimation/optimization. 

Uses at Contaminated Sites: Estimating hydraulic conductivity at different water contents and other hydraulic 
properties from limited data. 

Method Description: Results of one field or laboratory test are used to estimate hydraulic conductivity. 
Transient cumulative discharge of water from an initially saturated core (or in situ soil) are measured as a 
function of time. Numerical models coupled to statistical optimization routinea analyze the reault of the test by 
adjusting parameter values in the model until the measured response fits the model. Dane and Hnuka (1983) 
used parameter estimation methods to estimate unsaturated hydraulic conductivity with vaJ)ing hydraulic bead 
using the draining proflle method (see Section 7.2.2). 

Method Selection Considerations: Advantaps: (1) Relatively fast and inexpensive; and (2) mea..<:uring moisture 
content and hydraulic head as a function of time is not mandatory (but doing so will reduoe the degree of 
uncertainty). Disadvantages: Incorrect solutions can result if incorrect models for soil hydr.aulic properties are 
used. 

Frequency of Use: Relatively new method, which is being used with increasing frequency. 

Standard Methods/Guidelines: --

Sources for Additional Information: Hendrickx (1990), Thomp&On et al. (1989). See also, Table 7-5. 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INF1L1RA TION, CONDUCTIVITY, AND FLUX 

7.2 UNSA11JRA1ED HYDRAUliC CONDUCTIVITY 

7.2.8 Physical/Empirical Equations and Relationships 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Estimating saturated and unsaturated hydraulic conductivity from other known or 
estimated soil parameters. 

Method Description: Numerous empirical equations have been developed for estimating unsaturated hydraulic 
conductivity from other soil properties, such as: Pore-size distribution and moisture characteristic curves. 
Mualem (1986) classifies formulas into three major categories: (1) Empirical forms of K(¢) and K(8) 
relationships; (2) macroscopic models, which derive an analytical formula for the K(O) relationship; and (3) 
statistical models, which primarily rely on the soil moisture retention curve (see Section 6.4.1) as an analogy to 
the pore radii distribution function. The Childs-Collis George, Marshall, Millington-Quirk, Brooks-Corey, 
Mualem, and van Genuchten equations are well-known equations based on statistical models. Table 7-5 identifies 
over 30 references (Empirical Equations/Models), which cover theoretical aspects of these equations, and also 
25 references, which focus on the estimation of soil hydraulic properties from soil physical properties. 

Method Selection Considerations: Relatively fast; each empirical equation bas its own application and limitations 
based upon the assumptions of the equations. Mualem (1986) provides guidance on which methods to use based 
on the type of soil data that are known or can be estimated. 

Frequency of Use: Fairly Common. The Brooks-Corey (1964), Mualem (1976a), and Van Genuchten (1980) 
are among the more commonly used formulas in current use. 

Standard Methods/Guidelines: Mualem (1986). 

Sources for Additional Information: Bouwer and Jackson (1974), Hendrickx (1990), Thompson et al. (1989). 
See also, Table 7-5. 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.3 SATURA'IED HYDRAUUC CONDUCTIVITY (SHAlLOW) 

7.3.1 Cylinder Infiitrometers 

Other Names Used to Describe Method: Open and sealed single-ring and double-ring inftltrometers. 

Uses at Contaminated Sites: Measuring infiltration rates/potential, saturated hydraulic conductivity, and 
sorptivity; estimating ground-water recharge. 

Method Description: An open ended cylinder (10 to 30 centimeters in diameter) is driven into the ground to 
a depth ranging from 5 to 50 centimeters. A shallow ponded depth (1 to 2 centimeters) is maintained in the 
cylinder for a long enough time to allow steady-state (saturated-flow) infiltration to develop. The rate at which 
water is added to maintain the ponded depth, or a constant head in the cylinder, is a direct measure of the 
maximum infiltration rate for the soil. One or two rings (with water maintained in both the inner and outer 
rings) can be used and the rings can be open or sealed (Figure 7.3.1a). Where infiltration rates are very slow, 
as in clay soils or testing of clay liners, sealed double-rings (Figure 7.3.1b) are recommended for measuring 
infiltration rates (Sai and Anderson, 1991). Sorptivity can be determined from infiltrometer measurements by 
plotting the rate of infiltration versus time during the first few minutes when flow is unsaturated (see Section 
6.4.2). 

Method Selection Considerations: Ring inflltrometers are the recommended method for testing the hydraulic 
conductivity of compacted soils (Sai and Anderson, 1991). Advantages: (1) Are simple, inexpensive, and portable; 
and (2) sealed ring infiltrometers can be used to evaluate macropore flow, but the process is more cumbersome 
than using a tension inflltrometer (see Section 7.2.3). Disadvantages: (1) Tend to overestimate natural 
infiltration due primarily to lateral divergence of flow with depth (especially single rings); (2) provide point 
measurements only, so numerous tests are required to characterize spatial variability; (3) results might be 
misleading if water used during the test is not similar to that which normally infiltrates (i.e., wastewater might 
reduce inflltration by clogging compared to rainwater); and (4) shallow impeding layers might promote lateral 
movement of water in preference to truly vertical flow, resulting in overestimation of intake rates over larger 
areas. 

Frequency of Use: Standard method for measuring compacted soils. Less commonly used to measure inftltration 
potential of natural soils (see Section 7.1.1). 

Standard Methods/Guidelines: Cylinder infiltrometer: Bouwer (1986); Double-ring: ASTM (1988, 1990a), 
Johnson (1963); Sealed double-ring intiltrometer: ASTM (1990a,b), U.S. EPA (1989). 

Sources for Additional Information: Thompson et al. (1989), Wilson (1982). See also, Table 7-4. 
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Figure 7.3.1 Cylinder intiltrometers: (a) Open and sealed single- and double-ring intiltrometers; (b) Details of 
sealed double-ring inliltrometer (U.S. EPA, 1989). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX 

7.3 SATURATED HYDRAUliC CONDUCTIVITY (SHAlLOW) 

7.3.2 Constant-Head Borehole Infiltration 

Other Names Used to Describe Method: Shallow-well pump-in, constant-head infiltrometer, borehole 
permeameter, dty(mverted auger hole method, compact constant-head (CCH) permeameter. 

Uses at Contaminated Sites: Mainly measuring the horizontal component of saturated hydraulic conductivity in 
unsaturated soil. 

Method Description: A hole is bored to the desired depth and a constant head of water is maintained in the 
hole (Figure 7 .3.2). The test also can be used with a screened well point. When water flow into the soil reaches 
steady state conditions (i.e., water flow is constant to maintain constant head), the flow is measured. Hydraulic 
conductivity is calculated from equations using the following measurements: (1) Steady-state injection rate, (2) 
radius of the borehole, (3) height of water in the borehole, and ( 4) depth from the bottom of the borehole to 
the top of the impermeable layer. The calculated rate is the average hydraulic conductivity for the portion of 
the hole that was tested and, in a uniform soil, the measured rate of flow is dominated by the horizontal 
conductivity. 

Method Selection Considerations: Advantages: (1) Recently developed compact constant-head permeameter can 
be used to depths up to 10 meters; (2) can be used in rocky or gravelly soil; and (3) tests a larger volume of soil 
compared to the Guelph permeameter. Disadvantages: (1) Test requires presence of an impermeable layer 
below the bottom of the borehole; (2) large quantities of water might be required; (3) a single test can take 
several days to complete; (4) requires soil that can maintain an open borehole; (5) smearing of the auger hole 
walls will result in underestimation of conductivity; and (6) measurements using water might not be applicable 
for evaluating potential for moving sewage wastewater or chemical waste liquids through the soil (can be 
overcome by using fluids in the test that are similar to the fluids of concern). 

Frequency of Use: Commonly used method. 

Standard Methods/Guidelines: Amoozegar and Warrick (1986, Section 29-3.2), ASTM (1990a). 

Sources for Additional Information: Bureau of Reclamation (1978), Hendrickx (1990), Thompson et al. (1989). 
See also, Table 7-4. 
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Figure 7.3.2 Diagram of constant head device and geometry of the shallow well pump-in set up (Amoozegar and 
Warrick, 1986, by permission). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL'IRATION, CONDUCTIVITY, AND FLUX 

7.3 SA'IURATED HYDRAUUC CONDUCTIVITY (SHALLOW) 

7 .3.3 Guelph Permeameter 

Other Names Used to Describe Method: Constant head well permeameter. 

Uses at Contaminated Sites: Measuring saturated and unsaturated hydraulic conductivity and sorptivity in 
unsaturated soil. 

Method Description: The Guelph Permeameter is a constant-head apparatus designed for small-diameter 
boreholes (2 to 5 centimeters). A device, which controls hydraulic head and measures the injection rate, is 
inserted into an uncased borehole. Constant head is maintained until steady-state flow is achieved. The design 
differs for models used in high conductivity and low conductivity porous media (Figure 7.3.3a and b). A vertical 
profile of K can be developed by repeating the test at various depths. Measurements typically represent an 
average of horizontal and vertical hydraulic conductivity. 

Method Selection Considerations: Advantages: (1) Only requires one operator and is fast (usually ranges from 
5 to 60 minutes); (2) relatively small volumes of water are required; (3) other parameters. such as unsaturated 
hydraulic conductivity and sorptivity, can be estimated; and (4) is commercially available. Disadvantage: (1) A 
limited volume of soil is tested, so replication and multiple tests are required to characterize spatial variability; 
{2) requires materials that can maintain an open borehole; (3) smearing of clay on borehole walls will result in 
measurements lower than the actual K; (4) rests on bottom of hole, which might impede vertical water flow, 
especially in small diameter holes; (5) unsaturated hydraulic conductivity and sorptivity measurements are based 
on assumptions that will have varying degrees of validity for different porous media; (6) depth limited to about 
2 meters; and (7) measurements using water might not be applicable for evaluating potential for movement of 
sewage wastewater or chemical waste liquids through the soil (can be overcome by using fluids in the test that 
are similar to the fluids of concern). 

Frequency of Use: This is a relatively new technique, which has gained rapid acceptance. 

Standard Methods/Guidelines: AS1M (1990a), Reynolds and FJrick (1986). 

Sources for Additional Information: Hendrickx (1990), Thompson et al. (1989). See also, Table 7-4. 
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Figure 7.3.3 Schematic of Guelph permcameter: (a) Model 1 for high conductivity porous media; (b) Model 2 for 
low conductivity porous media (Reynolds and Elrick, 1986, by permission). 



7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.3 SA1URA1ED HYDRAUUC CONDUCTIVITY (SHALLOW) 

7.3.4 Air-Entry Permeameter 

Other Names Used to Describe Method: 

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity in unsaturated soil; estimating ofK(<t>) 
and K(6) relationships. 

Method Description: A cylinder 20 to 30 centimeters in diameter and over 10 centimeters long is driven about 
10 centimeters into the soil. A layer of sand is placed inside the cylinder, and the cylinder is sealed with a top
plate assembly and water is supplied to the cylinder from a reservoir (Figure 7.3.4). An air valve allows air to 
escape from the cylinder until the cylinder is completely filled, at which time it is closed. When the wetting front 
reaches the bottom of the cylinder below the soil surface, the supply of water is shut off and a valve attached 
to a vacuum gage is opened. The time required for the wetting front can be estimated by a few trials before 
the procedure is started, or alternatively, it can be detected using a fine tensiometer probe. The pressure inside 
the cylinder decreases to a minimum (the air-entry value), at which time air begins to bubble up through the soil. 
At this point, the equipment is removed and the depth of wetting front is determined by digging. The air-entry 
pressure can be calculated from pressure measurements and the depth of the wetting front, which can in tum 
be used to calculate saturated hydraulic conductivity. Bresler et al. (1978) describe a method for estimating 
unsaturated hydraulic conductivity as a function of water content and matric potential using the air-entry value 
obtained using an air-entry permeameter. 

Method Selection Considerations: More sensitive to vertical than horizontal K. Advantages: (1) Is fast (around 
1 hour), requires a small volume of water (around 10 liters), and is relatively simple to use; and (2) tests larger 
volume of soil than the Guelph permeameter. Disadvantages: (1) Multiple tests are required to characterize 
spatial variability; (2) the presence of macropores and cracks might cause problems; (3) measurements using 
water might not be applicable for evaluating potential for movement of sewage wastewater or chemical waste 
liquids through the soil (can be overcome by using fluids in the test that are similar to the fluids of concern); (4) 
gravel within 10 to 20 centimeters of the ground surface can cause problems in placement of the cylinder. See 
Table 7-2 for additional information. 

Frequency of Use: Fairly widely used. 

Standard Methods/Guidelines: ASTM (1990a), Bouwer (1966). 

Sources for Additional Information: Amoozegar and Warrick (1986), Bouma (1983), Hendrickx (1990), 
Thompson et al. (1989). See also, Table 7-4. 
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Figure 7.3.4 Air entry permeameter (Thompson et al., 1989, after Bouwer, 1966, Copyright© 1989, Electric Power 
Research Institute, EPRI EN-6637, Techniques to Develop Data for Hydrogeochemical Models, reprinted 
with permission). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.3 SATURA1ED HYDRAUliC CONDUCTIVITY (SHAlLOW) 

7.3.5 Double Tube Method 

Other Names Used to Describe Method: 

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity in unsaturated soil. 

Method Description: An auger hole is dug to the desired depth and cleaned with special tools. An outer tube 
is pushed into the bottom of the hole about 5 centimeters and an inner tube and a top-plate assembly are 
installed in the outer tube, with the inner tube pushed about 2 centimeters into the bottom of the hole (Figure 
7 .3.5). Each tube has a standpipe above the tube for observing the water levels in each tube. Both the inner 
and outer tubes are filled with water and equal head pressure is maintained in both by adjusting the water level 
in the inner tube, if necessary. After saturation of the bottom of the hole is achieved (usually after 1 hour for 
fine-textured soils), two sets of measurements are taken: (1) Water flow is shut off to the inner tube and the rate 
of fall of water in the standpipe is measured while a constant head is maintained in the outer tube, and (2) the 
water level in both tubes is brought back to the starting level, and the water level in the outer tube is controlled 
so that it falls at the same rate as the inner tube. Saturated hydraulic conductivity is calculated using the two 
head versus time graphs plotted from the measurements. 

Method Selection Considerations: Advantages: (1) Is commercially available; and (2) characterization of 
anisotropic soils is possible when the method is combined with the infiltration gradient method (Section 7.3.7) 
Disadvantages: (1) Is relatively complex and time-consuming (depending on the permeability of the soil the test 
procedures takes from 2 to 6 hours to complete, and requires over 200 liters of water for each test); (2) is not 
suitable for rocky soils; (3) multiple measurements are required to characterize spatial variability; (4) is less 
accurate than other available methods (see Table 7-2); and (5) measurements using water might not be applicable 
for evaluating potential for movement of sewage wastewater or chemical waste liquids through the soil (can be 
overcome by using fluids in the test that are similar to the fluids of concern). 

Frequency of Use: Fairly uncommon. 

Standard Methods/Guidelines: ASTM (1990a), Amoozegar and Warrick (1986). 

Sources for Additional Information: Bouma· (1983), Hendrickx (1990). See also, Table 7-4. 
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Figure 7.3.5 Diagram of equipment used for double-tube method (Amoozegar and Warrick, 1986, by permission). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.3 SATURA'IED HYDRAUUC CONDUCTIVITY (SHAU..OW) 

7 .3.6 Cylinder Penneameter 

Other Names Used to Describe Method: Penneameter, ring penneameter. 

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity in unsaturated soil. 

Method Description: A cylinder 45 to 50 centimeters in diameter and greater than 35 centimeters long is placed 
in a dug hole, which is wider than the cylinder. The cylinder is driven about 15 centimeters into the soil, and 
four tensiometers are placed symmetrically around the cylinder 10 centimeters from its sides and about 23 
centimeters below the bottom of the hole (Figure 7 .3.6). The hole and inside of the cylinder are maintained at 
a depth of about 15 centimeters The tensiometers are monitored until they read zero (saturation is achieved), 
at which time the rate of flow of water into the soil from the cylinder is measured. Conductivity is measured 
using Darcy's equation. 

Method Selection Considerations: Advantages: (1) Is relatively simple; and (2) calculations are easy. 
Dlsadvantqes: (1) Is time-consuming and requires in excess of 100 liters of water; (2) is not suitable for rocky 
soils; (3) measurements are not very accurate; and ( 4) measurements using water might not be applicable for 
evaluating potential for movement of sewage wastewater or chemical waste liquids through the soil (can be 
overcome by using fluids in the test that are similar to the fluids of concern). See Table 7-2 for additional 
infonnation. 

Fregueney of Use: Uncommon. 

Standard Methods/Guidelines: Boersma (1965). 

Sources for Additional Infonnation: Bouma (1983), Bureau of Reclamation (1978), Hendrickx (1990), Roberts 
(1984), U.S. EPA (1981), Winger (1960). 
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Figure 7.3.6 Schematic diagram of equipment for the cylinder permeameter method (Boersma, 1965, by permission). 

7-41 



7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX 

7.3 SATURATED HYDRAUUC CONDUCTIVITY (SHALLOW) 

7.3.7 Infiltration Gradient Method 

Other Names Used to Describe Method: 

Uses at Contaminated Sites: Measuring saturated hydraulic conductivity in unsaturated soil. 

Method Description: This method combines elements of the cylinder permeameter (Section 7.3.6) and the 
double tube methods (Section 7.3.5). Two concentric cylinders are placed in an auger hole with small, fast
reacting piezometer tubes placed at different depths inside the inner tube (Figure 7.3.7). Changes in vertical 
hydraulic gradient are recorded as the hydraulic head in both tubes is kept equal and varied from 20 to over 200 
centimeters When combined with the double tube method in the same hole, vertical and horizontal hydraulic 
conductivity components can be ·separated out. 

Method Selection Considerations: Advantages: (1) Measures primarily vertical hydraulic conductivity; and (2) 
when used with the double tube method, vertical and horizontal components of hydraulic conductivity can be 
differentiated. Disadvantages: (1) Requires about 3 hours to complete and about 100 liters of water; (2) is not 
suitable for stony soils; (3) measurements using water might not be applicable for evaluating potential for 
movement of sewage wastewater or chemical waste liquids through the soil (can be overcome by using fluids in 
the test that are similar to the fluids of concern). 

Freguencv of Use: Uncommon. 

Standard Methods/Guidelines: Bouwer (1978). 

Sources for Additional Information: Bouwer and Jackson (1974). See also, Table 7-4. 
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Figure 7.3.7 Schematic of infiltration gradient technique (Bouwer and Jackson, 1974, by permission). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.3 SATURA1ED HYDRAUUC CONDUCTIVITY (SHAlLOW) 

7.3.8 In Situ Monoliths 

Other Names Used to Describe Method: Column method, cube method. 

Uses at Contaminated Sites: Measuring vertical saturated hydraulic conductivity; measuring K.., in soils with 
continuous macropores (column-crust method). 

Method Description: Column method: A soil column (30 centimeters in diameter and 30 centimeters thick) is 
carved out in situ and encased in gypsum or resin. Water is applied to the top of the column until steady-state 
infiltration is reached. Aow through the column is measured volumetrically, either by collecting outflow from 
a column that has been detached from the soil, or by measuring the flow rate once steady-state infiltration has 
been reached. Cube method: This is a variant of the column method, which allows measurement of both vertical 
and horizontal saturated hydraulic conductivity. A cube of soil (30 centimeters by 30 centimeters by 30 
centimeters) is excavated in situ and encased in gypsum. The cube is removed, and vertical hydraulic conductivity 
is measured using procedures similar to the column method. Next, the open ends of the cube are sealed with 
gypsum, the cube is turned sideways, and the gypsum removed from the top and bottom for a second 
measurement of hydraulic conductivity (Figure 7.3.8a). Column-crust method: This combines elements of the 
crust test (Section 7.2.4) with the column method in order to differentiate between the macropore and soil matrix 
components of saturated flow. A column of soil is excavated in situ and tensiometers are placed in the column 
before it is encased in gypsum. Macropore flow is measured by adding water until steady-state infiltration is 
reached with the column detached (Figure 7.3.8b-A). A light crust then is placed on the column and water 
applied until steady infiltration is reached at zero pressure head (Figure 7.3.8b-q. The latter measurement 
represents K..,, without macropore flow. Macropore flow is the difference between the first and second 
measurements. By using crusts of different thicknesses, unsaturated hydraulic conductivity can be measured with 
this method as well. 

Method Selection Considerations: Advantages: (1) Are relatively simple; (2) calculations are simple and accurate; 
(3) cube method allows accurate measurement of vertical and horizontal saturated-hydraulic conductivity; and 
(4) column-crust method allows differentiation ofmacropore and soil matrix saturated flow. Disadvantages: (1) 
Preparation and execution are relatively time consuming; and (2) measurements using water might not be 
applicable for evaluating potential for movement of sewage wastewater or chemical waste liquids through the soil 
(can be overcome by using fluids in the test that are similar to the fluids of concern). See Table 7-2 for 
additional information. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Bouma (1983). See also, Table 7-4. 
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Figure 7.3.8 Monolith methods: (a) Gypsum covered cube of soil used to measure vertical and horizontal saturated
hydraulic: conductivity (Bouma and Dekker, 1981, by permission); (b) Schematic: representation of three 
types of flux measurements using the column-crust method (Bouma, 198l, by permission). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL'IRATION, CONDUCI1VITY, AND FLUX 

7.3 SATURATED HYDRAULIC CONDUCTIVITY (SHAllOW) 

7.3.9 Boutwell Method 

Other Names Used to Describe Method: 

Uses at Contaminated Sites: Measuring vertical and horizontal components of saturated hydraulic conductivity 
at the ground surface, especially clay liners. 

Method Description: The Boutwell method is a two-stage falling-head borehole test used to calculate vertical 
and horizontal hydraulic conductivity. In Stage I, a borehole is cased, grouted, and filled with water (Figure 
7.3.9a). The casing and standpipe are filled with water and flow out of the bottom ofthe borehole is monitored 
until steady-state conditions are reached. In Stage II, the bole is extended beyond the bottom of the borehole, 
with the ratio oftbe length to diameter of the uncased zone between 1 and 1.5 (Figure 7.3.9a). The casing and 
standpipe are reassembled and the rate of fall of water in the stand pipe is monitored until steady-state 
conditions are reached again. Sai and Anderson (1991) provide the equations for calculating vertical and 
horizontal hydraulic conductivity. 

Method Selection Considerations: Advantages: (1) Is relatively fast, inexpensive, simple, and convenient to use; 
(2) can measure very low hydraulic conductivities (1 x 10"9 meters/second); (3) allows detennination of vertical 
and horizontal components of hydraulic conductivity. Disadvantages: (1) Measures small volume, so might miss 
soil macropores and other flaws in soil liner construction; (2) short test periods do not allow entrapped air to 
dissolve; (3) method does not account for the effects of soil suction; and ( 4) effects of incomplete and variable 
suction are not known. 

Frequency of Use: Relatively new method, which has not been widely tested. 

Standard Methods/Guidelines: Sai and Anderson (1991). 

Sources for Additional Infonnation: Boutwell and Derric (1986). 
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Figure 7.3.9 Schmatic diagram of Boutwell borehole penneameter: (a) Stage I; (b) Stage II (Sai and Anderson, 
1991). 

7-47 



7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILIRATION, CONDUCTIVITY, AND FLUX 

7.3 SATURA1ED HYDRAUliC CONDUCTIVITY (SHAll..OW) 

7.3.10 Velocity Perrneameter 

Other Names Used to Describe Method: Velocity head perrneameter, falling head perrneameter. 

Uses at Contaminated Sites: Measuring vertical saturated hydraulic conductivity. 

Method Description: The velocity perrneameter estimates hydraulic conductivity based on the rate of fall of 
water in a head tube above a soil core enclosed within a coring tube (Figure 7.3.10a). This is a falling-head test 
in which data on change of water level in the head tube is entered into small programmable calculator equipped 
with a timing module. The data on varying rates of fall are used to calculate a series of hydraulic conductivity 
values, which are plotted against time since the test began (Figure 7 .3.10b ). The field saturated hydraulic 
conductivity is the lowest value on the graph. 

Method Selection Considerations: Advantages: Is a relatively simple and rapid method (about an hour), 
provided the velocity of the fall of water in the head tube can be measured accurately (accuracy increases as the 
ratio of the soil-core diameter to the head-tube diameter increases). Disadvantages: (1) Maintaining a seal 
around the edges of the coring device might be difficult under high liquid heads; and (2) field measurements and 
data reduction require a skilled operator. 

Frequency of Use: Relatively new method, which has not been widely tested. 

Standard Methods/Guidelines: --

Sources for Additional Information: Kanwar et al. (1987), Sai and Anderson (1991). 
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Figure 7.3.10 Velocity permeameter: (a) Front view and operational schematic; (b) Measured hydraulic conductivity 
versus time (Sai and Anderson, 1991). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.3 SATURATED HYDRAUliC CONDUCTIVITY (SHAlLOW) 

7.3.11 Percolation Test 

Other Names Used to Describe Method: Perc test, falling head test. 

Uses at Contaminated Sites: --

Method Description: This test is similar to the constant head shallow-well pump-in method, except that a 
constant head is not maintained for the test. A 6-inch diameter hole is augered or dug to the depth of interest 
and 2 inches of gravel are placed in the bottom to prevent scouring by water poured into the hole (Figure 7 .3.11 ). 
Water is maintained at a depth of 12 inches in the hole until the soil around the hole is saturated (generally 4 
to 12 hours). The water level is adjusted to 6 inches above the gravel and the amount of fall over a 30 minute 
period is measured. The water level is adjusted to 6 inches above the gravel after each measurement, and 
measurements are repeated until two successive water drops do not vary by more than 1/16 inches. Results are 
reported in minutes/inch or inches/hour. 

Method Selection Considerations: Advantages: Is simple and easy to calculate. Disadvantages: (1) Results can 
be highly variable due to soil moisture conditions at the time of the test and the individual performing the test; 
and (2) when properly done, still only provides an approximate measure of saturated hydraulic conductivity. 

Frequency of Use: Widely used for assessing soil suitability and design of septic tank soil absorption systems for 
sewage treatment. Not recommended for measuring saturated hydraulic conductivity. -

Standard Methods/Guidelines: U.S. EPA (1980). 

Sources for Additional Information: See Table 7-4. 
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Figure 7.3.11 Floating indicator for percolation test (U.S. EPA, 1980). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX 

7.4 SATURA1ED HYDRAUUC CONDUCTIVITY (DEEP) 

7 .4.1 USBR Single-Well Methods 

Other Names Used to Describe Method: Gravity penneability tests. 

Uses at Contaminated Sites: Estimating saturated hydraulic conductivity in deep boreholes in the vadose zone. 

Method Description: Water is pumped into a borehole at a rate that maintains a unifonn water level in a basal 
test section. Saturated hydraulic conductivity is estimated from appropriate curves and equations based on: (1) 
Dimensions of the hole and inlet pipes, (2) length in contact with fonnation, (3) height of water above the base 
of the borehole, (4) depth to water table, and (5) intake rate at steady state. Method 1 (Figure 7.4.1a) uses an 
open borehole of 6 inches or more in diameter. The bottom of a feed pipe and observation pipe are set near 
the bottom of the borehole, and the open portion of the borehole is filled with gravel pack if required to 
maintain stability. Where gravel pack is required for stability, 40 feet is about the maximum depth that this test 
can be economically carried out. Method 2 (Figure 7.4.1b) uses a perforated casing forthe depth of interest into 
which water is pumped and an observation pipe set near the top of the perforations. The casing is sunk by 
drilling, jetting or driving, whichever give the tightest fit. This method generally is less accurate than Method 
1 for unconsolidated materials, but might be the only practical method for detennining penneabilities in 
streambeds or lakebeds below water. Method 3 uses a hardened drive shoe to drive the casing where Method 
2 will not work, and is used only where Method 2 will not work because it is the least accurate of the three 
methods. 

Method Selection Considerations: All methods require some form of a casing advancement drilling method. 
Advantages: (1) Allows estimating saturated hydraulic conductivity at great depths in the vadose zone; (2) a series 
of tests as the borehole is deepened allows developing of profile of K values; and (3) can be conducted in 
unconsolidated fonnations where packer testing (Section 4.2.3) might not be feasible. Disadvantages: (1) K..1 

tends to be underestimated because solution method assumes the flow region is entirely saturated, which is not 
true; (2) expensive and time-consuming (especially in dry, coarse-grained material), so multiple tests to 
adequately characterize spatial variability might be prohibitive; and (3) requires skilled personnel to conduct tests. 
Method descriptions above indicate specific conditions under which the different methods are used. Packer 
testing (Section 4.2.3) is probably the preferred method where boreholes are in consolidated rock. 

Frequency of Use: Most likely to be used in the western United States where the saturated zone is far below 
the ground surface. 

Standard Methods/Guidelines: Bureau of Reclamation (1981). 

Sources for Additional Information: Everett et al. (1982), Schmid (1967), Stephens and Neuman (1982a,b), 
Wilson (1982), Zanger (1953). 
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Figure 7.4.1 USBR single-well hydraulic conductivity tests: (a) Method 1; (b) Method 2 (Bureau of Reclamation, 
1981). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX 

7.4 SATURATED HYDRAUUC CONDUCTIVITY (DEEP) 

7.4.2 USBR Multiple-Well Method 

Other Names Used to Describe Method: Gravity penneability test. 

Uses at Contaminated Sites: Estimating saturated hydraulic conductivity where lenses of slowly penneable 
material are widespread. 

Method Description: A 6-inch intake well and at least three observation wells are installed to the top of an 
impenneable layer (Figure 7.4.2). Water is pumped into the central well at a steady rate and changes in water 
levels in the piezometers are measured. K..1 is calculated using the appropriate curves and equations. 

Method Selection Considerations: Advantages: Results can be used to estimate lateral flow rates in perched 
ground-water regions. Disadvantages: (1) Is expensive and time-consuming; and (2) requires trained personnel. 

Frequency of Use: Relatively uncommon. 

Standard Methods/Guidelines: Bureau of Reclamation (1981-Method 4). 

Sources for Additional Infonnation: Wilson (1982). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCITVITY, AND FLUX 

7.4 SATURATED HYDRAUliC CONDUCITVITY (DEEP) 

7.4.3 Stephens-Neuman Single-Well Method 

Other Names Used to Describe Method: Unsteady flow permeability test. 

Uses at Contaminated Sites: Estimating saturated hydraulic conductivity in the deep vadose zone. 

Method Description: Water is pumped into a well drilled to the depth of interest, and changes in water level 
with time are measured and used to estimate steady-state infiltration, rather than pumping until steady-state 
infiltration is achieved, as in the USBR single-well tests (Section 7.4.1). Empirical formulas based on numerical 
simulations using the unsaturated characteristics of four soils allows correction for unsaturated flow conditions 
during the test. 

Method Selection Considerations: Advantages: (1) Provides more accurate estimation of the saturated hydraulic 
conductivity of unsaturated soil than the USBR single-well methods; (2) less time is required for the test because 
steady-state flow conditions are not required; (3) allows estimating saturated hydraulic conductivity at great 
depths in the vadose zone; ( 4) a series of tests as the borehole is deepened allows developing of a profile of K 
values; and (5) can be conducted in unconsolidated formations where packer testing (Section 4.2.3) might not 
be feasible. Disadvantages: The cost of drilling deep boreholes makes it difficult to characterize spatial variability 
ofhydraulic conductivity with this method. Packer testing (Section 4.2.3) probably is the preferred method where 
boreholes are in consolidated rock. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Stephens and Neuman (1980, 1982c). 

Sources for Additional Information: Everett et al. (1982), Wilson (1982). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II):INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.4 SATURATED HYDRAUliC CONDUCTIVITY (DEEP) 

7 .4.4 Air Permeability Method 

Other Names Used to Describe Method: 

Uses at Contaminated Sites: Estimating saturated hydraulic conductivity in the deep vadose zone. 

Method Description: Air pressure changes in the subsurface in response to change in the barometric pressure 
at the land surface are measured in specially constructed piezometers (Figure 7.4.4). Pressure response data 
combined with information on the air-filled porosity allow calculation of air permeability. If the Klinkenberg 
effect is smalJ, hydraulic conductivity can be calculated from air permeability. Section 9.4.4 provides further 
information of methods for measuring air permeability in shallow zones. 

Method Selection Considerations: Advantages: Can be used to estimate hydraulic conductivity in layered 
materials in the vadose zone. Disadvantages: (1) Is indirect; (2) soils must be dry, since too much soil water 
inhibits air flow; (3) is expensive and time consuming; (4) is complex, requiring trained personnel; (5) in fine
grained materials, the permeability to air is greater than the hydraulic permeability because of the Klinkenberg 
effect; and (6) presence of clays with high shrink-swell make it difficult to accurately calculate hydraulic 
conductivity from air permeability. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Weeks (1978). 

Sources for Additional Information: Everett et al. (1982), Wilson (1982). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RA TION, CONDUCTIVITY, AND FLUX 

7.5 WATER FLUX (UNSATURATED ZONE) 

7.5.1 Water Budget Methods 

Other Names Used to Describe Method: Water balance method, water content method. 

Uses at Contaminated Sites: Estimating leachate generation by percolating water in the subsurface; estimating 
solute velocity. 

Method Description: Water Dux: The method itself involves calculations ofwater flux in the subsurface based 
on inflow (precipitation), outflow (runoff, evapotranspiration), and changes in storage (water content). 
Parameters, which must be estimated or measured in the field, include: (1) Precipitation (Sections 8.1.1 and 
8.1.2), (2) evapotranspiration (Sections 8.3 and 8.4), and (3) available water capacity (Section 6.3.3) or changes 
in water content or soil matric potential with time (using methods described in Sections 6.2 and 6.3). Figure 7.5.1 
shows a cumulative water balance used to determine seepage from a wastewater lagoon to ground water. 
Simplified versions of this approach include: (1) The instantaneous profile method (Section 7.2.1); (2) Wilson 
(1980) describes a variant of this method, which provides a profile-specific water budget by measuring changes 
in water content at different depths by assuming all terms of the water budget calculation are zero except for flux 
and soil-water storage changes (similar to draining profile method, Section 7.2.2); and (3) the Thomthwaite 
method, which can be used with climatic data (monthly precipitation and temperature) and soil water holding 
characteristics. Vadose-zone solute-transport models involving the soil rooting zone are based primarily on water 
budget principles and allow estimation ofwater and contaminant flux. Veloeity: Everett et al. (1983) describe 
a simplified method for estimating vertical travel time to a water table where the vadose zone is vecy thick. 
Depth of penetration ( dv2) equals depth of percolating water during a specified time period ( dw), divided by the 
volumetric water content at field capacity (6): dv2 = dw/6. Dividing this value into the thickness of the vadose 
zone provides an estimate of how long it will take water to percolate below the rooting zone to reach the water 
table if no preferential flow paths occur. 

Method Selection Considerations: Advantages: (1) Provides estimates of flux for an entire area, rather than point 
estimates; and (2) relatively simple if most parameters in the water budget equation can be estimated with 
acceptable accuracy or set equal to zero. Disadvantages: (1) Accurate field measurement of some parameters, 
such as evapotranspiration, is difficult and field measurement of all required parameters is expensive and time 
consuming; (2) errors in measurement or estimation of components (inflow and outflow, evapotranspiration, 
rainfall, and ambient temperature) might accumulate in flux estimates; (3) difficult to use where water table is 
high and changes in water storage are minimal; (4) contaminant chemical reactions in soil solution, which change 
water transmission and water holding properties, reduce accuracy of estimates; (5) flux calculations based on soil
water storage changes will be underestimated in highly structure soils where water flow occurs primarily in cracks 
and macropores; and (6) in poorly leveled fields, water might pond in low spots, and run off rapidly in other 
areas, resulting in actual local fluxes, which can vacy considerably from average fluxes calculated assuming 
uniform water application. 

Frequency of Use: Relatively common (most vadose zone computer models use some form of water budget) 

Standard Methods/Guidelines: Wagenet (1986). 

Sources for Additional Information: Everett et al. (1983), Wilson (1980, 1982). See also, Table 7-6. 
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water (Wells, 1988, by permission). 
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7. VADOSE ZONE HYDROLOGIC PROPER TIES (II): INFIL 1RA TION, CONDUCTIVITY, AND FLUX 

75 WATER FLUX (UNSATIJRATED ZONE) 

7 5.2 Soil Moisture/Matric Potential Methods 

Other Names Used to Describe Method: Hydraulic gradient/Unit hydraulic gradient methods, instantaneous 
proftle method (Section 7.2.1), draining proftle methods (7.2.2). 

Uses at Contaminated Sites: Estimating water flux in the vadose zone. 

Method Description: A variety of methods are available to estimate flux in the vadose, based on measurements 
of changes in soil moisture and/or matric potential with depth and over time. Depending on the specific method, 
various types of calibration curves, such as matric potential versus water content and hydraulic conductivity as 
a function of matric potential and/or water content, can be used. The instantaneous profile method (Section 
7.2.1) and various draining profile methods (Section 7.2.2) can be used to calculate water flux. The hydraulic 
gradient method uses the basic approach of the instantaneous proftle method (Section 7.2.1), except that 
evapotranspiration and infiltration of natural precipitation can be allowed. Hydraulic gradients in the unsaturated 
zone are measured in the subsurface by installing tensiometers or psychrometers (Sections 6.2.1 and 6.2.2). For 
each textural change, calibration curves are required to relate negative pressure measurement to water content 
(moisture retention curves, see Section 6.4.1) and water content to unsaturated hydraulic conductivity (see 
methods allowing measurement ofthe K(O) function in Table 7-1 ). The unit hydraulic gradient method is similar 
to the hydraulic gradient method, except that a hydraulic gradient of 1 is assumed, requiring only one pressure 
measuring unit at each depth of interest. Curves relating water content to matric potential (Section 6.3.1), and 
water content to hydraulic conductivity, allow calculation of the amount of water flowing at the time of each 
measurement, and measurements taken over time allow calculation of water flux. Alternatively, curves directly 
relating hydraulic conductivity to matric potential can be used (see Table 7-1). 

Method Selection Considerations: Instantaneous Profile: See Section 7.2.1. Draining Profile: See Section 7.2.2. 
Hydraulic Gradient Advantages: Allows accurate measurement over a relatively large area. Hydraulic Gradient 
Disadvantages: (1) Is relatively expensive to install enough units to characterize spatial variability for statistical 
analysis; (2) generally is restricted to shallow depths in the vadose zone and might not be suitable for ponds or 
landfJ]ls; (3) results are subject to hysteresis in the calibration curves (i.e., water content-pressure relations differ 
depending on whether the soil is wetting or drying.); (4) requires obtaining calibration curves (water content 
versus matric potential and hydraulic conductivity as a function of water content/matric potential) for each change 
in texture; (5) requires measurement units in depthwise increments throughout the vadose zone, and gradients 
across layers might suggest vertical flow when horizontal flow is actually predominant; and (6) might not be 
suitable at sites underlain by fractured media. Unit Hydraulic Gradient Advantages: Simpler and less expensive 
than the unit hydraulic gradient method because fewer calibration relationships are required. UO:t Hydraulic 
Gradient Disadvantages: (1) A large number of units are still required to characterize spatial variability; (2) the 
assumption of unit hydraulic gradients might not apply, particularly in layered media; (3) might not be suitable 
for ponds or landftlls; and (4) as with the hydraulic gradient method, calibration measurements are required for 
each change in texture and results are subject to hysteresis in calibration curves. 

Frequency of Use: Commonly used in research applications, less commonly used for monitoring flux at 
contaminated sites. 

Standard Methods/Guidelines: Everett et al. ( 1983) describe steps, equations, and sample calculations for several 
draining profile and hydraulic gradient methods. 

Sources for Additional Information: Bouwer and Jackson (1974), Everett et al. (1983), Wilson (1980, 1982). See 
also, Table 7-6. 
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7. VADOSE ZONE HYDROWGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX 

7.5 WATER FLUX (UNSATURATED ZONE) 

7.5.3 Tracers 

Other Names Used to Describe Method: Chloride mass balance, bomb-pulse radionuclides (tritium, chlorine-36), 
stable isotopes (deuterium and oxygen-18), other tracers. 

Uses at Contaminated Sites: Estimating flux and velocity. 

Method Description: A wide variety of tracers can be used to estimate flux and velocity in the vadose zone. The 
chloride mass-balance Dux method is a geochemical technique in which vertical proflles of chloride concentration 
are developed by analysis of soil samples. Flux is calculated based on assumed flux contributed to the soil from 
precipitation. The tritium and chlorlde-36 Dux methods are used to identify water that has inflltrated in the last 
30 to 40 years (see Section 4.3.5). The technique involves extracting soil water from core samples and analyzing 
for tritium concentration (liquid scintillation counting technique) or extracting chloride as AgCl for analysis of 
chloride-36 on using a tandem accelerator mass spectrometer. The stable isotope Dux method is a relatively new 
method based on the movement of deuterium and oxygen-18 in water molecules through the vadose zone (the 
same isotopes have long been used to date ground water [see Section 4.3.4]). Water from soil cores is extracted 
using a vacuum distillation procedure and the soil water is processed using C02/H20 equilibration or hydrogen 
reduction for analysis of stable isotope ratios on a ratio mass spectrometer. Velocity methods: A conservative 
tracer (iodide, bromide) is introduced into the liquid source. Samples obtained from suction samplers and/or 
free drainage samplers at successive depths are used to plot tracer breakthrough. Artificial tracers are used by 
applying a known amount of a conservative tracer, such as chloride or bromide, to the ground surface and 
collecting samples (from vertically spaced suction and/or free drainage samplers) at intervals to trace the speed 
of flow. Analysis of changes in concentration with time also allows estimation of flux by mass balance analysis. 

Method Selection Considerations: Chloride Mass-BalatM:e Advantages: Is relatively inexpensive and easy to use. 
Chloride Mass Balance Disadvantages: Is inaccurate if the following key assumptions do not apply: (1) Average 
rate of chloride deposition from precipitation to the soil is constant; and (2) chloride does not move below the 
root zone by preferential flow paths. Bomb-Pulse Advantages: Good method for determining whether water has 
infiltrated in the last 30 to 40 years. Bomb-Pulse Disadvantages: Extraction and analytical techniques are 
relatively complex and expensive and required equipment might not be readily available. Stable Isotope 
Advantages: In addition to estimating recharge rate, other soil-water movement processes, such as evaporation 
and liquid/vapor flux, can be estimated. Stable Isotope Disadvantages: (1) Extraction and analytical techniques 
are relatively complex and expensive and required equipment might not be readily available; (2) requires 
sampling to be done during a lengthy period of little or no precipitation, or infiltration into the soil from other 
sources will occur (i.e., the method is restricted to arid and semi-arid areas); and (3) requires vertical movement 
of soil water because significant lateral soil-water movement would invalidate assumptions used to calculate flux. 
Artificial Trac:er Velocity Advantages: (1) Direct and simple method; (2) reflect flow in actual pores if free
drainage samplers are used; and (3) more accurate than methods requiring measurements of parameters in 
Darcy's equation. Artificial Trac:er Velocity Disadvantages: (1) Use of nonconservative tracers (i.e., tracers that 
move slower than the velocity of water) will underestimate flux/velocity; (2) use of suction samplers might alter 
flow field and suction samplers cannot be used to sample soil water in very dry soil; (3) in structured media, 
actual velocity might be higher than measured because of flow in cracks (can be dealt with by also using zero
tension samplers [Section 9.3.1]); ( 4) if velocities are slow, long time periods might be required for tests; and (5) 
average velocity of water-borne tracers might not be the same as average velocity of chemical liquids. 

Frequency of Use: Tracer velocity: Relatively common. 

Standard Methods/Guidelines: ASTM Draft Guide for Comparison ofTechniques to Quantify the Soil-Moisture 
Flux (in preparation). 

Sources for Additional Information: Everett et al. (1983). See also, Table 7-6 and Sections 4.3.6 and 4.3.7. 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.5 WATER FLUX (UNSA TIJRATED ZONE) 

7.5.4 Soil-Water Flux Meters 

Other Names Used to Describe Method: Soil water flowmeter, direct flow(mtercepting/hydraulic-resistance type, 
thermal/heat probe type. 

Uses at Contaminated Sites: Measuring soil-water flux (amount of water moving through a unit cross-sectional 
area of soil in a unit time period). 

Method Description: Two major types of instruments have been developed for direct measurement of in situ 
unsaturated soil-water flux: (1) Units that measure flow directly (intercepting meters), and (2) thermal meters, 
which measure the movement of a thermal pulse in a porous cup. The intercepting-type hydraulic-resistance 
meter, first developed by Cary (1968, 1970) and refmed by Dirksen (1972, 1974), involves intercepting part or 
all of the soil-water flux and determining its magnitude by measuring the hydraulic-head loss across the inflow 
and outflow portions of the meter. Tensiometers are installed nearby to monitor head loss in the undisturbed 
soil and hydraulic resistance of the valve in the meter adjusted to match conditions in the soil. A recent 
refinement combines features of the methods by Dirksen (1974) and by Duke and Raise (1973--see Section 9.2.6). 
In this instrument, soil-water flow is intercepted by a porous plate in which the suction is automatically adjusted 
to maintain the same matric potentials above the plate and in the surrounding undisturbed soil (Figure 7.5.4). 
Both the hydraulic-resistance type and suction type meters require excavation of a pit and installation of the 
meter in the side of the pit at the desired depth. 

Method Selection Considerations: Advantages: (l) Information on hydraulic conductivity or hydraulic gradient 
is not required; (2) can provide reasonable direct water flux measurements if properly used; (3) most useful for 
localized and specialized studies; (4) suction-type meter overcomes most of the major disadvantages of other 
types by eliminating the need for extensive laboratory or in situ calibrations, is not adversely affected by air 
bubbles, and can sample flux over a larger area. Disadvantages: (1) Is relatively expensive and complex method; 
(2) localized nature of measurement does not allow estimating flux over large areas unless many flux meters are 
installed; (3) soil is disturbed during installation of most types and might interrupt normal soil-water flow 
patterns; (4) calibration procedures are tedious, especially for multilayered media (Dirksen hydraulic-resistance 
type and suction type do not require much calibration); (5) requirement for trench installation limits use to 
relatively shallow depths; (6) hydraulic-resistance type meters require fairly wet soils to perform effectively and 
the presence of air bubbles in soil water or in filter cloth and tubing will reduce flow into the meter; (7) most 
types involve the measurement of flow in disturbed soil, and meters are especially difficult to install in layered 
media without affecting flow lines; (8) most units require contact with relatively fine-grained porous media and 
will not worlt well in coarse-grained or fractured media (not a problem with suction type); and (9) thermal meter 
will give erroneous readings if chemical waste fluids have different heat conducting properties than water and 
have not been thoroughly tested in the field. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Hydraulic-resistance type: Wagenet (1986); Suction type: van Grinsven et al. 
(1988). 

Sources for Additional Information: Bouwer and Jackson (1974), Everett et al. (1983), Wilson (1980). See also, 
Table 7~. 
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tensiometers (van Grinsven et al., 1988, by permission). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFILTRATION, CONDUCTIVITY, AND FLUX 

7.5 WA1ER FLUX (UNSATURATED ZONE) 

7.5.5 Velocity Estimation 

Other Names Used to Describe Method: Velocity-flux/velocity-long·tenn infiltration calculation, velocity from 
suction cups. 

Uses at Contaminated Sites: Measuring or estimating velocity with which water travels in the vadose zone. 

Method Description: Flux or lo1J8-tenn inftltnttion calculation: Velocity can be calculated by dividing flux values 
obtained by methods described above (Sections 7.5.1 to 7.5.4), or dividing the long-tenn inftltration' rate (as 
detennined using methods in Sections 7.1.1 or 7.1.4) by average water content. Both methods assume that: (1) 
Hydraulic gradients are unity, (2) an average water content can be detennined, (3) flow is vertical, and (4) a 
homogenous media exists. Indirect estimates of velocity can be obtained using suction samplers (Section 9.2). 
Apparent vertical velocity is estimated by observing the time it takes a wetting front from a surface source to 
reach vertically placed suction samplers, as indicated by a change from little or no soil-water retrieval during 
sampling to ready collection of soil water during suction. Section 7.5.1 (flux water budget methods) describes 
a simplified method for estimating velocity using water budget data, and 7.5.3 (tracers) describes use of tracers 
to estimating velocity. 

Method Selection Considerations: Flwr/lnfiltration Calculation Advantages: (1) Is simple and inexpensive when 
coupled with other methods; and (2) is suitable for making a preliminary estimate of travel time of pollutants 
in the vadose zone. Flwr/lnfiltnltion Calculation Disadvantages: (1) Underestimates velocity in structured media; 
(2) is not valid if perching layers cause lateral flow; (3) for multi-layered media, an average moisture content 
value might be difficult to obtain; (4) might be difficult to obtain equivalent water content values where liquid 
wastes have different properties than water. 

Frequency of Use: Flux/infiltration calculations: Relatively common. 

Standard Methods/Guidelines: Flux calculation: Bouwer (1980), Wilson (1980); Suction cup: Everett et al. (1983). 

Sources for Additional Infonnation: Wilson (1982), Everett et al. (1983); Case studies: Biggar and Nielsen 
(1976), Jury and Sposito (1985). 
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7. VADOSE ZONE HYDROLOGIC PROPERTIES (II): INFIL1RATION, CONDUCTIVITY, AND FLUX 

7.5 WATER FLUX (UNSATURATED ZONE) 

7.5.6 Physical and Empirical Equations 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Estimating water flux in the vadose zone. 

Method Description: A soil-physics based approach to quantifying soil-water flux requires measurement or 
estimation of hydraulic characteristic data and the use of physically or empirically-based equations to calculate 
flux. Any technique that measures hydraulic conductivity as a function of water content or matric potential (see 
Section 6.3.1 and Section 7.2 generally) allows calculation of water flux if the appropriate parameter (water 
content or matric potential) is monitored. Most of the methods in Section 7.5.2 (Soil Moisture/Matric Potential 
Methods) use this approach in one way or another. Numerous physically- and empirically-based equations have 
been developed to model infiltration and flow in the unsaturated zone. Sections 7.1.4 (Infiltration Equations) 
and Section 7.2.8 (Physical/Empirical Equations and Relationships) provide an overview of these approaches. 
The catalog-of-hydraulic-properties approach involves the use of "typical" hydraulic properties associated with 
physical soil properties, such as texture, porosity, and bulk density, to estimate both saturated and unsaturated 
hydraulic conductivity, provided that physical characteristics of the soils of interest are similar to soils for which 
data are available. 

Method Selection Considerations: Physical and empirical equations: See Sections 7.1.4 and 7.2.8. Catalog-of· 
hydraulic-properties advantages: (1) Simple, quick, and can be used to estimate relative variations in hydraulic 
conductivity caused by stratification; and (2) is good for sensitivity analysis. Catalog-of-hydraulic-properties 
disadvantages: Might be prone to large errors because of lack of comparability between soil properties and 
because of spatial variability in soil properties. 

Frequency of Use: Most methods for measuring soil hydraulic properties are based on, or require the use of, one 
or more physical and/or empirical models. Estimation of hydraulic properties from other soil physical properties 
is commonly used to obtain "ballpark" estimates of flux. 

Standard Methods/Guidelines: --

Sources for Additional Information: Warrick et al. (1977). See generally, references for Sections 7.1.4, 7.2.8, and 
Table 7-5. · 

7-66 



Table 7-3 Reference Index for Measurement of Unsaturated Hydraulic Conductivity and Flux in the Vadose Zone 

Topic 

Reviews 

Instantaneous Profile 

Draining Profile 

Tension Infiltrometers 

Crust-Imposed Steady Flux 

Sprinkler/Dripper Methods 

Entrapped Air Method 

References 

Bouma (1977), Bouma et al. (1974), Bouwer and Jackson (1974), Dirksen (1991), 
Green et al. (1986), Hendrickx (1990), Hillel and Benyamini (1974), Stephens and 
Neuman (1982a), U.S. EPA (1986) 

Ahuja et al. (1976), Arya et al. (1975), Baker et al. (1974), Cassel (1974), Dane 
(1980), Davidson et al. (1969), Fliihler et al. (1976), Hillel and Benyamini (1974), 
Hillel et al. (1972), Hsieh and Enfield (1974), Klute (1972), Nagpal and De Vries 
(1976), Nielsen and Biggar (1973), Nielsen et al. (1964, 1973), Ogata and 
Richards (1957), Richards et al. (1956), Roberts (1984), Rose and Krishnan 
(1967), Rose et al. (1965), Schuh and Cine (1990), Shouse et al. (1992), Simmons 
et al. (1979), Stone et al. (1973), Stoner (1985), Unlu et al. (1989, 1990), van 
Bavel et al. (1968), Warrick and Amoozegar-Fard (1980), Watson (1966); In Situ 
Soil Block: Cheng et al. (1975), Luxmoore et al. (1981); Tensiometers/Soil Cores: 
Cassel (1971), Carvallo et al. (1976), Miller et al. (1965) 

Moisture Profile: Chong et al. (1981), Dane (1980), Dane and Hruska (1983), 
Ubardi et al. (1980), Luxmoore et al. (1981), Sisson et al. (1980); Pressure 
Profile: Ahuja et al. (1980, 1982, 1988), Schuh et al. (1984), Wall and John (1982) 

Designs: Ankeny et al. (1988), Perroux and White (1988); Hydraulic Conductivity: 
Ankeny et al. (1991), Baumgartner et al. (1987), Oothier and Smettem (1990), 
Cook (1991), Elrick et al. (1987), Havlena and Stephens (1992), Reynolds and 
Elrick (1991), Sai and Anderson (1991), Smettem and Oothier (1989), Warrick 
(1992), White and Perroux (1987, 1989); Sorptivity!Diffusivity: Chong and Green 
(1983), aothier and Smettem {1990), Oothier and White (1981), Dirksen (1975), 
Russo and Bresler (1980), Smettem and Oothier (1989), Smiles and Harvey 
(1973), Walker and Chong (1986), White and Perroux (1987, 1989); 
Infiltration!Macroporosity: Ankeny et al. (1990), Oothier et al. (1981a), Jarvis et 
al. (1984), Watson and Luxmoore (1986), Wilson and Luxmoore (1988). 

Anderson and Bouma (1977-laboratory), Baker (1977), Baker and Bouma (1976), 
Booltinck et at. (1991), Bouma (1975), Bouma and Denning (1972), Bouma et al. 
(1971), Hillel and Gardner (1969, 1970), Reinds (1988-laboratory), Roberts 
(1984), Spaans et al. (1990), Stoner (1985) 

Sprinkler-Imposed Flux: Chong (1983-sorptivity), Hillel and Benyamini (1974), 
Hills et al. (1989), McQueen (1963), Morin et al. (1967), Rawitz et al. (1972), 
Reinds (1988-laboratocy), van de Pol et al. (1977), Youngs (1964-laboratory); 
Dripper Infutrometers: Bridge and Ross (1985), Shani et al (1987); Infiltration 
~:See Section 7.1.2. 

Dixon and Unden (1972), Peck (1965), Starr et al. (1978), Takagi (1960); see 
also, references on effects of entrapped air on hydraulic conductivity in Table 7-4 
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Table 7-4 Reference Index for Measurement of Saturated Hydraulic Conductivity in the Vadose Zone 

Topic 

Saturated Hydraulic Conductivity 
(Above Shallow Water Table) 

Reviews 

Effect of Entrapped Air 

Temperature Effects 

Cylinder Infiltrometers 

Constant-Head Borehole 
Inflltration 

Guelph Permeameter 

Air-Entry Permeameter 

Double Tube Method 

Infiltration Gradient 

References 

Amoozegar and Warrick (1986), Boersma (1965), Bouwer and Jackson (1974), 
Hamilton et al. (1981), Hendrickx (1990), Kessler and Oosterbaan (1974), Lambe 
(1955), Sai and Anderson (1991), Stephens et al. (1988), Winger (1960), Youngs 
(1991); Method Comparisons: Havlena and Stephens (1992), Lee et al. (1985), 
Reynolds et al. (1983), Roberts (1984), Sai and Anderson (1991), U.S. EPA 
(1986); Chemical Effects on Qays: Brown (1988), Roberts (1984) 

Bouwer (1966, 1978), Bouwer and Jackson (1974), Chahal (1964), Corey (1957), 
Jarrett and Fritton (1978), McWhorter et al. (1973), Peck (1969), Stephens et al. 
(1984) 

Chahal (1964), Constantz (1982), Giakoumakis and Tsakiris (1991), Haridasan 
and Jensen (1972), Hopmans and Dane (1986) 

Aronovici (1955), Bouwer (1963), Burgy and Luthin (1956), Dixon (1975-sealed 
infl1trometer), Havlena and Stephens (1992), Johnson (1963), Priksat et al. (1992), 
Reynolds and Elrick (1990), Roberts (1984), Sai and Anderson (1991), Scotter et 
al. (1982), Swartzendruber and Olsen (1961a,b); Compacted Liner Tests: Daniel 
(1984, 1989), Daniel and Trautwein (1986), Elsbury et al. (1988), Panno et al. 
(1991), Pederson et al. (1988), Rogowski (1990), Sai and Anderson (1991), U.S. 
EPA (1989), Youngs (1991) 

Amoozegar (1989a,b), Banton (1993), Boersma (1965), Bouwer (1978), Elrick and 
Reynolds (1992), Fritton et al. (1986), Havlena and Stephens (1992), Heinen and 
Raats (1990), Kanwar et al. (1987), Philip (1985a), Picomell and Guerra (1992), 
Reynolds et al. (1983, 1985), Stephens et al. (1987, 1988), Talsma (1987), Zanger 
(1953) 

Elrick and Reynolds (1992), Elrick et al. (1987, 1988), Havlena and Stephens 
(1992), Heinen and Raats (1990), Jabro and Fritton (1990), Lee et al. (1985), 
Logsdon et al. (1990), Reynolds and Elrick (1985a, 1985b, 1986, 1987), Reynolds 
et al. (1983), Sai and Anderson (1991), Stephens et al. (1988), Talsma (1987), 
Talsma and Hallam (1980), Wilson et al. (1989) 

Aldabagh and Beer (1971), Bouma (1983), Bouwer (1966, 1978), Bresler et al. 
(1978-1(""'8~, Havlena and Stephens (1992), Lee et al. (1985), Reynolds et al. 
(1983), Roberts (1984), Russo and Bresler (1980), Sai and Anderson (1991), 
Shani et al. (1987), Stephens et al. (1988), Topp and Binns (1976), U.S. EPA 
(1981), Youngs (1991) 

Boersma (1965), Bouma (1971, 1983), Bouma and Hole (1971), Bouwer (1961, 
1962, 1964a, 1978), Bouwer and Rice (1964, 1967), Brust et al. (1968), Kessler 
and Oosterbaan (1974), U.S. EPA (1981) 

Bouwer (1964a, 1978), Bouwer and Jackson (1974), Bouwer and Rice (1967), 
Rice (1967) 
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Table 7-4 (cont.) 

Topic References 

In Situ Monoliths Cube Method: Bouma and Dekker (1981), Roberts (1984); Column Method: 
Baker and Bouma (1975), Bouma (1980), Bouma et al. (1976, 1979, 1981), Vroon 
et al. (1988); Column-Crust Method: Bouma (1982); Monoliths: Jager and van der 
Voort (1966), Mielke (1973), Sai and Anderson (1991), Stibbe et al. (1970), 
Tzimas (1979) 

Percolation Test Barbarick et al. (1976), Chan (1976), Elrick and Reynolds (1986), Hill (1966), 
Jabro and Fritton (1990), U.S. EPA (1980), U.S. PHS (1969); Percolation Test 
Relationship to Ksat: Bicki et al. (1988), Bouma (1971), Fritton et al. (1986), 
Healy and Laak (1973), Jabro and Fritton (1990), Mellon (1973), Paige and 
Veneman (1993), Winneberger (1974) 

Saturated Hydraulic Conductivity 
(Deep Water Table) See Section 7.4 
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Table 7-5 R.eferenee Index for Physical and Empirical Equations and Models of Hydraulic Properties in the 
Vadose Zone 

Topic References 

Inflltration/Saturated Hydraulic 
Conductivity 

Inflltration Theocy/Equations 

Unsaturated Hydraulic Conductivity 

Parameter Identification 

Empirical Equations/Models 
(See also, Table 6-3) 

Hydraulic Properties from 
Soil Physical Properties 
(See also, Table 6-3) 

Bouwer (1964b), Brandt et al. (1971), Broadbridge and White (1988), Childs 
(1967), Clothier et al. (1981b), Hanks and Bowers (1962), Hanks et al. (1969), 
Hogarth et al. (1989), Horton (1935, 1939, 1940), Knight (1983), Knight and 
Philip (1974), Kutllek (1980), Panikar and Nanjappa (1971), Parlange (1972), 
Parlange and Smith (1976), Parlange et al. (1982, 1985), Parr and Bertrand 
(1960), Philip (1954, 1957a,b, 1958a,b, 1969, 1973, 1975, 1985b, 1989a,b), Philip 
and Knight (1974), Pullan (1990), Raats (1973), Reichardt et al. (1972), Richards 
(1931, 1965), Rijtema and Wassink (1969), Rubin and Steinhardt (1963), Rubin et 
al. (1964), Sharma et at. (1980), Stallman (1967), Swartzendruber (1987a,b), 
Swartzendruber and Clague (1989), Swartzendruber and Hogarth (1991), Talsma 
and Parlange (1972), Warrick (1985), Warrick and Hussen (1993), White and 
Broadbridge (1988), White and Sully (1987), White et al. (1989), Wilson and 
Luthin (1963), Wooding (1968) 

Dane and Hruska (1983), Hornung (1983), Kool and Parker (1988), Kool et al. 
(1985, 1987), Parker et al. (1985), Ravi and Jennings (1990-laboratory 
measurements), Sisson et al. (1980), van Dam et al. (1992), Van Genuchten et al. 
(1989), Zachmann (1981, 1982) 

Empirical Equations: Bresler et al. (1978), Brooks and Corey (1964, 1966), 
Gardner (1958), Laliberte et al. (1966-values for use with BC equation), Messing 
(1989), Raats and Gardner (1971), Ritjema (1965), Wind (1955); Macroscopic 
~: Innay (1954), Mualem (1978); Statistical Models: Burdine (1953), Childs 
and Collis-George (1950), Marshall (1958), Millington and Quirk (1959, 1961, 
1964), Mualem (1976a), Mualem and Dagan (1978), Purcell (1949), Rieu and 
Sposito (1991a,b), Ross and Smettem (1993), Vachaud (1967), Van Genuchten 
(1979, 1980), Weeks and Richards (1967); Use/Comparisons: Bruce (1972), Brust 
et al. (1968), Brutsaert (1967), Green and Corey (1971), Jackson (1972), Jackson 
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Laliberte and Corey (1967), Marshall (1958), Mason et al. (1957), McCuen et Iii 

(1981), Mehuys et al. (1975), Mishra et al. (1989), Mualem (1976b), Puckett et 
(1985), Rawls and Brakensiek (1985), Rawls et al. (1982), Reichardt et al. (19, 
Rogowski (1972), Saxton et al. (1986), Schuh et al. (1988), Tyler and Wheatcr 
(1989), Van Genucbten and Nielsen (1985), White and Perroux (1989-sorptiv' 
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Table 7-6 Reference Index for Water Flux Methods 

Topic 

General Reviews 

Water Budget 

Soil Moisture/Potential 

Tracers 

Soil-Water Flux Meters 

References 

Allison (1987), Gee and Hillel (1988), Roth et al. (1990), Simmons et al. (1979), 
U.S. EPA (1986-vadose zone travel time), Wagenet (1986) 

Fenn et al. (1975), Gee and Hillel (1988), Jensen (1974), Kmet (1982), Simmers 
(1987), Sokolow and Chapman (1974), Warrick and Amoozegar-Fard (1981), 
Zepp and Belz (1992); Thornthwaite Method: Dunne and Leopold (1978), 
Thornethwaite and Mather (1957), Wilmott (1977); Case Studies: Aguilar and 
Aldon (1991), Dreiss and Anderson (1985), Fenn et al. (1975), Forslund and 
Daily (1990), Mather and Rodriguez (1978), Orr et al. (1990), Panno et al. 
(1991), Young and aapp (1989) 

Case Studies: Aguilar and Aldon (1991), Enfield et al. (1973), LaRue et al. 
(1968), Simmons et al. (1979), van Bavel et al. (1968) 

Chloride: Allison (1987), Allison and Huges (1978, 1983), Allison et al. (1985), 
Johnston (1987), Knowlton et al. (1992), Scanlon (1991), Shanna and Hughes 
(1985), Sukhija et al. (1988), Walker et al (1991); Tritium: Allison and Huges 
(1978), Evans et al. {1976), Frissel et al. (1974), Knowlton et al. (1992), Phillips et 
al. (1988); Other: Allison et al. (1985), Frissel et al. (1974), Knowlton et al. 
(1992), Shanna and Hughes {1985) 

Thennal: Byrne (1971), Byrne et al. {1967, 1968); Hydraulic Resistance: Cary 
(1968, 1970, 1971, 1973), Dirksen (1972, 1974); Suction-Hydraulic Resistance: van 
Grinsven et al. (1988). 
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SECTION 8 

VADOSE ZONE WATER BUDGET CHARACTERIZATION METHODS 

Water movement and transport of contaminants in the vadose zone is determined by the amount of 
precipitation that enters the ground by infiltration, and the amount of water that is removed from the soil by 
evaporation from bare soil or by evapotranspiration where vegetation covers the soil. This section contains 
information on more than 50 techniques for measuring or estimating: (1) Hydrometeorological parameters, and 
(2) evaporation and evapotranspiration for water budget calculations in the vadose zone and shallow ground
water systems. Methods for measuring and estimating infiltration are covered in Section 7.1. 

Hydrometeorologieal Data 

Table 8-1 provides some general summary information on 38 techniques for measuring six major 
hydrometeorological parameters and identifies sections of this guide were more detailed information can be 
found. Precipitation is a primary input into water budget calculations, and devices for measuring precipitation 
fall into two main categories: (1) Manual gages (Section 8.1.1), and (2) recording gages (Section 8.1.2). 
Measurement of humidity (Sections 8.1.3 and 8.1.4) might be required during field work for protection of health 
and safety and are required with most micrometeorological methods for measuring evapotranspiration (Section 
8.4). Other hydrometeorological measurements might be required for monitoring weather conditions, such as 
temperature (Sections 8.2.1 and 8.2.2), windspeed (Section 8.2.3), and wind direction (Section 8.2.4). 
Measurement or estimation of these same parameters, as well as atmospheric pressure (Section 8.2.5) and 
insolation or radiation measurement (Sections 8.2.6 and 8.2. 7), might be required in order to quantify the 
evapotranspiration component of water budget studies (discussed further below). Although numerous techniques 
and devices have been developed for hydrometeorological measurements, most of the parameters of interest 
usually can be estimated for purposes of vadose zone water budget studies by using data from nearby weather 
stations or interpolations using hydrometeorological tables or maps. Consequently, only those methods relevant 
to health and safety (temperature, humidity, windspeed, and direction) are likely to be used routinely during site 
investigations. Table 8-1 identifies the specific hydrometeorological techniques or devices that are most 
commonly used for site investigations. ASTM (1986) provides guidance on determining the operational 
comparability of meteorological measurements. 

Evaporation and Evapotranspiration 

Water that reaches the earth's surface can return to the atmosphere either by evaporation from free 
water surfaces or bare soil, or by transpiration by plants. The term evapotranspiration (E1) specifically refers 
to the combined effects of evaporation and transpiration from the land surface, but also might be used loosely 
to refer to the combined effects of evaporation from water and soil surfaces and transpiration. ET is a critical 
component of vadose zone water budget calculations, and is one of the most difficult of these components to 
measure accurately. The numerous methods that have been developed for measuring or estimating ET can be 
broadly classified as water budget or balance methods and micrometeorological methods. Table 8-1 summarizes 
information on 10water balance methods and 6 micrometeorological methods, and identifies specific applications 
for each method (water evaporation, bare soil evaporation, evapotranspiration, and transpiration). Most of these 
methods are too complex and time-consuming for routine site investigations. 

Lysimeters (Section 8.3.1) and soil moisture monitoring (Section 8.3.2) probably are the most commonly 
used methods for measuring evapotranspiration where site-specific data are required. Most vadose zone 
hydrologic models use empirical equations (Section 8.4.1) and use data from nearby weather stations data and 
published maps. The physically-based Penman equation (and various methods developed as refmements and 
adaptations of the Penman equation) probably is the most commonly used method for estimation of evaporation 
and/or evapotranspiration, where some measurements of meteorological data are feasible but the more complex 
measurements and instrumentation of other micrometeorological methods are not feasible. 
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Table 8-1 su-aey IDfoi'IIUltioa OD Vadose Zoae Water Budaet Claaraderizatioa Method. 

Technique Parameters Manual/ S/NR Section Tables 
Measured Automatic 

Water-Related H£drometeorologjcal Measurements A 

Sacnunento Gqe Rain Manual ± 1 mm• 8.1.1 8-2 

Storage Gage Rain Manual 8.1.1 8-2 
Automatic Wet/Dry Collectors Rain/Snow Either 8.1.1 8-2 

Weighin& Gace Rain/SnQw Automatic 8.1.2 8-2 

Tippiuc Bucket Gace Rain Automatic 8.1.2 8-2 
Float Gage Rain Automatic 8.1.2 8-2 

S/NR 

SJin& Psychrometer Humidity Manual 0.1/0.S/-- 8.1.3 8-2 
Aspirated Psychrometer Humidity Either 0.02/0.1/-- 8.1.3 8-2 
Thermocouple Psychrometer Humidity Either ? 6.1.2 6-1, 6-3 
Mechaukal llnl'OIIIeters Humidity Either 1.0/'5.0/W to 100% 8.1.4 8-2 
Dew-/Frost-Point Hygrometer Humidity Either .0'5/0.25/-- 8.1.4 8-2 
Dew CeUIProbea Humidity Automatic O.S/2.0/10 to 100% 8.1.4 8-2 
Electric Hygrometers Humidity Either 0.'5/2.0/S.O to 98% 8.1.4 8-2 
Diffusion Hygrometers Humidity ? ? 8.1.4 8-2 
Absorption Spectra Hygrometers Humidity ? '! 8.1.4 8-2 

Other H£drometeorologjcal Measurements NR 

Liquid-in-Giaaa Thel'lllometer Temperature Manual ±O.S"C/-40 to +6C1' 8.2.1 
Bi-Metal Thermometer Temperature Either 8.2.1 
Bourdon Tube Thermometer Temperature Either 8.2.1 
Thel'lllocouple Temperature Either 8.2.2 
Metallic Resistance Bulb Temperature Either 8.2.2 
Thermistor Temperature Either 8.2.2 

Cup Anemometers Hwindspeed Either 1.0 to SOI±O.Smts• 8.2.3 8-2 
Windmill Anemometers V-H windspeed Either 8.2.3 8-2 
Pressure Anemometers Hwindspeed Manual 8.2.3 8-2 
Hot-Wire Anemometer V-H windspeed Automatic 8.2.3 8-2 
Acoustic Anemometer V-H windspeed Automatic 8.2.3 8-2 
Wind Vanes Direction Either 0.'5 to SOI±S" 8.2.4 8-2 
WindCoDH Direction Manual 8.2.4 8-2 

S/A 
Mercury Barometer Air pressure Manual ? 8.2.'5 
Altimeter Air pressure Manual 2 hPa/±0.2% 8.2.'5 
Precision Aneroid Air pressure Either 0.'5 hPa!? 8.2.'5 

A 
Thel'lllopile .Pynmometers Global rad. Automatic ±0.1 to 0.'5 mW/cm1 8.2.6 8-2 
Bimetallic Pyranometer Global rad. Either ±1.0 mW/cm1 8.2.6 8-2 
Photovoltaic Pyranometer Global rad. Either ? 8.2.6 8-2 
Net Radiometers Net flux Either ? 8.2.7 8-2 
Pyrheliometers Direct rad. Either ? 8.2.7 8-2 

Boldface = Most commonly used instruments/methods. 
S = Sensitivity = The smallest fraction of a division on a scale on which a reading can be made directly or by estimation; A = 
Accuracy = The closeness with which an obseiVation approaches the true value; R = Range of relative humidity that can be 
measured. 

•Recommended accuracy by World Meteorological Organization. Less precise measurements might be acceptable, depending on the 
purpose of measurements. 
bRange and accuracy of specific thermometers can range considerably, value shown is the recommended specification in U.S. EPA 
(1987b). 
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Table 8-1 (coat.) 

Technique Parameters Manual/ Accuracy Section Tables 
Measured Automatic 

Eva~transQiration QYater Balance Methods) 

Lysillleten WE,SE,ET,T Either Moderate to high" 8.3.1 8-3 
Soil Moisture Moaitoriac SE,ET,T Manual Moderate to high" 8.3.2 8-3 
Water Budget Methods WE,SE,ET,T Manual Low to high 8.3.3 8-3 
Evaporation Pans WE Manual Moderate 8.3.4 8-3 
Evaporimeter SE Manual High" 8.3.5 
Atmometers SE,T Manual Moderate 8.3.5 8-3 
Chloride Tracer SE,ET,T Manual Moderate 8.3.6 
Ground-Water Fluctuation SE,ET Manual Moderate 8.3.7 8-3 
Other Transpiration Methods T Manual Moderate to high" 8.3.8 8-3 
Thermal Infrared WE,SE,ET Either Low to moderate 1.1.3 1-3 

Eva~transQiration (Micrometeorological) 

Eapirieal Equatiou WE,SE,ET,T Manual Moderate to high 8.4.1 8-3 
Physkally·Bued Equatiou WE,SE,ET Either Moderate to high 8.4.2 8-3 
Mass Transfer Methods WE,ET,T Either Moderate to high 8.4.3 8-3 
Energy Budget Methods WE,SE,ET,T Either Moderate to high 8.4.4 8-3 
Profile/Gradient Method WE,SE,ET Either Low to moderate 8.4.5 8-3 
Eddy Correlation WE,ET Either High 8.4.6 8-3 

Boldface = Most commonly used methods. 
WE = Water evaporation; SE = Bare soil evaporation; ET = Evapotranspiration; T = transpiration. 

"For high accuracy, numerous measurements at different locations might be required to adequately characterize the variability of 
evapotranspiration. 
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8. VADOSE ZONE WATER BUDGET CHARACI'ERIZATION METHODS 

8.1 WA1ER-REIA1ED HYDROMETEOROLOGICAL DATA 

8.1.1 Precipitation (Nonrecording Gages) 

Other Names Used to Describe Method: Standard gage, sacramento gage, conduit gage. 

Uses at Contaminated Sites: Monitoring of site conditions during field work; measuring precipitation for water 
budget analysis. 

Device Description: Nonrecording gages require visual observation or manual measurement to record the amount 
of precipitation, even though some types might involve automated handling of collected precipitation. 
Sacramento gage: An 8-inch diameter receiving funnel, routes precipitation into a measuring tube with a cross
sectional area one-tenth that of the gage. The funnel attached to the collector both directs the precipitation into 
the tube and minimizes evaporation loss (Figure 8.1.1). Accumulated precipitation is measured periodically. 
Snow and other forms of frozen water are melted before measurement in order to give the equivalent amount 
of rainfall. The receiving cylinder can be clear with graduated markings for direct readings, or depth is measured 
using a measuring stick. Storage gages are similar to funnel gages, except that the storage container is large 
enough to store the seasonal catch and oil or other evaporation suppressing material is added to reduce 
evaporation between measurement. Automatic wet/dry precipitation collectors are specialized nonrecording 
instruments, where chemical and/or radioactive analysis of precipitation is required. The collector is built with 
a sensor, which detects the onset and cessation of precipitation, and automatically releases a lid to open and 
cover the collector, which prevents evaporation of the samples collected between precipitation events. Other 
manual gages: A wide variety of inexpensive gages, with various shapes for openings and graduated scales for 
measuring precipitation, are available. 

Device Selection Considerations: Sacramento Gage Advantages: (1) Is inexpensive and easy to use; and (2) has 
no moving parts or electronic equipment to malfunction. Sacramento Gage Disadvantages: (1) Accurate 
characterization of precipitation events requires measurement after each precipitation event, which is difficult 
unless personnel are readily available to take readings at the required intervals; and (2) tend to underestimate 
precipitation that falls as snow. Storage Gages: Used at inaccessible sites where seasonal measurements are 
adequate for data needs. Automatic Precipitation Collectors: Used to collect bulk samples of precipitation for 
chemical analysis. Standard collectors require manual recording of the precipitation that is collected, but recent 
advances allow both automated recording of precipitation amounts and collection of snow and rain samples for 
chemical analysis (Purcell and Brown, 1991). 

Frequency of Use: The Sacramento gage is the standard nonrecording gage used in the United States. 

Standard Methods/Guidelines: NWS Specification No. 450.2301. 

Sources for Additional Information: Brakensiek et al. (1979), Brock and Nicolaidis (1984), Lockhart (1989a), 
Malone (1951), National Weather Service (1972), U.S. EPA (1985), U.S. Geological Survey (1980), WMO (1971). 
See also, Table 8-2. Most of the general hydrology texts listed in Table 8-3 also discuss methods for measuring 
precipitation. 
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Catch funnel 

Measuring stick 

Figure 8.1.1 Typical non-recording rain gage (Kazmann, 1988, by permission). 
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METIIODS 

8.1 WATER-RElATED HYDROMETEOROLOGICAL DATA 

8.1.2 Precipitation (Recording Gages) 

Other Names Used to Describe Devices: Weighing, Fergusson, or universal gage; tipping bucket gage; float gage. 

Uses at Contaminated Sites: Measuring precipitation at remote sites or where accurate characterization ofthe 
amount and intensity of precipitation is required for water budget analysis. 

Device Description: Weighing gage: A mechanical recording device is attached to a scale, which provides 
continuous weight measurements of precipitation that enters a cylinder gage (Figure 8.1.2a). Changes in weight 
are recorded on a chart recorder. Tipping bucket gage: A pair of small containers designed so that when a 
certain amount of rainfall (typically 0.01 inches) falls in one of the containers, it tips, and moves the other 
container into position to receive the next rainfall (Figure 8.1.2b). When the collection container empties into 
a storage container, an electrical contact is closed and the event is recorded on an electronic data logger. Float 
gages are cylinder gages equipped with a float and a recording device to automate measurement (used in Great 
Britain). Special features, which can be used with any gage, include: (1) Shields to improve collection efficiency 
of snow, (2) heaters to melt frozen precipitation so it will not clog the collectors or funnels of the gage, and (3) 
suppressants to reduce evaporation losses. 

Device Selection Considerations: Weighing Gage Advantages: (1) Are very reliable; (2) equipment is readily 
available; and (3) measures both rain and frozen precipitation. Weighing Gage Disadvantages: (1) Manual 
reading of the chart recorder is required; (2) collection container usually must be emptied manually; and (3) 
measurements of snow might not be accurate {accuracy can be increased by shielding [Simmons and Bigelow 
(1990)]. Tipping Bucket Gage Advantages: (1) Data are generated electronically, which facilitates data analysis, 
and (2) is reliable and equipment is readily available. Tipping Bueket Gage Disadvantages: (1) Requires more 
maintenance than weighing gages; (2) is not accurate for measuring snowfall; and (3) requires power source for 
recording. 

Frequency of Use: The weighing gage is the official precipitation measurement device of the National Weather 
SeiVice. Tipping bucket gages are both readily available and widely used. 

Standard Methods/Guidelines: Weighing gage: NWS Specification No. 450.2201. 

Sources for Additional Infonnation: Brakensiek et al. (1979), Brock and Nicolaidis (1984), Lockhart (1989a), 
Malone (1951), National Weather Setvice (1972), U.S. EPA (1985), U.S. Geological Sutvey (1980), WMO (1971). 
See also, Table 8-2. Most of the general hydrology texts listed in Table 8-3 also discuss methods for measuring 
precipitation. 
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Figure 8.1.2 Recording rain gages: (a) Typical weighing rain gage (Kazmann, 1988, by permission); (b) Typical 
tipping bucket rain gage (Dunne and Leopold, 1978, from: Water in Environmental Planning by Dunne 
and Leopold, Copyright © 1978 by W.H. Freeman and Company, reprbted with permission). 
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8. VADOSE ZONE WA1ER BUDGET CHARACfERIZATION METIIODS 

8.1 WATER-RELATED HYDROMEIEOROLOGICAL DATA 

8.1.3 Humidity Measurement (Psychrometers) 

Other Names Used to Describe Device: Sling psychrometer, dry-bulb/wet-bulb thermometer, aspirated 
psychrometer, thermocouple psychrometers. 

Uses at Contaminated Sites: Estimating effective air temperature when it is very hot; psychrometers are required 
for several micrometeorological evapotranspiration methods (profile, eddy correlation, mass transfer). 

Device Description: Psychrometers operate on the principle of reduction of temperature by evaporation. • SUng 
pychrometer: A dry-bulb/Wet-bulb thermometer (two matched mercury-in-glass thermometers mounted on a 
metal frame with the bulb of one covered by a moistened wick) is attached to a handle with a chain so that the 
thermometer can swing around to equilibrate (Figure 8.1.3). Charts are used to determine relative humidity 
based on the difference in temperature between the two thermometers. Readings from a static dry-bulb/wet-bulb 
thermometer also can be used, but are not quite as accurate. Aspirated psychrometers are dry-bulb/wet-bulb 
thermometers in which a motor-driven fan or blower draws air over the thermometers at a constant rate. & with 
the sling psychrometer, humidity is determined using charts. Thermocouple psychrometers are discussed in 
Section 6.1.2. 

Device Selection Considerations: Sling psychrometers are accurate, readily available, and easy to use. Aspirated 
psychrometers provide greater accuracy (Table 8-1), but require a power source and involve more complex 
installation procedures, such as use of a radiation shield Humidity should be monitored whenever use of 
protective clothing in hot temperatures creates a possibility of heat stress. 

Frequency of Use: Commonly used. 

Standard Methods/Guidelines: ASTM (1982, 1984a). 

Sources for Additional Information: Berry et al. (1945), Lockhart (1989a), Spilhaus and Middleton (1973), U.S. 
EPA (1987a,b), U.S. Geological Survey (1980), Wexler (1965), WMO (1971). See also, Table 8-2. 

•Note that the terms "psychrometer" and "hygrometer" might be used interchangeably in the published literature. 
In this guide, the term psychrometer is applied to methods involving evaporation and hygrometer to any other 
method of measuring humidity. 
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Figure 8.1.3 Sling psychrometer (in motion) for obtaining wet-bulb and dry-bulb temperatures for calculating 
relative humidity and dew point (Cameron et al., 1966). 
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8. VADOSE ZONE WA1ER BUDGE!' CHARACTERIZATION METHODS 

8.1 WA1ER-REIA1ED HYDROME1EOROLOGICAL DATA 

8.1.4 Humidity Measurement (Hygrometers) 

Other Names Used to Describe Device: Mechanical hygrometer, dew-point or frost-point hygrometer, dew cell 
or dew probe, electric hygrometers (resistance, capacitance, or Dunmore Cell), diffusion hygrometer, absorption 
spectra hygrometers (infrared, ultraviolet, alpha radiation). · 

Uses at Contaminated Sites: Estimating effective air temperature when it is very hot; hygrometers required for 
several micrometeorological evapotranspiration methods (profile, eddy correlation, mass transfer). 

Device Description: Hygrometers• include a wide variety of instruments that measure humidity by methods other 
than evaporative effects on temperature (psychrometry, previous section). Meebanieal hygrometer: Operates on 
a similar principle to a bi-metal thermometer (Section 8.1.1), except that materials with differing response to air 
moisture (hair, wood, and natural and synthetic fibers) are used. Mechanical hygrometers usually are read 
manually, but can be attached to chart recorders. Dew-point and frost-point hygrometers measure the 
temperature at which dew or frost condenses from the air on a cooled surface, usually a polished mirror. The 
temperature can be converted into vapor pressure from vapor-pressure formulations or tables. For relative 
humidity, the dry-bulb temperature also must be measured, and measurement of atmospheric pressure is required 
for calculating the mixing ratio. Dew cells operate on the principle that the equilibrium vapor pressure of a 
saturated solution is a function of the temperature of the solution. The dew cell consists of a temperature sensor 
surrounded by a wick impregnated with a saturated solution of a salt, such as lithium chloride. A control circuit 
maintains the solution at the temperature at which the equilibrium vapor pressure of the solution is equal to the 
vapor pressure of the ambient air. The output from the sensor is indicated on a dial or is recorded on a chart, 
which is calibrated in terms of the dew-point temperature of the ambient air. Figure 8.1.4 illustrates a typical 
dew cell sensor housing and transmitter. Electric hygrometers measure changes in resistance or capacitance of 
a thin film of hygroscopic material. Most instruments consist of a sensor and a measuring circuit with the output 
indicated on a meter or recorded. The response of the sensor is an empirical function of relative humidity and 
temperature. Diffusion hygrometers involve the diffusion of moisture through porous membranes. Absorption
spectra hygrometers use the absorption spectra of water vapor, in response to infrared, ultra-violet, or alpha 
radiation. 

Device Selection Considerations: Mechanical hygrometers are simple and inexpensive, but the least accurate of 
available methods. Dew-/frost-point hygrometers are the most accurate of available methods. Dew cells are less 
accurate than sling psychrometers, but can be adapted for automatic data collection. Electric hygrometers are 
comparable to dew cells in tenns of accuracy, allow automatic data collection, and have the added advantage 
being able to measure a somewhat wider range of relative humidity. Diffusion and absorption spectra 
hygrometers are very accurate but require frequent attention and are expensive to purchase and maintain. 

Frequency of Use: Mechanical hygrometers are widely used when a high degree of accuracy is not required. 
Diffusion and absorption spectra hygrometers are used primarily for specialized research purposes 

Standard Methods/Guidelines: ASTM (1982, 1983, 1985b). 

Sources for Additional lnfonnation: Berry et al. (1945), Lockhart (1989a ), Spilhaus and Middleton (1973), U.S. 
EPA (1987a,b), U.S. Geological Sutvey (1980), Wexler (1957, 1965), Wexler and Brombacher (1951), WMO 
(1971). See also, Table 8-2. 

• Note that the tenns "psychrometer" and "hygrometer" might be used interchangeably in the published literature. 
In this guide, the tenn psychrometer is applied to methods involving evaporation and hygrometer to any other 
method of measuring humidity. 
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Figure 8.1.4 A typical dew cell sensor housing and transmitter (Lockhart, 1989a). 
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8. VADOSE ZONE WA'IER BUDGET CHARACIERIZATION MElHODS 

8.2 OTIIER HYDROMETEOROLOGICAL DATA 

8.2.1 Air Thennometry (Manual) 

Other Names Used to Describe Device: Uquid-in-glass thennometer; defonnation thennometers: Bi-metallic (flat 
spiral, single helix, multiple helix) and filled systems/Bourdon tubes (liquid-filled, vapor-pressure systems, gas
filled systems, mercury-in-steel). 

Uses at Contaminated Sites: Measuring air temperature for calculating evaporation and relative humidity; health 
and safety monitoring for potential beat or cold stress. 

Device Description: Uquid-in-glass thermometer: Uquid in a sealed glass tube expands and contracts in 
response to changes in temperature, and changes in the level read from a calibrated scale. The most common 
liquid-in-glass thennometer is the men:ury thennometer (Figure 8.2.1a), which measures to -38.9"C or -38.0"F. 
Other liquids can be used if extremely low temperatures must be measured (spirit thermometers, ethyl alcohol 
freezes at -117"C, and men:ury-thaUium thennometers record to -S9"C). Deformation Thermometers: Metals 
with different coefficients of expansion (bi-metallic, Figure 8.2.1b), or ftlled systems in which liquid, gas, or 
mercury in a sealed, coiled metal tube (Bourdon tube, Figure 8.2.1c), expand and contract in response to 
temperature changes, which are recorded by a moving pointer or pen on a calibrated scale. The accuracy of 
filled-systems depends on the extent to which the differential responses of different components in the system 
are compensated for. The most accurate types have full compensation, others provides for compensation of the 
detecting element only. See section 8.1.4 for discussion of radiation shields for air temperature measurements. 
Bi-metallic and filled-system thennometers can be used for continuous recording of temperature changes by 
attaching them to a rotating drum recorder. 

Device Selection Considerations: Unless required data can be obtained easily and cost-effectively with manual 
temperature readings, these methods are not recommended. Uquid-in-Glass Advantages: (1) Have a simple 
design; (2) are easy to use; (3) are inexpensive; and (4) are accurate. Uquid-in-Giass Disadvantages: (1) Are 
very fragile; (2) have a relatively long time constant (the time required to respond to a temperature change is 
relatively long). Bimetallic Advantages: Are rugged. BimetalUc Disadvantages: (1) Severe mechanical shock or 
vibration can cause distortion resulting in large shifts in their calibration; (2) have time constant about the same 
as liquid-in-glass thennometers; and (3) are less accurate and more expensive the liquid-in-glass thennometers. 
Filled System Advantages: (1) Fundamental simplicity allows rugged construction; and (2) bulb and detection 
element can be separated by some distance. Filled System Disadvantages: (1) Are sensitive to severe shock, 
vibration, or other fonns of mechanical abuse; and (2) capillary tube is not highly flexible or convenient to 
handle. 

Frequency ofUse: Uquid-in-glassthennometers are commonly used for monitoring temperature conditions under 
which field personnel are operating. 

Standard Methods/Guidelines: ASTM (annual). 

Sources for Additional Infonnation: Brock and Nicolaidis (1984), Hardy and Fisher (1972-Cllapter 1), Lockhart 
(1989a), Meteorological Office (1956-Cllapter 1), Spilhaus and Middleton (1973), National Weather Service 
(1975-Cllapter A.9), Stevens et al. (1975), Thompson et al. (1989), U.S. Geological Sutvey (1980), WMO (1971-
Chapter 4, 1974-Chapter 4). 

8-12 



Pointer 

Bearing 

50 

Shaft 

Guides---< 
Scale 

Helical bimetal element 

Capillary Tube 

(b) 

Bourdon/ 

(a) 

Bulb _J 

(c) 
Figure 8.2.1 Manual thermometers: (a) Uquid-in-glass; (b) Deformation thermometer with heUcal-type bimetal 

elements; (c) Deformation thermometer with Bourdon tube (Stevellll et al., 1975). 

8-13 



8. VADOSE ZONE WATER BUDGET CHARACIERIZATION METIIODS 

8.2 01HER HYDROMETEOROLOGICAL DATA 

8.2.2 Air Thermometry (Electric) 

Other Names Used to Describe Device: Thermocouple, wire bobbin probe, wire resistance probe, wire bobbin 
bulb, wire resistance bulb, thermistor. 

Uses at Contaminated Sites: Measuring temperature of air, soil, and/or water (see also, Sections 1.6 and 35.2). 

Device Description: A thermocouple is a circuit made of two dissimilar metals {See Figure 1.6.1). A current 
is produced in the circuit when the two junctions are at different temperatures. Maintaining one junction at a 
known temperature and exposing the other allows sensitive and accurate measurement of temperature, provided 
that the temperature is calibrated. The two major types of electrical-resistanee thermometers are: {1) MetaiUe 
resistanee thermometers, which pass an electrical current through a wire {platinum and nickel-iron being the 
most commonly used wires), the resistance of which is proportional to temperature; and (2) thermistors, which 
are glass insulated semiconductors with a negative coefficient of resistance such that electrical resistance varies 
sharply with changes in temperature. For all types of thermometers, measurement of ambient air temperature 
requires some form of shielding so that the air temperature measurements are not influenced by radiant beat. 
Figure 8.2.2 provides examples of 14 types of radiation shields. 

Device Selection Considerations: All electrical temperature measuring devices are well suited for electronic data 
logging. Thermocouples or thermistors are the recommended method for temperature measurement when 
automatic data recording is desired. Thermocouple Advantages: (1) Can be separated a considerable distance 
from the measuring instrument; (2) have very rapid response time (slower in water because they have to be 
cased); and (3) are relatively inexpensive. Thermocouple Disadvantages: (1) Measuring instruments used with 
thermocouples are relatively expensive; and (2) insertion of electric leads of different metals between the 
thermocouple and the measuring can cause errors as a result of extraneous voltages. Resistance Thermometer 
Advantages: (1) Both types can be separated a considerable distance from the measuring instrument; (2) metallic 
resistance thermometers are more sensitive to small temperature changes than thermocouples; and (3) 
thermistors are less expensive that metallic resistance bulbs and even more sensitive. Resistance Thermometer 
Disadvantages: (1) Metallic thermometers have slightly longer response time than thermocouples to changes in 
temperature; and (2) thermistor's response to temperature might change with time, requiring recalibration. 

Frequency of Use: Thermistors and thermocouples are most commonly used. 

Standard Methods/Guidelines: ASTM (annual). 

Sources for Additional Information: Brock and Nicolaidis (1984), Hardy and Fisher (1972-Chapter 1), Lockhart 
(1989a), Meteorological Office (1956-Chapter 1), Spilhaus and Middleton (1973), National Weather Setvice 
(1975-Chapter A9), Stevens et al. (1975), Thompson et al. (1989), U.S. Geological Sutvey (1980), WMO (1971-
Chapter 4, 1974-0tapter 4). 
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8. VADOSE ZONE WA1ER BUDGET CHARACfERIZATION MEfHODS 

8.2 OTIIER HYDROME1EOROLOGICAL DATA 

8.2.3 Wind Speed 

Other Names Used to Describe Device: Cup/bridled cup, windmill (air meter, propeller/aerovane), pressure 
anemometers (hand-held/pith-ball wind meter, Dines),hot-wire anemometer; acoustic/sonic anemometer, contact 
anemometer, condenser-discharge anemometer. 

Uses at Contaminated Sites: Evaluating transport of atmospheric pollutants or dust from disposal sites; evaluating 
evaporation rates; evaluating wind chill for field work in the winter. 

Device Description: Numerous specific types of anemometers have been developed to measure wind speed. Six 
major types of anemometers are described here. Cup anemometers consist of three or four cups mounted around 
a vertical axis on radial arms at equal angles, which allow the anemometer to be equally responsive to wind in 
any direction (Figure 8.2.3). The vertical shaft transfers the motion of the cups either to a counter or to a 
generator for electronic recording. Windmill anemometers include: (1) Propeller anemometers with helicoidal 
vanes, which rotate about an axis and drive a miniature generator with an electrical output that is proportional 
to the wind speed, and (2) air meters with flat vanes that records the number of linear feet (or meters) of air 
that has passed the instrument during its exposure. Propeller anemometers are usually combined with a wind 
vane to maintain an orientation directly into the wind, but sometimes are built with three propellers oriented at 
right angles to each other to measure horizontal and vertical components separately. Manually operated 
pressure anemometers consist of a thin tube open at one end. The pressure change produced by air moving 
across the opening is proportional to the wind speed. In a variant of this, a pith ball rises in a graduate tube. 
Hot-wire and acoustic (or sonic) anemometers are very precise instruments, which measure velocity by measuring 
the change in resistance of a heated tungsten wire and accurately measuring sound velocity, respectively. A 
contact anemometer actuates an electrical contact at a rate that depends on windspeed. The number of contacts 
during a given time is indicated by the number of flashes of a lamp or sounds of a buzzer. A condenser
discharge anemometer is a type of contact device with an electrical circuit that indicates average windspeed. 

Device Selection Considerations: Propeller and cup anemometers are the most common types because they are 
rugged, reliable, and accurate to within a few percent or less. Both are well suited for electronic data logging. 
Propeller-type anemometers can measure wind speeds up to 200 miles per hour; cup-type anemometers measure 
up to 100 miles per hour and can be constructed to be extremely sensitive to slight changes in speed. Pressure 
anemometers are not recommended unless manual measurement is acceptable. Hot-wire and acoustic 
anemometers are for specialized applications where accurate measurement of turbulence is required. 

Frequency of Use: Both propeller and cup-type anemometers are widely used. 

Standard Methods/Guidelines: ASTM (1985a, 1990). 

Sources for Additional Information: Hardy and Fisher (1972-Chapter 3), Lockhart (1989a), Meteorological 
Office (1956-Chapter 5), National Weather Service (1975-Chapter A10), Spilhaus and Middleton (1973-Chapter 
6), Thompson et al. (1989), U.S. EPA (1987a,b), U.S. Geological Survey (1980). See also, Table 8-2. 
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Figure 8.2.3 Portable hand cup anemometer for measuring windspeed (Cameron et al., 1966). 

8-17 



8. VADOSE ZONE WATER BUDGET CHARACI'ERIZATION METIIODS 

8.2 01HER HYDROMEIEOROLOGICAL DATA 

8.2.4 Wind Direction 

Other Names Used to Describe Method: Wind cone/sleeve/sock, vanes (flat-plate, aerodynamic-shaped, splayed, 
bivanes). 

Uses at Contaminated Sites: Assessing possible directions of air-borne contaminant transport and deposition. 

Method Description: Wind direction can be detennined visually by observing the direction of movement of any 
freely moving substance or object, such as smoke or ribbons attached to poles. Wind cones are made of a 
tapered fabric sleeve, which is shaped like a truncated cone and pivoted to a standard at its larger end. Various 
types of wind vanes also can setve as indicators ofwind direction. A Oat-plate vane is mounted on a horizontal 
shaft, which is attached to a vertical bearing shaft that is free to rotate (Figure 8.2.4). Aerodynamic-shaped vanes 
use an airfoil section instead of a flat plate, and are usually heavier than the flat plate type. Splayed vanes have 
two flat plates joined at a small angle at the end of the horizontal shaft, and react to small changes in the wind 
somewhat better than flat-plate or aerodynamic vanes. Bivanes consist of two light-weight airfoil sections 
mounted orthogonally on the end of a counter-balanced rod, which is free to rotate in the horizontal and vertical 
planes and is used in turbulence studies to record horizontal and vertical components of wind. Wind roses can 
be developed from manual recording of wind direction at specified intetvals or automatic recorders attached. to 
wind vanes. The frequency with which the wind blows in various directions can be useful infonnation in 
designing soil sampling plans where a point source has released contaminants to the air that have been deposited 
at downwind locations. 

Method Selection Considerations: Some kind of wind direction indicator should be used any time site activities 
could result in release of contaminants to the air. 

Frequency of Use: Commonly used for health and safety purposes; less common for obtaining 
hydrometeorological applications. 

Standard Methods/Guidelines: ASTM (1985a). 

Sources for Additional Infonnation: Hardy and Fisher (1972-0tapter 3), Lockhart (1989a ), Meteorological Office 
(1956-0tapter 5), National Weather Setvice (1975-0lapter A10), Spilhaus and Middleton (1973-0lapter 6), 
Thompson et al. (1989), U.S. EPA (1987a,b), U.S. Geological Sutvey (1980). See also, Table 8-2. 
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8. VADOSE ZONE WATER BUDGET CHARACIERIZATION MEIHODS 

8.2 01HER HYDROMETEOROLOGICAL DATA 

8.2.5 Atmospheric Pressure 

Other Names Used to Describe Method: Mercury barometers (Fortin-type, fixed-cistern type), aneroid 
barometer, altimeter. 

Uses at Contaminated Sites: Interpreting ground-water level measurements; required for several methods of 
measuring or estimating evapotranspiration using micrometeorological method (Section 8.4); required for 
calculations involving humidity measurement (Sections 8.1.3 and 8.1.4); estimating altitude in remote locations. 

Method Description: There are two major types of instruments for measuring atmospheric pressure. Men:ury 
barometers use changes in the level of mercury in a container to measure changes in atmospheric pressure. The 
Fortin-type mercury barometer is used by the National Weather Service as the official station pressure 
instrument. A cistern containing mercury has a pointer made of noncorrodible materials, such as ivory or 
stainless steel, projected down from the roof. The level of mercury within the cistern is raised or lowered by 
turning a thumb screw beneath the cistern, until it just touches the tip of the pointer (called the ivory point, index 
point, or zero point). Pressure is read from mercury in a graduated column connected to the cistern that can 
be read to a thousandth of an inch or a tenth of a millibar with a vernier on the scale. Aneroid barometers 
measure pressure by the response of a capsule that is practically evacuated of gas. The response can be 
measured either by deflection of a spring connected to the cell, by the change in cutvature of a Bourdon tube, 
or by a change in natural resonant frequency. The barometer must be temperature compensated at a given 
pressure level by adjusting the residual gas in the aneroid or by a bimetallic-link arrangement. Altimeters are 
aneroid barometers that have a pointer and a dial calibrated for elevation or pressure readings (Figure 8.2.5). 
Precision aneroids can be of the direct-reading kind, similar to altimeters, but are designed for more accurate 
measurements. A relatively recent development is the accurate digital-readout precision aneroids, which use 
electronic indicators rather than mechanical linkages. Sensor types used in these instruments can be a fused 
quartz Bourdon tube (quartz barometer), an aneroid capsule with which the natural frequency as related to 
pressure is measured (vibrating diaphragm barometer), or the conventional aneroid capsule in which spring 
deflection is measured. 

Method Selection Considerations: Fortin barometers are very accurate (can be read to a thousandth of an inch), 
but require permanent installation. Aneroid barometers have the main advantage of being portable. 
Disadvantages include requirements for periodic calibration against mercury barometers, and the requirement 
for temperature compensation. 

Frequency of Use: Not commonly used at contaminated sites. 

Standard Methods/Guidelines: ASTM (1984c). 

Sources for Additional Information: Brock and Nicolaidis (1984), Lockhart (1989a), U.S. Geological Sutvey 
(1980), U.S. Weather Bureau (1963b), National Weather Setvice (1975-Cllapter 8), WMO (1971). 
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Figure 8.2.! Rugged precision altimeter for measurement of elevation (Cameron et al., 1966). 
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8. VADOSE ZONE WA1ER BUDGET CHARACIERIZA1ION MElli ODS 

8.2 01HER HYDROMETEOROLOGICAL DATA 

8.2.6 Solar Radiation (Pyranometers) 

Other Names Used to Describe Methods: Thermopile, photovoltaic, bimetallic (Robiwch-type, actinograph), 
thermo-electric pyranometers, incident solar radiation meter, solarimeter. 

Uses at Contaminated Sites: Global radiation data are needed for some empirical and physically-based equations 
for estimation of evaporation and evapotranspiration (Sections 8.4.1 and 8.4.2). 

Device Description: A pyranometer measures global solar radiation (direct plus diffuse radiation falling on a 
horizontal surface, see Figure 8.2.6a ), and is the most commonly measured type of radiation. It does not 
measure terrestrial or atmospheric radiation. Most pyranometers incorporate a sensor that responds to the 
temperature difference caused by differential absorption of radiation of a black surface and a white surface 
(Figure 8.2.6b). The most commonly used temperature sensor is a thermopile, but bimetallic sensors also can 
be used. Photovoltaic pyranometers use silicon cells that respond to solar radiation by generating an electric 
current, which is proportional to the amount energy hitting the cell. WMO (1971) has established criteria for 
classification of pyranometers according to physical response characteristics, with 1st class being the most 
sensitive and 3rd class being the least sensitive. A net pyranometer measures the net upward and downward solar 
radiation flux through a horizontal surface. A spherical pyranometer measures solar radiation on a spherical 
surface. 

Device Selection Considerations: Thermopile Advantages: (1) A variety of instruments of this type have been 
developed and are commercially available; (2) are the most accurate and responsive of available instruments 
(most are 1st or 2nd class); (3) the thermopile pyranometer is the standard instrument to use if direct 
measurements are required; and (4) can be readily configured for output to an electronic recording device. 
Bimetallic Advantages: (1) Are simple; (2) can be attached to a chart recorder for continuous recording; and (3) 
are suitable for measurements in which daily or longer interval data are acceptable. Bimetallic Disadvantages: 
(1) Are relatively inaccurate (3rd class) compared to thermopile pyranometers; (2) have relatively slow response 
time; and (3) require use of temperature-correction factor or some temperature compensation mechanism. 
Photovoltaic Advantages: (1) Are simple and inexpensive; (2) have a nearly instantaneous response; (3) have high 
current output, which can be used for automatic data recording; and (4) use can be acceptable as long as 
integration periods are 1 day or longer. Photovoltaic Disadvantages: Least accurate of available methods due 
to variations in sensitivity to different wavelengths. 

Frequency of Use: Rare. Often estimated from nearby meteorologic station or from charts or maps. 

Standard Methods/Guidelines: --

Sources for Additional Information: Brock and Nicolaidis (1984), Carteret al. (1977), Coulson (1975), Latimer 
(1972), Lockhart (1989a), Monteith (1972), Norris (1974), Selcuk and Yellott (1962), Thompson et al. (1989), 
U.S. Army (1975), U.S. Geological Survey (1980), WMO (1971). See also, Table 8-2. 
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8. VADOSE ZONE WA'IER BUDGET CHARACIERIZATION ME1HODS 

8.2 01HER HYDROME'IEOROLOGICAL DATA 

8.2.7 Solar Radiation (Other Radiometers) 

Other Names Used to Describe Method: Net radiometer/pyrradiometer, pyrheliometer (Angstrom electrical 
compensating, silver-disk, absolute, operational) 

Uses at Contaminated Sites: Measuring net radiation flux for energy budget measurements of evapotranspiration 
(Section 8.4.4). 

Method Description: Other radiometers measure different types of radiation. Pyrradiometers measure total 
radiation falling on a horizontal surface (combined solar, atmospheric and terrestrial radiation), and are similar 
in design to pyranometers (Section 8.2.6). Net pyrradiometers or radiometers are designed to measure the 
difference between downward and upward total radiation. Most commercially available net radiometers are made 
with a small disc-shaped thermopile covered by polyethylene hemispheres. Pyrheliometers measure the intensity 
of direct solar radiation and normal incidence, and are mounted in trackers that keep the devices pointed toward 
the sun as the traverses from east to west (Figure 8.2.6a and 8.2. 7). 

Method Selection Considerations: Unlikely to be used unless an energy budget method for computing 
evapotranspiration is used. 

Frequency of Use: Uncommon for site characterization. Net radiometers are sometimes used in air-pollution 
related programs. 

Standard Methods/Guidelines: AS'IM (1984b). 

Sources for Additional Information: Brock and Nicolaidis (1984), Carter et al. (1977), Coulson (1975), Latimer 
(1972), Lockhart (1989a), Monteith (1972), Norris (1974), Selcuk and Yellott (1962), Thompson et al. (1989), 
U.S. Army (1975), U.S. Geological Survey (1980), WMO (1971). See also, Table 8-2. 
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8. VADOSE ZONE WA'IER BUDGET CHARACIERIZATION ME1HODS 

8.3 EVAPOTRANSPIRATION (WATER BAlANCE MEIHODS) 

8.3.1 Lysimeters 

Other Names Used to Describe Method: Pan/filled-in lysimeters (nonwt~ighable, weighing, hydraulic/floating), 
monolith/soil block lysimeter, monolith/soil block evapotranspirimeter, microlysimeter. 

Uses at Contaminated Sites: Measuring evaporation from vegetated soil (pan lysimeter) or unvegetated soil 
(microlysimeter), in order to separate out the transpiration component of evapotranspiration (E1). 

Method/Device Description: A lysimeter consists of a block os soil, usually planted with some vegetation that 
is enclosed in a container, which isolates the lysimeter hydrologically from its surroundings. Lysimeters used for 
sampling soil solutions are discussed in Section 9.3.1 (Free-Drainage Samplers). There are three main types of 
filled-in lysimeters, in which disturbed soil is used for measuring ET: (1) Nonweighing lysimeters (Figure 8.3.1a ); 
(2) hydraulic or Boating lysimeters, which rest on rubber bags or other water-filled tubing or bolsters that allow 
recording of changes in pressure in response to changes in weight (Figure 8.3.1b); and (3) weighing lysimeters, 
in which changes in moisture contents are measured by changes in the weight of the soil block (Figure 8.3.1c). 
A typical pan lysimeter is 1 meter in diameter (range from 0.1 to 10 square meters) and range from 0.5 to 3 
meters deep. Soil and vegetation representative of the area are placed in the lysimeter with the surface level the 
same as the surrounding soil. Monolith lysimeters are constructed of undisturbed soil. In nonweighing 
lysimeters, changes in soil moisture are determined by various soil moisture determination methods, such as 
neutron-moisture logging, gamma-ray transmission, electrical resistance blocks, or tensiometers (see Section 6.3). 
Weighing and hydraulic lysimeters measure changes in moisture content by recording changes in the total weight 
of the lysimeter over time with a sensitive scale or transducer. Most lysimeters record ET over relatively large 
areas. An exception is the microlysimeter, where a thin-walled cylinder is pushed into the soil, the sample is 
removed, sealed at the bottom, and weighed. The sample is replaced in the original hole to subject it to the same 
evaporative conditions as the soil, and is removed periodically for reweighing (Figure 8.3.1d). 

Method Device Selection Considerations: Pan Lysimeter Advantages: (1) Probably are the most accurate of the 
water balance methods; (2) allow measurement of ET from a medium or large area; and (3) cost is moderate 
to low. Pan Lysimeter Disadvantages: (1) Are relatively complicated to install; and (2) must be surrounded by 
a considerable area of the same vegetation to avoid horizontal diversion in energy for ET. Microlysimeter 
Advantages: (1) Measure evaporation under a wide range of soil moisture conditions; and (2) are inexpensive 
and easy to use. Microlysimeter Disadvantages: Have small areal coverage. 

Frequency of Use: Lysimeters are a commonly used method, if field measurement of ET is required. 

Standard Methods/Guidelines: Pan lysimeter: Aboukhaled et al. (1982); Microlysimeter: Boast (1986). 

Sources for Additional Information: Dunne and Leopold (1978), Sharma (1985), Thompson et al. (1989), U.S. 
Geological Sutvey (1982), Veihmeyer (1964). See also, Table 8-3. 
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8. VADOSE ZONE WATER BUDGET CHARACIERIZATION ME1HODS 

8.3 EVAPOTRANSPIRATION (WATER BALANCE METIIODS) 

8.3.2 Soil Moisture Budget 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Measuring evapotranspiration (El). 

Method Description: Soil moisture content is measured over the entire root zone using one or more methods 
described in Section 6.3, before and after irrigation events. Assuming that irrigation brings the soil to field 
capacity, the initial moisture content after irrigation will be the available water capacity of the root zone. The 
evapotranspiration rate is the difference in moisture content between the two sampling periods divided by the 
time interval. 

Method Selection Considerations: Advantages: Relatively simple method with the added advantage that soil 
moisture monitoring is often required for other objectives (see Section 6). Disadvantages: (1) Requires uniform 
soil type and texture and a water table deep enough that it does not influence the soil root zone; (2) precipitation 
events will disrupt the method; and (3) calculation of ET requires adjustments (modulation) to account for the 
fact that ET rates might change as soil moisture decreases. • 

Freauency of Use: Probably the oldest and most commonly used method for determining ET. 

Standard Methods/Guidelines: --

Sources for Additional Information: Thompson et al. (1989), U.S. Geological Survey (1982), Veihmeyer (1964). 
See also, Table 8-3. 

•There is not universal agreement on the need for such corrections (see, for example, Veihmeyer and 
Hendrickson, 1955), although Gray (1973) reviews some of the literature on this question and recommends that 
"modulated" values of ET be used when doing soil moisture budget calculations. See also, references identified 
in Table 8-3. 

8-28 



8. VADOSE ZONE WATER BUDGEf CHARACfERIZATION METIIODS 

8.3 EVAP01RANSPIRA1ION (WATER BALANCE METIIODS) 

8.3.3 Water Budget Methods 

Other Names Used to Describe Method: River basin water balance, inflow-outflow measurement, integration 
method. 

.. 
Uses at Contaminated Sites: Estimating evaporation and evapotranspiration (E1). 

Method Description: Intlow-outftow method: All inflows (precipitation), outflows (surface runoff, ground water 
leaving basin), and changes in storage in a watei'shed, are measured or estimated except for Ef. Ef is calculated 
using a water-balance equation. Figure 8.3.3 illustrates the components of the water balance equation. Figure 
8.4.1 compares evaporation from a Jake in Canada, which was computed using a water budget, to six other 
methods. lntearatlon method: Evaporation and Ef for an area is calculated by the summation of the products 
of Ef for each crop times its area, plus the Ef of natural vegetation times its areas, plus water-surface 
evaporation times its surface areas, plus evaporation from bare land times its areas. This method requires 
knowledge of unit Ef and the areas of various classes of agricultural crops, natural vegetation, bare land, and 
water surfaces. Often this can be done using sequential remote sensing data (satellite, airphotos) to identify 
crop/Vegetation patterns (see Raymond and Rezin, 1989, for a recent example of this approach). 

Method Selection Considerations: Advantages: Water budget methods can be manageable to difficult, with 
moderate to low cost. Disadvantages: (1) Small errors in measuring or estimating various components of the 
water-balance equation (such as deep percolation) can cumulatively result in a large error in the calculated Ef 
value; (2) suitable for application to a specific site only if Ef at the site can be assumed to be close to the 
average Ef for the watershed or area of interest; and (3) use of water budgets to calculate evaporation from 
lakes is not recommended for time periods of less than 1 month in duration if the estimate is expected to be 
within plus or minus 5 percent of the actual amount (Gray, 1973). 

Frequency of Use: Commonly used in hydrologic studies; rarely used at the site-specific level. 

Standard Methods/Guidelines: --

Sources for Additional Information: Bras (1990), Dunne and Leopold (1978), Rosenberg et al. (1983), Sharma 
(1985), Thompson et al. (1989), U.S. Geological Sutvey (1982), Veihmeyer (1964). See also, Table 8-3. 
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p =I+ AET + OF+ t:.SM + t:.GWS + GWR 

r 
AET 

~ Stream 

OF 

Figure 8.3.3 Water balance equation and schematic diagram for a hiliside or a small catchment (Dunne and 
Leopold, 1978). P = precipitation; I = interception; AET ::::: actual evapotranspiration; OF = overland 
flow; .iSM = change in soil moisture; .ciGWS = change in ground-water storage; GWR = ground-water 
outflow. Solving for ET requires measurement or estimation of other elements in the equation. 
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8. VADOSE ZONE WA1ER BUDGET CHARACIERIZATION MElHODS 

8.3 EVAPOTRANSPIRATION (WA1ER BALANCE MElHODS) 

8.3.4 Evaporation Pans 

Other Names Used to Describe Method: Class A land pan, U.S Bureau of Plant Industry sunken pan, Colorado 
sunken pan, U.S. Geological Survey floating pan, insulated evaporation pan. 

Uses at Contaminated Sites: Estimating of evaporation from water impoundment surfaces; can also be used to 
indirectly estimate potential evapotranspiration (E1) (Veihmeyer, 1964). 

Method Description: The standard U.S. Weather Service Class A pan is built of unpainted galvanized iron. It 
is 4 feet in diameter, 10 inches deeps, and mounted 12 inches above the ground on a wooden frame (Figure 
8.3.4a ). The rate of evaporation of water from the pan is measured. Precipitation also must be measured to 
correct for additions to the pan. A pan coefficient is used (generally from .70 to .75) for large bodies of water, 
to estimate actual evaporation from the water body of interest (Figure 8.4.1 illustrates the tendency of Class-A 
pans to overestimate actual evaporation). The insulated evaporation pan is constructed of fiberglass with 8 
centimeters of freon-blown polyethylene (Figure 8.3.4b). The insulation reduces effects of climate and season 
on variability of coefficients used to calculate actual evaporation. Other commonly used types of evaporation 
pans include the U.S. Bureau of Plant Industry sunken pan, Colorado sunken pan, and U.S. Geological Survey 
floating pan. 

Method Selection Considerations: Advantages: (1) The Class A pan is the standard method for measuring 
evaporation; (2) data on pan evaporation for the vicinity of a site in question might be published or available; 
and (3) insulated pans allow use of standard coefficients. Disadvantages: (1) Several years of data are required 
to characterize seasonal and annual variations in evaporation; (2) use of incorrect pan coefficient can bias results; 
(3) coefficients measured using noninsulated evaporation pans can vary with location, climate, or season; (4) 
cannot be used when temperature is below freezing; and (5) sunken pans are difficult to install and maintain, 
they tend to collect trash, leaks are hard to detect, and it is difficult to evaluate heat loss from the pan to the 
surround soil. Floating pans probably give the best estimates oflake evaporation (see Figure 8.4.1), but are not 
widely used due to operational difficulties (inaccessibility and water splashing into or out of the pan). 

Frequency of Use: Uncommon for site specific field measurement. Other methods usually are available for 
estimating evaporation. Pan evaporation data are commonly used to estimate potential ET. 

Standard Methods/Guidelines: Class A pan: National Weather Service (1972). Insulated pan: U.S. Geological 
Survey (1982). 

Sources for Additional Information: Dunne and Leopold (1978), Thompson et al. (1989), U.S. Geological Survey 
(1982), Veihmeyer (1964). See also, Table 8-3. 
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(a) 

(b) 

Figure 8.3.4 Evaporation Pans: (a) U.S. Weather Bureau Class A land pan (after Veihmeyer, 1964); (b) Cross 
seetion of National Weather Service insulated evaporation pan (U.S. Geological Survey, 1982). 
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8. VADOSE ZONE WATER BUDGET CHARACfERIZATION METHODS 

8.3 EVAP01RANSPIRATION (WATER BAlANCE METIIODS) 

8.3.5 Evaporimeters and Atmometers 

Other Names Used to Describe Method: First-stage evaporimeter; Piche/Be11ani/livingston/Wilde atmometer. 

Uses at Contaminated Sites: Evaporlmeter: Measuring evaporation from unvegetated soil; Atmometers: 
Measuring latent evaporation (mainly a measure of the drying power of the air). 

Method/Device Description: Evaporimeter: A flat, soil-covered tray 0.1 meters in area is connected to a constant 
suction water supply (Figure 8.3.5a ). The rate of water loss from the water supply equals the evaporation rate. 
Atmometer: A water-filled glass tube that has an open end through which water evaporates from a filter paper 
(Piche type) or porous plate (Bellani type, Figure 8.3.5b). The tube supplying water is graduated to read 
evaporation in millimeters. Atmometer measurements require different conversion factors related to evaporation 
rate and location to estimate evaporation from water bodies. 

Method Selection Considerations: Evaporimeter Advantages: Are relatively simple and easy to use. Evaporimeter 
Disadvantages: (1) Only measure evaporation during the stage when evaporation equals potential evaporation; 
and (2) have small areal coverage. Atmometer Advantages: (1) Are inexpensive; (2) are portable and easily 
maintained and installed; (3) are representative of conditions affecting moisture loss from plants; and (4) require 
a small amount of water to operate. Atmometer Disadvantages (1) Value for estimating evaporation loss from 
water bodies is questionable because they are more responsive to windspeed than radiant energy; (2) observations 
are difficult to interpret; (3) Oass-A pans are better for estimating evaporation from lakes; and (4) cannot be 
used when temperature is below freezing. 

Frequency of Use: Evaporimeters: Uncommon. Generally measurement or estimates of total evapotranspiration 
will meet the requirements for most water budget calculations. Atmometers commonly are used in agricultural 
studies but their use has not been reported at contaminated sites. 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: Evaporimeters: Adams et al. (1976), Arkin et al. (1974), Boast (1986). 
Atmometers: U.S. Geological Survey (1982), Veihmeyer (1964). See also, Table 8-3. 
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Figure 8.3.5 Evaporation measurement instruments: (a) Top view and cross section of the first-stage evaporimeter 
tray (Boast, 1986, after Arkin et al., 1974, by permission); (b) Set of black-and-white IJvingston 
atmometers (after Veihmeyer, 1%4). 
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8. VADOSE ZONE WATER BUDGET CHARACIERIZATION MEIHODS 

8.3 EVAPOTRANSPIRATION (WATER BAlANCE METHODS) 

8.3.6 Chloride Tracer 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Indirectly estimating evapotranspiration (E1). 

Method Description: The chloride content of precipitation and shallow ground water samples is measured at 
intervals to obtain average chloride concentrations of the precipitation and ground water. Annual ET is 
calculated by multiplying the ratio of chloride concentration in precipitation to chloride in ground-water times 
the long-tenn average precipitation. 

Method Selection Considerations: The following site conditions need to apply if this method is to be used: (1} 
There is a shallow water table; (2) chloride in the ground water comes only from precipitation; and (3) runoff 
is negligible. Laboratoty analysis of samples is required and collection of precipitation samples results in 
moderate to high cost. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Infonnation: Shanna (1985), Thompson et al. (1989). 
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8. VADOSE ZONE WA1ER BUDGET CHARACI'ERIZATION METIIODS 

8.3 EVAPOTRANSPIRATION (WA1ER BAlANCE METIIODS) 

8.3.7 Ground-Water Fluctuation 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Indirectly estimating evapotranspiration (E1). 

Method Description: Aquifer storage values are measured or estimated, and continuous measurement of water
level fluctuations are continuously measured or measurements are taken at sufficiently close intetvals to plot 
diurnal fluctuations in ground-water level (Figure 8.3.7). Estimation of average ET rates requires continuing 
measurements over months. A variant of this approach in floodplain areas is to analyze diurnal fluctuations in 
stream hydrographs to estimate daily Ef rates (Reigner, 1966), or based flow recession cutves for monthly 
estimates of Ef (Langbein, 1942). 

Method Selection Considerations: This method requires; (1) A shallow water-table, (2) uniform coarse or 
medium soil texture that results in measurable, diurnal fluctuations in water table in response to ET, and (3) 
limited precipitation unless precipitation is accurately measured as well. Where conditions are suitable, the cost 
is moderate to low. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: Davis and DeWiest (1966). 

Sources for Additional Information: Thompson et al. (1989), U.S. Geological Sutvey (1982), Veihmeyer (1964). 
See also, Table 8-3. 
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Figure 8.3.7 Estimation of evapotranspiration by phreatophytes f'rom daily water-level tluctuations in a water well 
(Davis and DeWiest, 1966, reprinted by permission of John Wiley & Sons, Inc. from Hydrogeowgy by 
S.N. Davis and R.J.M. DeWiest, Copyright© 1966). 
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8. VADOSE ZONE WA'IER BUDGET CHARACfERIZATION METIIODS 

8.3 EVAPO'IRANSPIRATION (WA'IER BAlANCE METIIODS) 

8.3.8 Other Transpiration Methods 

Other Names Used to Describe Method: Enclosures, physico-biological methods, heat-pulse method, 
radioisotopes. 

Uses at Contaminated Sites: Directly or indirectly measuring the transpiration component of evapotranspiration 
is not likely to be required. 

Method Description: The transpiration component of evapotranspiration can be measured or estimated by a 
number of the methods discussed elsewhere in this section: Lysimeters (Section 8.3.1, considered one of the best 
approach), soil moisture depletion (Section 8.3.2), mass transfer methods (Section 8.4.3), and energy balance 
methods (Section 8.4.4). Other field methods for indirect estimation of transpiration include: (1) Enclosures, 
in which changes in air moisture resulting from transpiration are measured; (2) heat-pulse methods, where plants 
with woody stems are heated quickly and the rate of ascent of the heated sap is timed; and (3) injecting 
radioisotopes into trees and tracing their movement through the plant (see Section 4.4.5 for additional 
information on radioisotope tracers). Methods for direct measurement of transpiration (such as the use of 
phytometers, photometers, porometers, thermocouple psychrometry, and corona analysis) is generally are done 
in the laboratory. 

Method Selection Considerations: If transpiration needs to be estimated, lysimeter or soil moisture depletion 
methods probably are the best for use with water budget studies. 

Frequency of Use: Rare. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 8-3. 
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8. VADOSE ZONE WA1ER BUDGET CHARACI'ERIZATION METIIODS 

8.4 EVAPOTRANSPIRATION (MICROME1EOROLOGICAL ME1HODS) 

8.4.1 Fmpirical Equations 

Other Names Used to Describe Method: Equations are often identified by the names of individuals who 
developed the equation. 

Uses at Contaminated Sites: Estimating evaporation and evapotranspiration (El). 

Method Description: Evapotranspiration: Numerous empirical equations have been developed that allow 
estimation of potential evapotranspiration (PET) using climatic data, which can be available from nearby weather 
stations or charts and maps. Once PET is known, empirical factors based primarily on the type of vegetation 
are used to estimate actual evapotranspiration (AET). Three of the most commonly used empirical methods 
are described here. Thomthwaite: This equation requires data on mean monthly air temperature. Latitude, 
month, and average monthly daylight are required to determine adjustment factors to take into account the total 
numbers of days and hours available for ET. The main advantage of this equation is that it allows general 
estimates in areas where climatic records and ET data are limited. Blaney-Criddle: This equation requires mean 
monthly temperature, monthly percentage of daylight hours per year, and an empirical coefficient for the month, 
which depends on the crop. A modified equation accounts for changes in the sun's zenith angle to correct for 
reduced power of the sun's rays during winter, allowing use of a single empirical coefficient for crop/Vegetation 
type. Jensen-Raise: This equation requires mean air temperature, solar radiation, and the saturated vapor 
pressures at the mean maximum and mean minimum temperature for the warmest month of the year. Numerous 
other empirical equations have been developed (Table 8.4.1 shows eight of these equations), but the above 
mentioned ones are the most commonly used equations. Evaporation equations: A number of empirical 
equations have been developed for estimating lake evaporation. Most are based on simple aerodynamic 
equations, which require measurement or estimation of: (1) Windspeed, (2) vapor pressure of saturated air at 
the temperature of the water surface, (3) actual vapor pressure of air at some height above the water surface, 
and (4) empirical constants appropriate to the type of water body. Table 8-3 identifies a number of references 
that review and present empirical evaporation equations. Figure 8.4.1 shows calculations of evaporation from 
a lake using three empirical formulas (Nordenson-Kohler-Fox, Lake Hefner "upwind formula," and Meyer 
formula) with four other methods (Oass-A and floating pan, water budget, energy budget, and Penman formula). 
It is clear from this figure that empirical formulas can yield good results if the appropriate one is used, but can 
be vety far off if the wrong formula is used. 

Method Selection Considerations: Evapotranspiration Equation Advantages: (1) Is best for developing monthly, 
seasonal, or annual consumptive water use values; and (2) is vecy inexpensive if input data can be obtained from 
existing meteorological records. Evapotranspiration Equation Disadvantages: (1) Calculations might not be vety 
accurate if site conditions are not typical of conditions upon which the equation is based (use of several equations 
and comparing the results can be useful for developing an estimated range); (2) should not be used to estimate 
short-term (hours to days) variations in ET because no allowance is made for variation in wind and relative 
humidity; and (3) equations tend to overestimate water use during vegetation emergence and underestimate water 
use for midseason, unless appropriate crop factors are used (such as Blaney-Criddle method). Thomthwaite: 
Works best in the central and eastern United States for sod with high moisture content in areas with limited 
advection; is inaccurate if short-term (less than one-month) data are used. Blaney-Criddle: Is widely used in the 
western United States; requires empirical coefficient for crop or vegetation type (already available for many crops 
and vegetation types). Jensen-Raise: Was developed for use with irrigated crops in the western United States. 
Evaporation Equation Advantages: Is vety simple and allow estimates from standard meteorological data. 
Evaporation Equation Disadvantages: (1) Most equations of this type require measurement of the surface 
temperature of the body of water, which is difficult to obtain; (2) if mean air temperature is used instead, the 
failure to account for effects of advected energy to the Jake on evaporation might cause considerable error 
because small errors in temperature induce large errors in the calculations; (3) measurement of wind speed and 
vapor pressure must be taken at heights specified in the equation; and (4) results will be inaccurate if the 
characteristics of the water body are not similar to the water body for which the empirical constants were 
developed. 

Frequency of Use: All equations are commonly used. See method selection considerations for geographic 
limitations. 
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Table 8.4.1 Some Empirical and Physically-Based Evapotranspiration Equations 

Name Date Period Unit Equation for U for U 

----

Hedke (Harding et at., 1930) ................... 1930 Annual Feet lJ = kll 
Lowry-Johnson (1942)' ....................... 19-12 Annual Feet u = 0.00015fill + 0.8 

m 
Blaney-Morin (1942) ••••••••••••••• 0 •••••••• 1942 m months Inches u = k 1 pt(114-lt) 

1 

Thornthwaite and Wilm (1944) .................. 1944 1\Ion thly Centioneters ( IOt)m U = 1.6 TE 

where a= O.OOOOOO!i75(TE) 3 - 0.0000771(TE) 2 + 0.01792TE + 0.4923(1 

Penman (1948) ............................. 1948 Daily 1\Iilli meters U= 
All- 0.27E 
A- 0.27-

where E = 0.35(e .. - ed)(1 + 0.0098w•) 
Il = ll(1 - r)(0.18 + 0.558) - B(0.56 - 0.092ed0·&)(0.10 + 0.908} 

m m 

Blaney-Criddle (19SO) ••••••••••• 0 ••••••• 0 ••• 1950 m months Inches U = k 1 pt = kF where F' = 1 }II 
1 1 

Halk.ias-Veihmeyer-Hendrickson (19SS) ••••••• 0 •• 1955 Monthly Inches U = 8D 
m 

Hargreaves (19S6) ••••••• 0 •••••••••••••• 195() m months InehPs U = 1 kd(0.38 - R0038h)(t - 32) 

1 
-----·---

NOT.\TION 

A = slope of saturated-vapor-pressure cnn·e of air at absolute temperature in °F, or dea/dt in mm HgjCF (Fig. 11-8) 
B = a coefficient depending on temperature (Table 11-7) 
D = diffe•·ence in evaporation between white and black atmometers in ems 
d = monthly daytime coefficient dependent upon latitude (Table 11-9) 

ea = saturation vapor pressure at mean air temperature in mm Hg (Fig. 11-7} 

(11-20} 
(11-21) 

(11-22 I 

(11-2:3) 

(11-2-l) 

(11-25: 

(11-27: 

(11-2() 

e.1 = saturation vapor pressure at mean dew point (i.e., actual vapor pressure in the air) in mm Jig, being equal to em multiplied by relati,·e humidity in per cent 
E = daily evaporation in nun 
II = mean monthly relative humidity at noon, in Eq. (11-2ti}, or annual mean relath·e humidity in per cent, in E<t. (11-22) 
II = accumulated degree-days abo,·p minimum growing temperature for growing season, in Eq. (11-20); or accumulated degree-days of maximum daily temperature 

·above 32°F for growing season, in Eq. (ll-21); or daily heat btHiget at surface in mm of water, in Eq. (11-24) 
k = annual, seasonal, or month!~· •·onsuntptive-usc coellieient 
p = per cent of daytime hours of the year, occurring rlming the period, di\'ided by 100 (Table 11--l) 
1· = estimated perc~«>ntage of refleding surface 

R = mean monthly extraterrestrial radiation in mm of water e,·aporated per clay (Table 11-ti} 
8 = estimated ratio of actual duration of bright sunshine to maximum possible duration of bright sunshine; o1· slope of regression line between D and U in t•;q. (11-27) 

TE = Thornthwaitc's temperature-efficiency index, being equal to the sum of 12 monthly values of loeat index i = (t/5)1.&14, where tis mean monthly tempPratnno in °C 
t =mean monthly temperature in °F, in Eqs. (11-22), (11-25), and (11-26), or in °C in Eq. (11-23) 

lJ = evapotranspiration or consumptive use for given period 
w2 = mean wind velocity at 2 m above the ground in miles/day, or equal to"'' (log ().6/log h), where WI is measured wind velocity in miles/day at height It in ft 

Source: Veihmeyer (1964) 
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Figure 8.4.1 Comparison of 1961 cumulative measured and computed evaporation for Weyburn reservoir, southern 
Saskatchewan, using eight methods (McKay and Stichling, 1961). 
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Standard Methods/Guidelines: --

Sources for Additional Information: See Table 8-3. 
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8. VADOSE ZONE WAlER BUDGET CHARACIERIZATION ME1HODS 

8.4 EV APO'IRANSPIRATION (MICROME'IEOROLOGICAL MEfHODS) 

8.4.2 Physically-Based Equations (Penman and Related Methods) 

Other Names Used to Describe Method: Combination method, Penman (combination) equation, Penman
Monteith equation. 

Uses at Contaminated Sites: Indirect field method for estimating evapotranspiration (El). 

Method Description: Physically-based process equations combine energy balance (Section 8.4.4) and aerodynamic 
transport of water vapor (Section 8.4.3) to calculate potential evapotranspiration (PEl). Specific parameters that 
must be measured in the field vaty slightly, depending on the equation, but can include: Surface temperature, 
surface resistance, saturation vapor pressure at mean air temperature, actual vapor pressure, mean monthly solar 
radiation, and wind velocity. Although these equations are physically-based, they require the measurement or 
estimation of various empirical constants. The Penman equation (Penman, 1948) was the first equation 
developed using this approach, and used weekly mean climatic data in empirically derived expressions for the 
energy and aerodynamic components. Figure 8.4.1 illustrates lake evaporation computed using the Penman 
formula compared to six other methods. Various modifications have been suggested since then, with the 
Penman-Monteith equation (which eliminated the need for surface temperature measurement) being the most 
commonly used. The theoty of a complementary relationship between actual evapotranspiration (AET) and PET 
(Bouchet, 1963) has contributed to the further development of physically-based evaporation and ET models. In 
arid areas PET always exceeds AET, but as the amount of moisture available for removal from the soil increases, 
AET increases and PET decreases (because moisture in the air reduces the capacity for further additions of 
water vapor), until they converge on a value that is called wet environment evapotranspiration (WET). The 
Morton or Complementary Relationship Areal Evapotranspiration (CRAE) model developed for calculating 
WET, replaces the wind function in the Penman equation with a vapor transfer coefficient. The Brutsaert
Stricker, or Advection-Aridity Evaporation model, has been developed for calculating evaporation and ET in arid 
areas. 

Method Selection Considerations: Penman and Related Equations Advantages: (1) Empirical constants in the 
equations can be obtained from published tables and graphs, rather than being determined from additional 
measurements for a specific site; and (2) work well for daily or larger periods in relatively humid areas where 
horizontal heat divergence in negligible, there is a good vegetative cover, and water is not limiting. Penman and 
Related Equations Disadvantages: (1) Field measurements for a number of meteorological parameters are 
required and are relatively expensive (although generally less expensive than othermicrometeorological methods); 
and (2) serious discrepancies can occur in dty areas where advected heat accounts for a significant proportion 
ofET, unless locally determined empirical correction factors are developed. CRAE Model: Provides comparable 
results to the Penman equation, with the advantage that wind speed measurement is not required. Advection
Aridity Model: Works well for daily evaporation predictions. The main advantage is that it does not require 
surface resistance, soil moisture content, or other land surface measures of aridity. 

Frequency of Use: Equation has been widely in England and to some extent in the eastern part ofthe United 
States. Not recommended for routine field applications and assessments. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 8-3. 
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8. VADOSE ZONE WATER BUDGET CHARACTERIZATION METIIODS 

8.4 EV APO'IRANSPIRATION (MICROME'IEOROWGICAL METIIODS) 

8.4.3 Mass Transfer Methods 

Other Names Used to Describe Method: Dalton's law. 

Uses at Contaminated Sites: Measuring evaporation. 

Method Description: Mass transfer methods use semi-empirical equations for calculating evaporation as a 
function of: (1) Windspeed, often called the wind function, (2) saturation vapor pressure calculated from the 
temperature of the water surface, and (3) vapor pressure of the air. The wind function represents the combined 
effect of many variables and requires the estimation or measurement of one or more empirical constants and a 
mass-transfer coefficient. 

Method Selection Considerations: Advantages: Once the wind function bas been determined, fewer measurements 
are required than for energy balance methods. Disadvantages: (1) Most accurate results require taking 
measurements in the center of a water body, which is difficult; (2) requires calibration with independently 
determined evaporation estimates; and (3) mass transfer methods for determining evapotranspiration (E1) 
generally require very complex instrumentation and well-trained personnel. 

Frequency of Use: Widely used for measuring evaporation; rarely used for ET. 

Standard Methods/Guidelines: --

Sources for Additional Information: Bras (1990), Dunne and Leopold (1978), U.S. Geological Survey (1982). 
See also, Table 8-3. 
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8. VADOSE ZONE WATER BUDGEf CHARACI'ERIZATION MEIHODS 

8.4 EVAPOTRANSPIRATION (MICROMElEOROLOGICAL MEIHODS) 

8.4.4 Energy Budget Methods 

Other Names Used to Describe Method: Energy balance/Bowen ratio method. 

Uses at Contaminated Sites: Indirect field method for estimating evaporation and evapotranspiration (E1). 

Method Description: The total energy available for evaporation or Ef is measured. The equation for net 
radiation at the earth's surface is rearranged to solve for Ef. Figure 8.4.4 illustrates the various components of 
the heat budget equation for a vegetated soil surface. Required field measurements include humidity (vapor 
pressure) and temperature profile above the ground or water surface, net radiation (Section 8.2.1), and soil heat 
flux (Section 1.6.3). Temperature gradients usually are measured using thermocouples. Humidity gradient is 
measured either by using two psychrometers or hygrometers (Sections 8.1.3 and 8.1.4) positioned at different 
elevations above the vegetative cover, or two tubes for collecting of samples for which moisture content is 
measured. 

Method Selection Considerations: ET Advantages: (1) Is accurate in high humidity environments (within 5 to 
10 percent of actual); and (2) can be used on hilly as well as flat terrain and for a wide variety of vegetation 
types, such as croplands and forests. ET Disadvantages: (1) Is expensive because of the large number of 
parameters that must be measured; (2) is less accurate where humidity is low; (3) heat divergence, sampling 
techniques, and advection can cause problems; (4) weekly instrumentation maintenance is required; (5) 
measurements over months or years are required to obtain average Ef values; and (6) the energy required for 
photosynthesis (around 5 to 10 percent) is difficult to measure accurately, so it must be estimated. Lake 
Evaporation Disadvantages: (1) Does not consider flow of heat through the bottom of the lake, which can be 
significant in shallow lakes; (2) does not account for effects due to radiative diffusivity, stability of the air, and 
spray; and (3) is strongly affected by the ability to evaluate the advective energy component. 

Frequency of Use: Well accepted for research applications. Not recommended for routine field applications and 
assessments. 

Standard Methods/Guidelines: --

Sources for Additional Information: Bowen (1926), Bras (1990), De Vries and Afgan (1975), Dunne and Leopold 
(1978), Robins (1965), Rosenberg et al. (1983), Sharma (1985), Thompson et al. (1989), U.S. Geological Survey 
(1982). See also, Table 8-3. 
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N S T III.42 H = RN = S + ET + K + + torage erms .......................... . 

in which H = heat budget, 
RN = net radiation, 

PLANT HEIGHT 

WATER VAPOUR ~ 

SENSIBLE HEAT I :> 

S = energy to soil heat, 
ET = energy used for evapotranspiration, 

K = sensible heat to air, and 
N = energy used by plant in photosynthesis. 

NET RADIATION 

(RN) 

SENSIBLE 
HEAT (K) 

1. TEMPERATURE CHANGE OF CROP 

WATER VAPOUR (ET) 

2 TEMPERATURE CHANGE OF MOIST AIR 
3. ABSOLUTE HUMIDITY CHANGES 
4. PHOTOSYNTHESIS (N) 

SOIL HEAT ( S) 

Figure 8.4.4 The heat budget equation and diagram of energy balance over a vegetated surface (Gray, 1973, after 
King, 1961). RM S, K, and N must be measured or estimated to solve for evapotranspiration. 
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8. VADOSE ZONE WATER BUDGET CHARACI'ERIZATION MEIHODS 

8.4 EVAPO'IRANSPIRATION (MICROME1EOROLOGICAL MEIHODS) 

8.4.5 Profile/Gradient Method 

Other Names Used to Describe Method: Aerodynamic/Vapor transfer method. 

Uses at Contaminated Sites: Indirect field method for estimating evapotranspiration (El). 

Method Description: The profile or p-adlent method relates the vertical gradients of humidity and horizontal 
wind velocity to the rate of evaporation or Ef from the underlying surface. Field measurements include: (1) 
The humidity gradient above the vegetative cover, and (2) wind proftles to estimate a momentum transfer 
coefficient (Km ). The turbulent transfer coefficient for water vapor (Ke) might need to be measured to 
determine an empirical coefficient in the equation used to calculate Ef to account for obseiVed differences 
between the two transfer coefficients. The Thomthwalte-Holtzman equation is the most widely used formula 
for calculating evaporation using this method. 

Method Selection Considerations: Advantages: (1) Once required coefficients have been determined, only 
windspeed and humidity gradient need be measured; and (2) works best in large, flat areas with uniform plant 
cover. Disadvantages: (1) Requires relatively complicated humidity and wind proftle measurements; (2) the 
turbulent transfer coefficient for water vapor (Ke) also must be measured, unless it can be assumed to equal the 
momentum transfer coefficient (Km); (3) is less suitable for areas that are aerodynamically unstable because of 
rough vegetation cover or topography; and (4) is less accurate than mass transfer and energy budget methods 
because calculation sensitivity of instruments is more critical for accurate results and errors are more likely from 
adverse boundary conditions. 

Frequency of Use: Sometimes used for short-term intensive studies, but not recommended for routine field 
applications and assessments. 

Standard Methods/Guidelines: --

Sources for Additional Information: Sharma (1985), Thompson et al. (1989), U.S. Geological SuiVey (1982), 
Veihmeyer (1964). See also, Table 8-3. 
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8. VADOSE ZONE WA1ER BUDGEf CHARACTERIZATION MEIHODS 

8.4 EVAPOTRANSPIRATION (MICROME1EOROLOGICAL MEIHODS) 

8.4.6 Eddy Correlation Method 

Other Names Used to Describe Method: Eddy flux method. 

Uses at Contaminated Sites: Indirect field method for estimating evaporation and evapotranspiration (E'I). 

Method Description: Accurate, closely spaced instantaneous measurements of vertical wind velocity and humidity 
are averaged over a period of 1/2 hour or more. Water vapor flux (E'I) is calculated from an equation relating 
deviations of humidity and vertical wind velocity from the mean. Extremely sensitive instrumentation, such as 
a propeller anemometer or sonic anemometer, is required for vertical wind measurements. Infrared hygrometry 
or wet-bulb/dry-bulb psychrometers usually are used for humidity measurements. On sloping surfaces, three
dimensional wind measurements are required. 

Method Selection Considerations: Advantages: Is the most direct means of measuring ET; (2) is independent of 
atmospheric conditions or types of underlying surfaces; (3) is accurate in low and high humidity environments. 
Disadvantages: Requires expensive and delicate instrumentation. 

Frequency of Use: Well accepted for short-term research applications. Not recommended for routine field 
applications and assessments. 

Standard Methods/Guidelines: --

Sources for Additional Information: Rosenberg et al. (1983), Sharma (1985), Thompson et al. (1989), U.S. 
Geological Survey (1982). See also, Table 8-3. 
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Table 8-l Reference Index for Hydrometeorological Data Collection and Measurement Methods 

Topic 

Climatic Data Sources/Uses 

Meteorological Tables 

General References 

EPA Guidance Documents 

Precipitation Gages/Samplers 

Precipitation Analysis 

Wind Speed/Direction 

Humidity 

Solar Radiation 

References 

Eder et al. (1989), Hatch (1988), Whiting (1975, 1976) 

Letestu (1966), List (1966) 

ASTM (1986), Berry et a). (1945), Brakensiek et al. (1979), Brock and Nicolaidis 
(1984), Brunt (1944), Fritschen and Gay (1979), Hardy and Fisher (1972), 
Huschke (1970), Lockhart (1989a), Malone (1951), Meteorological Office (1956), 
Monteith (1972), National Weather Service (1972, 1975), Spilhaus and Middleton 
(1973), Tanner (1963), UNESCO (1969), U.S. Army (1975), U.S. Geological 
SuiVey (1980), U.S. Weather Bureau (1955), WMO (1971, 1973, 1974, 1975), 
WMO-IASH (1965) 

U.S. EPA (1985, 1987a,b) 

Gilman (1964), Neff (1977), Purcell and Brown (1991), Simmons and Bigelow 
(1990) 

Butler (1957), DeWiest (1966), Kazmann (1988), Skeat (1969), Wisler and Brater 
(1959); Frequency/Probability Maps: Thomas and Whiting (1977), U.S. 
Department of Commerce (1961) 

ASTM (1985a, 1990), Finkelstein et al. (1986a,b), Hayashi (1987), Lockhart 
(1985a,b, 1987, 1989b), Snow et al. (1989), Steams (1985), Turner (1986) 

ASTM (1982, 1983, 1984a, 1985b), U.S. Weather Bureau (1963a), Wexler (1957, 
1965), Wexler and Brombacher (1951) 

ASTM (1984b), Carteret al. (1977), Coulson (1975), Elsasser and Culbertson 
(1960-atmospheric radiation table), Gates (1962), Kennedy (1949-pyrheliometers), 
Latimer (1972), Norris (1974), Selcuk and Yellott (1962), Suomi and Kuhn 
(1958); Estimation methods: Anderson and Baker (1967), Koberg (1964) 
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Table 8-3 Reference Index for Evaporation and Evapotranspiration Measurement Methods 

Topic 

Hydrology Texts Covering ET 

General Reviews 

References 

ASCE (1952), Branson et al. (1981), Bras (1990), DeWiest (1966), Dunne and 
Leopld (1978), Eagleson (1970), Gray (1973), Kazmann (1988), Linsley et al. 
(1949, 1982), Skeat (1969), Viessman et al. (1977), Wisler and Brater (1959); 
Symposia: Sokolow and Chapman (1974) 

Anderson et al. (1950), Barry (1973), Bennett and Linstedt (1978), Black et al. 
(1969), Brutsaert (1982), Christian et al. (1970), Criddle (1958), Doorenbos and 
Pruitt (1977), Evans (1962), Gangopadhyaya et al. (1966), Hamon (1961), Hanks 
and Ashcroft (1980), Hide (1954), Hillel (1982), Jensen (1974), Kittredge (1941), 
Levine (1959), Lowry and Johnson (1942), Monteith (1965), Robins (1965), 
Robins and Raise (1961), Rosenberg et al. (1968), Saxton and McGuiness (1982), 
Shanna (1985), Stephens and Stewart (1964), Tanner (1967, 1968), Thompsen et 
al. (1989), Thomthwaite (1948), U.S. Geological Survey (1982), Veihmeyer 
(1964), Webb (1975), WMO (1966) 

Water Balance Methods (See also, Tables 4-3 and 7-6) 

Lysimetric Methods 

Soil Moisture Budget 

Water Budget Methods 

Aboukhaled et al. (1982), Harrold (1966), Kohnke et al. (1940), Pelton (1961), 
Robins (1965), Tanner (1967), van Bavel (1961), Visser (1962); Nonweighable 
Lvsimeters: Colman and Hamilton (1947), Evans (1971), Gilbert and van Bavel 
(1954), Mather (1954), Patrie (1961), Robinson (1970), Stevenson and van Schaik 
(1967); Weighable Lvsimeters (see also, monolith lvsimeters, Table 9-4): Harrold 
and Dreibelbis (1951, 1958), Katul and Parlange (1992), Mustonen and 
McGuinness (1968), Pruitt and Angus (1960), Ritchie and Burnett (1968), 
Rosenberg et al. (1967), van Bavel and Myers (1962), van Bavel and Reginato 
(1965), van Hylckama (1966, 1968), Williamson (1963), Wind Hzn (1958); 
Hydraulic Lysimeters: Black et al. (1968), Dagg (1970), DeBoodt et al. (1966), 
Ekern (1967), Forsgate et al. (1965), Hanks and Shawcroft (1965); Lvsimeters 
(Unspecified): Blad and Rosenberg (1974), Blaney et al. (1930), King et al. 
(1956), Kittredge (1941), Makkink (1957), Martin and Rich (1948), McGuiness 
and Bordne (1972), Young and Blaney (1942); Microlysimeters: Abramova (1968), 
Al-Khafaf et al. (1978), Boast and Robertson (1982), Shawcroft and Gardner 
(1983), Staple (1974), Walker (1983) 

Bowman and King (1965), Bresler and Kemper (1970), DeBoodt et al. (1966), 
Hillel (1971), Idso et al. (1975), Jenson (1974), ligon (1969), Lomen and Warrick 
(1978), McGowan and Williams (1980), Rose (1966), Rose and Krishnan (1967), 
Slaytor (1967), Tanner (1967, 1968), van Bavel and Stirk (1967); Methods of 
Modulating Potential Rates to Predict Soil Moisture Withdrawal: Holmes (1961), 
Robertson and Holmes (1959), Taylor and Haddock (1956) 

Eagleson (1978a,b); Evaporation: Anderson (1954), Hanks et al. (1969), Harbeck 
and Kennon (1954), Horton (1943b), Langbein et al. (1951), McKay and Sticbling 
(1961), Winter (1981); Inflow-Outflow: Blaney et al. (1938, 1942), Jensen (1967), 
Lowry and Johnson (1942), Wilcox (1960), Yin and Brook (1992); 
Integration/Leaf Area Index Methods: Blaney et al. (1938, 1942), Hanks (1974), 
Jensen et al. (1970), Kristensen (1974), Raymond and Rezin (1989), Ritchie 
(1974); Watersheds: Hewlett et al. (1969), Lee (1970), Row and Reimann (1961), 
Williams (1940); Floodplains: Bowie and Kam (1968), Culler (1970), Gatewood et 
al. (1950), Hanson et al. (1972), Horton (1973-liteature review), Langbein (1942), 
Reigner (1966), Taylor and Nickle (1933) 
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Topic 

Water Balance Methods (cont.) 

Pan Evaporation 

Atmometers 

Ground-Water Fluctuation 

Transpiration 

Micrometeorological Methods 

General 

Empirical Ef Equations 

Table 8-3 (cont.) 

References 

ASCE (1934), Bouwer (1959), Doorenbos and Pruitt (1977), Gangopadhyaya et 
al. (1966), Jensen (1974), Kohler et al. (1955), McKay and Stichling (1961), 
Mortenson and Hawthorn (1934), Mukammal (1961), Mukammal and Bruce 
(1960), Nordenson and Baker (1962), Peck and Munro (1976), Pruitt (1960), 
Rohwer (1931, 1934), U.S. Weather Bureau (1955), Young (1947); Modified 
Energy Budget with Insulated Pan: Cummings (1940), Kohler and Parmele 
(1967), U.S.Geological Sutvey (1982); Pan Coefficients: ASCE (1934), Ficke et al. 
(1977), Hall (1934), Kohler (1954), Rohwer (1931, 1934), Sonmor (1963), State of 
California (1973), White (1932), Young (1947); Pan Evaporation Maps: Horton 
(1943a), Kohler et al. (1959); Ef Estimates from Pan Evaporation: Mortenson 
and Hawthorne (1934), Pruitt (1960), Pruitt and Jensen (1955), Robertson and 
Holmes (1956), Stanhill (1962), Yin and Brook (1992) 

Abbe (1935), Halkias et al. (1955), livingston (1935), livingston and Haasis 
(1929), Mukammal (1961), Mukammal and Bruce (1960), O'Connor (1955), 
Sonmor (1963), State of California (1973) 

Blaney et al. (1933), Davis and DeWiest (1966), Gatewood et al. (1950), Troxell 
(1936), Weeks and Sorey (1973), White (1932) 

Cohen et al. (1981), Jatvis et al. (1981), Koch et al. (1971), Reicosky and Peters 
(1977), Veihmeyer (1964). Also, U.S. Geological Sutvey (1982) contains over 50 
other references on methods for measuring or estimating transpiration. 

Cruff and Thompson (1967), De Vries and Afgan (1975), Ficke (1972), Halstead 
and Covey (1957), Hanks and Ashcroft (1980), Harbeck (1952), Hillel (1980, 
1982), Hughes (1967), Lemon et al. (1957), Penman (1963), Penman et al. (1967), 
Szeicz (1975), Tanner (1967, 1968), Thorn (1975), Van Wijk and De Vries (1954); 
Bare Soils: Black et al. (1969), Fuchs et al. (1969) 

Reviews: Bras (1990), Criddle (1958), Cruff and Thompson (1967), Eagleson 
(1970), Gray (1973), Jensen (1966a), Pierson and Jackman (1975), Pruitt and 
Doorenbos (1977), Robins and Raise (1961), Sharma (1985), Tanner (1967), 
Thompson et al. (1989), U.S. Geological Sutvey (1982), Veihmeyer (1964); 
Blaney-Morin/(Modified) Blaney-Criddle: Blaney (1959), Blaney and Criddle 
(1950, 1962), Blaney and Morin (1942), Blaney et al. (1952), Criddle (1958), Cruff 
and Thompson (1967), Dunne and Leopold (1978), Pruitt and Doorenbos (1977), 
State of California (1973), Stephens and Stewart (1964), U.S. Weather Bureau 
(1905), Yin and Brook (1992); Jensen-Raise: Jensen (1966b), Jensen and Raise 
(1963), Jensen et al. (1970); Thomthwaite: Dunne and Leopold (1978), Pelton et 
al. (1960), Stephens and Stewart (1964), Thornthwaite (1931, 1948), Thornthwaite 
and Mather (1955, 1957), Thomthwaite and Wilm (1944), Yin and Brook (1992); 
Others: Behnke and Maxey (1969), Benson et al. (1992), Christiansen (1968), 
Christiansen and Hargreaves (1969), Gardner (1958), Halkias et al. (1955), 
Harding et al. (1930), Hargreaves (1956), Hargreaves and Samani (1985), 
Holdridge (1962), Kincaid et al. (1979), Lowry and Johnson (1942), Makkink 
(1957), Munson (1962), Priestly and Taylor (1972), Ritchie (1972), Saxton and 
McGuiness (1982), Tanner and Jury (1976) 
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Topic 

Empirical Evaporation 
Equations 

Physically-Based Equations 

Mass-Transfer Methods 

Energy Budget Methods 

Profile/Gradient Method 

Eddy Correlation 

Table 8-3 (cont.) 

References 

Reviews: Bras (1990), Helfrich et al. (1982), McKay and Stichling (1961), 
Weisman (1975); Specific Equations: Harbeck (1962), Kohler (1954), Kohler et 
al. (1955), Kuzmin (1957), Marciano and Harbeck (1954), Meyer (1915, 1942), 
Rohwer (1931), Shulyakovsky (1969) 

Benson et al. (1992), Bras (1990), Businger (1956), Chiew and McMahon (1991), 
Cordova and Bras (1981), Crago and Brutsaert (1992), Duell (1990), Gray (1973), 
Katul and Parlange (1992), Lemur and Zhang (1990), McKay and Stichling 
(1961), Monteith (1963), Morton (1978, 1983, 1991), Penman (1948, 1956), Pruitt 
and Doorenbos (1977), Robins (1965), Rosenberg et al. (1983), Sharma (1985), 
Staple (1974), Tanner (1968), Tanner and Pelton (1960), Thompson et al. (1989), 
Turner (1957), U.S. Geological Survey (1982), van Bavel (1966), Veihmeyer 
(1964); Advection Aridity Evaporation Model: Brutsaert and Stricker (1979), 
l.emeur and Zhang (1990), Morton (1991), Parlange and Katul (1992); Soil 
Evaporation Loss Equations: Philip (1957, 1991); Lake Evaporation Equations: 
Goodling et al. (1976), Weisman and Brutsaert (1973) 

Evaporation: Brasklavskii and Vikulina (1954), Ficke (1972), Harbeck (1962), 
Harbeck et al. (1954, 1958), Hughes (1967), Jobson (1973), Marciano and 
Harbeck (1954), Munn (1961), Resch and Selva (1979), Richards and Irbe (1969), 
Sutton (1949), Sverdrup (1946), Thornthwaite and Holzman (1939), Turner 
(1966), Wunderlich (1972) 

Evaporation: Anderson (1954), levine (1959), McKay and Stichling (1961), 
Tanner (1960); Evapotranspiration: Angus and Watts (1984), Aston and van Bavel 
(1972), Black and McNaughton (1971), Blad and Rosenberg (1974, 1975), 
Denmead and Mcllroy (1970), Dennehy and McMahon (1989), Duell (1990), 
Fritschen (1965), Jackson et al. (1977), Kohler et al. (1955), lemon (1960), Munn 
(1961), Ohmura (1982), Pruitt (1963), Robins (1965), Tanner (1966, 1968, 1988), 
Webb (1975) 

Businger et al. (1971), Dyer (1963, 1965, 1974), King (1966), Marciano and 
Harbeck (1954), Pierson and Jackman (1975), Priestly (1959), Pruitt et al. (1973), 
Quinn (1979), Szeicz et al. (1969), Thornthwaite and Holzman (1939, 1942); 
Vapor Transfer Method: Pasquill (1949, 1950), Rider (1954, 1957), Rider and 
Robinson (1951), Tanner (1960), Veihmeyer (1964) 

Christian et al. (1970), Duell (1990), Dyer (1961, 1968), Easterbrook (1969), 
Gangopadhyaya et al. (1966), Goddard and Pruitt (1966), Goltz et al. (1970), 
Hicks (1973), Hicks et al. (1973), Jobson (1973), Swinbank (1951), Swinbank and 
Dyer (1967), Tanner (1966, 1988) 
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SECTION 9 

VADOSE ZONE SOIL-SOLUTFIGAS SAMPUNG AND MONITORING METHODS 

Monitoring of soil water in the vadose zone can serve as an early warning system at controlled waste 
disposal sites that contaminants are entering the subsurface, and can allow actions to be taken before 
contaminants reach the saturated zone. Methods for sampling and monitoring the vadose zone can be broadly 
categorized as: (1) Indirect (surface geophysical methods and probes that focus on measuring variations in soil 
salinity), and (2) direct (in which soil water is collected directly in the field, or extracted from samples of soil 
solids). 

Indirect Soil Salinity Measurements 

A variety of methods are available for locating and monitoring areas of high soil salinity. These 
methods primarily have been developed for agricultural applications to identify saline soils and control irrigation 
flows where soluble salts can affect crop productivity. Table 9-1 summarizes information on six indirect methods 
for monitoring soil salinity. The four-probe electrical method is a direct application of the electrical resistivity 
surface geophysical method (Section 1.2.1), with electrode configurations that measure near-surface resistivity. 
The electromagnetic induction sensor is an instrument that is specifically designed to measure conductivity in the 
near surface. The other indirect methods involve placement of probes or sensors in the subsurface. The main 
advantage of indirect methods is that data can be collected quickly. The main disadvantages are: (1) Instruments 
must be calibrated for each soil type by collection of samples where salinity is measured directly to obtain 
quantitative measurement of soil salinity; and (2) actual chemical constituents that are contributing to soil salinity 
cannot be determined. The four-probe electrical and porous matrix soil salinity sensors are the most commonly 
used indirect methods. 

Direct Soil Solute Sampling Methods 

The U.S. Environmental Protection Agency is placing increasing emphasis on vadose zone soil solute 
sampling as an early warning system to detect movement of contaminants before they reach the saturated zone 
(Cullen et al., 1992; Durant et al., 1993). Three major types of soil water can be identified in the context of 
sampling soil water: (1) Macropore or gravitational water, which flows through the soil relatively rapidly in 
response to gravity (excess of 0.1 to 0.2 bars suction); (2) soil-pore or capillary water, which is held in the soil 
at negative pressure potentials from around 0.1 to 31 bars of suction; and (3) hygroscopic water that is held at 
tensions greater than 31 bars suction. Soil-pore water moves through the vadose zone, but at much slower rates 
than gravitational water (see discussion of potential-conductivity relationships in Section 6.3.1), whereas 
hygroscopic moves primarily in the vapor form. The term soil solute or solution sampling has been used loosely 
in the literature to describe most sampling methods, whereas the term soil pore liquid is typically used in a more 
restricted sense (and is so used here) to apply to sampling of capillary water. The chemistry of soil solute 
sampling methods can differ significantly, depending the method used. Concentrations of inorganic species 
generally increase as the matric potential increases. In general, ceramic soil suction samplers (which use suctions 
up to around 0.8 bars) will collect samples that are most representative of the soil solution for the purpose of 
evaluating contaminant transport. 

There are a large number of specific methods by which soil water can be sampled. Suction samplers 
draw water from the soil by applying a vacuum. A variety of free-drainage samples collect water percolating 
through the soil by gravity flow. Other methods include: (1) Use of absorbent materials with retrieval and 
extraction of water in the laboratory, (2) collection of soil solids with extraction of soil water in the laboratory 
by a variety of methods, and (3) preparation of a soil saturation extract from a solids sample. Table 9-1 
summarizes some information on six types of suction samplers, seven methods of collecting samples by free 
drainage, and four miscellaneous methods. Table 9-1 also lists collection of soil solids for volatile constituents 
and soil microorganisms in the vadose zone. 

The main advantages of suction samplers is that they are relatively easy to install, and there are 
essentially no limitations to the depth of sampling when a vacuum-pressure apparatus is used. The main 
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Table 9·1 Summary Information on Soil Solute Monitoring and Sampling Methods 

Method 

Indirect Salinity Measurement Methods 

Four Probe Electrical 
Portable EC Probe 
In Situ EC Probe 
Porous Matrix Salinity Sensors 
Electromagnetic Induction Sensor 
Dielectric Sensors 
Time Domain Reflectometry Sensor 
Neutron Probe 

Direct Soil Solute Sampling Methods 

Vacuum-Type Porous Cup 
Vacuum-Pressure Porous Cup 
Vacuum High-Pressure Porous Cup 
Vacuum-Plate Sampler 
Membrane Filter 
Hollow Fiber 
Ceramic Tube Sampler 
Capillary Wick Sampler 
BAT Sampler 

Trench Lysimeter 
Caisson Lysimeter 
Pan Lysimeter 
Glass Block Lysimeter 
Wicking Type Sampler 
Tile Drain Outflow 
Perched Water Table 
Nylon Sponge 
Ceramic Rod 
Solid Soil Water Extraction 
Soil Saturation Extract 
SEAMIST 

Methods for Sampling Sensitive Soil Constituents 

Static Soil-Gas Sampling 
Soil-Gas Probes 
Tank Leak Sensors 
Soil Volatiles/Microorganisms 

Boldface = Most commonly used methods. 

Sampling 
Method 

Resistivity 
Resistivity 
Resistivity 
Resistivity 
Conductivity 
Dielectric 
Dielectric 
Nuclear 

Suction 
Suction 
Suction 
Suction 
Suction 
Suction 
Suction 
Capillary 
Suction 

Gravity" 
Gravity 
Gravity 
Gravity 
Gravity 
Gravity 
Gravity 
Absorbent 
Absorbent 

Slurry 
Absorbent 

Absorbent 
Suction 
Various 
Core 

Depth 
Limitation 

Near surface 
1.5 m 
None 
None 
2m 
2 m• 
Up to 20m 
None 

2m 
45ft 
300ft 
2 m• 
1-4mb 
2 m• 
2 m• 
d 

45ft 

d 

3m+ 
d 

d 

d 

50+ ft 
None 
Near surface 
Near surface 
None 
None 
100s ft 

Near Surface 
I 

l)'pically <2m 
I 

Chapter 
Sections 

9.1.1, 1.2.2 
9.1.2 
9.1.2 
9.1.3 
9.1.4, 1.3.1 
9.1.4, 6.2.3 
9.1.4, 6.2.4 
3.3.3, 6.2.2 

9.2.1 
9.2.2 
9.2.2 
9.2.3 
9.2.4 
9.2.5 
9.2.6 
9.2.7 
5.5.2 

9.3.1 
9.3.1 
9.3.1 
9.3.1 
9.3.1 
9.3.1 
9.3.2 
9.3.3 
9.3.3 
9.3.4 
9.3.5 
9.3.7 

9.4.1 
9.4.2 
9.4.3 
9.3.6 

"With vacuum sampling apparatus; greater depths would be possible using vacuum-pressure sampling system. 
bUpper limit would require modification of system to use vacuum-pressure sampling apparatus. 
•sample is collected by free-drainage in all gravity samplers, but suction can be used to bring sample to the surface. 
dDepth limited by the depth to which a hole or trench can be safely dug for installation of sampler in the sidewall; typically 2 meters 
or less. 
•various methods can be used to extract soil water from a sample: Squeezing, displacement, displacement/centrifugation, 
centrifugation, and adsorption. 
'Depends on density of subsurface material and method of penetration/coring. Soil gas probes used with cone penetration rigs 
(Sections 2.2.2, 5.5.1, and 5.5.2) can penetrate 100 to 150 feet with favorable soil conditions; greater depths are possible if holes are 
drilled before insertion of the soil gas probe. Coring depth limits are defined by the type of drilling/coring method used (Sections 2.3 
and 2.4). 
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disadvantage of suction samplers is that they might not collect representative samples. Sampling for organic 
chemicals, microorganisms, volatile chemicals, and metals is especially problematic due to potential 
sorption/interferences by the porous cup. Vacuum-type and vacuum-pressure type porous cup samplers are by 
far the most commonly used types of suction samplers. The main advantage of free-drainage samplers is that 
relatively large volumes of water, which is representative of water that is actually percolating to deeper zones, 
is obtained. The main disadvantages are that installation procedures are time consuming and complex and 
limited to relatively shallow depths. Trench lysimeters with pan collectors are the most commonly used free
drainage samplers. Figure 9-1a illustrates generic vadose zone monitoring installations for an existing hazardous 
waste landfill and Figure 9-1b illustrates generic vadose zone monitoring installations for a new surface 
impoundment. Capillarywicksamplers (Section 9.2.7) are a relatively new development, which appear to have 
good potential for collecting more representative samples of soil solutions than either porous cup or free
drainage samplers in the near surface. 

Gaseous Phase Characterization 

Sampling of soil gases (volatile contaminants or gases such as methane and carbon dioxide, which are 
indicators of increased microbial activity resulting for organic contaminants) has gained rapid acceptance as a 
method for preliminary mapping of contaminant plumes in ground water, and monitoring of underground storage 
tanks. Contaminant plume mapping can be done either by passive sampling, where absorbent collectors are 
buried for a period of time and retrieved for laboratory analysis (Section 9.4.1), or by using soil-gas sampling 
probes (Section 9.4.2). Various types of sensors can be used to detect leaks in underground storage tanks 
(Section 9.4.3). Monitoring of air pressure (Section 9.4.4) and measurement of air permeability (Section 9.4.5) 
might be required for modeling the transport of contaminants in the vadose zone. 

Contaminant Flux 

Section 9.5.1 (Solute Flux Methods) briefly describes four methods for estimating the mass transfer of 
pollutants from the vadose zone to ground water, and Section 9.5.2 (Soil-Gas Flux) describes several methods 
for estimating soil-gas flux to the atmosphere. 
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Figure 9-1 Vadose zone monitoring systems: (a) Generic monitoring design for existing hazardous waste landfill; (b) 
Water quality monitoring design for a new surface impoundment (Everett et al., 1983). 
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9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPUNG AND MONITORING METIIODS 

9.1 SOLUTE MOVEMENT (INDIRECf METIIODS) 

9.1.1 Four Probe Electrical Resistivity 

Other Names Used to Describe Method: Four electrode technique/sensors. 

Uses at Contaminated Sites: Measuring in situ soil salinity in the shallow vadose zone; locating brine and chloride 
plumes; estimating water content. 

Method Description: A Wenner four probe electrode array (see Section 1.2.1) is used to detect areas of low 
electrical resistivity (high conductivity) in the soil. For a given soil type, electrical conductivity of the bulk soil 
and electrical conductivity of the saturation extract from the soil are directly related. Once a calibration curve 
has been developed (requiring multiple measurements ofboth soil conductivity and saturation extract conductivity 
at different locations in a single soil type), soil conductivity measurements can be related to saturation extract 
conductivity, which in tum can be related to salinity (see references in Table 9-2). 

Method Selection Considerations: Advantages: (1) Is a nondestructive method (once calibration constants have 
been calculated); (2) readings are obtained rapidly and inexpensively; (3) is useful for detecting the presence of 
shallow saline ground water; (4) horizontal variations in salinity can be easily measured by lateral transects; (5) 
vertical changes in salinity can be evaluated by changing the electrode spacing; and (6) a large volume of soil can 
be measured compared to other methods. Disadvantages: (1) Obtaining calibration relationships can be tedious; 
(2) accuracy decreases in layered soils; (3) time-series monitoring is difficult due to the requirement of making 
multiple traverses; (4) is generally limited to shallow depths; (5) does not provide data on specific pollutants; and 
(6) will not detect pollutants that do not change the electrical conductivity of the subsurface. Water Content 
Measurement: Moisture content can be estimated from four electrode resistivity measurements if salinity, 
temperature, and bulk density can be quantified, and calibration curves are developed, however, other simpler 
and more reliable methods generally are used (see Sections 6.2 and 6.3). 

Frequency of Use: Commonly used for identification of saline soils in agricultural studies. DC resistivity methods 
for detecting conductive contaminant plumes in the deeper subsurface are described in Section 1.2.1. 

Standard Methods/Guidelines: Salinity: Rhoades and Oster (1986); Water content: Morrison (1983). 

Sources for Additional Information: Everett et al. (1983). See also, Table 9-2. 
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9. VADOSE ZONE SOIL-SOLUIE/GAS SAMPLING AND MONITORING METIIODS 

9.1 SOLUIE MOVEMENT (INDIRECT METIIODS) 

9.1.2 EC Probes 

Other Names Used to Describe Method: Four-electrode salinity probe, electrical conductivity probe*, portable 
salinity probe, burial type salinity probe, four-electrode conductivity cell. 

Uses at Contaminated Sites: Obtaining small volume soil salinity measurements. 

Method Description: A cylindrical portable probe containing electrodes at fixed spacing is attached to a rod with 
a handle (Figure 9.1.2a). A hole the same diameter as the probe is augered, and resistivity is measured at 
successive depths. Alternatively, a specially dedicated burial-type probe is placed permanently in the ground with 
a cable running to the surface for periodic measurements (Figure 9.1.2b)• Calibration of probes is similar to the 
calibration method for the four probe electrical method (Section 9.1.1). The four-electrode conductivity cell is 
a variant of this approach, in which and undisturbed soil core is collected using a removable lucite columnar 
insert in a soil-core sampler. The lucite section is removed from the sampler aild segmented to form individual 
cells. Electrodes are inserted into the soil through threaded holes in the lucite cell walls and resistivity is 
measured. 

Method Selection Considerations: Advantages: (1) Salinity changes with depth in stratified soils can be measured; 
(2) burial probe measurements can be taken at a greater depth than with four electrode method; (3) in-place 
units allow easy monitoring of changes in salinity with time; ( 4) are well suited for mapping and diagnosis as well 
as monitoring; (5) compared to salinity sensor probes, are more versatile, durable, less subject to calibration 
change, and respond to changes in salinity with less time lag; and (6) can be used to measure different soil 
volumes. Disadvantages: (1) Developing individual calibration relationships for each strata is time consuming 
and expensive; (2) use is limited to relatively shallow depths; and (3) provide no data on specific pollutants nor 
will probes detect pollutants that do not change the electrical conductivity of the subsurface. 

Frequency of Use: Primarily used for land treatment areas and irrigated fields. 

Standard Methods/Guidelines: Portable probe: Rhoades and van Schilfgaarde (1976), Rhoades et al. (1977); 
Burial probe: Rhoades (1979). 

Sources for Additional Information: Everett et al. (1983). See also, Table 9-2. 

*This probe actually measures resistivity, but measurements typically are reported in its reciprocal, conductivity. 
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Figure 9.1.2 Electrical conductivity probes: (a) Schematic illustrating the principle of a soil-salinity probe (Rhoades 
and van Schilfgaarde, 1976, by pennissi011); (b) Installation of in situ soil salinity sensor (Morrison, 
1983). 
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9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METIIODS 

9.1 SOLU1E MOVEMENT (INDIRECf METIIODS) 

9.1.3 Porous Matrix Salinity Sensors 

Other Names Used to Describe Method: Ceramic salinity sensors, in situ salinity sensors. 

Uses at Contaminated Sites: Monitoring soil salinity; detennining dispersion coefficients from salinity gradients 
and evapotranspiration; measuring water content measurement. 

Method Description: Electrodes and thennistors embedded in porous ceramic are placed in the soil. Many types 
of sensors have been developed. Figure 9.1.3a illustrates a cylindrical sensor, and Figure 9.1.3b a square salinity 
sensor. The specific conductance is measured when the soil solution equilibrates with the ceramic. As with the 
four probe electrical and EC probe, calibration curves that relate signal to salinity and/or water content must be 
developed to relate conductivity readings to salinity. Temperature also must be measured and used to develop 
calibration relationships. 

Method Selection Considerations: Most suitable for land treatment areas and irrigated fields. Could be installed 
below ponds before they are filled with water. Advantages: (1) Are simple, easily read and sufficiently accurate 
for salinity monitoring; (2) readings are taken at same depth and location each time; (3) vertical migration of 
saline water can be monitored by installing units at different depths; and (4) output can be interfaced with data 
acquisition systems. Disadvantages: (1) Are more subject to calibration changes than the four-electrode method; 
(2) are more expensive and less durable than four-electrode method; (3) time lag in response to changing salinity 
can be several days; (4) cannot be used at soil-water pressures less than about -2 bars; (5) soil disturbance during 
installation can affect results (salinity readings will be lower compared to undisturbed soil if disturbed soil has 
greater leaching due to increased penneability); and (6) does not provide data on specific pollutants. 

Frequency of Use: Commonly used in agricultural research where continuous monitoring of soil salinity is 
required. 

Standard Methods/Guidelines: Rhoades and Oster (1986), Richards (1966). 

Sources for Additional lnfonnation: Morrison (1983). See also, Table 9-2. 
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Figure 9.1.3 Soil salinity sensors: Cylindrial (a); Square (b) (Morrison, 1983, after Enfield and Evans, 1%9, by 
permission). 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METHODS 

9.1. SOLUTE MOVEMENT (INDIRECf METHODS) 

9.1.4 Electromagnetic Sensors 

Other Names Used to Describe Method: Electromagnetic induction sensor, inductive electromagnetic soil 
conductivity meter, soil conductivity sensor, EM soil salinity sensor, time domain reflectometry (TDR)/dielectric 
sensors. 

Uses at Contaminated Sites: Monitoring soil salinity. 

Method Description: The EM soil salinity sensor uses the principles of electromagnetic induction (see Section 
1.3.1) to measure electrical conductivity in the soil rooting zone (1 to 2 meters). EM instruments are designed 
for measurement of conductivity of the near surface. Dielectric sensors (Section 6.2.3) and time domain 
reflectometry (Section 6.2.4) measure the dielectric properties of the subsurface using probes that transmit and 
receive electromagnetic signals. 

Method Selection Considerations: EM Soil Salinity Sensor Advantages: (1) Equipment is very portable and easy 
to use; (2) direct contact with the ground is not necessary; and (3) continuous measurements are possible. EM 
Soil Sensor Disadvantages: Depth of penetration is limited to 1 to 2 meters. Time Domain Reflectometry has 
the advantage of allowing measurement of both moisture content and electrical conductivity (see Section 6.3.4 
for additional discussion of advantages and disadvantages). 

Frequency of Use: EM soil salinity sensors are used primarily for agricultural applications for measuring salinity 
of the soil rooting zone and locating saline seeps. TDR sensors are relatively new but have gained rapid 
acceptance. 

Standard Methods/Guidelines: --

Sources for Additional Information: Salinity sensors: See Table 9-2. TDR: Kachonoski et al. (1992); see also, 
references listed in Table 6.3. 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METIIODS 

9.2 DIRECT SOIL-SOLU1E SAMPLING (SUCTION METIIODS) 

9.2.1 Vacuum-Type Porous Cup 

Other Names Used to Describe Method: Suction/soillysimeter, tension lysimeter, soil-water extractors 

Uses at Contaminated Sites: Sampling of soil pore liquids in the vadose zone to characterize contaminated sites 
or provide early warning of break-through of pollutants at controlled disposal sites. 

Method Description: A porous cup or plate (usually ceramic but other materials, such as alundum, fritted glass, 
and nylon can be used*) is attached to a small diameter tube (usually PVC), which is placed in the soil, making 
sure that there is good contact with the soil material. A one-hole rubber plug is placed in the other end of the 
tube and small diameter tubing beginning at the base of the ceramic cup runs through the hole to the surface 
(Figure 9.2.1a). A vacuum is applied to the small tubing and the soil solution is drawn into a small flask. 
Tensiometers (Section 6.1.1) can be installed in the vicinity to determine that amount of suction that should be 
applied during sampling. Figure 9.2.1b illustrates the use of vacuum-type porous cup lysimeters in a barrel 
lysimeter. A purge-and-trap device at the surface (Figure 9.2.1c) can be used for collection of volatiles from 
suction samplers. 

Method Selection Considerations: Advantages: (1) Allows direct sampling of soil water; (2) successive samples 
can be obtained from the same depth; (3) is inexpensive and simple; and (4) can be installed below shallow 
impoundments and landfills prior to construction for monitoring of seepage when the facility is operating. 
Disadvantages: (1) Generally is limited to depths less than 6 feet; (2) is limited to soil water pressure less than 
air entry value of the cups ( -1 atmosphere or -30 kPa), so will not work in very dry or frozen soils; (3) small 
volumes sampled might not be representative; (4) only samples pore water, water moving through cracks and 
macropores might have different chemical composition (can be overcome by also using zero suction samplers 
[Section 9.3.1]); (5) suction might affect soil-water flow patterns, so installation of tensiometers is required to 
determine the correct vacuum to apply; (6) samples might not be representative of pore water because method 
does not account for relationships between pore sequences, water quality and drainage rates; (7) contact between 
cup and soils difficult to maintain in very coarse textured soils, such as gravels, and exposure to freeze-thaw might 
break contact with soil; (8) cup might be plugged by solids or bacteria; (9) chemistry of solute might be altered 
in passage through cup (sorption of metals, ammonia, chlorinated hydrocarbons); (10) PTFE cups have relatively 
limited operational ranges (up to 7 centibars); (11) dead space, where fluid in the cup is not brought to the 
surface, might occur if the discharge tube hangs up on the lip of the cup during installation, and some PTFE 
samplers have a permanent dead space; (12) generally is not suitable for bacterial sampling due to screening and 
adsorption; and (13) heavy metals might be sorbed on the porous-cup matrix. 

Frequency of Use: Very common where near-surface sampling is required. 

Standard Methods/Guidelines: ASTM (1992). 

Sources for Additional Information: See Table 9-3. 

*Teflon also has been used as a material for suction lysimeters, but is not currently recommended because of 
problems with low bubbling pressure (AS'IM, 1992). 
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Figure 9.2.1 Vacuum-type porous cup lysimeters: (a) Conventional system (Everett et al., 1983); (b) A barrel 
lysimeter with vacuum porous cup samplers installed within a hazardous waste land treatment facility 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METIIODS 

9.2 DIRECT SOIL-SOLU1E SAMPLING (SUCTION METIIODS) 

9.2.2 Vacuum-Pressure Type Porous Cup 

Other Names Used to Describe Method: Suction/soillysimeter, high pressure-vacuum type porous cup sampler, 
deep pressure vacuum lysimeter, ceramic points. 

Uses at Contaminated Sites: Sampling of soil pore liquids in the vadose zone to characterize contaminated sites 
or provide early warning of break-through of pollutants at controlled disposal sites. 

Method Description: Vacuum-pressure type: Similar to vacuum type porous cup, except that a second line is 
placed in the porous-cup-tipped tube, which ends just below the stopper. The shorter line is connected to a 
pressure-vacuum source. When the unit is in place, a vacuum is applied to draw soil water into the sampler. 
Then pressure is applied to push the sample into the flask. Figure 9.2.2a illustrates installation of two vacuum 
pressure lysimeters in the same hole at two levels. The high pressure-vacuum type sampler is similar to the 
vacuum-pre8sure type device, except that the sampler is divided into two chambers connected by the line with 
a one-way valve (Figure 9.2.2b). When vacuum is applied, the soil solute is pulled into the upper chamber. 
When pressure is applied to drive the sample into the container at the surface, the one-way valve prevents any 
of the sample from being pushed out the porous cup. Nightingale et a!. (1985) have developed a pressure 
vacuum-type sampler suitable for both saturated and unsaturated conditions that uses a standpipe rather than 
a check valve to keep the sample from being forced back into the soil when pressure is applied. With 
modifications, conventional ceramic porous-cup soil-solution samplers can be used to sample volatile organic 
compounds in the soil solution (Wood et al., 1981 [see Figure 9.2.1c]). 

Method Selection Considerations: In most cases, ceramic vacuum-pressure lysimeters will be the method of 
choice. Advantages: All the same advantages of the vacuum-type sampler (Section 9.2.1), plus: (1) Can be used 
at depths below the suction lift of water (down to 50 feet for vacuum-pressure type and down to 300 feet for high 
pressure-vacuum type); and (2) several units can be installed in the same borehole for sampling soil water at 
different depths. Disadvantages: Same as for vacuum-type sampler (Section 9.2.1) plus: Some solution is forced 
back through the walls of the cup when pressure is applied. The high pressure-vacuum type sampler overcomes 
this problem. 

Frequency of Use: Probably the most commonly used method for soil-solute sampling. 

Standard Methods/Guidelines: ASTM (1992), Everett (1990), Rhoades and Oster (1986), U.S. EPA (1986). 

Sources for Additional Information: See Table 9-3. 
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Figure 9.2.2 Vacuum-pressure lysimeters: (a) Clustered vacuum-pressure suction cup lysimeters in a single borehole 
(Everett et al., 1983, after Hounslow et al., 1978); (b) High pressure-vacuum suction cup sampler 
(Everett et al., 1983). 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPI.JNG AND MONITORING METIIODS 

9.2 DIRECf SOIL-SOLU1E SAMPI.JNG (SUCTION METIIODS) 

9.2.3 Vacuum-Plate Samplers 

Other Names Used to Describe Method: Alundum tension plate. 

Uses at Contaminated Sites: Sampling of soil pore liquids in the vadose zone to characterize contaminated sites 
or provide early warning of break-through of pollutants at controlled disposal sites. 

Method Description: Principles are the same as porous cup samplers (Sections 9.2.1 and 9.2.2) except the 
geometry of the porous material is different. The vacuum plate consists of an Alundum or ceramic disc (range 
from 4.3 to 25.4 centimeters in diameter) attached to an extraction vacuum extraction tube (Figure 9.2.3). 
Installations reported in the literature use a vacuum sampling apparatus, but a vacuum-pressure system (Section 
9.2.2) could be used as well. Installation is similar to that described in Section 9.3.1 for trench lysimeters. 

Method Selection Considerations: Advantages and disadvantages essentially are the same as for porous cup 
suction samplers (Section 9.2.1 and 9.2.2) with the added advantage that a large sample volume can be obtained 
without disrupting adjacent flow pattern, and the added disadvantage that trench installation procedures are more 
complicated 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: ASTM (1992). 

Sources for Additional Information: See Table 9-3. 
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Figure 9.2.3 Vacuum-plate lysimeter (Morrison, 1983, after Cole, 1958, by permission). 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METIIODS 

9.2 DIRECf SOIL-SOLU1E SAMPLING (SUCfiON METIIODS) 

9.2.4 Membrane Filter 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Sampling of soil pore liquids in the vadose zone to characterize contaminated sites 
or provide early warning of break-through of pollutants at controlled disposal site. 

Method Description: A membrane filter (polycarbonate or cellulose acetate) and a glass fiber prefilter are 
mounted in a Swinnex-type filter holder (used for filtration of fluids delivered by a syringe [see Figure 9.2.4a]). 
Installation involves digging a hole to the desired depth (up to 4 meters), and placing glass fiber collectors in the 
bottom of the hole (Figure 9.2.4b). Glass fiber discs that fit within the filter holder are placed on the fiber 
collectors and provide a wicking action between the collectors and the filter holder assembly (Figure 9.2.4c). The 
filter holder is placed in the hole, making sure that the glass fiber prefilter in the holder is in contact with the 
''wick" discs. The hole is then backfilled. The sample is drawn through a flexible tube attached to the filter 
holder using suction. The prototype (Stevenson, 1978) has been used at depths to 1 meter using suction 
apparatus similar to vacuum-type porous cup samplers (Section 9.2.1). Theoretically, installation could be as 
deep as 4 meters using a vacuum-pressure type apparatus for fluid collection. 

Method Selection Considerations: Advantages: (1) Membrane filter is better for determining phosphorus 
concentrations than porous cup samplers; (2) samples are less susceptible to being drawn back into the soil when 
soil-moisture tension exceeds the vacuum in the sampler; (3) can be manufactured from inexpensive, readily 
available materials; (4) the wick-collector system provides contact with a relatively large soil area; and (5) 
satisfactory sampling rates can be maintained even when parts of the collector sheet become blocked by fine 
particles. Disadvantages: (1) Installation procedure is more complex than for porous-cup sampler; (2) under very 
dry soil conditions, the membrane dries out and rapid vacuum loss occurs; (3) depending on the membrane filter 
composition and manufacturer, a variety of contaminants, such as nitrogen, carbon particulate matter, and 
sodium, might be contributed to samples (thorough rinsing with distilled water can minimize these contributions); 
and (4) clogging by bioftlm growth is a problem on cellulose acetate membranes (can be controlled, in part, with 
treatments of silver nitrate and sodium chloride). 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: ASTM (1992), Stevenson (1978). 

Sources for Additional Information: See Table 9-3. 
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9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METHODS 

9.2 DIRECT SOIL-SOLUTE SAMPLING (SUCTION METHODS) 

9.2.5 Hollow Fiber 

Other Names Used to Describe Method: Cellulose-acetate hollow fiber sampler, hollow fiber filters. 

Uses at Contaminated Sites: Sampling of soil pore liquids in the vadose zone to characterize contaminated sites 
or provide early warning of break-through of pollutants at controlled disposal sites. 

Method Description: To date, this method has been applied only to soil cores and blocks in the laboratory. 
Bundles of semipermeable fibers (cellulose-acetate, or hollow fibers produced from a noncellulosic polymer 
solution) are installed vertically or horizontally (Figure 9.2.5) in a soil core by inserting them down a thin 
diameter (0.3 centimeter) metal tube. Once the fibers have been pushed into the core, the tube is withdrawn. 
The fibers also can be placed in a perforated length of PVC tubing that is pushed into place. The hollow fibers 
are attached to a vacuum pump and suction is applied (based on readings from separately installed tensiometers) 
to collect the soil solution. 

Method Selection Considerations: Not recommended for use in the field at this time due to lack of field testing 
(Everett, 1990). Advantages: (1) The fibers used have been designed to function as molecular sieves, allowing 
more precise selection of pore size (macrosolute rejection levels from 500 to 300,000 molecular weight); (2) 
installing hollow fibers for solute sampling from laboratory core studies requires Jess disturbance than porous 
ceramic cup samplers; and (3) encasing a fiber bundle within a perforated plastic tube allows installation of a 
sampling unit along a long horizontal axis. Disadvantages: (1) Horizontal installation is difficult in the field; (2) 
cellulose acetate fibers might screen nitrate-nitrogen, phosphorus, and potassium; (3) biological clogging of fibers 
is a potential problem; ( 4) suitability for sampling metal and organic contaminants has not been evaluated; and 
(5) has a narrow operating range (20 to 50 centibars) because large pore diameters result in low bubbling 
pressure. 

Freguency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 9-3. 
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Figure 9.2.5 Schematic of experimental hollow fiber sampling system (Levin and Jackson, 1977, by permission). 

9-20 



9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING MElHODS 

9.2 DIRECT SOIL-SOLU1E SAMPLING (SUCTION MElHODS) 

9.2.6 Ceramic Tube Sampler 

Other Names Used to Describe Method: Ceramic filter candle, vacuum (trough) extractor. 

Uses at Contaminated Sites: Sampling soil pore liquids in the rooting zone. 

Method Description: The sampling device is similar to the vacuum-type porous cup sampler, except that a porous 
ceramic candle (around 12 inches long and 1 inch in diameter) is used instead of a porous cup. Installation 
requires excavation of a vertical trench to below the depth of the rooting zone to provide a work area, as well 
as further excavation of a horizontal cavity at the desired depth of sampling. The filter candle assembly is placed 
horizontally in a galvanized sheet metal trough that has the approximate dimensions of the horizontal cavity 
(Figure 9.2.6). The trough is filled with soil and the assembly is placed in the horizontal hole. Contact with the 
soil above the trough is ensured by the use of an air pillow or mechanical jack. Sampling is accomplished by 
using a separately installed tensiometer to measure soil-water tension, and using a vacuum in the system to 
induce soil-water flow into the trough and candle at the same rate as the surrounding soil. A small diameter tube 
attached to the other end of the filter candle and extending to the work area in the vertical trench allows 
rewetting, if necessary. 

Method Selection Considerations: Advantages: (1) Allows direct sampling of soil water; (2) successive samples 
can be obtained from the same depth; and (3) samples both pore water and water flowing through macropores 
that is intercepted by the trough. Disadvantages: The same as for vacuum-type porous cup samplers, except that 
disadvantages 4 and 6 do not apply, and the added disadvantage of being more difficult to install. 

Frequency of Use: Uncommon, has mainly been used for sampling of irrigation return flow. 

Standard Methods/Guidelines: Duke and Raise (1973). 

Sources for Additional Information: See Table 9-3. 
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Figure 9.2.6 Filter candle sampling setup (Everett et al., 1983, after Hoffman et al., 1978). 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPI..JNG AND MONITORING ME1HODS 

9.2 DIRECT SOIL-SOLU1E SAMPI..JNG (SUCTION METIIODS) 

9.2. 7 Capillary Wick Sampler 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Soil pore liquid sampling. 

Method Description: Capillary wick samplers combine elements of the pan lysimeter (Section 9.3.1) and hollow 
fiber samplers (Section 9.2.5). A pan with a glass cloth is inserted in the soil below the soil column to be 
sampled (Figure 9.2. 7). Lengths of fiberglass wick are placed in contact with the absorbent material in the pan 
and suspended vertically over a sampling bottle. When wetted, the wicks apply a continuous tension to the soil 
pore water equivalent to the wick length (up to -6.0 kPa). The collection chamber can be buried and samples 
periodically collected through a tube to the surface using a suction sampler (Figure 9.2. 7), or the collection bottle 
can be accessed through a trench installation as with pan lysimeters (Figure 9.3.1a). 

Method Selection Considerations: Advantages: (1) Continuous solute samples can be obtained from unsaturated 
soil without applying suction, minimizing possible affects on volatile contaminants (trench installations); and (2) 
samples might be more representative of water moving through the soil than samples collected by suction 
samplers or free-drainage samplers because they can collect soil water from both saturated and unsaturated 
pores. Disadvantages: (1) Installation is somewhat more complex than for free drainage samplers (Section 9.3.1); 
(2) solute characteristics might be altered as the solute travels up the wick; (3) is limited to relatively shallow 
installations (generally 2 meters or less in undisturbed soil); and (4) only custom-built, experimental samplers 
have been tested to date. 

Frequency of Use: Relatively new method that has not been widely tested. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 9-3. 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPUNG AND MONITORING METIIODS 

9.3 DIRECI' SOIL-SOLU1E SAMPUNG (OTIIER METIIODS) 

9.3.1 Free-Drainage Samplers 

Other Names Used to Describe Method: Zero-tension samplers, tension-free lysimeter, pan lysimeter, collection 
lysimeter/manifold collector, trench lysimeter, caisson lysimeter, free-drainage glass block sampler, pan-type 
collectors, wicking-type sampler. 

Uses at Contaminated Sites: Sampling water percolating through the vadose zone; measuring hydraulic 
conductivity/solute flux. 

Method Description: Free-drainage samplers, which intercept and collect water flowing in saturated pores or 
fractures for delivery to a sample container, are installed in the soil, commonly at depths of interest in the side 
of a trench or buried culvert. Two major types of installations are possible: (1) Open trench or caisson (Figures 
9.3.1a and b respectively), in which permanent access exists and in which samples are usually collected by simple 
gravity feed, and (2) buried trench, in which the access trench is backfilled after installation and samples are 
brought to the surface using a suction method (Figure 9.3.1c). Various designs have been developed, including 
stainless steel troughs, sand-filled funnels, and hollow glass blocks. Geotextile fabric can be used for wicking 
action. In each case, gravity drainage creates a slightly positive pressure at the soil-sampler interface, allowing 
the. soil water to drip into the sampler. The collection of ground-water outflow from tile drains is another way 
to obtain samples that have recently moved from the vadose zone to the saturated zone. A variant in the tile 
drain collection method is a collection lysimeter, also called a manifold collector, installed at the based of a 
sanitary landfill to collect leachate (Figure 93.1d). 

Method Selection Considerations: Advantages: (1) A larger volume of soil can be sampled compared to suction 
samplers, and the defined surface area might allow quantitative estimates of leachate flux; (2) samples include 
water moving through both large and small pores and are representative of the soil solute that is actually 
percolating to greater depths without disturbing natural flow patterns; (3) have less possibility of chemical 
alteration or loss of volatile compounds from the sample compared to porous-cup samplers; and (4) sampling 
is continuous without the need for externally applied vacuum. Disadvantages: (1) Installation procedures are 
time-consuming and complex; (2) samples will not be collected unless gravity flow is occurring; (3) installation 
under impoundments generally is not feasible; (4) if collection surfaces are not installed perfectly level, a sump 
or collection area can result in dead space where the soil water cannot be removed; (5) if the collection surface 
is uneven, the potential exists for cross contamination from residual samples; and (6) safety considerations might 
limit the depth to which trench lysimeters can be installed. Tile Drain/Collection Lysimeter Advantages: Existing 
tile drains require no installation, and manifold collectors are relatively easy to install where new landfill pits are 
excavated. Tile Drain/Collection Lysimeter Disadvantages: (1) NAPLs might not appear in tile drain outflow 
because they remain above the drain (light NAPLs) or might flow along the bottom of the perched water zone 
(dense NAPLs); (2) is limited to shallow depth for economic reasons; and (3) the presence of air in the tile lines 
might alter the chemistry of water flowing into the drain. 

Frequency of Use: Relatively uncommon. 

Standard Methods/Guidelines: ASTM (1992). 

Sources for Additional Information: Wicking-type sampler: Hornby et al. (1986); Trench pan lysimeter: U.S. 
EPA (1986); Pan lysimeter with tension plate: Shaffer et al. (1979); Free-drainage glass-block sampler: Everett 
(1990); Collection lysimeters: Sai and Anderson (1991). See also, Table 9-3. 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METIIODS 

9.3 DIRECf SOIL-SOLU1E SAMPLING (OTIIER METIIODS) 

9.3.2 Perched Water Table 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Characterizing and monitoring vadose zone soil pore liquid. 

Method Description: Perched ground water is sampled as representative of water that has percolated through 
the vadose zone. For shallow perched ground water, samples can be obtained by installing wells (Figure 9.3.2a), 
piezometer nests (Section 5.4.3), or multilevel samplers (Section 5.6.1), or by installing a tile drainage system and 
sampling at the outlet. Deeper perched ground water can be obtained by sampling cascading water in existing 
wells, or by constructing special wells (Figure 9.3.2b). Wells or piezometers screened in perched aquifers are 
sampled using the appropriate portable ground-water sampling device (see Section 5). 

Method Selection Considerations: Advantages: (1) Larger sample volumes are obtained compared to suction and 
extraction methods (particularly desirable when sampling for organics and viruses); (2) samples are more 
representative than point samples obtained by suction and extraction methods, because they reflect the integrated 
quality of water draining from the overlying vadose zone; (3) is cheaper than installing deep wells with batteries 
of suction samplers; ( 4) can be located near ponds and landfills without concern about causing leaks; and (5) 
nested piezometers and multilevel samplers can be used to delineate the vertical and lateral extent of plumes and 
hydraulic gradients (see Sections 5.4 and 5.6). Disadvantages: (1) Perched zones must be present in the area 
of concern; (2) detection of perched water deep in the subsurface can be expensive, requiring test wells or 
geophysical methods; (3) some perched ground water is seasonal and might dry up (backup systems, such as 
described by Nightingale et al. [1985], are recommended in this situation [see Section 9.2.2]); (4) is most suitable 
for diffuse sources, such as land spreading areas or irrigated fields; and (5) multilevel sampling is restricted to 
shallower depths where vacuum pumping is possible. 

Frequency of Use: Commonly used, if perched water table is present. 

Standard Methods/Guidelines: Sampling from cascading wells: Wilson and Schmidt (1978). 

Sources for Additional Information: Everett et al. (1983). See also, Table 9-3. 
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Figure 9.3.2 Perched water table sampling: (a) Well in perched water table; (b) Cascading water in an idle well 
(Wilson and Schmidt, 1978, b)' permission). 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METIIODS 

9.3 DIRECT SOIL-SOLU1E SAMPLING (OTIIER METIIODS) 

9.3.3 Absorbent Methods 

Other Names Used to Describe Method: Cellulose nylon sponge, ceramic rods or points. 

Uses at Contaminated Sites: Collecting of soil pore liquids in the vadose zone. 

Method Description: Absorbent methods use the ability of a porous material to absorb soil pore water. Cellulose 
nylon sponge: A sponge is place within a trough, which is positioned against the ceiling of a horizontal tunnel 
by a series of three-lever hinges. When the sponge has absorbed a certain volume of pore water, the trough is 
withdrawn and the sponge is placed in a moisture-tight container. In the laboratory, the solution is extracted 
from the sponge using rollers. Ceramic rods: Tapered ceramic rods or points (90 by 12 millimeters [Figure 
9.3.3]) are prepared by boiling in distiiled water, drying, and storage in a desiccator. In the field, the rods are 
taken out, weighed, and driven into the surface soil. After a period of time, the rods are withdrawn and weighed 
to determine the volume of absorbed water. The points are leached by boiling them in a known volume of 
distilled water. The solution is analyzed and the original pore water concentration determined from the ratio 
of water absorbed by the ceramic to the volume of boiling water. Section 9.3.7 describes uses of absorbent 
collectors with the SEAMIST system. 

Method Selection Considerations: Advantages: No clear advantages over alternative methods. Disadvantages: 
(1) Require near saturated conditions; (2) procedures are relatively complex; (3) representativeness of samples 
extracted from porous points is questionable. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Ceramic points: Shimshi (1966); Sponge: Tadros and McGarity (1976). 
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Figure 9.3.3 A point made from a discarded ceramic pressure plate used for collecting soil solute samples by 
absorption; units in millimeters (Shimshi, 1966, by permission). 
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9. VADOSE ZONE SOIL-SOLUIE/GAS SAMPLING AND MONITORING ME1HODS 

9.3 DIRECT SOIL-SOLUIE SAMPLING (OTIIER ME1HODS) 

9.3.4 Solids Sampling with Soil-Water Extraction 

Other Names Used to Describe Method: Squeezing press, pressure extraction press/filter press, soil press. 

Uses at Contaminated Sites: Soil pore water and/or solute sampling during site characterization; soil solute 
monitoring where suction methods will not work. 

Method Description: Soil core samples are collected and soil water is extracted in the field or (more typically) 
the laboratory by one of a number of methods. Column displacement uses an immiscible fluid that displaces soil
pore water in a soil column by gravity. Centrifugation uses a double bottom centrifuge to remove soil water. 
The displacement/cen1rifugation method uses a combination an immiscible fluid and a centrifuge. Soil water 
also can be obtained by squeezing (Figure 9.3.4) or vacuum extraction. The resulting liquid is then analyzed for 
constituents of interest. 

Method Selection Considerations: Advantages: (1) Vertical profiles of concentrations of specific pollutants can 
be obtained; (2) identification of variations of ionic concentrations in layered sequences is possible; and (3) solids 
samples can be used for additional analyses, such as grain size, cation exchange capacity, etc. Disadvantages: 
(1) A large number of samples is required to characterize spatial variability of soil solutes; (2) is expensive if 
deep sampling is required; (3) changes in soil-water chemistry might occur during preparation and extraction; 
(4) soil-water samples represent concentrations of moisture content at the time of sampling, ionic concentrations 
would be different at other moisture contents; (5) is a destructive method, which precludes comparing successive 
sampling results due to soil variability; (6) core holes might alter infiltration patterns and cause short-circuiting 
of pollutants to greater depths; and (7) the chemistry of soil water from various extraction methods might differ 
from the chemistry of soil pore liquid collected using suction and free-drainage samplers (especially if greater 
pressures are used). 

Frequency ofUse: Sometimes used during site characterization; rarely used for monitoring because of destructive 
nature of sampling. 

Standard Methods/Guidelines: Squeezing: AS'IM (1985). 

Sources for Additional Information: See Table 9-3. 
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Figure 9.3.4 Filter press and chamber assembly for pore water extraction (Luscynski, 1961). 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METHODS 

9.3 DIRECf SOIL-SOLU1E SAMPLING (OTHER MEIHODS) 

9.3.5 Solids Sampling with Soil-saturation Extract 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Measuring water-soluble contaminants and soil minerals. 

Method Description: Solids samples are collected using tube samplers or augers, and the electrical conductivity 
of a saturation extract (prepared in the field or laboratory) is measured. The electrical conductivity 
measurements are then interpreted in terms of salinity and other properties (Rhoades et al., 1989b,c) 

Method Selection Considerations: Advantages: (1) Is a simple procedure; and (2) provides a measure ofleaching 
potential from a soil sample. Disadvantages: (1) A large number of samples is required to characterize spatial 
variability of soil solutes; (2) is expensive if deep sampling is required; (3) changes in soil-water chemistry might 
occur during preparation and extraction; (4) sample saturation extract might not be representative of actual soil 
solution moving through the vadose zone; (5) is a destructive method, which precludes comparing successive 
sampling results due to soil variability; (6) core holes might alter infiltration patterns and cause short-circuiting 
of pollutants to greater depths; and (7) the chemistry of soil-saturation extracts will not be comparable to soil 
pore liquid collected using suction and free-drainage samplers. 

Frequency of Use: Commonly used in arid and semi-arid areas where soluble salt concentrations in soils are high. 

Standard Methods/Guidelines: Rhoades (1982), SCS (1984, Section 8E). 

Sources for Additional Information: See Table 9-3. 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METHODS 

9.3 DIRECT SOIL-SOLU1E SAMPLING (OTHER METHODS) 

9.3.6 Solids Sampling for Volatile and Microbial Constituents 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Collecting uncontaminated samples for constituents that might be sensitive to 
exposure to air. 

Method Description: Special sampling procedures are required for sampling contaminants that can change in 
concentration (degassing of volatile compounds) or chemical composition (redox-sensitive chemical species, such 
as ferrous and ferric iron) when exposed to the air. Similar care is required when sampling for microbiota in 
the subsurface, especially where oxygen content is low (typically in the zone of saturation). Even where exposure 
to the air is not a concern for microbiological sampling (typically in the vadose zone), special care is required 
to make sure that the sample has not been cross contaminated with soil microorganisms from higher soil 
horizons. The basic procedure involves collection of subsamples of power-driven sample cores (Section 2.4), 
using smaller diameter corers. Figure 9.3.6a shows suggested locations for microbial and volatile samples from 
a core. Samples for volatiles should be quickly transferred to the sample container and sealed with no air 
headspace in the container. Where cores contained anaerobic bacteria and chemical species of concern that are 
in a reduced state, samples need to be extracted in an oxygen-free environment. Figure 9.3.6b shows a plexiglass 
field glove box for collecting such samples. Sample containers are sterilized and filled with an inert gas such as 
nitrogen. In the field, the sealed containers are placed in the field glove box, before the box is filled with 
nitrogen. The core sample is pushed into the box through an iris port, and a core paring tool is used to collect 
subsamples in the oxygen-free environment for placement in sample containers. 

Method Selection Considerations: Required whenever accurate measurement ofvolatiles and microorganisms 
in soil samples is necessary. The more complex glove box procedure should be used when accurate identification 
of reduced metal species and/or anaerobic microorganisms is required. 

Frequency of Use: Relatively uncommon. Should probably be used more commonly. 

Standard Methods/Guidelines: Dunlap et al. (1977), Leach et a!. (1988). 

Sources for Additional Information: Beeman and Suflita (1989), Board and Lovelock (1973), Bordner et al. 
(1978), Gilmore (1959), Phelps et a!. (1989), Russell et al. (1992) 
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Figure 9.3.6 Solids sampling for microbiological and volatile contaminants: (a) Core subsample (Dunlap et al. 
1977); (b) Field sampling glove box (Leach et al., 1988, by permission). 
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9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METIIODS 

9.3 DIRECf SOIL-SOLU1E SAMPLING (OTifER MElHODS) 

9.3. 7 SEAMIST. 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Sampling of soil-pore liquids and soil gases; measuring air permeability; might 
eventually be adapted for ground-water sampling. 

Method Description: SEAMIST (§cience and HtJgineering A,ssociates Membrane Instrumentation and §ampling 
Iechnique) is a recently developed system that involves the placement of a membrane packer in an open 
borehole (Figure 9.3.7a-c). Soil-gas sampling ports attached to flexible tubing are attached to the membrane to 
create an in situ multilevel sampling system (Figure 9.3.7d). Multilevel soil pore liquid sampling is accomplished 
by the placement of absorbent collectors on the outside of the membrane, with leads for measuring electrical 
resistance running up the inside of the membrane (Figure 9.3.7d). Stabilization of the resistance readings sexves 
as an indicator that the absorbent pad has equilibrated with the moisture content of the borehole wall. The 
flexible membrane is then retrieved by a reversal of the process shown in Figure 9.3.7a-c, and the absorbent pads 
are removed for fluid extraction in the laboratory (see Section 9.3.3). 

Method Selection Considerations: Advantages: (1) A unit supports the hole wall against the sloughing, 
eliminating the need for casing and backfllling, provided the borehole is basically stable; (2) multi-level soil-pore 
liquid and gas sampling from the same borehole is possible, and the method potentially can be used with any type 
of instrumentation that can be fastened to the membrane fabric; and (3) materials are relatively inexpensive, 
allowing permanent installation, if desired. Disadvantages: (1) Cannot be used in unstable boreholes (i.e., 
heaving sands); and (2) is a new technique for which there has been relatively little experience or independent 
testing. 

Frequency of Use: New method for which there is relatively little experience. The U.S Department of Energy 
is providing research and development funding for this technique. 

Standard Methods/Guidelines: --

Sources for Additional Information: Keller (1991, 1992), Keller and Lowry (1990, 1991), Lowry and Narbutobskih 
(1991), Mallon et al. (1992). 
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Figure 9.3.7 The basic operation of the SEAMIST system: (a) Insertion of packer; (b) Emplacement of membrane; 
(c) Enlarged view of bottom emplaced membrane (Lowry and Narbutovskih, 1991, by permission); (d) 
Collection of pore liquid with an absorbent pad and pore gas via an evacuated tube (Keller and Lowry, 
1990). 



9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPUNG AND MONITORING METHODS 

9.4 GASEOUS PHASE CHARACfERIZATION 

9.4.1 Soil-Gas Sampling (Static) 

Other Names Used to Describe Method: Passive sampling. 

Uses at Contaminated Sites: Detecting volatile contaminants in the unsaturated zone. 

Method Description: Static sampling can be done in two ways. First, an in situ adsorbent (usually an activated 
charcoal rod) is buried in the soil for a few days to weeks (Figure 9.4.1a and b). The adsorbent is retrieved and 
analyzed for volatile organic compounds in a laboratory by mass spectrometry or gas chromatography. Second, 
static grab samples are collected from containers placed in the soil surface, which collect quiescent soil-gas 
samples. These samples usually are analyzed in the field using portable analytical instruments (see Sections 
10.3.1 and 10.3.2). 

Method Selection Considerations: Advantages: (1) Is inexpensive and easy to install; (2) laboratory analysis 
usually provides more precise measurement than field measurement of dynamic samples; (3) if sorption capacity 
of the sampler is not exceeded, average flux of contaminants to the surface can be calculated; and (4) field 
operations require minimal training. Disadvantages: (1) Is sensitive to exposure time and insufficient exposure 
might result in a false negative and overexposure (saturation of sorbent) might mask relative difference in soil-gas 
contamination at different sampling locations; (2) vertical profiles of soil-gas concentrations are more difficult 
to obtain than with soil probes; (3) results using in situ absorbent samplers are not available for days to weeks 
because desorption and laboratory analysis are time consuming; and {4) might not be appropriate for VOCs that 
have low boiling points ( <5 degrees C) or compounds that are prone to thermal decomposition during pyrolysis. 

Frequency of Use: Common. 

Standard Methods/Guidelines: AS'IM (1991a). 

Sources for Additional Information: Vroblesky et al. (1992); see also, references for Section 9.4.2. 
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Activated charcoal-coated wire (Kerfoot and Barrows, 1987). 



9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METHODS 

9.4 GASEOUS PHASE CHARACfERIZATION 

9.4.2 Soil-Gas Probes 

Other Names Used to Describe Method: Dynamic grab samples, headspace sampling. 

Uses at Contaminated Sites: Detecting and monitoring of volatile organic contaminants in the unsaturated zone. 

Method Description: Dynamic soil-gas grab samples are collected from a moving stream of soil gas, which is 
pumped through a hollow probe that is driven into the soil (Figure 9.4.2a), or from permanently installed tubes 
at one or more levels in the soil (see Figure 5.5.2c). The probes can be manually or pneumatically driven, or 
installed in boreholes. Relatively nonvolatile NAPLs can be detected using steam injection (Figure 9.4.2b). The 
samples usually are analyzed in the field using portable analytical instruments. Grab samples usually are taken 
at the same depth at a number of surface locations for areal characterization of soil-gas concentrations. Where 
the vadose zone is thick, or discontinuous impermeable layers exist at a site, samples can be taken at different 
depths at the same location in order to define vertical changes in soil-gas concentration. An adaptation of the 
method has been used to detect zone of contaminated discharge to streams using bottom sediment gas bubbles 
(Figure 9.4.2c). 

Method Selection Considerations: Advantages: (1) Is a nondestructive method; (2) hollow-probe samplers allow 
collection of multiple samples in a relatively short period of time; (3) when combined with on-site gas 
chromatography, results are available in a matter of minutes; and ( 4) problems associated with handling and 
transporting gas samples are minimized. Disadvantages: (1) Grab-sampling results are highly depth dependent 
and sampling results might be misleading if the correct depth is not sampled (based on site-specific factors, such 
as moisture conditions, air-fllled porosity, and depth to ground water, and compound-specific factors, such as 
solubility, volatility, and degradability); (2) dynamic sampling perturbs local VOC concentrations as a result of 
pumping to retrieve sample; and (3) nonvolatile contaminants, if present, will not be detected. Table 9.4.2 
provides specifications for a variety of commercially available soil-gas sampling probes. 

Frequency of Use: Widely used for preliminary site characterization where volatile contaminants are known or 
suspected. 

Standard Methods/Guidelines: ASTM (1991a). Probe and well sampling: Ford et al. (1984). 

Sources for Additional Information: API (1985, 1991), Devitt et al. (1987), Kerfoot (1991), Kerfoot and Barrows 
(1987), Pitchford et al. (1988), Rector (1991-radon detection), Robbins (1990), Vroblesky and Lorah (1991). 
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Figure 9.4.2 Dynamic soil-gas sampling systems: (a) Soil vacuum withdrawal (Pitchford et al., 1988); (b) Response 
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Table 9.4.2 Commercial Sources for Soil-Gas Sampling Probes and Tank Leak Monitor Systems 

MANUFACTURER 

AGAR 
7131464-4451 
ARTS MANUFACTURING & SUPPLY 
2081226-2017. 8001635-7330 
ATLANTIC SCREEN & MANUFACTURING 
3021684-3197 
E L E INTERNATIONAUSOIL TEST PRODUCTS 
708/295-9400. 800/323-1242 
ENVIRONMENTAL INSTRUMENTS 
510/686-4474, 800/648-9355 
ENVIRONMENTAL MONITORING 
206/486-8687, 800/468-3106 
FLUID COMPONENTS 6191744·6950, 8001854-1993 
FLUID CONTROLS 2051851-6000, 8001462-0860 
H N U SYSTEMS 
6171964-6690. 8001724-5600 
HIGHLAND TANK & MANUFACTURING 814;893-5701 
IN-SITU 3071742-8213, 8001446-7488 
INVENTRON 
3131473-9250 
KECK INSTRUMENTS 5171655-5616, 800/542-5681 
LEAK-X 2121822-6767, 800/336-5325 
M S A, INSTRUMENT DIV. 
800/672-4678 
M T S SYSTEMS. SENSOR DIV. 
919/677-0100,800/457-6620 
MAGNETEK B W CONTROLS 313/435-0700 
MARLEY PUMP/RED JACKET 
913/831-5700, 800/468-7867 
NEOTRONICS OF NORTH AMERICA 
7061535-0800. 800/535-0606 
OMNIDATA INTERNATIONAL 8011753·7760 
ONE PLUS, LEAK EDGE DIV. 708/498-0955 
PETRO VEND 
708/485-4200 

PLASTIC FUSION FABRICATORS 
2051534-0694, 800/356-1480 
POLLULERT SYSTEMS 
317/328-4020, 800/343·2126 
REMEDIAL SYSTEMS 
508/543· 1 51 2 
SOLINST CANADA 416/873-2255 
TELEDYNE ANALYTICAL 818/961 ·9221 
THERMO ENVIRONMENTAL INSTRUMENTS 
508/520-0430 
TRACER RESEARCH 6021888-9400, 800/989-9929 
U.S. INDUSTRIAL PRODUCTS 213/926·9477 
UNITED SENSORS 516/253-0500 
UNIVERSAL SENSORS & DEVICES 
818/998-7121, 800/899-7121 
VEEDER ROOT 
203/651-2700 
WARRICK CONTROLS 
31 3/545-251 2, 8001776-6622 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METHODS 

9.4 GASEOUS PHASE CHARACfERIZATION 

9.4.3 Tank/Pipeline Leak Sensors 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Detecting leaks in underground storage tanks and pipelines. 

Method Description: Numerous techniques have been developed to detect leaks in underground storage tanks 
and pipelines (Figure 9.4.3). Inventory monitoring involves identification of discrepancies in tank storage 
between additions and withdrawals and can be accomplished by manual tank gauging and reconciliation, statistical 
reconciliation, or using automatic gauging systems. Various methods can be used for soil or ground-water release 
detection: (1) Sampling of detection wells, (2) soil sampling, (3) using dyes and tracers, and (4) surface 
geophysics. Vadose zone vapor detection methods include: (1) Grab sampling or soil coring, (2) surface flux 
chambers (see Section 9.5.2), (3) downhole flux chambers; (4) accumulator systems, and (5) soil-gas probe testing 
(Section 9.4.2). Secondary containment with interstitial monitoring provides one of the safest leak detection 
methods because any releases are prevented from entering soil or ground water. Physical test methods include 
visual inspection using remote cameras (see Section 3.5.7) and tightness testing of tanks and piping. Over 90 leak 
detection systems are available that involve detection of organic vapors as an indication that underground storage 
tanks are leaking. Vapor wells and U-tubes are commonly used. More than 200 liquid hydrocarbon and 
hydrocarbon vapor detectors or sensors are available. Sensor systems can range from systems with alarms that 
go off when vapors are detected to systems that monitor product flow into and out of the tank and identify 
discrepancies that might be related to leakage. Table 9.4.2 provides information on a number of commercia11y 
available tank leak monitor systems. 

Method Selection Considerations: The appropriate state and/or federal regulations should be consulted to 
determine the types of leak detection systems that should be used. 

Frequency of Use: Standard requirement for any new installation of underground storage tanks containing 
hydrocarbons and other potentially hazardous liquids. 

Standard Methods/Guidelines: ASTM (1991b, 1993). 

Sources for Additional Information: Boone et al. (1991), Cochran (1987), Durgin and Young (1993), Eckert and 
Maresca (1992), Eklund and Crow (1987), Fromme et al. (1991), Lyman and Noonan (1990), Maresca and 
Hillger (1991), Maresca et al. (1991), Morrison and Mioduszewski (1986), Niaki and Broscius (1986), Portnoff 
et al. (1991), Scheinfeld and Schwendeman (1985), Scheinfeld et al. (1986), Schwendeman and Wilcox (1987), 
Starr et al. (1991b). 
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1 - Groundwater Monitoring 

2 - Vapor Monitoring 

3 - Secondary Containment with Interstitial Monitoring 

4 - Automatic Tank Gauging 

5 - Tank Tightness Testing with Interstitial Monitoring 

6 - Manual Tank Gauging 

7 - Leak Detection for Suction Piping 

8 - Leak Detection for Pressurized Piping 

Figure 9.4.3 Examples of leak detection methods for tanks and piping (Floyd, 1993). 
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9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METHODS 

9.4 GASEOUS PHASE CHARACIERIZATION 

9.4.4 Air Pressure 

Other Names Used to Describe Method:--

Uses at Contaminated Sites: Can be used as an indirect expression of soil structural properties because an air 
pressure buildup usually affects the relative magnitude of the air permeability and hydraulic conductivity, which 
are both indices of soil structure. 

Method Description: Various types of manometers can be used, including: (1) Pressure transducers, (2) fluid 
manometers, and (3) aneroid barometers. The manometer is attached to an air-filled access tube that is placed 
in the soil (Figure 9.4.4). Changes in air pressure with time are measured in response to events like wetting of 
a dry soil. Care must be taken to ensure that the access tube fits tightly in the surrounding soil. 

Method Selection Considerations: Fluhler et al. (1986) consider soil-air pressure to be one of the most frequently 
neglected variables in soil physics research. Air pressure measurements might have value for site 
characterization, but their utility have not be evaluated in this context. 

Frequency of Use: Uncommon. 

Standard Methods/Guidelines: F1iihler et al. (1986). 

Sources for Additional Information: --
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Figure 9.4.4 Diagram of a soil air pressure gauge (Fiiihler et al., 1986, by permission). 
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9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING METHODS 

9.4 GASEOUS PHASE CHARACfERIZATION 

9.4.5 Gas Permeability and Diffusivity 

Other Names Used to Describe Method: Air permeability. 

Uses at Contaminated Sites: Measuring gas permeability and diffusivity for modeling vapor transport in the 
vadose zone and designing vapor extraction remediation systems. 

Method Description: The process of testing for air permeability is analogous to a multiple-well ground-water 
pumping test (Section 4.3.2). A vacuum is applied to a "pumping" well, with a screened interval in the soil zone 
of interest while changes in air pressure with time are monitored in pressure probes placed in the subsurface 
(Figure 9.4.5a). Johnson et al. (1990) provide formulas for calculating air permeability from the measured data. 
Baehr and Hult (1991) describe a more complex installation using multi-level pressure probes and two pumping 
wells separated by a confming bed. Section 7.4.4 describes use of air permeability in the deep vadose zone to 
estimated hydraulic conductivity. Gas diffusion is the principle mechanism for exchange of gases between the 
soil and the atmosphere, and hence is of interest for evaluating the potential for movement of volatile 
contaminants from the soil to the air. Gas diffusivity is measured in the field by injecting a known concentration 
of the gas of interest into a sealed cylinder (Figure 9.4.5b). The air in the confined space above the soil is kept 
stirred with a fan run by a hand drill, and the chamber is sampled over time to determine the change in gas 
concentration. Diffusivity is then calculated based on the decrease in concentration of the gas with time. A 
prototype probe for measuring gas diffusivity in a borehole has also been developed (Figure 9.4.5c). 

Method Selection Considerations: If measurement of either air permeability or gas diffusivity is required, use 
of either method is relatively straightforward. 

Frequency of Use: Will become increasingly common, especially where vapor extraction remediation activities 
are involved. 

Standard Methods/Guidelines: Air permeability: ASTM Draft Standard Practice for Determining Air 
Permeability in Soils (Nielsen, 1991); Corey (1986-laboratory measurement using cores); Gas diffusivity: Rolston 
(1986a). 

Sources for Additional Information: Baehr and Hult (1991), Bakker and Ridding (1970), Corey (1957, 1986), 
Evans and Kirkham (1949), Groenewoud (1968), Grover (1955), Havlena and Stephens (1992), Izadi and 
Stephenson (1992), Johnson et al. (1990), Kearl et al. (1990), Kirkham (1946), Lowry and Narbutobskih (1991), 
Marrin et al. (1991), Pirkle et al. (1992), Reeve (1953), Rogers and Nielsen (1991), Springer et a!. (1991), 
Stonetrom and Rubin (1989), Weeks (1978), Weinig (1992); Diffusion: Jellick and Schnabel (1985), Kearl et a!. 
(1988), Rolston et al. (1991). 
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Figure 9.4.5 Air permeability and gas diffusivity: (a) Schematic of air permeability test system (Johnson et al, 199G, 
by permission); (b) Schematic diagram of a field diffusion apparatus (Rolston et al., 1991); (c) 
Illustration of equipment configuration for in situ borehole gas diffusion measurements (Kearl et al., 
1988). 
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9. VADOSE ZONE SOIL-SOLU1E/GAS SAMPLING AND MONITORING METHODS 

9.5 CONTAMINANT FLUX 

9.5.1 Solute Flux Methods 

Other Names Used to Describe Method: Various solute flux methods are available: (1) Average concentration 
method, (2) approximate analytic solution method, (3) long-term flux estimation method, and (4) short-term 
water and solute movement estimation method. 

Uses at Contaminated Sites: Estimating the mass transfer of pollutants from the vadose zone to ground water. 

Method Description: Several methods are available to calculate solute flux individual constituents or parameters 
of interest Average concentration method: Soil-water concentrations from direct samples obtained using one 
of the methods described in this section for two different times are averaged. Average flux over the time period 
can be calculated using estimates of water flux during the same time period (using methods described in Section 
7.5). Approximate analytical solution method: This is similar to the average concentration method, except an 
approximate analytic solution that considers diffusion-dispersion is used to estimate solute concentrations rather 
than measuring them directly. This method requires monitoring of soil-moisture changes with time (Section 6.3), 
adding a solution to the soil with known concentration, and estimating average water flux (Section 7.5). Long 
term solute Dux estimation method: This is a simplified water balance method (see Section 7.5.1) requiring 
sampling of soil water at selected depth intervals at two times using one of the direct soil-water sampling methods 
discussed in this section. Short-term water and solute Dux estimation method: This is a relatively complex 
method estimating peak solute concentration in the rooting zone after infiltration and redistribution of the soil 
water to field capacity. 

Method Selection Considerations: These methods primarily have been developed for agricultural applications 
to calculate flux of nutrients and soluble salts in soil. The average concentration method is the simplest method, 
with potential use for mass balance analysis of pollutants at contaminated sites, provided that water flux can be 
estimated. The other methods require field water-budget measurements of varying complexity and are of 
relatively limited applicability to contaminated sites. 

Frequency of Use: Commonly used in agricultural applications; use at contaminated sites increasing. 

Standard Methods/Guidelines: Brown et al. (1983), Wagenet (1986). 

Sources for Additional Information: Parker and Van Genuchten (1984), Philip (1973), Roth et al. (1990), U.S. 
EPA (1975). 
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9. VADOSE ZONE SOIL-SOLUTE/GAS SAMPLING AND MONITORING MElli ODS 

9.5 CONTAMINANT FLUX 

9.5.2 Soil-Gas Hux 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Quantifying sources and sinks of gases within the soil; evaluating soil microbial 
activity; measuring the rate of flow of gases from volatile subsurface contaminants to the surface. 

Method Description: Various methods have been developed: (1) Gas samples taken at different depths and over 
a period of time are collected and flux is calculated using Pick's law; (2) a closed chamber is placed over the soil 
surface and the increase in concentration of gas within the chamber is measured as a function of time (Figure 
9.5.2); and (3) a capped cylinder is driven into the ground surface (flow-through chamber method). Ambient 
air is drawn through the chamber and concentration of the gas of interest is measured in both the input and 
output streams. 

Method Selection Considerations: These methods primarily have been used in research related to gases of 
interest for agriculture (nitrogen and carbon dioxide). 

Frequency of Use: Relatively common. 

Standard Methods/Guidelines: Ball and Smith (1991), Rolston (1986b). 

Sources for Additional Information: Aulach et al. (1991), Gholson et al. (1989), Loftfield et al. (1992), Matthias 
et al. (1980). 
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Figure 9.5.2 Diagram of closed chamber for directly measuring gas flux at the soil surface (Rolston, 1986b, after 
Matthias et al., 1980, by permission). 

9-51 



Table 9-2 Reference Index for Indirect Methods for Monitoring Solute Movement 

Topic 

OveiViews 

EC.Salinity Calibration 

Four Electrode 

ECProbes 

Salinity Sensors 

EMI Sensors 

References 

Everett et al. (1982. 1983), Kaufman et al. (1981), Rhoades (1978, 1984), Rhoades 
and Oster (1986), Wilson (1983), Yadav et al. (1979) 

Bottraud and Rhoades (1985), Gupta and Hanks (1972), Halvorson et al. (1977), 
Klute and Letey (1958), Mualem and Friedman (1991), Rhoades (1980, 1981), 
Rhoades et al. (1976, 1977, 1989a-c, 1990), Shainberg et al. (1980), van Hoom 
(1980) • 

Austin and Rhoades (1979), Bohn et al. (1982), Cameron et al. (1981), Halvorson 
and Reule (1976), Halvorson and Rhoades (1974, 1976), Nadler (1981, 1991), 
Nadler and Frenkel (1980), Nadler et al. (1984, 1990), Rhoades and Halvorson 
(1977), Rhoades and Ingvalson (1971), Roux (1978), van Hoom (1980); Soil 
Moisture: Bunnenberg and Kuhn (1980), Edlefson and Anderson (1941), Kirkham 
and Taylor (1950) 

Nadler et al. (1982), Rhoades (1979), Rhoades and Halvorson (1977), Rhoades 
and van Scbilfgaarde (1976), Shea and Lutbin (1961) 

Austin and Oster (1973), Enfield and Evans (1969), Ingvalson et al. (1970, 1976), 
Kemper (1959), Oster and Ingvalson (1967), Oster and Willardson (1971), Oster 
et al. (1973, 1976), Reicosky et al. (1970), Rhoades (1972), Rhoades and Oster 
(1986), Richards (1966), Todd and Kemper (1972), U.S. Soil Salinity Staff (1981), 
Wesseling and Oster (1973), Wierenga and Patterson (1974), Wood (1978a), 
Yadav et al. (1979); Temperature Correction Coefficients: Campbell et al. (1948), 
Richards (1954), Richards and Campbell (1948), Whitney and Means (1897) 

Cameron et al. (1981), Cook and Walker (1992), Cotwin and Rhoades (1982, 
1984), de Jong et al. (1979), Hendrickx et al. (1992), Kachonoski et al. (1988-soil
water content), McBride et al. (1990), Rhoades and Cotwin (1981), Rhoades and 
Oster (1986), Williams and Baker (1982), Wollenhaupt et al. (1986) 
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Table 9-3 Reference Index for Direct Soil-Water Sampling Methods 

Topic 

Overviews 

Suction Samplers 

Chemical Effects 

Physical Effects 

Porous Cup Cleaning 
Procedures 

Porous Cup (Vacuum) 

Porous Cup (Vacuum
Pressure) 

References 

Dorrance et al. (1991), Everett (1990), Everett et al. (1982, 1990), Hornby et al. 
(1986), Kohnke et al. (1940), litaor (1988), Morrison (1983), Nagpal (1982), 
Rhoades and Oster (1986), Robbins and Gemmell (1985), Silkworth and Grigal 
(1981), U.S. EPA (1986), Wilson (1983, 1990) 

Alberts et al. (1977), Anderson (1986), Bottcher et al. (1984), Creasy and Dreiss 
(1985), Dazzo and Rothwell (1974), England (1974), Grover and Lamborn (1970), 
Haines et al. (1982), Hansen and Harris (1975), Hornby et al. (1986), Levin and 
Jackson (1977), McGuire et al. (1992), Peters and Healy (1988), Rhoades and 
Bernstein (1971), Severson and Grigal (1976), Silkworth and Grigal (1981), 
Steams et al. (1980), Suarez (1987), Tasi et al. (1980), Wagner (1962), Wolff 
(1967), Zabowski and Ugolini (1990) 

Cochran et al. (1970), Kung and Donohue (1991), Morrison and Lowery (1990-
sampling radius), Narasimham and Dreiss (1986), Severson and Grilgal (1976), 
Talsma et al. (1979), van der Ploeg and Beese (1977), Warrick and Amoozegar
Fard (1977) 

Aulenbach and Clesceri (1980), Creasey and Dreiss (1988), Grover and Lamborn 
(1970), Neary and Tomassini (1985) 

Ahlert et al. (1976), Alberts et al. (1977), Angle et al. (1991), Ballestero et al. 
(1990), Barbarick et al. (1979), Barbee and Brown (1986), Bell (1974), Bourgeois 
and Lavkulich (1972a,b), Brooks et al. (1958), Brown (1986), Bums (1992), Chow 
(1977a, 1977b-fritted glass), Debyle et al. (1988), de Jong (1976), Dugan et al. 
(1975), Eleuterius (1980), Grier et al. (1977), Haines et al. (1982), Hansen and 
Harris (1975), Joslin et al. (1987), Knighton and Strehlow (1981), Krone et al. 
(1951), Miller (1992), Nielsen and Phillips (1958-fritted glass), Quin and Forsyth 
(1976), Reeves and Doering (1965), Riekerk and Morris (1983), Shuford et al. 
(1977), Silkworth and Grigal (1981), Smith and Carse) (1986), Starr (1985), Starr 
et a!. (1991a), Suarez (1986), Tyler and Thomas (1977), Wagner (1962, 1965), 
Wengel and Gritlm (1971); Cup Material Comparisons: McQuire and Lowery 
(1992) 

Apgar and Langmuir (1971), Ball and Coley (1986), Banton et al. (1992), Biggar 
and Nielsen (1976, 1978), Biggar et al. (1975), Brose et al. (1986), Everett and 
McMillion (1985), Everett et al. (1984, 1988), Penn et al. (1977), Gerhardt (1977), 
Hounslow et al. (1978), Johnson and Cartwright (1980), Johnson et al. (1981), 
Long (1978), Merry and Palmer (1985), Morrison (1982), Morrison and Szecsody 
(1985, 1987), Morrison and Tsai (1981), Parizek and Lane (1970), Peters and 
Healy (1988), Quin and Forsyth (1976-nylon), Rehm et al. (1987), Starr et al. 
(1978), Tsai et al. (1980), U.S. EPA (1986), Wood (1978b), Wood et al. (1981), 
Young (1985), Yu et al. (1978), Zimmermann et al. (1978); High-Pressure 
Vacuum: Bond and Rouse (1985), Wood (1973), Wood and Signor (1975) 
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Topic 

Suction Samplers (cont.) 

Vacuum Plates 

Membrane Filter 

Hollow Fiber 

Ceramic Filter Candle 

Monolith Lysimeters 

Filled-Type Lysimeters 

Capillary Wick Samplers 

Table 9-3 (cont.) 

References 

Chow (1977b), Cochran et al. (1970), Cole (1958), Cole et al. (1961), Duke et al. 
(1970), Haines et al. (1982), Iskandar and Nakano (1978), Neary and Tomassini 
(1985), Tanner et al. (1954), van der Ploeg and Beese (1977) 

Everett (1990), Everett et al. (1982), Stevenson (1978), U.S. EPA (1986), 
Wagemann and Graham (1974), Wilson (1990) 

Everett (1990), Jackson et al. (1976), Levin and Jackson (1977), Morrison (1982), 
Silkworth and Grigal (1981), U.S. EPA (1986), Wagemann and Graham (1974) 

Duke and Haise (1973), Everett (1990), Hergert and Watts (1977), Hoffman et al. 
(1978), Montgomery et al. (1987), Smith and McWhorter (1977), van Shilfgaarde 
(1977), U.S. Soil Salinity Laboratory Staff (1981) 

Belford (1979), Brown (1986), Brown et al. (1974, 1985), Cameron et al. (1992), 
Merek et al. (1988), Persson and Bergstrom (1991) 

Tyler (1981), Upchurch et al. (1973) 

Boll et al. (1991, 1992), Brown et al. (1988), Holder et al. (1991), Politeka et al. 
(1992) 

Other Direct Soil Water Sampling Methods 

Free-Drainage Samplers 

Tile-Drainage Sampling 

Perched Water Table 

Aulenbach and Clesceri (1980), Barbee and Brown (1986), Boll et al. (1991), 
Penn et al. (1977), Haines et al. (1982), Hornby et al. (1986), Jordon (1968), 
Kmet and Lindorf (1983), Parizek and Lane (1970), Radulovich and Sollins 
(1987), Rehm et al. (1987), Russell and Ewel (1985), Shaffer et al. (1979), Starr 
et al. (1991a), Tyler and Thomas (1977), U.S. EPA (1986), Wilson and Small 
(1973); Caisson Lvsimeter: McMichael and McKee (1966), Schmidt and Clements 
(1978), Schnieder and Oaksford (1986), Schneider et al. (1983); Buried Cup: 
Miller (1992) 

Richard and Steenhuis (1988), Starr et al. (1991a), Thomas and Barfield (1974), 
Willardson et al. (1973) 

Miller (1992), Starr et al. (1991a), Wilson and Schmidt (1978); Multi-Level 
Samplers: Cherry and Johnson (1982), Hansen and Harris (1974, 1980), Pickens 
et al. (1981), Smith at al. (1982); see also, Section 5.5.3 
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Table 9-3 (cont.) 

Topic References 

Other Direct Soil Water Sampling Methods (cont.) 

Solids Sampling (Soil
Water Extraction) 

Solids Sampling (Soil
Saturation Extract) 

SolventfF1uid Column Displacement: Adams (1974), Adams et al. (1980), Barrow 
(1982), Batley and Giles (1979), Kittrick (1980, 1983); Double-Bottom Centrifuge: 
Adams et al. (1980), Dao and Lavy (1978), Davies and Davies (1963), Edmunds 
and Bath (1976), Elkhatib et al. (1986, 1987), Fenn et al. (1977), Gillman (1976), 
Zabowski (1989), Zabowski and Ugolini (1990); Immiscible F1uid 
Displacement/Centrifugation: Mubarak and Olsen (1976, 1977), Phillips and Bond 
(1989), Whelan and Barrow (1980); Squeezing Displacement: Fenn et al. (1977), 
Lusczynski (1961), Manheim (1966), Patterson et al. (1978); Vacuum 
Displacement: Fenn et al. (1977), Richards (1954-pressure membrane apparatus), 
Wolt and Graveel (1986); Unclassified•: Behel et al. (1983), Brown (1986), 
Kinniburgh and Miles (1983); Lucas and Reeves (1980), Pratt et al. (1976), Rible 
et al. (1976), Wellings and Bell (1980), Yamasaki and Kishita (1972) 

Barbarick et al. (1979), Campbell et al. (1948), Moran et al. (1978), Rhoades 
(1981, 1982), Rhoades and Bernstein (1971), Rhoades et al. (1989a-c), Richter 
and Jury (1986), SCS (1984), Wilson (1983); Chemical Effects: Reitmeier (1946) 

"It was not possible to review these references to detennine what extraction method was used. 
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SECTION 10 

FIELD SCREENING AND ANALYTICAL METHODS 

The tenn "field screening" has gained widespread use in recent years to describe a wide variety of 
methods for chemical characterization of contaminated sites. In this guide, a distinction is made between field 
screening and field analytical methods. Field screening methods provide an indication of the presence or absence 
of a particular chemical or chemical class of concern, or provide an indication of whether the chemical or 
chemical class of concern is above or below a predetennined threshold. Screening methods provide relative 
concentrations for chemical classes, but rarely provide chemical-specific infonnation. This definition is more 
restrictive than those usually found in the literature. Field analytical methods include all chemical analysis 
methods capable of providing chemical-specific quantitative data in the field or non-laboratory setting. Field 
analytical techniques generally are more rapid and less expensive than similar chemical analyses perfonned in 
laboratories with fixed facilities. Field screening and analytical techniques can be classified as portable (require 
no external power source, are compact, and are rugged enough to be carried by hand into the field), fieldable 
(require limited external power, are compact, and are rugged enough to be transported in a small van, pick-up, 
or four-wheel drive), or mobile (are small enough to carry in a mobile laboratory, which is feasible for most 
analytical instruments although power considerations can be a limitation). The standard by which the sensitivity, 
precision, and accuracy of field screening techniques are measured are those obtained in fixed-base laboratories 
in EPA's contract laboratory program (CLP). An intennediate option for analysis of samples is the use of a 
dedicated laboratory using CLP procedures but involving more rapid turnaround time (as short as overnight) for 
sample results. 

Field Analysis versus CLP Analytical Laboratory 

Key advantages of field analytical techniques include: (1) Results can be obtained within hours, 
compared to the 20 to 40 days required for CLP laboratories, which allows for more rapid definition of the scope 
of contamination and allows for optimal selection of penn anent monitoring wells/locations; (2) lower cost per 
sample (commonly one-tenth CLP cost) allows for more detailed characterization of contaminant distribution 
and/or reduced overall costs; and (3) the techniques are best suited for preliminary site characterization, 
emergency remedial actions, and monitoring of remediation activities. Some general disadvantages of field 
analytical techniques include: (1) Application of analytical QNQC procedures is more difficult in the field; (2) 
generally, less sophisticated instrumentation and disadvantage #1 results in generally higher detection limits and 
lower precision and accuracy compared to CLP laboratories; and (3) disadvantages #1 and #2 mean that data 
are more liable to challenge by litigation. 

Cost differences between field analysis and laboratory analysis are strongly dependent on the number 
of samples from a site that must be analyzed, with the cost advantage tending to shift to field analysis as the 
number of samples increases. For example, if less than 30 to 50 samples are required, laboratory gas 
chromatograph analyses are likely to be less expensive than using portable or mobile GCs. Similarly, around 50 
to 80 samples for field X-ray fluorescence analysis of metals are required to save money over conventional 
laboratory XRF analyses. 

Overview of Specific Techniques 

Developments in miniaturization and computer processing of analytical signals and development of 
innovative analytical techniques mean that almost any instrumental or analytical technique has the potential for 
being used for field screening. Any attempt to publish a comprehensive compilation of techniques that have been 
proposed or tested is doomed to be out-of-date before it reaches print. This section, therefore, provides a 
reasonably comprehensive overview of the state-of-the-art as of early 1993. Table 10-1 provides summary 
infonnation on over 80 techniques. Techniques are grouped into the following major categories: (1) Routine 
chemical field measurement techniques (Section 10.1 [chemical sensors covered in Chapter 5 also are indexed 
under this section in the table]); (2) major sample extraction procedures (Section 10.2); (3) analytical techniques 
that detect gases or require creation of a gaseous phase during the analytical process if the gaseous phase is not 
already present (Section 10.3); ( 4) luminescence, spectrophotometric, and other spectroscopic techniques (Section 
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Table 10-1 su-IUT lnfonoat.ion on Sample Proceaainr/ADalytieal Tecluaiquea 

Technique/Instrumentation Technology Sample Contaminant Detection Section/fable 
Status" Mat~ Type· limit• 

Chemical Field Measurement Technigues~nsors 

ph/Alkalinity/Acidity 1/CP W$ 10.1.1, 5.5.4 
Eh 1/CP W$ 10.1.2, 5.5.4 
Dissolved Oxygen 1/CP w ppm 10.1.2, 5.5.4 
Temperature 1/CP w 10.1.3 
Eledrical Condudaacle 1/CP W$ 10.1.3 
Filterable Residue 1/CM w 10.1.3 
Other Specific Ion Electrodes II!CP w EA ppm 5.5.5 
Solid/Porous Fiber Optic IV W$,A voc ppm 5.5.6 
Immunochemical Fiber Optic IV W$,A svo ppb-ppm 5.5.6, 10.5.2 
Electrochemical Sensors IV W,A VOC,TG pbb-ppm 10.6.5 
SAW Probes IV A VOC,TG ppm 10.6.5 
Piezoelectric Sensors IV A voc ppm 10.6.5 
Semiconductor Sensors IV A,W voc ppm-% 10.6.5 

SamQle Extraction Procedures 

Headapaee Analysis I A voc 10.2.1 
Vaeuulll Extraction I/CP A voc 10.2.1 
J>urae and Trap 1/CP w voc 10.2.2 
Solvent Extraction 1/CP s svo,voc 10.2.3 
Thermal Digestion II!CP W$ EA,HM 10.2.4 
Thermal Extraction II/CP W$ svo 10.2.4 
Thenoal Desorption III!CP W$ voc,svo 10.2.4 
Supercritical Fluid Extract. 111/CP W$ voc,svo 10.2.5 
Membrane Extraction IV w voc 10.2.5 
Sorbent Extraction 1/CP A,W voc,svo 10.2.5 

Gaseous Phase Anamical Technigues 

Photo-Ionization Detedor 1/CP A voc ppb-ppm 10.3.1 
Fhune-Ionization Detedor I/CP A voc ppb-ppm 10.3.1 
Argon-Ionization Detector 111/CP A voc 1~ ppb-ppm 10.3.1 
Explosbneter I/CP A voc % 10.3.2 
Catalytic Surface Oxidation I/CP A VOC,TG ppm-% 10.3.2 
Detector Tubes I/CP A VOC,TG high ppm 10.3.2 
Gas Cbrolllatocraphy (GC) 11/CP,CM A,W VOC,SVO,TR ppb-ppm 10.3.3{fable 10-3 
Mass Spectrometry (MS) II!CF,CM A VOC,SVO,TR ppm 10.3.4{fable 10-3 
GC/MS 11/CM A VOC,SVO,TR ppb 10.3.4{fable 10-3 
Ion Trap MS IV A voc,svo ppb-ppm 10.3.4 
AA Spectrometry II!CM A,W EA,HM ppb-ppm 10.3.5{fable 10-3 
ICP-AES II A,W EA,HM ppb-ppm 10.3.6{fable 10-3 
Ion Mobility Spectrometer II!CP A VOC,SVO,TG ppt-ppm 10.3.7 

Luminescence/SpectroscoQic Technigues 

X-Ray Fluore~~C~enee II!CP,CM S,W HM 10s-100s ppm 10.4.1 
UV Fluorescence II s,w voc sub ppm 10.4.2ffables 10-3, 10.4.2 
Room-Temp. Phosphorimetry III s,w voc,svo ppb-ppm 10.4.2ffable 10.4.2 
Synchronous Luminescence III w voc,svo ppm 10.4.2 
Synchronous Fluorescence III w VOC,SVO ppm 10.4.2{fable 10.4.2 
UV-Visible Spectrophotometry III A,W voc ppb-ppm 10.4.3ffables 10-3, 10.4.3 
Infrared Spectroscopy II A,W$ M,VOC$VO ppm-1000s ppm 10.4.3ffables 10-3, 10.4.3 
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Table 10-1 (coaL) 

Technique/Instrumentation Technology Sample Contaminant Detection Section/fable 
Status• Ma~ 'JYpe" Limit• 

Luminescence~ctrosco~ic Technigues (cont.) 

FTIR Spectroscopy II/CP,CM A voc ppb-% 10.4.4{fable 10.4.4 
Scattering/Absorption Udar IV A voc ppm 10.4.4 
Raman Spectroscopy/SERS II W$ VOC$VO ppb-ppm 10.4.4{fable 10.4.4 
Near IR Retlectanceffrans. Spect. IV s voc 100!-lOOOs ppm 10.4.4{fable 10.4.4 

Wet Chemistry 

Chemical Colorimetric Kits II/CP w EA,HM,SVO ppb-lOOs ppm 10.5.1{fable 10-3 
Other Colorimetric Methods I/CP w TR ppb-lOOs ppm 10.5.1{fable 10-3 
Titrimetry 1/CP w EA,HM,TR ppb-lOOs ppm 10.5.1 
Immunoassay Colorimetric Kits IIICP w svo ppb-ppm 10.5.2 
loa Chrolllatoaraphy II w EA ppm-lOOs ppm 10.S.3{fable 10-3 
High-Pressure Liquid Chromatography II!CM w SVO,TR ppb-ppm 10.S.3ffable 10-3 
Thin-Layer Chrolllafoaraphy II w svo ppm 10.5.3 
Coulometry II w EA,TR ppb-ppm 10.5.4 
Polarography II w EA sub-lOOs ppm 10.5.4 
Stripping Voltammetry II w EA ppt-ppm 10.5.4 

Radiological 

Neutron Activation/INNA II s,w EA,TR lOs ppm 10.6.1, 3.3.5, 3.3.6 
PIXE II s,w EA,HM 10s-100s ppm 10.6.1{fable 10-3 
Radiation Deteeton 1/CP A$,W R,TR varies 10.6.1, 3.3.1 
X-Ray Dlffractioa II s M 10.6.1 
Gamma Spectrometry I/CP s M 3.3.2 

Other 

Gravimetric 1/CP W$ P,IDS % 10.6.2 
Volumetric I/CP S,W,A p 10.6.2 
Nuclear Magnetic Resonance 1/CP s,w M,P 10.6.3, 3.2.4 
Magnetic Susceptibility II s M 10.6.3 
Electron Spin Resonance II S,W,A M 10.6.3 
Optieal Micro1100pe II/CP s M,P 10.6.4 
Scanning Electron Microscope II s M 10.6.4 
Electron Microprobe II s M high ppm 10.6.4 
Field Bioaueumeat II VOC,HM 10.6.6 
Toxicity Tests II W$,A VOC$VO,HM 10.6.6 
Biomarkers III W$,A VOC$VO,HM -- 10.6.6 

Boldface = Most commonly used/proven field techniques. 

"I = Well established and routinely used field technology; II = Well established laboratory technology for which experience in field 
applications is moderate to limited; III = Relatively well established technology for which there is limited field experience; IV = 
Developing technology with potentially useful field applications. CP = Commercially available portable instruments; CF = 
Commercially available fieldable instruments; CM = Commercial/custom mobile laboratories available. 
~A= Air/gaseous matrix; S = Soil/solid matrix; W = Water/aqueous/liquid matrix. Volatile and semivolatiles in water and solid 
samples can be extracted for analysis by gaseous phase analytical techniques. Similarly, analytes can be extracted from solids samples 
for analysis using wet chemistry techniques. 
"EA = Elemental/ionic analysis; HM = Metals; M = Mineralogy; P = Physical characterization; R = Radioisotopes; SVO = 
Semivolatile organics; TG =Toxic gases; IDS= Total dissolved solids; TR =Tracer studies; VOC =Volatile organic compounds. 
•Ranges for specific instruments and analytes might differ from range shown by orders of magnitude. In general, detection limits for 
soils will be higher than for ground water. 
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10.4); (5) wet chemistry techniques (Section 10.5), and (6) radiological and other miscellaneous techniques 
(Section 10.6). 

Some Basic Analytical Concepts 

For the nonchemist, terminology used to describe analytical techniques can be bewildering. A further 
source of potential confusion is that techniques can be used for different purposes in numerous combinations 
and configurations. For example, a flame ionization detector (FID) can be used by itself as a total vapor 
detector, or it can be used to detect specific compounds after they have been separated by a gas chromatograph 
(GC!FID). A gas chromatograph, on the other hand, can be used alone with a FID or other type of detector, 
or in combination with a mass spectrometer (GC/MS). An understanding of the basic principles of operation 
of major individual techniques makes it possible to have some idea of how an unfamiliar combination of 
techniques functions. 

A further source of possible confusion is that the different terms can be applied to the same technique. 
For example, the terms fluorometry, fluorimetry, and spectrofluorometry can be used interchangeably. 
Furthermore, some terms can be applied to the same technique, but are not necessarily interchangeable. For 
example the term luminescence can be applied to any technique involving fluorescence, but the term fluorescence 
is not applicable to all luminescence techniques (which include phosphorescence). The following discussion might 
be helpful in developing an understanding of some of the basic principles involved in chemical analysis and in 
sorting out the relationship between similar techniques. It might also be helpful to think of techniques in terms 
of the major types of analytical signals as summarized in Table 10-2. 

Chromatography refers to processes in which individual components of a mixture migrate through a 
stationary medium at different rates. In analytical chemistry, chromatography refers to a diverse group of 
separation methods such as gas chromatography (Section 10.3.3) and liquid chromatography (Section 10.5.3) 
used to separate, isolate, and identify components of mixtures that might otherwise be resolved with great 
difficulty. 

A spectrum is the distribution of the phases of a radiated wave cycle or of the intensity of radiation 
when some property (frequency, mass, or energy) is allowed to vary. Spectroscopy encompasses a wide range 
of techniques involving optical instruments used to form and analyze spectra. Spectrometry is a spectroscopic 
technique in which the instrument measures: (1) The deviation of the refracted rays, and (2) wave lengths and 
angles between two faces of a prism. Spectrophotometry involves making comparisons of color intensity between 
corresponding parts of different spectra, or between parts of the same spectrum. Photometry involves the 
measurement of the intensity of light or the relative intensity of different lights. Luminescence involves the 
emission of light at temperatures below that of incandescent bodies and includes fluorescence (emission of 
radiation as a result of absorption of other radiation) and phosphorescence (light given off from slow oxidation 
of phosphorus). 

Table 10-3 provides information on commercial sources for four major classes of analytical instruments: 
(1) Spectrophotometric instrumentation (atomic absorption, UV/Visible, fluorescence, and infrared); (2) 
chromatographs (gas, ion, and liquid); (3) spectrometers (GC/MS, MS, optical emission, plasma emission, and 
x-ray); and (4) colorimeters. 

Sources of Additional Information 

SW-846 (U.S. EPA, 1986b) is the standard reference for solid waste test methods. A field screening 
methods catalog (U.S. EPA, 1988a) provides information on 26 field screening methods for which protocols have 
been developed and is available as an expert system for use on a microcomputer. This catalog is in the process 
of being updated and expanded into a format comparable to SW-846. Table 10-4, at the end of this section, 
provides an index of references providing overviews of field-screening techniques and more detailed references 
on sample extraction procedures. Table 10-5, also at the end of this section, provides a fairly detailed index of 
more than 300 references on specific field screening and other analytical techniques contained in this section. 
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Table 10-2 MaYor Analytical Sipals and Methods 

Signal 

Emission of radiation 

Absorption of radiation 

Scattering of radiation 

Refraction of radiation 

Rotation of radiation 

FJectrical potential 

FJectrical current 

Mass-to-charge ratio 

Rate of reaction 

Thennal properties 

Mass 

Volume 

Analytical Methods Based on Measurement of Signal 

Emission spectroscopy (X-ray, UV, visible, electron Auger); fluorescence and 
phosphorescence spectroscopy (X-ray, UV, visible); radiochemistry 

Colorimetry (visible), VV -visible/X-ray/IR. speetrophotometry; photoacoustic 
spectroscopy; nuclear magnetic resonance and electron spin resonance 
spectroscopy 

Turbidimetry; nephelometry; Raman speetroscopy 

Refractometry; interferometry; X -ray diffraction 

Polarimetry; optical rotatory dispersion; circular dichroism 

Potentiometry; chronopotentiometry 

Polarography; amperometry; coulometry; voltammetry 

Mass speetrometry 

Kinetic methods 

Thennal conductivity and enthalpy methods 

Gravimetric analysis 

Volumetric analysis 

Boldface = Most commonly used in field screening applications. 

Source: Modified from Skoog (1985) 
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Table 10-3 Commercial Sources for Spectrophotometric Instruments, Chromatographs, Spectrometers, and Colorimeters 
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ACE GLASS 800/223-4524 Ll 
AIR INSTRUMENTS & MEASUREMENTS 818/813-1466, 800/969-4246 IR,UV OE 
ALL TECH ASSOCIATES 708/948-8600, 800/255-8324 uv IO,LI GC 
AMERICAN GAUGE 404/932-0550 IR 
AMERICAN ULTRAVIOLET 908/665-2211 uv 
AMETEK, PROCESS & ANALYTICAL DIV. 3021456-4400, 800/222-6789 AA,UV,IR MS co 
ANADATA 3121465-2688 GA 
ANAL YTE 503m9-0334 AA 
ANARAD 805/963-6583 FL,IR UV XR co 
ASOMA INSTRUMENTS 5121258-6608 XR 
ASTRO INTERNATIONAL 713/332-2484 IR 
BAIRD 617/276-6000 SM 
BALZERS HIGH VACUUM PRODS 603/889-6888 MS 
BASELINE INDUSTRIES 303/823-6661, 800/321-4665 GA 
BOMEM INTERNATIONAL 708/350-0550,800/888-3847 St SM 
BRAINARD KILMAN DRILL CO. 404/469-2720, 800/241-9468 GA 
BUCK SCIENTIFIC 203/853-9444, 800/562-5566 IR,UV,AA GA 
C E A INSTRUMENTS 201/967-5660 SM co 
CHEMPLEX INDUSTRIES 914/337-4200 XR 
CHROMATOCHEM 406/728-5897 800/426-7227 Ll 
COLLOID ENVIRONMENTAL TECHNOLOGIES 708/392-5800 XR 
COLUMBIA SCIENTIFIC 800/531-5003 FL,UV 
DASIBI ENVIRONMENTAL 818/247-7601 IRUV,FL 
DIONEX 408/737-0700, 800/346-6390 LitO 
DYNAMATION 313/769-0573 co 
E M SCIENCE 609/354-9200 800/222-Q342 CH 
E S INDUSTRIES 609/983-3616, 800/356-6140 GA 
FISONS INSTRUMENTS 508/524-1000 GA,LI GC,OE PE XR MS 
FOXBORO 800/521-0451 IR GA 
FOXBORO E M 0 508/378-5556 IR GA,LI 
GENERAL ANALYSIS 203/852-8999, 800/327-2460 IR 
GOW MAC INSTRUMENTS 908/560-0600 GA,LI 
H F SCIENTIFIC 813/337-2116 co 
H N U SYSTEMS 617/964-6690, 800/724-5600 GA XR 
HACH 303/669-3050, 800/227-4224 Sl co 
HAMILTON 702!786-7077, 800/648-5950 GA 
HEATH CONSULTANTS 713/947-9292, 800/432-8487 GA 
HORIBA INSTRUMENTS 714/250-4811, 800/446-7422 IRUV XR 
HOUSTON ATLAS 713/348-1700 GA 
I C M 503/648-2014 800/262-3668 co 
IR ANALYTICAL 415/595-8200, 800/437-9701 AA FL,IR,UV GA,LI,IO GC 
INSTRUMENTS SA 908/494-8660, 800/438-7739 FL OE 
INTERNATIONAL LIGHT 508/465-5923 IR,UV 
tONICS, INSTRUMENT DIV. 617/926-2500 Sl 
ISCO, INSTRUMENT DIV. 402/464-0231, 800/228-4250 Ll 
L T INDUSTRIES 301/468-6777 IR,SI 
LA JOLLA SCIENTIFIC 619/549-2818 uv 
LAMOTIE 301/778-3100,800/344-3100 co 
LEAP TECHNOLOGIES 919/929·8814 800/229·8814 GA 
LEEMAN LABS 508/454-4442 SM 
M SA INSTRUMENT DIV. 4121672-4678 IR,UV GA MS 
M T I ANALYTICAL INSTRUMENTS 510/490-0900 GA 
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Table 10-3 (cont.) 
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MCNEILL INTERNATIONAL 800/626-3455 
MCPHERSON INSTRUMENTS 5081263-7733 800/255·1055 UVFL 
METROSONICS 7161334-7300 IR 
MIDAC 714/645-4096 IR 
MILTON ROY ANALYTICAL PRODUCTS 7161248-4000 800/654-9955 SIUV 
MILTON ROY, PROCESS & ENVIRONMENTAL INSTRUMENTS IR 
714/974-5560 
MONITEK TECHNOLOGIES 51 0/471-8300 uv 
NATIONAL DRAEGER 4121787-2207 IR 
0 I ANALYTICAL 409/690.1711 GA 
PERKIN ELMER 203/762-1000 800/762-4000 IR UV,AA FL GA,LI 
PHOTOVAC INTERNATIONAL 516/254-4199 GA 
PROCESS ANAL VZERS 2151736-2596 CH 
QUANTUM ANAL YTICS 415/570.5656 800/992-4199 AAFLIR UV GA,LIIO 
RESPONSE RENTALS 716/266-3910 800/242-3910 IR GA 
SRI INSTRUMENTS 213/214-5090 GA 
SENSIDYNE 813153o-3602 800/451-9444 GA 
SENTEX SYSTEMS 201/945-3694 GA 
SERVOMEX 6171769-7710 800/862-0200 IR 
SIEMENS ENERGY AND AUTOMATION 404/740-3931 IR GA 
SIERRA MONITOR 408/262-9042 IR 
SHIMADZU SCIENTIFIC 410/381-1227 800/477-1227 IR UV AAFL GA,LIIO 
SIEVERS RESEARCH 303/444-2009 GA 
SPECTRA HARDWARE 4121863-7527 
SPECTRA PHYSICS ANALYTICAL 408/432-3333 800/424-7666 Ll 
SPECTRACE INSTRUMENTS 415/967-6316 
SPECTREX 415/365-6567 
SPECTRO ANALYTICAL INSTRUMENTS 5081342-3400 800/548-5809 AA 
SUPREX 4121826-5200 CH 
TN TECHNOLOGIES/MANNING PRODUCTS 5121388-9100 800/736-0801 
TEXMAR 513/247-7000 800/543-4461 GA 
TELEDYNE ANALYTICAL 818/961-9221 IR,UV 
THERMO JARRELL ASH 508/520.1880 AA 
TIMBERLINE INSTRUMENTS 303/494-4104 CH 
TREMETRICS 5121251-1555 800/876-6711 GA 
TURNER DESIGNS 408/749-Q994 FL 
TYTRONICS 617/894-Q550 Sl 
u v p 818/285-3123 800/452-6788 uv 
UNOCAL UNIPURE 714/525-9225 8001323-8647 CH 
VALCO INSTRUMENTS 713/688-9345 8001367-8424 CH 
VARIAN ANALYTICAL INSTRUMENTS 415/945-2173 800/926-3000 AA FLUV GALl 
VESTEC 7131796-9677 CH 
VIKING INSTRUMENT CORP. 703/758-9339 
WHATMAN 201m3-5800 800/922-0361 Ll 
WYATT TECHNOLOGY 805/963-5904 Ll 

KEY Ll LIQUID 
AA ATOMIC ABSORPTION SPECTROPHOTOMETERS 
CH CHROMATOGRAPHS PRODUCED 

MS MASS SPECTROMETERS 
NM NMR SPECTROMETERS 

en 
CI: 
LU 
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LU 
:::!: 
0 
CI: 
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(.) 
LU 
[l. 
en 

SM 

GC PE,MS 

GC NM OE PE,MS 

SM 

SM 
GC,OE 
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XR 
OE 

XR 

OE,PE 

GC 

GC 

GC 

CO COLORIMETERS PRODUCED 
FL FLUORESCENCE SPECTROPHOTOMETERS 

OE OPTICAL EMISSION SPECTROMETERS 
PE PLASMA EMISSION SPECTROMETERS 

en 
CI: 
LU 
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LU 
:::!: 
a: 
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co 

co 
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co 

GA GAS Sl SPECTROPHOTOMETRIC INSTRUMENTATION PRODUCED 
GC GC/MS 
10 ION 
IR INFRARED SPECTROPHOTOMETERS 

SM SPECTROMETERS PRODUCED 
UV UVNIS SPECTROPHOTOMETERS 
XR X-RAY SPECTROMETERS 

Source: Pollution Equipment News (February, 1993) 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.1 FIELD MEASURED GENERAL CHEMICAL PARAME1ERS 

10.1.1 pH/Alkalinity/Acidity 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: pH is used as an indicator during purging before ground-water sampling (see Section 
C.1) and is a fundamental parameter for chemical characterization of ground water and soils. In addition pH 
is used to classify corrosivity of wastes (a pH of less than or equal to 2 and greater than or equal to 12.5 is 
considered hazardous). Alkalinity and acidity are indicators of the buffer capacity of a solution (the resistance 
to change in pH with the addition of a strong acid or base). Alkalinity is required for chemical equilibrium 
calculations related to carbonate minerals. 

Method Description: The pH is the negative logarithm of the hydrogen ion activity in aqueous solutions and is 
a significant water quality parameter because it affects solute concentrations perhaps more than any other single 
variable. Electrometric measurement of pH involves comparison of a glass hydrogen ion electrode in the solution 
of interest against a reference electrode of known potential by means of a pH meter or other potential measuring 
device. Measurement of pH in soil and solids by this technique requires preparation of a saturation extract. 
Colorimetric measurement involves use of reagents or litmus paper and estimation of pH by comparison of the 
resulting color with color charts. Flow-through cells (see Figure 10.1.2) provide the most accurate measurement 
of pH because it can be altered when samples are exposed to the atmosphere. The pH electrode and buffer 
solutions must be about the same temperature as the sample. This can be accomplished by allowing sample 
water to run over them or by using a portable water bath. Alkalinity and acidity are measured titrimetrically 
from the initial condition by the addition of a strong base or acid to an inflection point on the titration curve or 
to a fixed endpoint (titrimetry is discussed further in Section 10.5.1). In ground water, alkalinity is measured as 
carbonate and bicarbonate. 

Method Selection Considerations: Electrometric measurement of pH using pH electrodes and a pH meter is the 
recommended technique for accurate measurement of both ground water and soil. Colorimetric techniques, 
which are less precise but somewhat easier to use in the field, are satisfactory for general characterization of soils. 
Field measurement of alkalinity (as carbonate and bicarbonate) is required for chemical equilibrium calculations 
related to carbonate minerals because this parameter is subject to change during sample handling. The acidity 
obtained from titration analysis gives a measure to total ionizable hydrogen that can be used as input to some 
geochemical computer programs. 

Freguency of Use: Field measurement of the pH of ground water should be a standard procedure during 
sampling. Field measurement of the pH of soil samples often is required for accurate classification of soils and 
is a useful characterization technique, but is not necessarily required for soil samples collected for laboratory 
analysis unless redox sensitive species are of special concern. 

Standard Methods/Guidelines: See Table 10.1.1. 

Sources for Additional Information: Barnes (1964), Garvis and Stuermer (1980), Hem (1985-interpretation), 
Korte and Ealey (1983), Ritchey (1986), Thompson et a!. (1989-Chapter 15). 
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Figure 10.1.2 Oxidation-reduction status: (a) Eh measuring cell; (b) Flow chamber for determination of dissolved 
oxygen from a pumped well (Wood, 1976). 
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Table 10.1.1 SuiiiJIUII'Y of Ground-Water aud Soll Measurements to Be Made in the Field 

Property/Section Filtration Sample Method Reference 
Collection Description 

Wellhead Ground-Water Measurements 

Temperature No Dewar flask or Thermometer USGS (1980); 
(10.1.3) flow through EPA Method 170.1 

(Kopp and McKee, 1983) 

pH (10.1.1) No Flow through pH electrodes USGS (1980); 
and meter Wood (1976) 

Carbonate/Bicarbonate Membrane Closed titration Potentiometric (pH USGS (1980); 
(AikalinityX10.1.1) vessel electrode) titration Wood (1976); 

with strong acid 01067-82 (ASTM, 1982) 

Acidity (10.1.1) Membrane Closed titration Potentiometric (pH D1067-82 (ASTM, 1982) 
vessel electrode) titration 

with strong base 

Eh (Redox Potential) No Flow through Potentiometric D1498-76 (ASTM, 1976); 
(10.1.2) (Pt electrode) Wood (1976) 

Dissolved Oxygen No Flow through Potentiometric with EPA Method 360.1/.2 
(10.1.2) oxygen probe or (Kopp and McKee, 1983); 

titrimetric USGS(1980); Wood(1976) 

Specific Conductance Membrane Flow through Wheatstone Bridge USGS (1980); 
(10.1.3) conductivity meter Wood (1976) 

Field Laboraton: Ground-Water Measurements 

Filterable Residue No Collect in bottle Gravimetric EPA Method 160.1 
(10.1.3) (Kopp and McKee, 1983) 

Nitrate-Nitrite Membrane Collect in bottle Spectrophotometric EPA Method 353.3 
(SeparatelyX10.1.3) (Kopp and McKee, 1983) 

Sulfite (10.1.3) Membrane Collect in Iodine-thiosulfate Method M2 (Radian, 
buffered iodine titration 1988) 

Soil/Solids 

Soil pH Grab or core pH electrodes and Method 8C (SCS, 1984) 
(10.1.1) meter in saturated D4972-89 (ASTM, 1989) 

paste 

Solid waste pH Grab or core EPA Method 9045A" 
(10.1.1) (U.S. EPA, 1986b) 

Soil Conductivity/ Grab or core Wheatstone Bridge Method BE (SCS, 1984) 
Resistivity (10.1.3) conductivity meter 

"Revision 1 of this method is dated November, 1990. 

Sourre: Compiled from Boulding (1991) and Thompson et al. (1989) 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.1 FIELD MEASURED GENERAL CHEMICAL PARAMETERS 

10.1.2 Redox Potential (Eh)/Dissolved Oxygen 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Characterizing oxidation-reduction conditions in the subsurface for evaluation of 
potential for mobility of heavy metals and biodegradation of organic contaminants. 

Method Description: Redox potential (Eh) is measured electrometrically using a platinum electrode and a 
reference electrode to provide a reference potential and to provide an electrical connection to the solutions. 
Measurement of pH and temperature also are required. Eh readings can be strongly affected by exposure to 
atmospheric oxygen, consequently, flow-through cells must be used (Figure 10.1.2a). It is sometimes difficult to 
obtain precise readings of Eh because redox couples might not be in mutual equilibrium. More accurate 
characterization of the redox status of a sample requires analysis of the valence state of redox sensitive species 
(ferrous/ferric iron, nitrate/nitrite, and sulfate/hydrogen sulfide being most important in natural systems), which 
involves more complex chemical analytical procedures. Redox status of ground water and soil strongly affect the 
mobility and toxicity of arsenic, chromium, and selenium. Accurate chemical analysis of valence state is required 
to confirm Eh measurements. Arsenic and selenium forms usually are measured using hydride AAS (see Section 
10.3.5), and chromium species can be determined colorimetrically (Hach kits for total and hexavalent chromium 
recently have been developed in cooperation with EPA). Dissolved oxygen (DO) is another indicator of the 
oxidation-reduction state of an aqueous solution, with low concentrations indicating reducing conditions. In the 
field, DO is measured electrometrically using a membrane electrode, a reference electrode, and a meter to 
measure electrode response. As with Eh, flow-through cells are used to prevent alteration of the sample by 
contact with the atmosphere (Figure 10.1.2b). Dissolved oxygen also can be measured titrimetrically using the 
Modified Winkler method. 

Method Selection Considerations: Along with pH, redox potential and dissolved oxygen are the most significant 
parameters affecting the chemistry of ground water. 

Frequency of Use: Eh and dissolved oxygen in ground-water samples are not measured as routinely as pH, but 
probably should be. 

Standard Methods/Guidelines: See Table 10.1.1. 

Sources for Additional Information: Garvis and Stuermer (1980), Hem (1985-interpretation), Holm et al. (1986), 
Korte and Ealey (1983), Langmuir (1971), Newman and Kimball (1991-DO), Ritchey (1986), Rose and Long 
(1988-DO), Thompson et al. (1989-Chapter 17). 
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Figure 10.2.1 Field gas extraction techniques: (a) Vacuum extraction (IIadka and Dickinson, 1988); (b) Diagram of 

multiple beadspace extraction (Ho et al., 1988). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METIIODS 

10.1 FIELD MEASURED GENERAL CHEMICAL PARAMETERS 

10.1.3 Other Parameters 

Other Names Used to Describe Method: Specific conductance/electrical conductivity, temperature, suspended 
solids (filterable residue), sensitive chemical species (nitrate/nitrite and sulfite). 

Uses at Contaminated Sites: Specific conductance: Monitoring of well purge water; performing qualitative 
assessment of water quality; estimating total dissolved solids; detecting conductance contaminant plumes; 
performing ionic tracer tests. Temperature: Monitoring of well purge water; correcting for pH and Eh 
measurements; performing temperature tracer tests; monitoring air temperature. Sensitive chemical species: 
Performing field measurement for evaluation of water quality. Filterable residue: Characterizing subsurface 
transport of heavy metals on particles. 

Method Description: Temperature measurement techniques are discussed in some detail in other sections of the 
guide (Sections 1.6.1, 1.6.2, 3.5.2, 8.2.1, and 8.2.3). Temperature of ground water usually is measured with a 
mercury-filled thermometer, which is placed in a sample that is continuously pumped into a dewar flask. 
Pumping continues until three identical consecutive readings of temperature are obtained. Specific conductance 
is measured using a Wheatstone bridge conductivity meter. During well purging, measurement of specific 
conductance at intervals until there is no significant change between measurements serves as an indication that 
stagnant water has been completely removed from the well and water quality samples can be collected. Specific 
conductance typically shows a linear correlation with total dissolved solids, and consequently can be used instead 
of separate measurement of TDS, provided a correlation curve for the specific area of interest has been 
developed. Filterable residues are measured gravimetrically after filtering. Sensitive chemical species: The U.S. 
Geological Survey (1980) recommends that certain sensitive chemical species be analyzed in the field because 
of potential for alteration with holding times required for laboratory analysis. Sulfite can be analyzed using an 
iodine-thiosulfate titration, and nitrate/nitrite forms of nitrogen can be analyzed colorimetrically. 

Method Selection Considerations: Temperature measurement of ground-water samples is simple, inexpensive, 
and a necessary complement to pH and Eh measurements. Specific conductance of ground-water samples is 
simple and inexpensive and is useful for monitoring purge water and estimating total dissolved solids (TDS). 
A well-designed and constructed monitoring well should produce samples with a minimum of filterable residue, 
but if significant amounts are present, this measurements should probably be taken, especially if subsurface 
particle transport of heavy metals is a possibility. Analysis of sensitive species should be performed when they 
are considered of geochemical significance at the site. 

Frequency of Use: Temperature and specific conductance of ground-water samples are standard measurements. 
Use of specific conductance to estimate total dissolved solids is more commonly used for surface waters, but can 
be useful for monitoring of contaminant plumes. Filterable residue and analysis of sensitive species are 
performed less commonly. 

Standard Methods/Guidelines: See Table 10.1.1. 

Sources for Additional Information: Davis et al. (1985), Hem (1985-interpretation), Korte and Ealey (1983), 
Thompson et al. (1989). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL MElli ODS 

10.2 CONTAMINANT SAMPLE EXTRACTION PROCEDURES 

10.2.1 Gas HeadspaceNacuum Extraction 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Collecting volatile organic compounds in soil gas, soils, and ground water for 
chemical analysis. 

Method Description: Vacuum extraction of pore gases involves the use of a vacuum pump to pull samples of air 
or soil gas directly into an analytical instrument. Figure 10.2.1a illustrates a vacuum sample probe used to obtain 
soil-gas samples for analysis by a mass spectrometer (see also, Figure 10.3.3b). Alternatively, a syringe can be 
used to sample the stream of gas that is created by the vacuum pump (see Figure 9.4.2a). Gas headspace 
extraction involves the use of a dead space to collect gases that are moving through water or soil, or from a solid 
or liquid phase to a gaseous phase. This can involve placement of a water or soil sample in a container that is 
partly filled with air (headspace ), and collecting a sample of the headspace gas (usually with a syringe) once the 
vapors in the sample have equilibrated with the headspace gas. Since not all vapors are likely to degas the first 
time, multiple headspace extraction is sometimes used (Figure 10.2.1b). Figure 9.4.2c illustrates a field 
headspace collection device for sampling gases moving through a surface water body. 

Method Selection Considerations: Advantages: Is an extremely simple procedure. Disadvantages: Might not result 
in full extraction of volatiles in ground-water and soil. 

Frequency of Use: Vacuum extraction of pore gases and headspace techniques are commonly used for extraction 
of volatile organic compounds for analysis. 

Standard Methods/Guidelines: Headspace techniques: Ford et al. (1984), U.S. EPA (1988b-FM-4 to FM-9, FM-
11); Vacuum extraction: U.S. EPA (1988b-FM-12 to FM-14, FM-16, FM-17). 

Sources for Additional Information: See Table 10-4. 
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Figure 10.2.1 Field gas extraction techniques: (a) Vacuum extraction (Hadka and Dickinson, 1988); (b) Diagram of 
multiple headspace extraction (Ho et al., 1988). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.2 CONTAMINANT SAMPLE EXTRACTION PROCEDURES 

10.2.2 Purge and Trap Methods 

Other Names Used to Describe Method: P(f, purge with whole column cryotrapping (P/WCC). 

Uses at Contaminated Sites: Extracting volatile organics from soil and water samples. 

Method Description: Purge and trap techniques involve the forcing of a gas (usually helium) through a sample 
of water or soil slurry, which entrains the volatile compounds. The entrained volatiles can be fed directly into 
the analytical instrument (Figure 10.2.2a) or can be used in combination with a sorbent trap (see Section 10.2.5) 
to concentrate the samples for later thermal extraction (see Section 10.2.4). Figure 10.2.2b shows a schematic 
of concentrator/purge and trap device. 

Method Selection Considerations: Advantages: Provides better recovery than vacuum/headspace extraction from 
water and soil samples. Disadvantages: (1) Requires somewhat more complex equipment than vacuum/headspace 
extraction and also requires a purge gas; and (2) more specialized training is required compared to gas 
headspace/vacuum extraction. 

Freguency of Use: Commonly used for mobile laboratory analysis of volatiles in soil and ground water. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 10-4. 

10-16 



Helium 
20 psig 

120VoltsAC 

TEFLON 
TRANSFER 

LINE\ ION CAPILLARY 

r~~~~~·=·~~~~·~·~==i:z:~~.TRAP 

SPLIT 
VALVE 

SPLIT 
VENT 

(a) 

Toggle 
valves 

MS 

~--------------------------------------------------, Needle 1 

v.ruves : 

Load 1 

Load 2 

J----!-r Sample 
out 

Temperature 
Controller 

I 

---------------------------------------------------· 

(b) 

Figure 10.2.2 Purge and trap techniques: (a) Conventional (Wise et al., 1991a); (b) With concentrator (Sherman et 
al., 1988a). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL ME1HODS 

10.2 CONTAMINANT SAMPLE EXTRACTION PROCEDURES 

10.2.3 Solvent/Chemical Extraction/ Microextraction 

Other Names Used to Describe Method: Soil-solvent extraction, liquid-liquid extraction, ultrasonication. 

Uses at Contaminated Sites: Extracting volatile, semi-volatile, and non-volatile organic compounds from ground 
water and soils. 

Method Description: Solvent extraction procedures involve the use of one or more organic solvents, acids, or 
other chemical substances and measures, such as filtration and centrifugation, to remove and concentrate the 
analyte of interest from a soil or ground-water sample (Figure 10.2.3a). Commonly used solvents include 
acetone, hexane, and methanol. Microextraction procedures require only a very small sample for extraction. 
Each analyte of concern requires its own specific extraction procedure. Simplified extraction procedures can 
sometimes be used for field screening purposes. Figure 10.2.3b compares a field screening and standard EPA 
laboratory extraction procedures for PCBs. Ultrasonication uses ultrasonic sound waves to accelerate the 
extraction of chemical species into a solvent. 

Method Selection Considerations: Advantages: (1) Extraction procedures are compound specific; and (2) 
simplified extraction procedures have been developed for field screening ofPCBs, P AHs, phenols, and pesticides. 
Disadvantages: Depending on the compounds, procedures can be complex and time-consuming. 

Frequency of Use: Required for many EPA standard laboratory methods. Standard or simplified field screening 
extraction procedures are being increasingly used with a variety of field screening and analytical techniques. 

Standard Methods/Guidelines: ASTM (in preparation-microextraction), U.S. EPA (1988b-Soil: PCBs, pesticides; 
Liquid/Liquid: Phenol; Soil or water: Total PNA). 

Sources for Additional Information: See Table 10-4. 
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Figure 10.2.3 Soil extraction: (a) General schematic of organic solvent extraction from soil samples (Overton et al., 
1988b); (b) Detailed field screening and EPA 3550/8080 extraction procedures for PCBs (Moy, 1989, by 
permission). 

10-19 



10. CHEMICAL FIELD SCREENING AND ANALYTICAL ME1HODS 

10.2 CONTAMINANT SAMPLE EXTRACTION PROCEDURES 

10.2.4 Thennal Treatment Methods 

Other Names Used to Describe Method: Thennal/microwave-assisted digestion, thennal extraction (Ruskan/Pyran 
thennal chromatograph!Pyrocell), thennal desorption. 

Uses at Contaminated Sites: Preparing soil and water samples for instruments requiring a gaseous phase for 
analysis (Section 10.3); preparing soil and water samples for wet chemistry/colorimetric analysis. 

Method Description: Thermal extraction techniques have in common the use of heat to prepare samples for 
subsequent stages of analysis. This can be as simple as using an electric or microwave oven to dry samples 
(required for soil moisture content detenninations and XRF analysis in the laboratory), to highly sophisticated 
instruments for vaporizing samples (such as ICP torches for atomic emission spectrometry [see Section 10.3.6]). 
The tenn digestion is commonly used when heating is involved in wet chemistry analytical procedures. Figure 
10.2.4a shows a thennal extraction device used with a flame ionization detector, and Figure 10.2.4b shows a 
schematic of a column thennal extractor used with a mass spectrometer. 

Method Selection Considerations: Most thennal treatment techniques and devices are small enough that they 
can be used in mobile laboratories. Thennal digestion is required for many wet chemistry analytical procedures. 
Thennal extraction/desorption can sometimes be used as an alternative to solvent extraction for analysis of non
gaseous phase samples in analytical instruments, such as gas chromatographs and mass spectrometers, which 
require a gaseous phase (see Section 10.3). 

Frequency of Use: Colorimetric wet chemistry field test kits for liquids, oils, and solids (see Section 10.5.1) often 
involve an initial digestion step. Use of thermal extraction procedures in conjunction with gas chromatographs 
and mass spectrometers in mobile laboratories is a relatively new approach that is becoming more common. 

Standard Methods/Guidelines: U.S. EPA (1988b-PAHs using GC with heated column). 

Sources for Additional Infonnation: See Table 10-4. 
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Figure 10.2.4 Thermal extraction devices: (a) Pyrocell for FID; (b) Column thermal extractor for mass spectrometer 
(Overton et al., 1988b). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METIIODS 

10.2 CONTAMINANT SAMPLE EXTRACTION PROCEDURES 

10.2.5 Other Extraction Methods 

Other Names Used to Describe Method: Membrane extraction, extraction disks, sorbent/solid phase extraction 
cartridges, Tenex tubes, cyclohexyl-bonded phase extraction column, supercritical fluid/gas extraction (SFE). 

Uses at Contaminated Sites: Extracting contaminants in ground water (sorbent and membrane) and air/soil gases 
(sorbent). 

Method Description: Sorbent extraction involves the contact of air or water through a material, such as granular 
activated carbon (GAC), polyurethane, or resins, which trap organic compounds by sorption or filtration. Figure 
10.2.5a illustrates the use of a polyurethane sorbent for air quality sampling. Bonded sorbents have been used 
for pesticides, P AHs, and phenols. Resin cartridges can be used for concentration of VOCs obtained from purge 
and trap (see Figure 10.2.2b). GAC is commonly used for passive soil sampling (see Figures 9.4.1a and b) and 
sometime to extract volatiles from ground-water samples. Once the sample is collected, a thermal extraction 
technique (Section 10.2.4) typically is used to extract the concentrated sample for instrumental analysis. 
Membrane extraction uses extractant fluids containing organic solvents, such as hexane, flowing through a tubular 
silicone rubber membrane to selectively extract and concentrate organic compounds of interest from a sample 
flowing outside the tube. In the simplest application, extractant fluid flows directly to the analytical instrument 
for analysis (Figure 10.2.5b ). For more complex samples, additional separation steps might be required. 
Supercritical fluid extraction (SFE) allows extraction of components from different matrices by means of a 
supercritical fluid, such as carbon dioxide. 

Method Selection Considerations: Sorbent Advantages: (1) Is a simple and inexpensive extraction technique for 
gaseous and water samples; and (2) is most applicable where preconcentration or precise measurements are 
required. Sorbent Disadvantages: (1) Concentrations will be underestimated if sorption is not complete or the 
sorbent becomes saturated; and (2) typically requires a second extraction step for instrumental analysis. 
Membrane Extraction Advantages: (1) Is a relatively simple technique; and (2) has the potential for automation 
to eliminate sample handling before it goes into the instrument for analysis. Membrane Extraction 
Disadvantages: (1) Is limited to aqueous samples; and (2) satisfactory extraction might be difficult with complex 
samples. 

Frequency of Use: Sorbents are being widely used where preconcentration of samples is required. Membrane 
extraction and SFE are relatively new methods that have not been used extensively. 

Standard Methods/Guidelines: Sorbent: U.S. EPA (1988b-FM-10, FM-16). 

Sources for Additional Information: U.S. EPA (1988b-FM-D2, FM-D3). See also, Table 10-4. 
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Figure 10.2.5 Other extraction techniques: (a) Polyurethane sorbent plug sampling train for air quality samples 
(Ford et al., 1984), (b) Membrane/Dow injection system (Melcher and Morabito, 1991). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.3 GASEOUS PHASE ANALYTICAL TECHNIQUES 

10.3.1 Total Organic Vapor SuiVey Instruments 

Other Names Used to Describe Method: OV detectors, photoionization detector (PID/HNU meter), flame 
ionization detector (FID/Organic vapor analyzer/OVA), argon ionization detector (AID), combustible-gas 
indicator ( explosimeter [ED]/catalytic surface oxidation device). 

Uses at Contaminated Sites: PID: SuiVeying aliphatics and aromatics; AID: SuiVeying aliphatics, aromatics, 
halomethanes, and halethanes. PIDs, FIDs and AIDs also can be used in combination with a gas chromatograph 
for detecting specific compounds (Section 10.3.3). Explosimeters are used to test manhole/sewers, pipeline leaks, 
confined areas in sewage plants, and inside tanks for combustible gases. 

Method Description: Photo ionization detector (PID): Uses an ultraviolet lamp as an ionizing source and responds 
to volatile organic compounds that have an ionization potential less than or equal to the lamp. A PID reports 
concentrations as total ionizable compounds. Flame ionization detector (FID): (Uses a hydrogen flame to ionize 
organic vapors entering the detector and reports concentrations of total organics as the ppm equivalent to a 
calibration compound (usually methane).) Argon ionization detector (AID): Similar to a PID, except that an 
argon lamp is used. Explosimeters use a sensor (hotwire, catalytic, solid state, etc.) to produce a signal, which 
is processed and displayed as the percentage of the combustible gas present to the total required to reach the 
lower explosive limit (LEL) and/or the percent combustible gas by volume. Various calibration gases can be used 
(butane, pentane, natural gas, and petroleum vapors), but methane is the most common. 

Method Selection Considerations: Figure 10.3.1 shows sensitivity ranges for organic vapor monitoring instruments. 
Total Detector Advantages: (1) Are highly portable (FID somewhat less portable than PID) and easy to use; (2) 
are relatively inexpensive (around $5,000); (3) FID is sensitive to a larger number ofvolatile organic compounds 
than PID (including low molecular weight compounds, such as methane, ethane, and certain toxic gases with high 
ionization potential, such as carbon tetrachloride and HCN); (4) have very rapid response time (seconds); and 
(5) AID is the most durable detector. Total Detector Disadvantages: (1) Are non-specific (they indicate if 
something is present but do not identify); (2) FID is more complicated than PID and requires hydrogen gas; and 
(3) AID is somewhat less sensitive than FID and PID. Explosimeters are inexpensive and portable. 

Frequency of Use: PIDs and FIDs are widely used as suJVey instruments whenever volatile organics are 
suspected, and also are commonly used in conjunction with gas chromatographs (see Section 10.3.3). 
Explosimeters are commonly used where explosive gases are suspected. 

Standard Methods/Guidelines: Ford et a!. (1984-PID, FID, ED), U.S. EPA (1988b-Section 15). 

Sources for Additional Information: Aller (1984-combustible gas indicator). See also, Table 10-5. 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.3 GASEOUS PHASE ANALYTICAL TECHNIQUES 

10.3.2 Specific Gas/Organic Vapor Detectors 

Other Names Used to Describe Method: Oxygen indicator, colorimetric or stain detector tubes, electrochemical 
toxic gas detectors. 

Uses at Contaminated Sites: Detecting oxygen deficient atmospheres; detecting and monitoring specific toxic or 
hazardous gases or vapors; serving as electrochemical gas detectors for hydrogen sulfide, hydrogen cyanide, 
nitrogen dioxide, and phosgene. 

Method Description: Various devices have been developed to measure concentrations of specific gases. Oxygen 
indicators measure the partial pressure of oxygen in the atmosphere. Oxygen enters the sensor through an 
oxygen-specific permeable membrane and initiates an oxidation-reduction reaction at two electrodes in an 
electrolyte solution. The amount of current generated is directly proportional to the oxygen concentration, and 
the instrument is calibrated to indicate percent oxygen. Stain or colorimetric detector tubes measure the 
concentration of specific gases and organic/inorganic vapors by discoloration, which is proportional to the amount 
of material present. A bellows or piston-type pump is used to draw a specified volume of gas into the detector 
tube. The tubes usually are calibrated in ppm and are either read directly from the tube, or referenced to a 
concentration scale or color change chart. Figure 10.3.1 shows the range of sensitivity of a number of specific 
gas detectors. Electrochemical gas monitors use electrochemical cells (often mixed oxide semiconductors or 
galvanic cells [see description of oxygen indicator]) for detection of toxic inorganic gases. See Section 10.6.5 for 
additional discussion of electrochemical sensors. 

Method Selection Considerations: Oxygen indicators are required in any situation where an oxygen deficient 
atmosphere is suspected at a hazardous waste site ( confmed spaces and excavations where heavier-than-air vapors 
are present in the soil). Detector Tube Advantages: (1) Are easy to use and relatively inexpensive; and (2) are 
most useful for detection of compounds at higher levels, such as in drums, confmed work areas, pockets, or 
depressions. Detector Tube Disadvantages: (1) Generally are inadequate for ambient air sampling due to the 
low sample volume collected; (2) cross sensitivity to other gases is common; (3) it is difficult to obtain accurate 
readings; and (4) a slow response time is typical. Electrochemical Gas Detector Advantages: (1) Are easily 
portable; (2) typically have lower explosive detection (LED) readouts, and have audio alarms when measured 
concentrations reach dangerous levels; and (3) interchangeable cells allow the use of the same monitor for 
multiple gases. Electrochemical Gas Detector Disadvantages: (1) Cross sensitivity to other gases can trigger false 
alarms; (2) high concentrations of gases (around 100 times the TL V) can irreparably damage the sensor cell; (3) 
sensor cells must be protected from excessive moisture and dust-laden air; and ( 4) service life of cells is relatively 
short (typically 6 months during normal use). 

Frequency of Use: Both oxygen indicators and detector tubes are commonly used at hazardous waste sites. 

Standard Methods/Guidelines: Detector tubes: ASTM (1990a,b), Ford et al. (1984-Method IV-6), U.S. EPA 
(1987-Section 15.7); Oxygen indicator: U.S. EPA (1987-Section 15.5). 

Sources for Additional Information: --
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METIIODS 

10.3 GASEOUS PHASE ANALYTICAL TECHNIQUES 

10.3.3 Gas Chromatography (GC) 

Other Names Used to Describe Method: Portable, fieldable, or mobile gas chromatograph with a: Flame 
ionization detector (FID), photoionization detector (PID), argon ionization detector (AID), electron capture 
detector (ECD), thermal conductivity detector (TCD), flame-photometric detector (FPD), Hall-electrolytic 
conductivity detector (ELCD), ion trap detector (lTD), microwave [induced] plasma detector (M[I]PD); 
GC/atomic emission spectroscopy (AES); GC/Fourier transform infrared spectroscopy (FTIR) (see section 
10.4.4); GC/mass spectrometry (MS) (see Section 10.3.4). 

Uses at Contaminated Sites: Portable GC: Assessing volatile organics and other gases (using headspace or purge 
and trap), soil PAHs, PCP, and PCBs (using extraction techniques). GC/AES: Assessing Cl, Br, 0, N, P, and S 
levels. 

Method Description: Gas chromatography involves the separation of gaseous constituents on a stationary phase 
in a column, which is either a solid or liquid held on a solid support. Thermal desorption gas chromatographs 
(TD-GC), with a unit for vaporizing samples before entering the column, are used when samples are in liquid 
phases or soil. Once the analytes have been separated in the column, they are eluted one after another, and then 
enter a detector attached to the column exit. Numerous types of detectors can be used with a gas chromatograph 
as listed above under other names. An FID or PID (see Section 10.3.1) can be used to detect specific 
compounds after they have been separated in the GC and FIDs and PIDs commonly are used in portable GCs. 
The electron capture detector (ECD) is another commonly used detector. Figure 10.3.3 shows several portable 
GC units. GC commonly is used as a sample preparation step for other types of instrumentation, such as the 
mass spectrometer (see Section 10.3.4). Relatively new combinations that show promise for use at contaminated 
sites include: (1) GC/MPD-AES, an experimental technique using GC in combination with a microwave plasma 
detector (MPD) and atomic emission spectrometry (see Section 10.3.6); and (2) GC/Fourier Transform Infrared 
(see Section 10.4.4). 

Method Selection Considerations: GC Advantages: (1) Are fairly portable; (2) have very good specificity, 
depending on detector used, with excellent ability to resolve most components in very complex mixtures; (3) have 
fair sensitivity (ppb to ppm); and (4) inexpensive compared to mass spectrometer ($10,000 to $20,000 vs. $50,000 
to $200,000). GC Disadvantages: (1) Are less sensitive than mass spectrometers; (2) have slower response time 
than mass spectrometers (tens of minutes vs. seconds) and their calibration can be time-consuming; (3) require 
a library of retention times to identity compounds and non-target compounds might be difficult to identity if 
detected analytes are not in the library or the quality of the library match is too low to make positive 
identification; and (4) require bottled gas. GC/FID: Universal capability in screening samples. GC/MS: Allow 
better resolution of components in complex mixtures than MS alone and are most commonly used for 
unequivocal identification of hazardous compounds. GC/FI'IR: Allow elucidation of chemical structure and are 
able to identity additional hazardous compounds not detected by GC/MS. GC/AES Advantages: (1) Allow 
detection of elements that have been impossible or difficult to monitor with other GC detectors; (2) element
specific detection can save time in sample preparation; (3) multiple element detection reduces need for GCs with 
multiple detectors; (4) element ratios can reduce time for interpretation of GC/MS and GC/FTIR data for 
nontarget compounds; (5) size and weight and other requirements similar to GC/MS field laboratory 
instrumentation; and (6) detection limits comparable to GC/FID and GC/FPD. GC/AES Disadvantages: 
Instrumentation still in developmental stages. Other Detectors: ECDs are highly sensitive to halogenated organic 
molecules and can be used to analyze for PCBs in the presence of unhalogenated hydrocarbons, such as oil. 
Detectors, such as NPD, ECD and ELCD (Hall detector), have lower detection limits for specific elements. 

Frequency of Use: GC is the most well developed and accurate field analytical technique for organic compounds 
when used with an appropriate detector. The most commonly used detectors include PID, FID, AID, ECD, Hall 
detector (ELCD), and TCD. 
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Figure 10.3.3 Portable gas chromatographs: (a) HNU System GC 311; (b) Photovac lOS PLUS (U.S. EPA, 1991b). 

10-28 



Standard Methods/Guidelines: Ford et a!. (1984), U.S. EPA (1987-Exhibit 7A-1, mobile lab protocol for 
organics), U.S. EPA (1988b-1D/GC, GC/ECD, Mobile GC). 

Sources for Additional Information: Davis et al. (1985), Nielsen et a!. (1992), Szelewski and Wilson (1988), U.S. 
EPA (1991b, 1992), Weslowski and Alwan (1991). See also, Table 10-5. 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.3 GASEOUS PHASE ANALYTICAL TECHNIQUES 

10.3.4 Mass Spectrometry (MS) and GC/MS 

Other Names Used to Describe Method: Fieldable/mobile mass spectrometer (MS), mobile tandem MS (MS/MS, 
MINITMASS), GC/MS, GC/11MS or lTD (ion trap mass spectrometer or ion trap detector), thermal desorption 
(TD) or thermal extraction (TE), GC/MS. 

Uses at Contaminated Sites: TD-GC/MS: Assessing VOCs (water, soil/sediment, soil gas, air), PCBs, PARs, and 
pesticides (soil/sediment); GCIITMS: Assessing VOCs (air, water, soil) (Wise eta!. [1991a] list detection limits 
for 30 VOCS in air, and 21 VOCs in water). 

Method Description: Mass spectrometry techniques involve conversion of compounds in a sample into charged 
ionic particles that consist of the parent ion and ionic fragments of the original molecule. Distinctive mass/charge 
ratios allows for identification of compounds, while the magnitude of ion currents at various mass settings is 
related to concentration. Major components of a mass spectrometer include: (1) The inlet system, (2) the ion 
source, (3) the electrostatic accelerating system, and (4) the detector and readout system that gives a mass 
spectrum recording the numbers of different kinds of ions (Figure 10.3.4a). Mass spectrometers often are used 
in conjunction with gas chromatography (see Section 10.3.3). Figure 10.3.4 illustrates portable, fieldable, and 
mobile laboratory mass spectrometers. 

Method Selection Considerations: MS Advantages: (1) Have very good specificity in noncomplex matrix; (2) are 
very sensitive (ppb); (3) have rapid response time (seconds); and (4) very small sample sizes (milligram to 
microgram) can be used. MS Disadvantages: (1) Have poor resolution in complex mixtures (can be overcome 
by using GC/MS); (2) are expensive ($50,000 to $200,000); (3) are large, heavy, and not very rugged; (4) require 
high vacuum pumps and a large amount of power; (5) are complex instruments requiring long set up time; (6) 
require a library of spectra; and (7) calibration procedures are more time-consuming than for GC. 

Frequency of Use: Some use in mobile laboratories. Field instruments are in developmental stages. 

Standard Methods/Guidelines: U.S. EPA (1988b-GC/11MS, MS/MS). 

Sources for Additional Information: Davis et a!. (1985). See also, Table 10-5. 
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Figure 10.3.4 Mass speetrometers: (a) Schematic of man-portable GC/MS system: (A) Vapor inlet/transfer GC 
column, (B) MSD analyzer, (C) control electronics, (D) portable 386 computer, (E) molecular drag 
pump, (F) vacuum hose, (G) vacuum reservoir, (H) carrier gas, and (I) 24v DC battery (Meuzelaar et 
al., 1991), (b) Fieldable mass speetrometer mounted in a 4-wheel drive vehicle (Hadka and Dickinson, 
1988), (c) Mobile thermal chromatograph/mass speetrometer (Greenlaw et al., 1989, by permission). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL ME1HODS 

10.3 GASEOUS PHASE ANALYTICAL lECHNIQUES 

10.3.5 Atomic Absorption Spectrometry (AAS) 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Analyzing heavy metals, organometallic compounds, and other elements in water 
and soil/solids. 

Method Description: AAS involves the measurement of radiation absorbed by electrons in a vaporized liquid 
sample. All AAS instruments have the following basic features (Figure 10.3.5a): (1) A light/radiant energy source 
that emits resonance line radiation; (2) a sample chamber in which the sample is fed as an aerosol and vaporized; 
(3) a device for selecting only one of the characteristic wavelengths (visible or ultraviolet) of the element being 
determined; (4) a detector, usually a photomultiplier tube, which measures the amount of absorption; and 5) a 
readout system (strip chart recorder, digital display, meter, or printer). Techniques for vaporizing the sample 
include flame (aerosol mixed with fuel and oxidant gas), furnace or electrothermal (sample is deposited at room 
temperature in a graphite tube and vaporized by heating), hydride generation or derivitization (elements such 
as As, Se, Sb, and Sn are converted to gaseous hydrides before being vaporized in small quartz tube furnaces), 
and cold vapor (for mercury only). AAS instruments can have one or two beams (Figure 10.3.5b and c), and 
more sophisticated (and more expensive) instruments have more than one channel for simultaneous 
determination of more than one element. Multi-element sequential AAS instruments can be programmed to 
automatically determine chosen elements sequentially. 

Method Selection Considerations: Advantages: (1) Simpler instruments, such as single-beam flame AAS, are 
relatively inexpensive (around $6,000 in 1986); (2) operation is very simple and can be partially automated; (3) 
in many determinations, standardization is easy and straightforward; and (4) have low detection limits (ppb) and 
high accuracy (furnace AAS has the lowest detection limits; flame AAS is generally 10 to 100 times higher). 
Disadvantages: (1) Flame AAS can only measure one element at a time and is not well suited for refractory 
elements, such as boron and vanadium; (2) time required for heating cycle of furnace AAS makes it slow 
compared to flame AAS; (3) sample preparation requires great care and can be time consuming; and (4) matrix 
interferences might affect results for specific elements (for example AI, phosphate, and sulfate interfere with Ca 
determinations). 

Frequency of Use: AAS and inductively coupled plasma atomic emission spectrometry (Section 10.3.6) are 
probably the two most widely used laboratory techniques for elemental analysis of aqueous and solid samples. 
Many mobile laboratories have AAS for analysis of heavy metals and hydride derivitization. AA has been used 
less commonly in mobile laboratories for analysis of organometallics. 

Standard Methods/Guidelines: U.S. EPA (1988b-FM-1), U.S. EPA (1987-protocol 7A-3). 

Sources for Additional Information: Baker and Suhr (1982), Fishman and Friedman (1989), Thompson et al. 
(1989). 
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Figure 10.3.5 Atomic absorption spectrometers: (a) Essential components; (b) Single-beam instrument; (c) Double
beam instrument with background correction using a deuterium lamp (Baker and Suhr, 1982, by 
permission). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METIIODS 

10.3 GASEOUS PHASE ANALYTICAL 1ECHNIQUES 

10.3.6 Atomic Emission Spectrometry (AES) 

Other Names Used to Describe Method: Optical emission spectrometry (OES), flame emission spectrometry 
(FES)/flame photometry. 

Uses at Contaminated Sites: Analyzing heavy metals and other elements in water and soil/solids. 

Method Description: AES involves the excitation of electrons in liquid samples and measurement of the radiation 
emitted when they relax to an unexcited state. Each element emits radiation of a characteristic wavelength and 
concentrations are proportional to the intensity. AES using a flame as an excitation source, called Dame 
emission spectrometry (FES) or flame photometry, has been in use since the 1860s. A variety of other excitation 
sources can be used (such as direct current arc, alternating current spark, and direct current discharge plasmas), 
but the most commonly used source today is the inductively coupled radiofrequency plasma (ICP) torch (Figure 
10.3.6). 

Method Selection Considerations: Advantages: (1) A large number of elements can be measured simultaneously 
(10 to 20 for FES and 20 to 35 to ICP-AES), making analysis for any one element very rapid; (2) ICP-AES linear 
range for detection is greater than AAS, reducing the amount of sample handling and dilution for analysis; (3) 
FESs are simple and inexpensive to operate; and (4) ICP provides a highly stable, sensitive and relatively 
interference-free excitation source for solution samples, and is able to handle refractory elements that AAS and 
FES cannot. Disadvantages: (1) Furnace AAS provides greater sensitivity for arsenic, lead, and selenium; and 
(2) solids samples requires careful preparation of solutions for analysis. 

Frequency of Use: ICP-AES and AAS (Section 10.3.5) are probably the two most widely used laboratory 
techniques for elemental analysis of aqueous and solid samples. 

Standard Methods/Guidelines: --

Sources for Additional Information: Baker and Suhr (1982-FES), Fishman and Friedman (1989), Soltanpour et 
al. (1982-ICP-OES), Thompson et al. (1989-ICP-AES). 
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Figure 10.3.6 Plasma torch configuration for ICP-AES (Fishman and Friedman, 1989). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METIIODS 

10.3 GASEOUS PHASE ANALYTICAL TECHNIQUES 

10.3.7 Ion Mobility Spectrometry (IMS) 

Other Names Used to Describe Method: Plasma chromatography. 

Uses at Contaminated Sites: IMS: Detecting microorganisms, anilines, nitrosoamines, organophosphorus esters, 
organic sulfides and arsenicals, selected explosives, and many other organic compounds (Reategui et a!. [1988] 
identify more than 40 organic and inorganic compounds or groups of compounds that can be detected by IMS); 
GC/IMS: Detecting alcohols, ketones, BTEX, aldehydes, halocarbons, and chlorinated aromatics. 

Method Description: IMS resembles a cross between a flame ionization detector and a mass spectrometer. 
Figure 10.3.7 shows the operation of an IMS cell. A sampling pump draws air though a semipermeable 
membrane, which is selected to exclude or attenuate possible interferents. The sample is ionized in a reaction 
region through interaction with a weak plasma of positive and negative ions produced by a radioactive source. 
A shutter grid allows periodic introduction of the ions into a drift tube, where they separate based on charge, 
mass, and shape, with the arrival time recorded by a detector. The identity of the molecules is determined using 
a computer to match the signals to IMS signatures held in memory. If the IMS signature is known it also is 
possible to program the instrument to detect specific compounds of interest. 

Method Selection Considerations: IMS Advantages: (1) Combines the simplicity and sensitivity of ionization 
detectors (Section 10.3.1) with the ability to distinguish specific compounds in complex matrix; (2) has very good 
sensitivity (sub ppb to ppm); (3) has very fast response time (seconds); (4) is portable and rugged; and (5) is 
inexpensive compared to MS and comparable in price to GC ($5,000 to $25,000). IMS Disadvantages: (1) 
Provides specific identification of fewer compounds than GC or MS; (2) is better than MS at identifying certain 
target compounds in a complex mixture, but GC provides better resolution in this situation; and (3) requires 
a library of ion mobilities. 

Frequency of Use: IMS: Recent development of portable IMS detectors might make the technique an alternative 
to FID and GC. 

Standard Methods/Guidelines: --

Sources for Additional Information: U.S. EPA (1991b, 1992). See also, Table 10-5. 
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Figure 10.3.7 Theory of operation of ion mobility spectrometer (Reategui et al., 1988). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.4 LUMINESCENCE/SPECTROSCOPIC ANALYTICAL TECHNIQUES 

10.4.1 X-Ray Fluorescence (XRF) 

Names Used to Describe Methods: Portable XRF, X-ray fluorescence spectroscopy/spectrometry, x-ray emission 
spectrography, x-ray spectrochemical analysis. 

Uses at Contaminated Sites: Detecting heavy metals and other elements in soil/solids samples. Reported 
elements As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Sn, and Zn. 

Method Description: XRF uses primary x-rays to irradiate a solid sample, which causes elements in the sample 
to emit secondary radiation of a characteristic wavelength (Figure 10.4.1a). Concentration of an element is 
proportional to the intensity of the secondary radiation emission. Two basic types of detectors are used to detect 
and analyze the secondary radiation. Wavelength-dispersive XRF spectrometry uses a crystal to diffract the x
rays, as the range of angular positions are scanned using a proportional or scintillation detector (see Section 1.5.4 
for description of these detectors). Energy-dispersive XRF spectrometry uses a solid-state, Si(Li) detector from 
which peaks representing pulse-height distributions of the x-ray spectra can be analyzed. It is the latter type of 
detector that has allowed development of field-portable instruments (Figure 10.4.1b). Figure 10.4.1c shows the 
effective depth of penetration of various materials. Various terms have been used to describe this technique, 
but XRF is the most commonly used term in the literature on investigation of contaminated sites. 

Method Selection Considerations: Advantages: (1) Is about one-tenth the cost of conventional laboratory 
analyses; (2) sample preparation is minimal compared to conventional analytical techniques; (3) allows 
simultaneous determination of several elements; and (4) very portable energy-dispersive XRF instruments are 
now available (Figure 10.4.1b) and more accurate wavelength-dispersive XRF instruments can be used in mobile 
laboratories. Disadvantages: (1) Detection limits for portable instruments (lOs to lOOs ppm) typically are an 
order of magnitude higher than ICP-AES; (2) laboratory use with liquid samples requires preconcentration or 
precipitation, which is time consuming; and (3) the relatively shallow depth of penetration of soil materials (mm) 
means that collection and processing by grinding samples is generally required to obtain reproducible readings 
using a portable probe. 

Freguency of Use: Along with total/specific organic vapor detectors and gas chromatographs, XRF is the most 
mature of the portable field screening techniques that have developed in recent years. 

Standard Methods/Guidelines: Laboratory XRF: Jones (1982); Field screening: U.S. EPA (1987-Protocol 7A-4), 
U.S. EPA (1988b). 

Sources for Additional Information: Raab et a!. (1991), Thompson et a!. (1989). See also, Table 10-5. 
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Figure 10.4.1 X-ray fluorescence: (a) Schematic indicating the field-portable XRF analytical process (Glanzman, 
1988); (b) Pro.:ess for real time, on-site XRF measurements, data transfer, processing and plotting 
(Raab et al., 1991, by permission). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.4.2 LUMINESCENCE/SPEClROSCOPIC ANALYTICAL TECHNIQUES 

10.4.2 Other Luminescence Techniques 

Names Used to Describe Methods: F1uorometry/fluorimetry/spectrofluorometry: UV fluorescence 
spectrophotometer; synchronous fluorescence/luminescence (SF/SL);laserfluorometry/laserinduced fluorescence 
(LIP); solid state fluorescence, x-ray fluorescence (Section 10.4.1); room-temperature phosphorimetry (RTP). 

Uses at Contaminated Sites: UV and synchronous fluorescence: Performing semiquantitative analysis of 
semivolatile polynuclear aromatic hydrocarbons (PAHs/PNAs); field screening ofBTEX. RTP: Analyzing PCBs. 

Method Description: Fluorometry is a photoluminescent technique in which the electronic state of a molecule 
is elevated by absorption of electromagnetic radiation. When the molecule returns to its ground state, radiation 
is emitted (typically ultraviolet or visible radiation for most fluorometric techniques) to produce a distinctive 
excitation and emission spectrum. Instruments used for fluorometric analysis range from simple filter 
fluorometers to very sophisticated spectrophotofluorometers. These instruments contain four principal 
components: (1) A source of excitation energy (UV, laser, x-rays, etc.), (2) a sample cuvette, (3) a detector to 
measure the photoluminescence, and (4) a pair of filters or monochromators for selecting the excitation and 
emission wavelengths. UV fluorescence has been used in a number of applications for field screening: (1) For 
semiquantitative analysis of solvent extracted PAHs, (2) for analysis of samples using high performance liquid 
chromatography (Section 10.5.3), (3) in conjunction with fiber optic sensors (Section 5.5.6), and (4) as a surface 
contamination detector, in which a non-fluorescing substance sprayed on the ground surface reacts chemically 
with the contaminant of interest to form a substances that fluoresces with UV excitation. Fiber optic sensors 
commonly use UV fluorescence (see Section 5.5.6). Synchronous fluorescence, or luminescence, involves the 
use of both emission and excitation monochromators to record the luminescence signal, which allows greater 
selectivity in the analysis of environmental samples. RTP is based on detecting the phosphorescence emitted 
from organic compounds adsorbed on solid substrates at ambient temperatures (conventional phosphorimetry 
requires cryogenic equipment). A recently developed test for PCBs using RTP involves a rapid extraction 
procedure (1 to 3 minutes), followed by placement of a few microliters of the sample solution on a filter paper. 
The sample is dried for about three minutes with a heating lamp and transferred to a spectrofluorimeter 
equipped with a phosphoroscope. The presence and concentration of PCBs can be determined by the spectral 
signature and intensity. Table 10.4.2 provides additional information on UV-visible luminescence, synchronous 
fluorescence, room-temperature phosphorescence, and low-temperature luminescence methods. 

Method Selection Considerations: Advantages: (1) Instrumentation is relatively simple and portable; and (2) UV 
fluorescence can be used for rapid semiquantitative analysis of total PAHs in soil. Disadvantages: Analysis of 
complex samples can be difficult due to spectral overlap of different luminescing compounds (SF can partly 
overcome this). 

Frequency of Use: Fluorometry in combination with fluorescent dyes probably is the most common technique 
used in karst limestone tracer studies. PAH-extract/UV fluorescence has been demonstrated as a good field 
screening technique for semiquantitative analysis of polynuclear aromatic compounds in soil. Synchronous 
fluorescence and RTP only recently have been tested for field screening of contaminants and are still in the 
developmental stages. 

Standard Methods/Guidelines: U.S. EPA (1988b-total PNA with UV fluorescence). 

Sources for Additional Information: Davis et al. (1985-fluorometry), Eastwood and Vo-Dinh (1991). See also, 
Table 10-5. 
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Table 10.4.2 General Characteristics of UV-Visible Luminescence, Synchronous Fluorescence, Room Temperature 
Phosphorescence, and Low Temperature Luminescence Techniques of Field Analysis (See end of Table 
10.4.3 for definitions and abbreviations) 

Applicability 

Polyaromatic 
Compounds 

Fluorescent Dyes 

FluorometTic Reaction 
Products 

PCBs 

Phenols 

Pesticides 

Semivolati/es 

Nonvolatiles 

Petroleum Oils 

Increased Specificity 
for Individual PACs 
or PAC Classes in 
Complex Mixture 

Petroleum Oils 

Creosotes 

Most Luminescsnt 
PACs, PCBs, 
PAHs 

Directly or with 
Heavy Atom 
Perturber 

Advantages 

Most Sensitive Method 
for Trace and 
Ultratrace Analysis 
when Applicable 

Instrumentation 
Readily A vail able 

No Interference by 
Water 

Few Interferences by 
Nonaromatic& 

Some Structural 
Specificity 
- Enhanced by 

Special T echnk;ues 

Vety Selective 
- Enhanced by Time 

and Wavelength 
Variability 

Can Distinguish 
Geometrical/somers 

Increased Specificity 

Less Spectral 
Overlap 

Classificaaon of PAHs 
by Number of Rings 

Useful for Screening 

Combine with Other 
Luminescence 
Techniques 

Easy Sample Prep 

Eliminates Scatter 
and Fluorescence 
Background 

Longer Ufetimes 
than Fluorescence 

No Need for Cty<>
gsnic lnstrumenta&on 

Useful for Screening 

Addiaonal Selectivity 
Due to Perturber 

Umitations S8nsitiv1ty Current Field 
Applicability 

Umited to Compounds 
with Fairly High 
Luminescence Yields 
(Usually PACs, unless 

I Excellent Sensitivrty 

ppb (pptrillion or 
Less with Laser 

Portable Instruments 
Available 

Field Deployable 
Instruments Available Derivatized) 

Relatively Unspecific 
for Structural 
Information 

1 (Compared to IR) 

Ouantitation 
Complicated by 
Differences 1n Quantum 
Yields, Quenching, 
Microenvironments 

1 

Umited Reference 
I Spectra Available 

Excitation) 

Dependent on 
Quantum Yields 

Flow-through Oil- Water 
Monitors and HPLC 
w#h M.iltichannel 
Detectors 

Front Surface - RTP 

Synchronou• FluorNc.nce 

I 

Deaease in Good Sensitivity Portable Instruments 
Sensitioflry with under Development 
Narrower Bandpasses Stighdy Lower !han 
and Wavelength Offset Auorescsnce Emission Field Deployable 

Instruments 
Loss of Vibrational Dependent on Available 
Structure in SpectnJm Instrumental 

Conditions 
Need Dual Scanning 
Monochromators Dependent on Stokss 

Shift of Compound 
Need Polychromatic 
Source 

Room Temp~~nturo Phosphoro•cence (RTP) 

Oxygen may Quench 
in Solution 

Less Structure than 
LTP 

Substrate/Technique 
Dependent 

.::Juandtaaon may be 
Complicated 

Limited Corrected 
Spectra Available 

Good Sensitivity 

ppb in Favrxable Cases 

Portable Instruments 
Under Development 

Field Deployable 
Dependent on Ouantum Instruments Available 
Yield of Compound 

Dependent on 
Efficiency of 
Perturber 

Front Surface 

Rigid Medium 
• Filter Paper 
• TLC Plate 

I Dosimetry 

I Easy Sample Prep 

Low Temperature Luminescence (Fiuoflfscenceand Phosphorescence) 

Luminescent PACs 

PCBs 

Higher Sensitivity, 
Specificity than RT 

Vibraaonal Structure 

Similar to Raman 

Ouantitation Over 6 
Orders of Magn#ude 

Distinguish Isomers 

Vety Selective 
·Enhanced by Time 

and Wavelength 
Van ability 

Source: Eastwood and Vo-Dinh (1991) 

Ctyogenic Apparatus Excellent Sensitivity 
More Complicated 

pptrillion in Optimal 
Need Skilled Operator Cases 

Less Reference Improved with Laser 
Spectral Data than RT 

Some Ans/ytes Matrix 
Dependent 
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Limfted Semi-Field 
Deployability 

Related Lab 
Techniques & 

Sensors 

Luminescence 
Techniques 
• F/uorescenca 
-Phosphorescence 
- Synchronous 
- Time and Phase 

Resolution 
-Polarization 
• RT andLT 
-3D 
-Miaosoopy 

Fiber Optic 
F/uorometric 
Sensors 

Multichannel 
Detectors 
- Diode Arrays 
-CCDs 

Auorescance 
Quenching or 
Energy Transfer 
- Indirect Ways 

to Measure Non
luminescent 
Mo/erules 

L T Measurements 

Time and Phase 
Resolution 

Derivative 

Remote Mondor 
under Development 

Synchronous 
Phosphorescence 

Can Compare with 
L T Techniques for 
Optimization 

Time Resolution 

TLC 

Organized Medium 
• Micelle Soludon 
- Cyclodextrin 

L T Techniques 
- Shpolskii Spectra 
- Laser~Jine 
Narrowing 

• Site Selection 
·Matrix Isolation 

Low Temperatures 
77Kto4K 



10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.4 LUMINESCENCE/SPEC1ROSCOPIC ANALYTICAL TECHNIQUES 

10.4.3 Other Spectrometric/Spectro-Photometric Techniques 

Other Names Used to Describe Method: Ultraviolet (UV) spectroscopy, UV spectrophotometry, visible 
absorption spectroscopy, spectrophotometry, IR infrared (laser diode) spectrometry, photoacoustic spectrometry. 

Uses at Contaminated Sites: IR spectrometry: Identifying and characterizing amorphous and crystalline inorganic 
or mineral phases; performing functional-group and qualitative analysis of organic compounds. 

Method Description: Spectrophotometry encompasses a number of techniques involving measurement of the 
absorption spectra of narrow band-widths of radiation (visible and ultraviolet). Colorimetric techniques discussed 
in Section 10.5.1 require spectrophotometric measurements, as do luminescence techniques discussed in Section 
10.4.2. Infrared (IR) spectrometry involves the measurement of infrared radiation absorption bands from low
level transitions between molecular energy levels. Different inorganic and organic functional groups have 
distinctive absorption spectra that help identify mineral or chemical phases in a sample. Table 10.4.3 provides 
additional information on UV-visible absorption, dispersive, and near-infrared methods. 

Method Selection Considerations: Spectrophotometry: Integral to other techniques covered elsewhere. IR 
Spectrometry Advantages: Most useful when used in conjunction with x-ray diffraction (XRD) because it is 
capable of characterizing amorphous inorganic and mineral phases, which cannot be detected by XRD (Section 
10.6.1 ). IR Spectrometry Disadvantages: (1) Results are primarily qualitative and require use of other techniques 
for definitive identification (quantitative analysis of multi component systems is possible, but very difficult); and 
(2) for solids samples, particle size must be less than the wavelength of the infrared radiation. 

Frequency of Use: IR Spectrometry: Relatively common laboratory method for mineralogical study. Use for 
characterization of soils and waste has been limited. 

Standard Methods/Guidelines: White and Roth (1986-IR spectrometry). 

Sources for Additional Information: Eastwood and Vo-Dinh (1991). 
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Table 10.4.3 General Characteristics ofUV-Visible Absorption, Dispersive Infrared, and Near Infrared Techniques for 
Field Analysis 

Applicability 

Poly aromatic 
Compounds (PACs) 

Dyes 

Colorimetric Reaction 
Products 

--

Organic and Inorganic 

Determinabon of 
Specific Functional 
Groups 

Single Compounds l 
Simple Matrices I 
Organics Overtones 

Advantages 

Marvre Technique 

Instrumentation 
Readily A vailab/e 

Good Quantitative 
Accuracy for Single 
Compounds and 
Simple Mixture• 

Few Interferences 
by Nonaromatics 

Spectral Data 
Available 

Higll/y Specific 
Structural Data on 
Group Frequencies 

Marvre Technique 

Instrumentation Widely 
Available 

Spectral Libraries 
Available 

Sources 
Materia 
Mid-IR 

and Optical 
Is Betrer than 

Optically 
Material s 

Good Sensor 

Can Dis 
Compo 
Matrix 

tinguish Major 
nents of Simple 

nterferences Fewer I 
than M1 ·d-IR 

IJmitations Sensitivity 

UV-vl• Absorption 

Unspecific Moderate Sensitivity 
(Compared to IR and 
Luminescence) ppm -ppbin 

Favorable Cases 
Extensive Semple 
Preparation 

Ovantitation may be 
Affected by Solvent, 
Polarity, or Medium, 
Chemical Complexation 

Infrared (Dispersive) 

Mid/low Sensitivity Less SensitiVIJ than 
UV-vis Absorbance 

Water is lnterferent 
Much Less Sensitive 

Requires Special than Fluorescence 
Optics/Solvents 

ppthousand to ppm 
Quantitation in Favorable Cases 
Difflculties 

Week Optical 

Sources and 
Detectors 

Near Infrared 

Less Spectral Low Sensitivity 
Structure than Mid-IR 
- Overtone OV!Jrlap 10-1 ppthousand 
- Less Specificity 
- Interpretation 

Complicated 

Not Useful for Complex 
Matrices 

Signal Processing and 
Pattern Recognition 
Required 

Definitions of portable. field deployable, and semi-field deployable as used in this table are: 

Portable: Field Deployable: 

Battery powered Generator powered 

Current Field 
Applicability 

Portable 
- Hand-held Colorimeter 
- Colorimetric Kits 

Field Deployable 
Instrumentation with 
Multichannel Detectors 

HPLC Detactors 

Portable and Field 
Instruments Available 

Portable Unit with 
Gas Cell 

Qvantitation of Grease 
and Oil 

A TR Attachments for 
Solids, Oils 

Portable Near-IR 
Instrument with Fiber 
Optic Probe 

Characterization of Oil 

Bulk Chemical 
Analysis 

Semi-field Deployable: 

Can fit.in mobile lab 

Related Lab 
Techniqves & 

Sensors 

UV-VIS Techniques 
-FT 
-Derivative 

L T Matrix Isolation 

Reflectance 

Photoacoustic 
Spectroscopy 

Fiber Optic 
Colorimetric 
Sensors 

Multichannel 
Detactors 
- Diode Arrays 
-CCDs 

FTIR 

GC!LC-FTIR 

Surface/Pollutant 
Interaction Stvdies 

Near IR Sensors 

Process Control 

One person can carry Compact, two people can lift (several instruments in mobile lab) 
Relatively simple sample prep. (< 1 hr.) 

Complex or fragile instrument 
Lirrle sample prep. ( < 10 min.) 
Instrument cost< $30,000 
Analysis cost < $30 

Instrument cost $30,000 to $100,000 
Analysis cost $30 - $200 

Definitions of abbreviations as used in this table are: 

ATR 
CARS 
ceo 
FTIR 
GC 
HPLC 
IR 
LC 
LT 
NRS 

Attenuated Total Reflectance 
Coherent Anti*Stokes Raman Spectroscopy 
Charge-Coupled Dev1ce 
Fourier Transform-Infrared Spectroscopy 
Gas Chromatography 
High Performance IJquid Chromatography 
Infrared Spect!OSCOpy 
Liquid Chromatography 
Low Temperature 
Normal Raman Spectroscopy 

Source: Eastwood and Vo-Dinh (1991) 

PAC 
PAH 
PCB 
ppb!ppm 
RTP 
SERS 
SFC 
TLC 
UV-vis 
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Often considerable sample prep. (> 1 hr.) 
Instrument cost> $100,000 
Analysis cost > $200 

Polyaromatic Compounds 
Polyaromatic Hydrocarbons 
Polychlonnated Biphenyls 
part per billion/part per mill1on (mg!mL, figlmL) 
Room Temperature Phosphorescence 
Surface-Enhanced Raman Spectroscopy 
Supercritical Fluid Chromatography 
Thin-Layer Chromatography 
Ultraviolet- Visible Spectroscopy 



10. CHEMICAL FIELD SCREENING AND ANALYTICAL ME1HODS 

10.4 LUMINESCENCE/SPEC1ROSCOPIC ANALYTICAL 1ECHNIQUES 

10.4.4 Other Spectroscopic Techniques 

Other Names Used to Describe Method: Infrared (IR) spectro~copy, high resolution/long range Fourier 
transform infrared (FTIR) spectroscopy; Light detection and ranging spectroscopy (LIDAR), including 
differential scattering LIDAR (DISC) and differential absorption LIDAR (DIAL); IR reflectance/transmission 
spectroscopy; Raman spectroscopy (RS), (surface enhanced raman scattering (SERS). 

Uses at Contaminated Sites: FTIR: Remote monitoring of air contaminants. 

Method Description: IR spectroscopy: A field-deployable long-path Fourier transform infrared (FTIR) 
spectrometer currently is being tested by EPA. The instrument measures the absorption caused by infrared-active 
molecules. Pollutant inorganic and organic gas concentrations are determined by setting up a retroflector up to 
1 kilometer from the spectrometer and transmitting an infrared beam that is returned to the detector (Figure 
10.4.4a). Analysis is performed by using a reference spectrum of known concentration and least square fitting 
routines. The instrument measures various airborne vapors, including both organic and inorganic compounds. 
Figure 10.4.4b illustrates four applications ofiR spectroscopy using differential scattering and absorption LIDAR, 
techniques that are being tested by the U.S. Army. RS encompasses a variety of techniques that involve detection 
and analysis of the scattering of radiation. Raman techniques differs from IR spectroscopy by using visible light 
to obtain structurally unique vibrational and rotational spectra. In the laboratory, RS can be used to identify 
functional groups to determine mineral phases. SERS is a relatively new analytical technique in which a sorptive 
surface provides a signal enhancement of up to a million times compared conventional IR spectroscopy, thus 
greatly reducing the detection limit. Reflectance/transmission spectroscopy in the near and far infrared portion 
of the electromagnetic spectrum has been proposed for airborne remote sensing identification of surface spills 
of benzene, toluene, TCE, and gasoline, but has not been field tested. Table 10.4.4 provides additional 
information about FTIR, normal RS, surface enhanced spectroscopy, and resonance raman methods. 

Method Selection Considerations: Long-Path FTIR Advantages: (1) Measurements are rapid (a few minutes), 
allowing temporal profiles of pollutant gas concentrations; and (2) a range of volumes can be sampled by 
changing the distance between the instrument and the retroflector. Long-Path FTIR Disadvantages: 
Instrumentation is still in developmental stages. RS Advantages: (1) Is the best complement to IR spectrometry 
(Section 10.4.3) because it is able to discern vibrations from functional groups that are not discernible in the IR 
spectra; (2) resolution allows observation of particles as small as 1 micron, allowing characterization of individual 
particles; and (3) when combined with high pressure liquid chromatography (Section 10.5.3), can be used with 
solid and liquid samples to test for nearly all substances on EPA's priority pollutant list, including semivolatiles. 
RS Disadvantages: (1) Is nondefinitive and qualitative (only identifies functional groups); (2) data interpretation 
is complex; and (3) instrument availability is limited. 

Freguency of Use: Uncommon. 

Standard Methods/Guidelines: --

Sources for Additional Information: Eastwood and Vo-Dinh (1991), Thompson et al. (1989-IR and Raman 
Spectroscopy), U.S. EPA (1991b, 1992-portable FTIR). See also, Table 10-5. 
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Figure 10.4.4 Several infrared spectroscopic techniques: (a) Schematic of an infrared radiation source, mirror, and 
FTIR spectrometer equipped with telescopes to allow long-path analysis (Moore et at., 1991); (b) Four 
applications of differential scattering and absorption Lidar (Mackay, 1991). 
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Table 10.4.4 General Characteristics of Fourier Transform Infrared, and Raman Spectroscopic Techniques for Field 
Analysis (See end of Table 10.4.3 for definitions and abbreviations) 

Applicability 

Organic and Inorganic 

Determination of 
Specific Functional 
Groups 

Routinely Used for 
Real· lima GC and 
Vapor Analysis 

Organic and Inorganic 

Aqueous Solutions 

Biological Matrices 

Polymers 

Many Pollutants 

Demonstrated for: 
• Pyridine 
-Hydrazine 
-PAHs 
• Pesticides 

PACs Absorbing in UV 

Phenols 

Advantages 

Highly Specific 
Structural Data on 
Group Frequencies 

Instrumentation 
Widely Available 

Real· Time Row 
through Vapor 
Applications 
• GC-FTIR 

Spectral Libraries 
Available 

Specific as IR for 
Structural Information 

Different Selection 
Rules· Complements 
IR 

Fewer Interferences 
than /R in vis or 
nsar-IR Regions 

Water and Glass not 
Interferences 

Good Optics and 
Solvents Available 

Can Handle Unusual 
Semple Shapes/Sizes 

Specific in Structural 
Information 

More Sensitive than 
Norms/ Raman 

As Sensitive as 
Luminescence in 
Favorable Cases 

No lntarlersnce by 
Water 

(See Also NRS) 

Specific in Structure 

May Eliminate 
Ruorescenca 
Background 

(See Also NRS) 

Source: Eastwood and Vo-Dinh (1991) 

Limitations Sensitivity 

Infrared (Fourier Transform) 

Less Sensitive than 
Luminescence 

Requires Special 
Optics/Solvents 

Can T o/arate Some 
Water (Background 
Subtraction) 

Organics Detection 
1·10 ppthousand in 
Water 

Mora Sensitive than 
Dispersive IR 
• Signal Averaging 

ppm to subppm in 
Favorable Cases 

Normal Raman Spectroscopy (NRS) 

Fluorescence lnterfer- Moderate Sensitivity 
ence in UV-vis 1000-20ppm 

Requires Laser Source 

Relatively Complex 
Instrumentation 

Requires Skilled 
Operator 

Not as Mature as IR 

Relatively Poor Limits 
of Detection 

Current Field 
Applicability 

Field and Semi-field 
Deployable 
• With or Without GC 
• Vo/atiles/Semivolatilas 

Adaptable to Use 
withSFC 

Semi-field Deployable 
Instruments under 
Development 

Surlaca Enhanced Raman Spectroscopy (SERS) 

Relatively New Tach. Good Sensitivity for Field Deployable 
Selected Ana/ytas Instrumentation under 

Surface/Substrate Development 
Marana/ Dependent ppm-ppbin 

Favorable Casas 
Reproducibility 

Requires Laser and 
Special Substrate 

Not all Analytes 
Enhanced Equally 

Few Spectral Libraries 

(Sea Also NRS) 

Only Chromophore Fair Sensrovity in Many Practical 
Vibrations Enhanced Favorable Casas with Difficulties 

Chromophore 
Limited to UV Ab· Vibrations 
sorbing Compounds 
·Mainly PACs 

Ouantitation Difficun 

Not Comparable to 
Other Raman 
Techniques 

UV Laser Source 

Complex 

I 
Instrumentation 

(See Also NRS) 
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I 

Related Lab 
Techniques & 

Sensors 

GCILC·FTIR 

Matrix Isolation 
• L T for Sensitivity 

Microscopy 

Research in: 
·Aqueous Solutions 
· Biological Matrices 
-Polymers 

Special Raman 
Techniques 
·SEAS 
·Resonance 
-CARS 
· Microprobes 
· Microscopy 

L T Applications 

-Research to Op-
timize Techniques 

Microscopy 

Microprobas 

Surface Studies 

Fiber-Optic 
Sensors 

HPLC(under 
Development) 

Multichannel 
Detectors 

Chromophore 
Charactenzation 

Biological 
Application 



10. CHEMICAL FIELD SCREENING AND ANAL YITCAL METIIODS 

10.5 WET CHEMISTRY ANAL YITCAL TECHNIQUES 

10.5.1 Colorimetric Techniques/Kits 

Other Names Used to Describe Method: Colorimetry (various field kits using colorimeters/filter 
photometers/spectrophotometers [see Section 10.4.3]), titrimetry. 

Uses at Contaminated Sites: Hach kits: Analyzing Al, Cd, Cr, Co, Cu, Fe, Pb, Mn, Ni, N, P, Ag, and Zn; Hanby 
kits: Analyzing petroleum hydrocarbons, P AHs; Other kits: Analyzing explosive (TNT/RDX), PCBs, chlorinated 
organics. Many ground-water tracers can be analyzed using colorimetric techniques. 

Method Description: Titrimetry is a wet chemistry procedure by which a solution of known concentration (a 
standard solution) is added to a water sample or soil-solute extract with an unknown concentration of the analyte 
of interest until the chemical reaction between the two solutions is complete (the equivalence point of titration). 
Titrimetry requires an abrupt change in some property of the solution at the equivalence point, which is typically 
indicated by a change in color produced by an added dye, or by monitoring changes in pH with a meter 
(electrometric titrations). Colorimetry also involves mixing of reagents of known concentrations with a test 
solution, but in specified amounts that result in chemical reactions in which the absorption of radiant energy 
(color of the solution) is a function of the concentration of the analyte of interest. At the simplest level, 
concentrations can be estimated with visual comparators. Filter photometers can be used for many routine 
methods that do not involve complex spectra, and precise work is done with spectrophotometers (see Section 
10.4.3). Titrimetric and colorimetric techniques are well suited for development of wet chemistry field test kits, 
and such kits are available commercially for many inorganic and some organic compounds. Figure 10.5.1 shows 
sample instructions for chromium using a Hach test kit. HNU/Hanby test kits use reagents that can be used in 
the field without use of a digester. Spectrochem has developed a kit that detects major classes of chemicals in 
water (chlorinated hydrocarbons, carbamates, and organic phosphated insecticides). 

Method Selection Considerations: Titrimetry and Colorimetry Advantages: (1) Procedures are relatively simple 
and amenable to the development of field test kits for many analytes; (2) best suited for preliminary screening 
where only a few contaminants or analytes are of concern or interest; and (3) field test kits are available for most 
heavy metals. Titrimetry and Colorimetry Disadvantages: (1) Are time consuming if a large number of samples 
must be analyzed; (2) each analyte of interest requires different reagents and test procedures making analysis 
of multiple analytes time consuming; (3) strict QA/QC procedures are more difficult to follow in the field using 
test kits; and (4) availability of colorimetric field test kits for specific toxic organics is still relatively limited. 

Freguency of Use: Colorimetric techniques are commonly used for field analysis of nutrients in soil and in 
ground-water tracer studies. Use of colorimetric field test kits for field screening of contaminants is a relatively 
new and promising field screening technique. 

Standard Methods/Guidelines: --

Sources for Additional Information: Davis et a!. (1985-colorimetry, titrimetry), Fishman and Friedman (1989-
colorimetry, titrimetry), U.S. EPA (1987). 
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CHROMIUM, TOTAL 
I, 5-Diphenylcarbohydrazide Method 

~ 

1. Select the sample 
amount from tables 
below and digest 
according to procedure in 
Section II. 

Note: If sample cannot be 
;malrzcd shortly after sampling, 
see Sedion IV for stor.~ge :~.nd 
preservation information 

Note: This is an EPA-appnwed 
method only if preced¢ by an 
EPA-approved nitric acid 
digestion. The Digesdahl 
digestion procedure is not EPA 
approved and c:mnot be used 

~ for permit reporting purposes 
? (See digestion informacton on 
~ page 22.) 
00 

~; 

1 
2. Use analysis volume 
in the tables below that 
corresponds to the 
sample amount selected 
in Step 1. Pipet analysis 
volume into a 25-ml 
mixing graduated 
cylinder. If aliquot is 
more than 0. 5 ml, pH 
adjust according to the 
last step in the digestion 
procedure in Section II. 
Dilute w the 25-ml mark 
with deionized water. if 
necessary. Pour contents 
of cylinder into a 25~ml 
sample cell. 

Note: For pnJof of :~ccunc_~: 
use a 0.25 mgll chmmwm 
t.t:~.mlard .~olucwn (prepar.uion 
gn'en in the Accunc~· Check) in 
pl:~.ce of the sample 

Rf· 
B 

3. Fill a second 2 5-ml 
sample cell with 
deionized water to the 
25-ml mark (the reagent 
blank). 

Method 8023 

~ 
B 

4. Add the contents of 
one Chromium I Reagent 
Powder Pillow to each 
cell. Swirl to mix. 

LIQUID SAMPLES 

Expected Cone. Sample Analysis 
Chromium Amount Volume 

_!mgll) ____ j••ll_) ---~-

0.05-2.0 
0.20-8 
0 75-33 

7.5-330 
..,.5-.HOO 

40.0 
20.0 
10.0 
; 00 
1.00 

OIL SAMPLES 

20.0 
10.0 

5.00 
1.00 
0.500 

Expected Cone. Sample Analysis 
Chromium Amount Volume 

__ (mglkg) ____ <I!>__ (ml) 

8-330 
20-.H20 
50-2200 

350-16000 

0.25 
0.20 
0 15 
0.10 

SOLID SAMPLES 

20 
10 

Expected Cone. Sample Analysis 
Chromium Amount Volume 
J"l,g/kg) - -~-(_g) ___ --_j<>ll)_-

<!.0-165 o.;oo 20.0 
10-~ 10 0.400 10.0 
2S-i!OO 0.300 5.00 

190-8200 0.200 1.00 
"7<;0-.HOOO 0.100 0 soo 

CHROMIUM, continued 

5. Place cells in a 
boiling water bath and 
wait for 5 minutes. 

Note: If 3. precipitate forms 
while he:~.ting, :~.dd 3. second 
Chromium 1 Reagent Powder 
Pillow :md continue he:lting. 

~
11 
i 

. 
' 

I 

6. Remove cells from 
the ~ater bath and cool 
to 25 °C under tap water. 
If necessary, add 
deionized water to the 
25-ml mark of the sample 
cell. 

v 
B 

7. Add contents of one 
Chromium 2 Reagent 
Powder Pillow to each 
cell. Swirl to mix. 

Note: Add the contents of 3. 

second Chromium 2 Reagent 
Powder Pillow if 3. second 
Chmmium 1 Reagent Powder 
Pillow was :~.dded in Seep 5 

~ 
0 

8. Add the contents of 
one Acid Reagent Powder 
Pillow to each cell. Swirl 
to mix. 

Note: "R:st results will not be 
:~.ffected if 3. t.m:J.JI portion of 
this re:~.genc does not dist.olve. 
Add contents of 3. t.econd Acid 
Reagenc Powder Pillow 1f a 
second Chromwm 1 Reagent 
Powder Pillow was added m 
StepS. 

v 115:00 II ZERO II ~ 
B B B ====• 

9. Add contents of one 
ChromaVer 3 Chromium 
Reagent Powder Pillow to 

each cell. Swirl to mix. 

Note: A purple color wil1 
develop if chromium is present 

r:: Poar-Tiu'a--;;eu -J 
b~ rue-d. 

- ----

10. Wait 5 minutes for 
the color to develop. 

Note: Do not Wiilit more thiiln 
ZO minutes before completing 
Steps II ro 12. 

11. Zero instrument 
with reagent blank using 
settings below. Read the 
mg/1 chromium of other 
cell. 

DR/3000 
Program No. 13 

Wavelength 540 nm 

DR/2000 
Program No. 100 

Wavelength 540 nm 

DR/700 
Module No. 55.01 

Wavelength 550 nm 

Note: See Section I for 
information on instrument 
sund:udiz:uion 

12. Calculate the total 
chromium (Cr) 
concentration of the 
sample using the 
following formula: 

total mg/1 Cr "' A x 2500 
8 XC 

WHERE 
A "" mg/1 read, Step 11 
8 = ml (g) sample amount, 

Step 1 
C ,.. ml analysis volume, Step 2 

Note: For solid and oil siilmples 
express the resulting 
concentntion as mglkg and nol 
as mgll 

Figure 10.5.1 Sample instructions for Hach Kit test procedures (Chromium); footnote under step 1 indicates 
modification required for EPA approval (Har.h Company, 1991). 



10. CHEMICAL FIELD SCREENING AND ANALYTICAL METIIODS 

10.5 WET CHEMISTRY ANALYTICAL TECHNIQUES 

10.5.2 Immunochemical Techniques 

Other Names Used to Describe Method: Enzyme immunoassay (EIA), enzyme linked immunosorbent assay 
(ELISA), radioimmunoassay (RIA), fluoroimmunoassay. 

Uses at Contaminated Sites: EIA: Analyzing BTX (benzene, toluene, xylene), PCB, PCP (water, soil), cocaine, 
heroin, and pesticides. 

Method Description: EIA techniques that involve the use of antibody reagents that react with the analyte of 
interest to produce reactions that can be analyzed colorimetrically are a recent development for trace organic 
analysis (see Section 10.5.1 for additional discussion of methods for colorimetric analysis). Figure 10.5.2 shows 
procedures for an EIA test for pentachlorophenol (PCP). Other types of immunoassay techniques include 
radioimmunoassay and fluoroimmunoassay. (See also, discussion of bioassays in Section 10.6.6.) 

Method Selection Considerations: EIA Advantages: (1) Is the best suited technique for preliminary screening 
where only a few contaminants or analytes are of concern or interest; (2) EIA test kits are very simple, rapid 
(minutes), and inexpensive; and (3) have the potential for specific field tests for a large number of toxic organics 
with very low detection limits (ppb). EIA Disadvantages: (1) Is time consuming if a large number of samples 
must be analyzed; (2) each analyte of interest requires different reagents and test procedures making analysis 
of multiple analytes time consuming; (3) strict QNQC procedures are more difficult to follow in the field using 
test kits; and (4) availability of kits for specific toxic organics is relatively limited at this time. 

Freguency of Use: Enzyme immunoassays are a relatively new technique and have excellent potential for more 
extensive use in the future. 

Standard Methods/Guidelines: --

Sources for Additional Information: U.S. EPA (1988b-immunoassays!FM-D4, 1991b, 1992). See also, Table 10-5. 
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NOTE: All components should be at room temperature. 

A~B 
~ 

o--i 11 -... _..,I • 

" 

Neg. Pos. 

1 . Open foil package and remove test 
module, color development tube, and 
wash tube. (Just before use.) 

2. Sample application: Remove red cap 
from sample bottle and apply 1 0 
drops (±5 drops) to the sample well of 
the module. 

3. Wash application: Twist tab off wash 
tube and squeeze entire contents into 
sample well. 

4. Color development tube application: 
Hold tube upright and squeeze tube 
where indicated to crush ampule 
inside. Shake vigorously for 10 
seconds. 

Carefully apply ONE DROP of color 
development solution to sample well. 

Incubate for 1-2 minutes. 

5. After incubation, press module closed 
for 2-3 seconds. Release and open. 
(Press only once.) 

6. Open the module and monitor color 
development. Record the result at 5 
minutes. 

A POSITIVE RESULT WILL SHOW A GREEN COLOR AS DARK OR DARKER 
THAN THE REFERENCE COLOR. 

A NEGATIVE RESULT WILL REMAIN WHITE OR BE LIGHTER THAN THE 
REFERENCE COLOR. 

Figure 10.5.2 Procedures for enzyme immunoassay test for PCPs: (A) Antibody disks, (B) read-out disks, (C) 
absorbent blotting reservoir, (D) crush vial containing lyophilized antibody (DuQuette et al., 1991). 
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10. CHEMICAL FJELD SCREENING AND ANALYTICAL METIIODS 

10.5 WET CHEMISTRY ANALYTICAL TECHNIQUES 

10.5.3 liquid Chromatography 

Other Names Used to Describe Method: High pressure/performance liquid chromatography (HPLq, thin-layer 
chromatography (fLq, ion (exchange) chromat3graphy. 

Uses at Contaminated Sites: HPLC: Analyzing P AHs and phenols; TLC: Analyzing nitrogen-containing aromatics; 
Ion chromatography: EPA Method 300.0 (Kopp and McKee, 1983) covers the following ions: a, F, nitrate-N, 
nitrite-N, orthophosphate-P, and sulfate; also can be used to analyze halide and fluorinated organic acid dyes 
in tracer studies. 

Method Description: Uquid chromatography is a type of chromatography where the mobile liquid phase 
containing analytes of interest is injected into a stationacy phase that is either liquid or solid. Numerous specific 
techniques, such as partition, adsorption, ion exchange, paper, and 1LC, have been developed. Ion 
chromatography involves separation of ions (typically anions) on a column of ion exchange resin, which are 
detected conductimetrically (Figure 10.5.3). A TLC technique with potential for separation of nitrogen
containing compounds in the field has been developed. A field operable HPLC unit using UV/Visible and 
fluorescence detectors (see Section 10.4.2) appears to be the best field screening technique for PAils (see 
advantages below). 

Method Selection Considerations: In general, liquid chromatography is able to detect more compounds than GC, 
but at generally higher detection limits. Ion Chromatography Advantages: (1) Is a well established technique 
for separation of both organic and inorganic species; (2) several ions can be measured in a single aqueous 
sample; (3) eliminates many of the interferences associated with other techniques, and is capable differentiating 
species of the same ion in some cases; and (4) sensitive and has a wider range of applicability so that accurate 
measurement can be made on samples containing moderate to substantial ionic concentrations. Ion 
Chromatography Disadvantages: (1) Very high concentrations of an ion relative to another ion of interest might 
interfere or preclude measurement of the ion present in lower concentrations; and (2) individual measurements 
have a relatively low dynamic range, so separate dilutions might be required to bring a sample concentration into 
the optimum analytical range. HPLC (for PAHs) Advantages: (1) Instrumentation requires fewer gases for field 
analyses; (2) use of in-series UV/Visible and fluorescence detectors provides real-time confirmation of target 
analytes; (3) larger sample volumes can be injected compared to GC, yielding lower method quantitation limits; 
and (4) provides better resolution (ppb) than GC for comparable analysis time. HPLC (for PAHs) 
Disadvantages: New method for which there has been relatively little actual field experience. 

Frequency of Use: Ion chromatography is commonly used for laboratory analysis of major anions. Field 
application of other liquid chromatographic techniques is a new development that appears promising for specific 
applications, such as detection of PAils (HPLq and nitrogen-containing and other polynuclear aromatic 
compounds (fLq. 

Standard Methods/Guidelines: --

Sources for Additional Information: Davis et al. (1985), Fishman and Friedman (1989), Hassett (1982-high
pressure liquid chromatography), Thompson et al. (1989-ion chromatography). See also, Table 10-5. 
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lon chromatography - anions 

Effluent 
reservoir 

Pump 

Injection port 

Separator 
column 

Suppressor 
column 

Conductivity 
detector 

NaHC03 
N~03 

X 

F+ R+ X- .... R+ F-+ X

R+ F-+NaX ~R•X-toNaF-

R- H+ +N:F+R- Na• + HF 

R- H• +NaX-.R- Na•• HX 

Recorder 

Figure 10.5.3 Ion chromatography system for anions (Fishman and Friedman, 1989). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.5 WET CHEMISTRY ANALYTICAL TECHNIQUES 

10.5.4 Electrochemical Techniques 

Other Names Used to Describe Method: Coulometry, voltammetry, polarography. Techniques covered elsewhere: 
pH, Eh, DO, electrical conductance (Section 10.1); ion-selective electrodes (see Section 5.5.5); 
potentiometric/amperometric/conductometric electrochemical sensors (see Section 10.6.5). 

Uses at Contaminated Sites: Coulometry: Detecting ionic tracers. Voltammetry/polarography: Determining if 
trace metals, ions, and organics are in soils, waters, and sediments. 

Method Description: Coulometric methods of analysis measure the quantity of electricity (in coulombs, the 
amount of electricity flowing during the passage of a constant current of 1 ampere for 1 second) required to carry 
out a chemical reaction. Primary coulometric analysis involves direct reactions by oxidation or reduction at the 
proper electrode. Secondary coulometric analysis involves indirect reactions between the solution and a primary 
reactant produced at one of the electrodes. Voltammetry is the area of electroanalytical chemistry involved in 
measuring the current at an electrode as a function of potential or voltage. Numerous specific techniques have 
been developed and only a very general description is provided here. Polarography is a voltammetric method 
in which a dropping mercury electrode (DME), is used for very precise control of changes in currents applied 
to the el~ctrode. Plots of current vs. potential allow identification of the analyte based on the shape of the curve 
and concentration based on wave height. Stripping voltammetry is a two-step process in which electrolytic 
deposition of the chemical species is followed by application of a voltage scan to cause electrolytic dissolution 
(stripping) of the species back into solution at characteristic potentials. 

Method Selection Considerations: Coulometric Advantages: (1) Instrumentation is relatively simple; and (2) well 
suited for trace analysis of ionic tracers, such as chloride and bromide (see Section 4.3.1). Coulometric 
Disadvantages: Is not well suited for analysis of complex mixtures. Polarography Advantages: (1) Instrumentation 
is relatively simple; (2) depending on specific method, capable of sensitivity to sub-ppm; (3) good selectivity 
allows determination of many constituents without prior chemical separation; and (4) capable of measuring large 
ranges of concentration, ranging from concentrated extracts from solids to dilute natural waters. Polarography 
Disadvantages: Method is not likely to be useful for field or mobile laboratory. Stripping Voltammetry 
Advantages: (1) Is a relatively simple method requiring minimal sample preparation; and (2) is the most sensitive 
electroanalytical technique currently available (capable of metals analyses down to ppt level). Stripping 
Voltammetry Disadvantages: (1) Method is not likely to be useful for field or mobile laboratory; and (2) highest 
sensitivities are difficult to achieve for routine analysis. 

Freguency of Use: Measurement of pH, Eh, and specific conductance (Section 10.1) are the most commonly used 
electrochemical techniques. Polarography and stripping voltammetry are not likely to be useful in field or mobile 
laboratory applications. 

Standard Methods/Guidelines: --

Sources for Additional Information: Davis et al. (1985-coulometry), Fishman and Friedman (1989-
voltammetry/polarography), Street and Peterson (1982-polarography and stripping voltammetry). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METIIODS 

10.6 OTIIER ANALYTICAL TECHNIQUES 

10.6.1 Radiological Techniques 

Other Names Used to Describe Method: Analytical techniques: X-ray diffraction (XRD), proton induced X-ray 
emission (PIXE), glancing incidence X-ray analysis (GIXA), (instrumental) neutron activation analysis([I])NAA); 
Techniques covered elsewhere: Nuclear borehole techniques (Section 3.3), radioisotope single-borehole tracer 
methods (3.5.4 ), radioisotope tracers (Section 4.4.5), X -ray fluorescence (Section 10.4.1 ), and electron microprobe 
analysis (Section 10.6.4). 

Uses at Contaminated Sites: Detecting natural radioisotopes (i.e., gamma log, Section 3.3.1); performing 
elemental and mineralogical analysis (XRD, PIXE, INN A, gamma spectrometry, electron microprobe analysis, 
XRF); performing tracer studies (see Sections cited above). 

Method Description: XRD involves the. identification of minerals by directing a monochromatic x-ray beam at 
a powdered sample and using a scintillation, proportional, or geiger counter (see above) to detect the intensities 
and diffraction angles as the beam is rotated around the sample. Crystalline minerals can be identified by the 
characteristic position and intensities of the diffraction peaks. PIXE analysis uses a high-speed proton beam to 
displace inner-shell electrons of the sample elements. When the electrons return to their proper shells, x-rays 
are emitted that have energies characteristic of the elements and proportional to their mass. Computer 
processing provides data on all elements present in a given sample. In INNA, powdered samples are irradiated 
for specified times and neutron fluxes, depending on the elements of interest. Gamma-ray spectra of the 
irradiated samples are measured with Ge(Li) detectors coupled with multi-channel analyzers. 

Method Selection Considerations: All radiological analytical methods have the disadvantage of requiring special 
health and safety precautions. XRD Advantages: (1) Is a relatively simple and inexpensive bulk sample method; 
(2) provides simultaneous multi-mineral characterization; and (3) is best used in conjunction with other more 
quantitative species-specific chemical methods. XRD Disadvantages: (1) Estimates of mineral percentages are 
only semi-quantitative; and (2) minerals present in small amounts often are difficult to discern in multicomponent 
mixtures. PIXE Advantages: (1) Provides simultaneous multi-element characterization; (2) is rapid (30 
minutes/sample); and (3) is good for initial screening to identify presence of elements for which more precise 
analysis should be done. PIXE Disadvantages: (1) Instrumentation is expensive (but somewhat cheaper than 
ICP-AES); and (2) has relatively high detection limits (lOs to 100s ppm). INAA Advantages: (1) Requires less 
sample preparation time compared to AAS and ICP-AES; and (2) sensitivity compares well with conventional 
spectrometric techniques for many elements. INAA Disadvantages: (1) Requires nuclear reactor for irradiation 
of samples; (2) sensitivity is highly dependent on the exact elements being measured and on the sample matrix; 
and (3) some elements, such as lead, cannot be measured. 

Frequency of Use: Analytical techniques: XRD is a widely used method for mineral identification. PIXE and 
INAA are commonly used for analysis of coal fly ashes, but have received limited use for contaminated site 
characterization. All three methods are primarily laboratory methods, although XRD instrumentation probably 
could be used in a mobile laboratory. See neutron activation log (Section 3.3.5) and neutron-lifetime Jog (Section 
3.3.6) for field applications using principles of neutron activation analysis. 

Standard Methods/Guidelines: Analysis of radioactive substances: Thatcher eta!. (1977); XRD of soil samples: 
ASTM (1985). 

Sources for Additional Information: Analytical techniques: Davis et a!. (1985-gamma, beta, NAA), Helmke 
(1986-neutron activation analysis), Thompson et a!. (1989-INNA, PIXE, XRD), Whittig and Allardice (1986-
XRD), Wong and Carlsen (1991-tritium field screening). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METIIODS 

10.6 OTIIER ANALYTICAL TECHNIQUES 

10.6.2 Gravimetric/Volumetric Techniques 

Other Names Used to Describe Method: --

Uses at Contaminated Sites: Characterizing particle size distribution; measuring bulk density; measuring 
dissolved/suspended solids; calculating contaminant concentrations/flux; measuring water flow during pumping 
tests (Section 4.2); measuring soil gravimetric moisture (Section 6.3.1). 

Method Description: Gravimetric techniques involve measuring the mass of the material of interest. For 
chemical analyses, a mechanical or electronic analytical balance capable of measuring the mass of an object 
within 0.1 to 0.01 mg is used. Field applications require less sensitive devices, such as a hanging spring scale with 
a canvas sling or pail for weighing coarse fragments, and a scale or balance with 0.1 gram accuracy for weighing 
soil samples for field tests (Boulding, 1991). Volumetric techniques involve the measurement of volume. Volume 
of liquid samples for chemical analysis is easily measured by the use of graduated cylinders or sample containers 
of a known volume. For borehole aquifer characterization, volume is measured using flowmeters (Section 3.5.3), 
and in pumping tests, pumping rate can be determined in several ways: (1) Observing the time required to fill 
a container of known volume, (2) use of commercial water meters, (3) use of a circular orifice weir (Figure 
10.6.2), or (4) channeling surface flow from the pump through flumes or weirs. For gases, volume typically is 
measured by using syringes of a known volume, or measuring the rate of gas flow through a tube of known 
diameter. Both gravimetric and volumetric measurements are required for soil characterization because the soils 
vary in bulk density (weight per unit volume), depending on the volume of pore space. There are four major 
methods for measuring bulk density: (1) The core method, which involves drying and weighing of an undisturbed 
core sample of known volume; (2) gamma-gamma logging (see Section 3.3.2); (3) the excavation method, which 
involves excavating an amount of soil (which is dried and weighed) and measuring the volume of sand required 
to fill the hole, or the volume of water required to fill a rubber-balloon; and (4) the clod method makes use of 
Archimedes' principle, and involves coating a clod of known weight with a water-repellent substance and weighing 
it first in air, then again while immersed in a liquid of known density. 

Method Selection Considerations: A scale or balance of the required accuracy (see above) should be standard 
equipment for field investigations for soil characterization. Selection of appropriate volumetric measurement 
techniques for water and gases is straightforward. Bulk density is required for most vadose zone models (see 
Appendix C), and allows qualitative evaluation of the potential for transport of contaminants through the vadose 
zone. The core method is simple and accurate, but generally unsatisfactory in stony or very dry soils. Advantages 
and disadvantages of gamma-gamma logging are covered in Section 3.3.2. The excavation method is a simple 
and accurate field procedure, but lacks discrimination of localized horizons and is limited to around 12 
centimeters below the surface. The clod method allows discrimination oflocalized horizons, but is more complex 
and usually gives higher bulk density values than other methods because interclod spaces are not taken into 
account. The core, excavation and clod methods can be used in the field provided an oven for drying and 
accurate scales for weighing samples are available (Section 6.3.1), and have the advantage of providing moisture 
content of the sample as well as bulk density. 

Frequency of Use: Gravimetric and volumetric measurements are essential for the uses described above. The 
core method is probably the most commonly used method for measuring bulk density, followed by gamma-gamma 
logging. 

Standard Methods/Guidelines: Gravimetric: Fishman and Friedman (1989). Soil bulk density: ASTM (1984-
rubber balloon method), Blake and Hartge (1986), Campbell (1991), F1int and Childs (1984). 

Sources for Additional Information: Flow discharge measurement: Johnson (1964), Jorgensen (1969). 
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Figure 10.6.2 Volumetric techniques: Construction diagram of a circular orifice weir commonly used for measuring 
pumping rates of a high-c:apacity pump (Driscoll, 1986, by permission). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METIIODS 

10.6 OTIIER ANALYTICAL TECHNIQUES 

10.6.3 Magnetic Methods 

Other Names Used to Describe Method: Magnetic susceptibility (MGS), electron spin resonance (ESR), nuclear 
magnetic resonance (NMR). 

Uses at Contaminated Sites: MGS: Performing qualitative soil mineral characterization; detecting lateral changes 
in soil characteristics; ESR: Characterizing clay minerals and sorption of metals; NMR: Characterizing clay 
minerals and soil organic matter; borehole logging and soil moisture monitoring (see Sections 3.2.4 and 6.2.5). 

Method Description: MGS is the tendency of atoms or ions in a sample to become aligned when placed in a 
magnetic field, and is obtained by measuring the magnetic moment per unit volume or mass induced in a sample 
by an applied magnetic field. The Gouy (Figure 10.6.3a) and Faraday (Figure 10.6.3b) susceptibility balances 
are two commonly used types. ESR measures the electron magnetic moment in solid, water, or air samples. The 
instrument consists of an electromagnet inducing a continuous magnetic field that can be varied in strength, a 
resonance cavity where the sample is positioned, a microwave source, and a detector that measures the sorption 
response of the sample (Figure 10.6.3c). NMR operates on the same principle as ESR, except that the nuclear 
magnetic moment (carbon or proton spectra) is measured instead of the electron magnetic moment. Figure 
10.6.3d shows a NMR spectrometer using a radio frequency transmitter and receiver/detector that records proton 
or carbon spectra in response to variations in magnetic field. See also, section 3.2.4 for application of NMR as 
a borehole logging technique and for soil moisture monitoring. 

Method Selection Considerations: MGS Advantages: Instrumentation and measurement procedures are relatively 
simple. MGS Disadvantages: Provides qualitative rather than quantitative information on mineralogy. 
ESR/NMR Advantages: (1) Are more amenable to quantitative interpretation than MGS; and (2) are well suited 
for controlled laboratory study of contaminant-soil interactions. ESR/NMR Disadvantages: (1) Are not well suited 
for the chemical characterization of complex soil chemistry; and (2) instrumentation is generally too bulky for 
use in mobile laboratories. 

Frequency of Use: Laboratory applications for study of soil mineralogy and organic matter are relatively recent, 
but are becoming more widely used. Use for contaminated site characterization has been limited. 

Standard Methods/Guidelines: McBride (1986). 

Sources for Additional Information: MGS: Fine et al. (1992), Mullins (1977), Williams and Cooper (1990), 
Woolcock and Zafar (1992); NMR: Bleam (1991), Thorn (1987). See also, references for Section 3.2.4 and 6.2.5. 
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Figure 10.6.3 Magnetic methods: (a) Gouy magnetic susceptibility balances; (b) Faraday magnetic susceptibility 
balance; (c) Diagram of typical X-band ESR spectrometer; (d) Diagram of NMR spectrometer 

(McBride, 1986, by permission). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METHODS 

10.6 01HER ANALYTICAL 1ECHNIQUES 

10.6.4 Microscopic Techniques 

Other Names Used to Describe Method: Optical microscopy, scanning electron microscopy (SEM), electron 
microprobe analysis (EMPA). 

Uses at Contaminated Sites: Optical microscopy: Observating soil morphologic features; identification of coarse
grained minerals. SEM and EMPA: Assessing morphology, composition, and identity of minerals. 

Method Description: Microscopic techniques involve the visual identification and characterization of soil/solid 
waste morphologic features and minerals with instruments ranging from magnification of up to 20 times, using 
a simple hand lens, to magnifications of 50,000 times using an electron microscope. As magnification increases, 
resolution increases, but the area viewed decreases (Figure 10.6.4a). Optical microscopy: Stereoscopic 
microscopes can be used in the field for more detailed visual inspection of soil morphologic features at 
magnifications of 20 to 80 times. Petrographic microscopes for mineral identification require the preparation 
of thin sections by impregnating samples with epoxy resin and grinding the samples to a precise thickness. The 
thin sections are examined with magnifications ranging from 50 to 400 times. Minerals are distinguished by their 
color in polarized and nonpolarized light, refractive index, and crystal morphology. SEM involves the irradiation 
of a sample with a focused electron beam with very short wavelengths (about 100,000 times shorter than that for 
visible light) that can provide high image resolution. Secondary electrons emitted from the sample produce a 
topographical image of the sample, and backscattered electrons provide some qualitative information on 
elemental composition. EMPA is similar to SEM, except that the electron beam also produces X-ray 
fluorescence (see Section 10.4.1 ), which allows for quantitative interpretation of elemental concentration as well 
as topographic images (Figure 10.6.4b). 

Method Selection Considerations: Optical Microscopy Advantages: (1) Is a simple, nondestructive technique that 
allows mineral identification without intermediate calculations or inferences; (2) sample preparation and 
examination are relatively quick, simple, and inexpensive; and (3) use of stereoscopic microscopes in field (5 to 
6 inches working distance, 20 to 80 power) allows for observation of soil features that cannot be readily seen by 
eye or with a hand lens. Optical Microscopy Disadvantages: (1) Preparation of thin sections for accurate 
identification of minerals is not readily done in the field; (2) accurate mineral identification requires an 
experienced and skilled observer; and (3) identification of fine-grained material can be very difficult and might 
require other methods, such as X-ray diffraction (Section 10.6.1). SEM Advantages: (1) Has very high resolution 
(magnification from 20 to 50,000 times; and (2) can differentiate heterogeneity among fine-grained particles as 
well as heterogeneity within individual particles. SEM Disadvantages: (1) Equipment is nonportable and 
expensive; and (2) elemental information and topographic image interpretation is largely qualitative. EMPA 
Advantages: Able to produce images that depict elemental distribution; EMPA Disadvantages: (1) Analyses are 
expensive and relatively few instruments are available; (2) quantitative results for most elements are limited to 
concentrations of 50 to 100 ppm; and (3) has lower resolution than SEM (up to 2500 times). 

Frequency of Use: Optical microscopy and SEM are commonly used in the laboratory for mineral identification 
and characterization. Hand lenses are standard equipment for observation of soils in the field; use of optical 
microscopes in the field is uncommon, but more widespread use for examination of soils would be beneficial. 
EMPA is most commonly used in the field of metallurgy, but could be used more widely in soil and waste studies 
if limitations of expense and limited instrument availability were reduced. 

Standard Methods/Guidelines: --

Sources for Additional Information: Cady et al. (1986-optical microscope), Goldstein et al. (1981), Sawhney 
(1986-electron microprobe), Thompson et al. (1989-Chapter 16). 
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Figure 10.6.4 Microscopy: (a) Schematic illustration of the relationship between increasing levels of resolution and 
the area of the field under view (Cady et al., 1986, by permission); (b) Schematic diagram showing 
components of an electron microprobe and the signal produced from a specimen surface irradiated with 
an electron beam (Sawhney, 1986, by permission). 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL METIIODS 

10.6 OTIIER ANALYTICAL TECHNIQUES 

10.6.5 Other Chemical Sensors 

Other Names Used to Describe Method: Electrochemical sensors (amperometric/galvanic cell sensors, 
semiconductor sensors, spectroelectrochemical sensors), piezoelectric sensors (piezoelectric quartz microbalance, 
surface acoustic wave [SAW] sensor). 

Uses at Contaminated Sites: Field screening of contaminants in air, soil, and ground-water samples; SAW: 
Screening for toxic/organophosphorus gases; Semiconductor: Screening for organochlorine; Pyrolysis-EC: 
Screening for alcohols, epoxide, formaldehyde, CO, and H2S. 

Method Description: Electrochemical sensors: As the name implies, these sensors measure an electrochemical 
response when the sensor comes in contact with the analyte(s) of interest. Amperometric gas sensors are the 
best developed sensor of this type (see Section 10.3.2). These sensors typically consist of electrodes in contact 
with an electrolyte-saturated insulator. Selective membranes allow the gas of interest to enter the insulator and 
redox reactions on the sensing-electrode surface generate a current that is proportional to the analyte 
concentration. Figure 10.6.5 illustrates an exploded view of a typical amperometric sensor. Amperometric 
sensors are capable of detecting levels as low as ppb of many organic and inorganic air pollutants. Use of 
amperometric sensors for detecting contaminants in ground water is in developmental stages at this time. 
Semiconductor sensors are designed to respond electrically to the substance of interest. A semiconductor sensor 
designed to detect low concentrations of chlorinated and brominated organic compounds in vapor and water 
(using membrane extraction [see Section 10.2.5]) has recently been tested in the laboratory. Piezoelectric 
sensors: Several types of sensors using piezoelectric materials, which develop an electrical response to changes 
in pressure, have been developed. Typically, oscillating crystals are used as sensitive gravimetric detectors. 
Selective coatings allow specific organic solvent vapors to be sorbed on the crystal. The changed mass of the 
crystal resulting from sorption changes the frequency of oscillation, which can be correlated with concentration. 
SAW sensors also use piezoelectric materials and coatings that selectively sorb the vapor or gas of interest. 
Changes in the mass or mechanical modulus of the surface coating are measured by the change in velocity of 
electrically generated Rayleigh (surface) waves, as measured by travel time from the source of receiving 
electrodes in the sensor. Concentration with SAW sensors is related to changes in velocity. 

Method Selection Considerations: Amperometric Sensor Advantages: (1) Is inexpensive; (2) is simple and reliable 
(no moving parts and sensor output is usually a linear function of concentration); and (3) is portable (units with 
sensor, electronics, battery, and readout device can easily fit in a shirt pocket). Amperometric Sensor 
Disadvantages: (1) Separate sensor required for each compound of interest; and (2) applications for ground
water monitoring are in early developmental stages. Piezoelectric and SAW Sensor Advantages: (1) Are portable; 
and (2) SAW vapor sensors have higher sensitivity than gravimetric piezoelectric sensors. Piezoelectric and SAW 
Sensor Disadvantages: (1) General difficulty in developing selective coatings that are not affected by complex 
mixtures; and (2) separate sensor required for each compound of interest. 

Frequency of Use: Amperometric sensors: Commonly used in ambient air quality monitoring. Other sensors: 
Emerging technology area. 

Standard Methods/Guidelines: --

Sources for Additional Information: See Table 10-5. 
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10. CHEMICAL FIELD SCREENING AND ANALYTICAL ME1HODS 

10.6 01HER ANALYTICAL 1ECHNIQUES 

10.6.6 Other Biological Techniques 

Other Names Used to Describe Method: Field: Short term field bioassessments, biomonitoring, laser/microbe 
bioassay (LMB), immunochemical techniques (Section 10.5.2). Laboratory: Bioassays, toxicity tests, biomarkers. 

Uses at Contaminated Sites: Assessing actual or potential biological impacts of contamination at a site; 
monitoring the effect of effluent on organisms; assessing the treatability of contaminated soil or ground-water 
for bioremediation. 

Method Description: At the simplest level, a qualitative assessment of the presence or absence of contaminants 
at a site can be made by observing whether any vegetation appears to have been killed or growth inhibited by 
the presence oftoxic contaminants. Short-tenn field bioassessments: Field screening studies include collection 
of small mammals, fish, benthic invertebrates, and plants for the purpose of evaluating alterations in community 
structure, population dynamics, bioaccumulation oftoxicants, and histopathology. The LMB system is a recently 
developed technique that has potential for use in the field. Nineteen isogenic strains of Bacillus subtilis are used 
to characterize and quantify the toxicants present in an aqueous solution. The response of the bacteria to toxic 
substances in the solution is monitored by differential light scattering from a laser beam. The different strains 
respond differently to different toxicants and a computer analyzes the measured responses to the known response 
profiles to identify the type and concentration of toxicant. Figure 10.6.6 shows an example of the use of mussels 
for field biomonitoring of the effects of potentially toxic effluents. A series of field cages filled with mussels are 
placed along a gradient of contaminant concentrations. After a period of time (usually 7 to 30 days) the mussels 
are retrieved and taken to a laboratory for further testing and analysis. Numerous laboratory methods have been 
developed for biological assessment of toxicity, many of which can be run in mobile laboratories (see below). 
These can be broadly classified as: (1) Toxicity tests using specific aquatic and terrestrial organisms and/or 
microorganisms to measure biological response to specific contaminants or mixes of contaminants; and (2) the 
analysis of biomarkers, which are molecular biological indicators that can directly link specific chemicals or 
classes of chemicals to observed biological effects. The microtox bioassay, a colorimetric technique (see Section 
10.5.1) that uses microorganisms, has been used to determine the appropriate range of waste application loading 
for soil-based waste treatment systems (see reference in Table 10-5). 

Method Selection Considerations: General Advantages: (1) Qualitative observations of inhibition of vegetative 
growth can very easily be made; and (2) more sophisticated field bioassessment methods allow for correlation 
of contaminant levels to actual biological impacts. General Disadvantages: (1) Field techniques have not been 
widely used at contaminated sites so procedures are not well established; (2) personnel with specialized training 
are required; and (3) equipment for more sophisticated techniques might not be readily available. LMB 
Advantages: (1) Equipment is field portable and relatively fast (around 1 hour for a single sample); (2) can 
distinguish between substances with cytotoxic and genotoxic properties; (3) potential for both high sensitivity and 
high specificity for numerous toxic chemicals and chemical classes; and (4) computer processing and output 
speeds up and simplifies interpretation of results. LMB Disadvantages: (1) Is a new technique that has received 
limited field testing; and (2) ability to distinguish compounds in real-world complex mixtures has not yet been 
demonstrated. 

Frequency of Use: EPA's Environmental Research Laboratories at Duluth, Minnesota, and Narragansett, Rhode 
Island, have mobile laboratories set up for ambient and effluent toxicity testing, which have been used primarily 
as part of NPDES programs. Use of short-term field bioassessment methods at contaminated sites has been 
fairly limited in the past, but these methods are being used with increasing frequency. 

Standard Methods/Guidelines: Britton and Greeson (1989-algal growth potential bioassay). U.S. EPA (1986a) 
contains recommendations for use ofbioassays for evaluation of hazardous waste land treatment demonstrations. 

Sources for Additional Information: U.S. EPA (1987-Section 12.6), Warren-Hicks et al. (1989). See Table 10-5 
for additional references. 
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Figure 10.6.6 Mussel field cages used to transplant mussels along transects (DiBona et al., 1989). 
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Table 10-4 Reference Index for General Approaches to Field Screening/Analytical Methods and Extraction 
Procedures 

Topic References 

General Approaches to Field Screening 

Symposia 

Review Reports/Papers 

Agency Research Programs 

QNQC 

Sample Extraction Procedures 

Headspace Analysis 

Soil Vacuum Extraction 

Purge and Trap 

Thermal Treatment 

Soil (Micro )extraction 

Other Methods 

U.S. DOE (1988), U.S. EPA (1988a, 1991a) 

Chudyk (1989), Coffey et al. (1988), Eastwood and Vo-Dinh (1991), Jenkins et al. 
(1988, 1989), Koglin and Poziomek (1990), Montgomery et al. (1985), National 
Institute for Petroleum and Energy Research (1990), Poziomek and Koglin 
(1991), Remata et al. (1990), U.S. EPA (1982, 1987, 1988a, 1991b) 

U.S. EPA: Chapman and Fredericks (1988-FASP), Fribush and Fisk (1991), 
Transue et al. (1991-FASP), Tuttle and Chapman (1989), U.S. EPA (1992); 
~: Cornell (1991-New Jersey), Frank et al. (1991-DOE), Mackay (1991-U.S. 
Army), Madden and Johnson (1992-U.S. Army) 

Mackiewicz (1990, 1991), Poziomek and Koglin (1991-cite 8 references from U.S. 
EPA, 1991, that are not included here) 

Crockett and DeHaan (1991-soil VOCs), Golding et al. (1991-VOCs in 
soil/water), Hewitt et al. (1991), Ho et al. (1988), Hogan (1991), Holbrook (1987), 
Pankow (1986, 1991), Roe et al. (1989), Sims et al. (1991-soil), Spittler et al. 
(1988-soil, 1991-water), Stuart et al. (1991-BTEX in soil/Water), Wylie (1988) 

Golding et al. (1991), Spittler (1991) 

Chochran and Henson (1988), Hein (1988), Iiebman et al. (1991), Iinenberg and 
Robinson (1991), Sherman et al. (1988a-concentrator purge & trap), Turner et al. 
(1991), Wise et al. (1991a), Wylie (1988); P/CCW: Pankow (1991), Pankow and 
Rosen (1988) 

Microwave-Assisted Digestion: Grohse et al. (1988); Thermal Desorotion: Pankow 
and Isabelle (1982), Pankow and Kristensen (1983), Pankow et al. (1988), 
Robbins et al. (1990), Schlesing et al. (1991), Vandegrift (1988), Wise et al. 
(1991b); Thermal Extraction!Pyran Thermal Chromatograph: Greenlaw et al. 
(1989), Henry et al. (1988), Junk et al. (1991a,b), Overton et al. (1988a,b); XRF 
Sample Preparation: Bernick et al. (1991), Harding (1991), Ramsey et al. (1991) 

Semivolatile Organics: Kasper et al. (1991), Transue et al. (1991); PCB extraction: 
Keller and Ganapathi (1991), Twomey et al. (1990); Tritium: Wong and Carlsen 
(1991) 

Supercritical Fluid Extraction: Iiebman et al. (1991), Lopez-Avila et al. (1991), 
Schulten and Schnitzer (1991), Wright and Fruchter (1992); Membrane extraction: 
Melcher and Morabito (1991); Extraction Disks: Poziomek et al. (1991) 
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Table 10-! Reference Index for Screening/Analytical Methods 

Topic 

Total/Specific Vapor 
Detectors 

Portable Gas Chromatograph 

Fieldable/Mobile Mass 
Spectrometer; GC/MS 

Mobile Laboratories 

Ion Mobility Spectrometty 
(Plasma Chromatography) 

References 

Comparisons: aay and Spittler (1982), GeiVasio and Davis (1989), Robbins et al. 
(1990), Smith and Jensen (1987), Spittler (1980, 1991); Exp)osimeter: Aller 
(1984), Robbins et al. (1990); Flame Ionization Detector: GeiVasio and Davis 
(1989), Hein (1988), Robbins et al. (1990); Organic Vapor Analyzer: Barber and 
Braids (1982), Glaccum et al. (1983), Hogan (1991), Jennakian and Majika 
(1988), Robbins et al. (1989); Photoionization Detector: Brose and Gross (1988), 
GeiVasio and Davis (1988), Hare (1987), Robbins et al. (1990); PO' Argon 
Ionization Detector: Iinenberg and Robinson (1991); Unspecified: Stetter et al. 
(1984); Mercury Vapor Analyzer: Brass et al. (1991) 

GC ComparisonsNalidation: Homsher et al. (1988), Spittler (1991); Gas 
Chromatographs: Baker et al. (1991-GC/FID), Berkely (1991-GC/PID), 
Buchmiller (1989), Carney et al. (1991-retention indices), aay and Spittler (1982), 
Crockett and DeHaan (1991), Fowler and Bennett (1987), Golding et al. (1991-
GC/FID), Hewitt et al. (1991), Ho et al. (1988), Kaelin and Prichett (1991-
GC/argon ionization detector), Keller and Ganapathi (1991), Iinenberg (1988), 
Moore (1991-GC/PID), Moreton et al. (1991-soil BlEX), Overton et al. (1988c), 
Quimby et al. (1982-GC/OVA), Reynolds et al. (1991), Robbat and Xyrafas 
(1988a), Shangraw (1988), Shennan et al. (1988b), Spittler (1980, 1984-PCBs), 
Spittler et al. (1982-GCIFID), Stuart et al. (1991-GC/PID), Turner et al. (1991-
PT/GC), Wander et al. (1988), Wohltjen et al. (1991); GQAFS: Szelewski and 
Wilson (1988); GC/FTIR: Gurka et al. (1986) 

~: Bruell and Hoag (1984), Gurka et al. (1986), McGinnis and Rafferty 
(1987-PCP), Moy (1989-PCB), Sinha (1991), Transue et al. (1991-GC!ECD, 
PAHs, PCP); Mobile Mass Spectrometer: Duret et al. (1991), Hadka and 
Dickinson (1988), Klainer et al. (1991), Trainor and Laukien (1988); GC/IlMS or 
lTD (Ion Trap Mobility Spectrometrr or Ion Trap Detector): Cispar et al. (1991), 
Cooks et al. (1991), Leibman et al. (1991), Mcaennen et al. (1991-MINIMASS), 
Wise et al. (1991a, 1991b); Tandem MS (MS/MS): Wise et al. (1991a); QQM§: 
Meuzelaar et al. (1991), Robbat and Xyferas (1988b); Thermal Desomtion 11MS. 
MS/MS: Wise et al. (1991b), Thermal Desomtion GQMS: Robbat et al. (1991); 
Semivolatile Thermal Extraction GC/MS: Henty et al. (1988), Junk et al. 
(1991a,b), Overton et al. (1988d) 

Ben-Hur et al. (1984-mobile MS/MS), Burger (1991), Chapman et al. (1986), 
Engels et al. (1984), Franks et al. (1985), Greenlaw et al. (1989-thennal 
chromatograph/MS), McGinnis and Hafferty (1987-PCP), Moy (1989-PCB), Tuttle 
and Chapman (1989); Cost Analysis: Ganapathi et al. (1988); Dedicated 
Laboratory: Freeman and Karmazyn (1988) 

Bell and Eiceman (1991-GC/IMS), Burroughs et al. (1991), aement et al. (1992), 
Davis (1991-data analysis), Hoffiand and Shoff (1991), Reategui et al. (1988), 
Richter (1991), Snyder et al. (1991-microorganisms), Wise et al. (1990) 
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Table 10-5 (cont.) 

Topic References 

Fluorescence/Luminescence/Spectroscopic Techniques 

X-Ray Fluorescence (XRF) 

UV Fluorescence 

Other Luminescence Methods 

IR Spectroscopic Methods 

Other Spectroscopy 

Ashe et al. (1991), Barich et al. (1988), Bernick et al. (1991), Carlson and 
Alexander (1991-QNQq, Chappell et al. (1986), Coetzee et al. (1986-XRF, ICP
AES), Cole et al. (1991-XRF/CLP comparison), Everitt et al. (1988), Florkowski 
et al. (1971), Freiburg et al. (1987-XRF, AAS, AES), Furst et al. (1985), Gabty 
(1991-XRF vs CLP), Glanzman (1988), Grupp et al. (1988), Harding (1991-
EDXRF), Harding and Walsh (1990-EDXRF), Jenkins (1984), Kendall (1991b), 
Meiri et al. (1990), Perlis and Chapin (1988), Piorek and Rhodes (1988-
calibration), Raab et al. (1990), Ramsey et al. (1991-EDXRF calibration), 
Sackman et al. (1988), Smith and lloyd (1986-XRF, AAS), Watson et al. (1989) 

PAH Solvent Extract: Popp (1989), Saenz et al. (1991), Theis et al. (1991); With 
HPLC: Mann and Vickers (1988), Riddell et al. (1991); With Fiber Optics: 
Chudyk et al. (1988), Gillispie and St. Germain (1988), Haas et al. (1988, 1991), 
Kenny et al. (1988), Ueberman et al. (1991), Smith et al. (1988), Taylor et al. 
(1991); UV Surface Contamination Detector: Richter (1991); Airborne: 
Guenneberg (1978) 

Synchronous Fluorescence: Gammage et al. (1988, 1991); 
Spectrofluorometer/Solid State Fluorescence: Poziomek et al. (1991); Room 
Temperature Phosphorescence: Vo-Dinh (1984), Vo-Dinh et al. (1991) 

Review: Kendall (1991a), Phelps and DeSha (1991-UDAR, FTIR); UDAR: 
Mackay (1991); Mobile FTIR: Fateley et al. (1990), U.S. EPA (1991a-ftve papers, 
not indexed separately); Other Infrared: Gurka et al. (1986-GC/FTIR), Kasper et 
al. (1991-soil hydrocarbons), Richter (1991-IR laser absorption); IR 
Reflectance(fransmission: King and Oark (1988) 

Ultraviolet-Visible Absorption Spectroscopy: Beemster and Schlager (1991-with 
fiber optics), Schlager and Beemster (1991), Thompson (1974); UV Derivative 
Spectroscopy: Hager and Jones (1990-BTEX); Surface Enhanced Raman 
Spectroscopy: Carrabba et al. (1988, 1991), Ferrell et al. (1988), Smith et al. 
(1988) 

Wet Chemistzy Analytical Techniques/Instrumentation 

Immunochemical Methods Reports/Symposia: Schnell and Chang (1990), Silverstein et al. (1992a, 1992b), 
Van Emmon and Mumma (1990), Vanderlaan et al. (1991); Field Enzyme 
Immunoassay Test Kits: Bushway et al. (1988), Chamerlik-Cooper et al. (1991-
PCBs), Duquette et al. (1988, 1991-PCP), Ensys Inc. (1991), Harrison and 
Ferguson (1990), Ladouceur (1991), McMahon et al. (1988), Schmidt et al. 
(1988), Vanderlaan et al. (1988), Van Emon et al. (1991a-pesticies, 1991b-PCP 
kits); lmmunochemical Fiber Optic Sensors: Bolts et al. (1988), lin et al. (1988) 
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Table 10-5 (conL) 

Topic References 

Wet Chemistry Analvtical Techniques/Instrumentation (cont.) 

Colorimetric Chemical Field 
Test Kits 

liquid Chromatography 

Bioassessment Techniques 

Bioassays 

Bioassessments/Monitoring 

Other Chemical Sensors 

General 

Electrochemical Sensors 

Piezoelectric Sensors 

Surface Acoustic Wave (SAW) 

Semiconductor 

PCB: Gabry (1987), Woolerton et al. (1988); Other: Hanby (1988-aromatic 
compounds), Jenkins et al. (1991-explosives), Undsay and Baedecker (1988-
aqueous sulfide), Schlesing eta], (1991-chlorinated organics), Silvestri et al. 
(1981), Stamnes et al. (1991-Cr Hach kit) 

Thin-Layer Chromatography: Brumley and Brownrigg (1991-PNAs), Silvestri et al. 
(1981); High Performance liquid Chromatography: Betowsld and Jones (1989), 
Ekambaram and Burch (1988-PAHs), Joseph (1992), Mann and Vickers (1988), 
Pace et al. (1992), Riddell et al. (1991-PAHs) 

Brown et al. (1984), Easterly et al. (1988), Felkner et al. (1988a,b-laser/microbe 
bioassay); Microtox Assay: Abbott and Sims (1989-PAHs), Bulich (1979), 
Matthews and Bulich (1984), Symons and Sims (1988) 

Bohman et al. (1989), Charters (1988), Dermer et al. (1980-biochemical 
indicators), DiBona et al. (1989), Gardner et al. (1989), Gezo and Brusick (1987), 
Piekarz (1990), Steen (1987-toxicity testing), Warren-Hicks et al. (1989-field and 
laboratory methods) 

Adrian (1992), Edmonds (1981), Hollenberg and Sahn (1988-biosensors), Janata 
and Bezegh (1988), Wohltjen (1984) 

Carrabba et al. (1991-SEFOS), Penrose et al. (1991-pyrolysis-EC), Schmidt et al. 
(1988) 

Alder and McCallum (1983), Guilbault and Jordan (1988), Hlalvay and Guilbault 
(1977), Mierzwinski and Witkiewicz (1989), Overton et al. (1988d) 

Ballentine and Wohltjen (1989), Ballentine et al. (1986), Bartley (1991), Elton 
and Houle (1991-SAW/GC), Jarvis et al. (1991), Nieuwenhuizen and Barendsz 
(1987) 

Penrose et al. (1991) 
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APPENDIX C 

GUIDE TO MAJOR. REFERENCES OF SUBSURFACE CHARACTERIZATION, MONITORING, 
AND ANALYTICAL METHODS 

A very large technical literature has developed in the last 20 years on characterization and monitoring 
of contaminated sites. This appendix provides information on major documents published by EPA. other 
government organizations, universities, and commercial organizations, which provide information of one or more 
aspects of vadose zone and ground-water characterization and monitoring. Most of these documents relate 
wholly, or in part, to contaminated sites. Other documents that do not have this perspective are included only 
if they focus primarily on field methods that can be applicable to contaminated sites. 

Table C-1 provides brief descriptive information on over 80 major references. These are categorized 
into the following groups in the table: (1) Soils and ground water, (2) vadose zone, (3) ground water, (4) soils 
and solid wastes, and (5) symposia proceedings. EPA publications that are available at no cost from the Center 
for Environmental Research Information in Cincinnati are indicated with an asterisk in the reference list at the 
end of this appendix. Wherever possible, the NTIS number of government publications available from the 
National Technical Information Service (NTIS) is provided. (The NTIS telephone number is 800-553-6847). 
Publications by the Electric Power Research Institute are available at no cost to government agencies (EPRI 
Research Reports Center, P.O. Box 50490, Palo Alto, CA 94303, telephone 415-965-4081). 

There is a very large literature on subsurface site characterization and monitoring techniques scattered 
through various annual and intermittent conference series. The published proceedings of four regular conference 
series serve as an excellent source of information on the latest developments in field characterization and 
monitoring: (1) The annual National Outdoor Action Conference on Aquifer Restoration, Ground Water 
Monitoring and Geophysical Methods, (2) the annual Conference on Petroleum Hydrocarbons and Organic 
Chemicals in Ground Water: Prevention, Detection and Remediation, (3) the annual Conference on Hazardous 
Materials Control (formerly called Superfund), and (4) the annual Conference on Hazardous Wastes and 
Hazardous Materials. Proceedings of the first two series are published by the National Water Well Association 
(NWW A), which changed its name to the National Ground Water Association (NGWA) in 1991 (NGWA 
Bookstore, P.O. Box 182039, Columbus, OH 43218, telephone 614-761-1711), and the proceedings of the latter 
two series are published by the Hazardous Materials Control Research Institute (HMCRI Publications Dept., 
9300 Columbia Rd., Silver Spring, MD 20910-1702, telephone 301-587-9390). 

In addition, the Association of Ground Water Scientists and Engineers of NWWA/NGWA has 
sponsored numerous conferences focussed on special topics or regional issues. Since 1990, NWW AJNGWA 
conferences have been published in a subscription series titled Ground Water Management in which six coupons 
are issued that can be redeemed for the publications in the series of interest to the subscription holder ($140 
members/$192.50 nonmembers, see the NGWA address above). 

Table C-2 lists the titles of more than 70 published conference/series proceedings focusing on ground 
water and/or contaminated sites. Many relevant papers in these proceedings are cited in earlier sections of this 
guide. EPA regional offices and laboratories have many of these documents, and EPA/NTIS numbers are 
indicated, where available. If a document of interest cannot be found in a nearby library, the indicated sponsor 
(NWW A/NGWA or HMCRI) should be contacted concerning its availability. Out-of-print NWW A/NGWA 
publications can be borrowed for a fee from the National Ground Water Information Center (6365 Riverside 
Drive, Dublin, OH 43017, telephone 614-761-1711). 

Table C-3 provides information on major compilations of information on analytical procedures for 
constituents of geochemical interest at contaminated sites. Most of these books and reports focus on laboratory 
methods and procedures, but might be useful for additional information on basic analytical methods that can be 
used in mobile laboratories or adapted for more portable instrumentation. 
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Table C-1 Major Referenee Sourees on Subsurface Characterization and Monitoring Methods 

Topic 

Site fuvestigations 

Hydrologic Characterization 

Ecological Assessment 

Specific Settings 

Ground-Water Monitoring 

General Procedures 

Monitoring Wells 

Sampling Equipment 

Sampling Procedures 

Costs 

Specific Settings 

References 

Brakensiek et al. (1979), Brown et al. (1983), Bureau of Reclamation (1981), Dames 
& Moore (1974), Driscoll (1986), Nielsen and Johnson (1990), Nielsen and Sara 
(1992), Rehm et al. (1985), Thompson et al. (1989), UNESCO (1983), U.S. EPA 
(1991a,b), USGS (1977+), Waste Management ofNorth America (1991), Zimmie 
and Riggs (1981); see also, Tables 4-5 and 4-6 

Warren-Hicks et al. (1989); see also, Table 10-5 (bioassessment techniques) 

Surface Mining: Barrett et al. (1980); Hazardous Waste Sites: Cameron (1991), 
Cochran and Hodge (1985), Ford and Turina (1985), Lesage and Jackson (1992), 
Oudjik and Mujica (1989), Perket (1986), Sisk (1981), U.S. EPA (1987, 1989a); 
RCRA Facilities: U.S. EPA (1986d, 1989b,c); Low Level Radioactive Wastes: EG&G 
(1990); Remedial Operations: Ross and Keeley (1992), U.S. EPA (1988a, 1991a); 
Surface Impoundments: Silka and Swearingen (1978) 

Collins and Johnson (1988), Crouch et al. (1976), Devinny et al. (1990), EG&G 
(1990), Everett (1980), Everett et al. (1976), Fried (1975), Gillham et al. (1983), 
Keith (1992), Loftis and Ward (1979), Mooij and Rovers (1976), Morrison (1983), 
Nielsen (1991), Nielsen and Johnson (1990), Nielsen and Sara (1992), Ross and 
Keeley (1992), Todd et al. (1976), U.S. DOE (Various dates), U.S. EPA (1986b, 
1990a,b, 1991a,b, 1993), van Duijvenbooden and van Waegeningh (1987) 

Aller et al. (1991), Barcelona et al. (1983), Driscoll (1986), Howsam (1990), Korte 
and Kearl (1985), Nielsen and Schalla (1991); see also, Tables 2-4 and B-2 

See Tables 5-4 and 5-5 

API (1987), Barcelona et al. (1983, 1985), Berg (1982), Oassen (1982), Holden 
(1984), Keith (1988), Korte and Kearl (1985), Nash and Leslie (1991), Rainwater and 
Thatcher (1960), Scalf et al. (1981), Summers and Gherini (1987), Unwin (1982), 
Wood (1976); see also, Table B-4. 

Crouch et al. (1976), Everett et al. (1976), Loftis and Ward (1979) 

Tinlin (1976); Solid Waste Disposal: Penn et al. (1977), U.S. EPA (1981a,b, 1986t); 
RCRA Facilities: U.S. EPA (1983a,b, 1985, 1986a,d,e,f, 1989c); Enhanced Oil 
Recovery: Becket al. (1981); Surface Mining: Everett (1979, 1983, 1985), Everett and 
Hoylman (1980a,b), Williams and Schuman (1987); Oil Shale: Everett (1985), 
Slawson (1979, 1980a,b); Electric Utilities: GeoTrans (1989), Redwine et al. (1985); 
Wastewater and Sludge Application: Ho et al. (1978); Waste Spills: Pilie et al. 
(1975), Yang and Bye (1979); Geothermal: Weiss et al. (1979) 

State/Local Guidance Documents• Connecticut Environmental Protection Agency (1983), Iindorff et al. (1987), NJDEP 
(1988), Santa aara County Water District (1985), Stephens (1986) 
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Topic 

Microbiological Sampling 

Vadose Zone Monitoring 

General 

Soil Solute 

Soil Gas 

Table C-1 (cont.) 

References 

Bitton and Gerba (1984), Board and Lovelock (1973), Bordner et al. (1978), Britton 
and Greeson (1989), Costerton and Colwell (1979), Dunlap et al. (1977), Rosswall 
(1973), USGS (1977+ ); see also, references in Section 9.3.6 

Everett et al. (1983), Nielsen and Johnson (1990), Nielsen and Sara (1992), Rehm 
et al. (1985), Rijtema and Wassink (1969), U.S. EPA (1986c), Wilson (1980) 

Devinny et al. (1990), Morrison (1983), Nash and Leslie (1991), Nielsen (1991), 
USGS (1977+ ); see also, Table 9-4 

Devitt et al. (1987), Ford et al. (1984), Kerfoot and Barrows (1987), U.S. EPA 
(1988b); see also, references for Section 9.4.2 

Field Characterization Blume et al. (1991), Boulding (1991), Brakensiek et al. (1979), Bureau of 
Reclamation (1974, 1990), Cameron (1991), Hodgson (1978), SCS (1971) 

General Sampling Acker (1974), Barth et al. (1989), Cameron (1966), Corps of Engineers (1972), Keith 
(1992), Hodgson (1978), Hvorslev (1948, 1949), Mason (1992), McKeague (1978), 
Mooij and Rovers (1976), SCS (1984), U.S. DOE (Various dates); Sediments: Barth 
and Starks (1985), Edwards and Glysson (1988), Palmer (1985), Plumb (1981); see 
also, Table 2-5 

Sampling for Soil Contaminants API (1987, 1992), Boulding (1991), Brown et al. (1991), EG&G (1990), Ford et al. 
(1984), Goodwin et al. (1982), Keith (1988), Scalf et al. (1981), Schweitzer and 
Santolucito (1984), U.S. EPA (1986b, 1988b, 1989c, 1991a), van Duijvenbooden and 
van Waegeningh (1987) 

Sampling 

Agency/Organization Index 

U.S. EPA 

de Vera (1980), Ford et al. (1984), Keith (1988, 1992), Simmons (1991), U.S. DOE 
(Various dates), U.S. EPA (1986b), Wolbach et al. (1984) 

Soils and Ground Water: Aller et al. (1991), Cochran and Hodge (1985), Dunlap et 
al. (1977), Everett et al. (1976), Penn et al. (1977), Ford and Turina (1985), Ford et 
al. (1984), Ross and Keeley (1992), Scalf et al. (1981), Silka and Swearingen (1978), 
Sisk (1981), U.S. EPA (1986d, 1987, 1989a,b,c, 1990b, 1991a); Vadose Zone: Devitt 
et al. (1987), Everett et al. (1983), Kerfoot and Barrows (1987), U.S. EPA (1986c), 
Wilson (1980); General Ground Water: Barcelona et al. (1985), Berg (1982), Crouch 
et al. (1976), Loftis and Ward (1979), Tinlin (1976), Todd et al. (1976), U.S. EPA 
(1990a, 1991a), Yang and Bye (1979); Ground-Water Guidance Documents: U.S. 
EPA (1981a, 1981b, 1983a,b, 1985, 1986a,e,f, 1988a, 1993); Soil and Solid!liguid 
Waste: Barth et al. (1989), Boulding (1991), Cameron (1991), deVera (1980), 
Hatayama et al. (1980), Mason (1992), Pilie et al. (1975), U.S. EPA (1986b), Yang 
and Bye (1979); Energy Development Ground-Water Monitoring: Becket al. (1981), 
Everett (1979, 1983), Everett and Hoylman (1980a,b); Slawson (1979, 1980a,b), Weiss 
et al. (1979) 
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Topic 

Other Federal 

Other Government 

Table C-1 (c:onL) 

References 

Bureau of Reclamation: Bureau of Reclamation (1974, 1981, 1990); Department of 
Energy: EG&G (1990), U.S. DOE (Various dates); Fish and Wildlife Service: Brown 
et al. (1991); Forest Service: Barrett et al. (1980); NASA: Cameron et al. (1966); 
USATIIAMNCorns of Engineers: Corps ofEngineers (1972), Goodwin et al. (1982), 
Hvorslev (1949), Plumb (1981); USDNSCS: Brakensiek et al. (1979), SCS (1971, 
1984); U.S. Geological Survey: Qassen (1982), Edwards and Glysson (1988), Guy 
(1969), USGS (1977+ ), Wood (1976) 

Canada: McKeague (1978), Mooij and Rovers (1976); States•: Barcelona et al. 
(1983), Connecticut Environmental Protection Agency (1983), Iindorff et al. (1987), 
NJDEP (1988), Stephens (1986) 

American Chemical Society (ACS) Keith (1988, 1992), Nash and Leslie (1991), Schweitzer and Santolucito (1984) 

Amercian Petroleum Institute 
(API) 

American Society for Testing and 
Materials (AS1M) 

Consulting Firms 

Electric Power Research Institute 
(EPRI) 

UNESCO 

Other 

API (1987, 1992), Gillham et al. (1983) 

AS1M (Annual, 1992a,b); Ground-Water and Vadose Zone S'IPs: Collins and 
Johnson (1988), Nielsen and Johnson (1990), Nielsen and Sara (1992), Zimmie and 
Riggs (1980); Hazardous Waste Solid Testing Conference Series: (Papers in this 
series tend to focus on laboratory methods, but also include papers on field-oriented 
techniques): 1st (Conway and Mallow, 1981); 2nd (Conway and Gulledge, 1982); 3rd 
(Jackson et al., 1984); 4th (Petros et al., 1985); 5th (Perket, 1986); 6th (Lorenzen et 
al., 1986) 

Dames & Moore (1974), Everett (1980), GeoTrans (1989), Waste Management of 
North America (1991) 

Redwine et al. (1985), Rehm et al. (1985), Summers and Gherini (1987), Thompson 
et al. (1989) 

Brown et al. (1983); Symposia: Rijtema and Wassink (1969), UNESCO (1983) 

Devinny et al. (1990), Driscoll (1986), Everett (1985), Fried (1975), Ho et al. (1978), 
Holden (1984), Howsam (1990), Klute (1986), Lesage and Jackson (1992), Morrison 
(1983), Nielsen (1991), Oudjik and Mujica (1989), Simmons (1991), Unwin (1982), 
van Duijvenbooden and van Waegeningh (1987) 

*The appropriate state regulatory agency should be contacted for the most current version of any guidance documents. 
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Table C-l Conferences and Symposia with Papers Relevant to Subsurface Characterization and Monitorin& 

Sponsor 

EPNNWWA 

NWWA 

NGWA 

NWWNAPI 

NGWNAPI 

Modeling 

Year 

1971 
1974 
1977 
1979 
1980 
1983 
1984 
1986 

1981 
1982 
1983 
1984 
1985 
1986 
1987 

1988 
1989 
1990 
1991 
1992 

1984 

1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 

NWWA/IGWMC 1984 
1985 
1986 
1988 
1989 

NGW A/IGWMC 1992 

Geophysics 

NWWA/EPA 1984 
1985 
1986 

Tttle 

1st National Ground Water Quality Symposium (EPA-16060 GRB, NTIS PB214-614) 
2nd (EPA-68-03-0367, NTIS PB257-312) 
3rd (EPN600/9-77/014, NTIS PB272-908) 
4th (EPN600/9-79/029, NTIS PBS0-103476) 
5th 
6th (State, County, Regional, and Municipal Jurisdictions of Ground Water Protection) 
7th (Innovative Means of Dealing with Potential Sources of Ground Water Contamination) 
8th (Anatomy of Superfund) 

1st National Ground Water Quality Monitoring Symposium and Exposition 
2nd National Symposium on Aquifer Restoration and Ground Water Monitoring 
3rd 
4th 
5th 
6th 
1st National Outdoor Action Conference on Aquifer Restoration, Ground Water Monitoring, and 
Geophysical Methods 
2nd 
3rd 
4th GWM 2 
5th GWM5 
6th GWM 11 

[1st] Conference on Petroleum Hydrocarbons and Organic Chemicals in Ground Water--Prevention, 
Detection, and Restoration 
[2nd) 
[3rd) 
[4th] 
[5th] 
[6th] 
[7th] GWM 4 
[8th] GWM 8 
[9th) GWM 14 

1st Conference on Practical Applications of Ground Water Models 
2nd 
3rd Conference on Solving Ground Water Problems with Models 
Conference on Geochemical Modeling of Ground Water Contamination 
4th Conference on Solving Ground Water Problems with Models 
5th GWM 9 

[1st] Conference on Surface and Borehole Geophysical Methods in Ground Water Investigations 
[2nd) 
Surface and Borehole Geophysical Methods and Ground Water Instrumentation Conference and 
Exposition 
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Sponsor Year 

Vadose Zone 

NWWA/EPA 1983 
1985 
1986 

Karst 

NWWA 1986 
1988 
1991 

Table C·2 (Coat.) 

ntle 

[1st] Conference on Characterization and Monitoring in the Vadose (Unsaturated) Zone 
(2nd] 
3rd 

[1st] Conference on Environmental Problems in Karst Terranes and Their Solutions 
2nd 
3rd Conference on Hydrogeology, Ecology, Monitoring and Management of Ground Water in Karst 
Terranes GWM 10 

Miscellaneous NWWA Conferences 

NWWA/AGWSE 1988 
1989 

1990 

1991 
NGWA/AGWSE 1992 

Ground Water Geochemistry Conference 
Conference on New Field Techniques for Quantifying Ph)'llical and Chemical Properties of Heterogeneous 
Aquifers 
Cluster of Conferences (Agricultural Impacts on Ground Water Quality; Ground Water Geochemistry; 
Ground Water Management and Wellhead Protection; Environmental Site Assessments: Case Studies and 
Strategies) GWM 1 
Environmental Site Assessments Case Studies and Strategies: The Conference GWM 6 
[2nd] Environmental Site Assessments Case Studies and Strategies: The Conference GWM 12 

NWWA Eastern Regional Conferences 

NWWA/AGWSE 1984 (1st] Eastern Regional Ground Water Conference 
(2nd] 1985 

1986 
1987 
1988 
1989 
1990 
1991 

3rd Annual Eastern Regional Ground Water Conference 
4th 
[5th] Focus Conference on Eastern Regional Ground Water Issues 
(6th] 

NGWA/AGWSE 1992 

[7th] GWM 3 
(8th] GWM 7 
(9th] GWM 13 

Other NWWA Regional Conferences 

NWWA 1983 

1984 
1985 

1986 

Eastern Regional Conference on Ground Water Management 
Western Regional Conference on Ground Water Management 
Conference on Ground Water Management 
Southern Regional Ground Water Conference 
Western Regional Ground Water Conference 
Conference on Southwestern Ground Water Issues 
Focus Conference on Southeastern Ground Water Issues 

1987 Focus Conference on Midwestern Ground Water Issues 
Focus Conference on Northwestern Ground Water Issues 

1988 [2nd) Focus Conference on Southwestern Ground Water Issues 
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Table C-2 (Coot.) 

Sponsor Year Title 

Hazardous Materials Control Research Institute Conferences 

HMCRI 1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 

1st National Conference on Management of Uncontrolled Hazardous Wastes Sites 
2nd 
3rd 
4th 
Sth 
6th 
7th 
8th Superfund '87 
9th Superfund '88 
lOth Superfund '89 
11th Superfund '90 
12th Hazardous Materials Control (HMCSuperfund '91) 
13th HMC-Superfund '92 

Regional Hazardous Materials Control Conferences 

HMCRI 

HMCRI 

1990 
1991 
1992 

1984 
1985 
1986 
1987 
1988 
1989 
1990 

HMC-Great Lakes '90 
HMC-Northeast '91 
HMC-South '92 

1st National Conference on Hazardous Wastes and Environmental Emergencies 
2nd 
3rd National Conference on Hazardous Wastes and Hazardous Materials 
4th 
Sth 
6th (HWHM '89) 
7th (HWHM '90) 

Miscellaneous Conferences 

HMCRI 1992 
1992 

National R&D Conference on the Control of Hazardous Materials 
Federal Environmental Restoration '92 

[ ]-Indicates that number is not included in the title of the published proceedings. 
GRM indicates that proceedings have been published in NWWA/NGWA:s Ground Water Management Series. 

Abbreviations: 

AGWSE 
API 
EPA 
HEW 
HMCRI 
IGWMC 
NWWA/NGWA 

Association of Ground Water Scientists and Engineers (NWWA/NGWA) 
American Petroleum Institute 
U.S. Environmental Protection Agency 
U.S. Department of Health, Education and Welfare 
Hazardous Materials Control Research Institute 
International Ground Water Modeling Center 
National Water Well Association (named changed to National Ground Water Auociation in 1992) 
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Table C-3 M~or Compilations of Analytical Proeedures for Constituents of Geochemical Interest 

Reference 

Instrumentation Principles 

U.S. EPA Analytical Methods 

Other U.S. ·EPA Methods 

U.S. Geological Sutvey 'IWRis 

Other References 

Water Analysis 

Soil Analysis 

Contaminants 

Solid Waste 

Description 

Skoog (1985), Willard et al. (1988) 

Ovetviews: Mueller and Smith (1991), Wagner (1992); General: Kopp and McKee 
(1983); Metals: U.S. EPA (1991c); Organics in Water: Longbottom and lichtenberg 
(1982); Solid Waste CSW-846): U.S. EPA (1986b); SW-846 Methods Studies: Edgill 
(1989), Edgill and Wilburs (1989), Engel et al. (1988); Drinking Water Analysis: 
Long and Martin (1989), Pfaff (1981), U.S. EPA (1990c,d); Pesticides: Watts (1980); 
Sediment: Guy (1969), Plumb (1981), U.S. EPA (1989d); Quality Control: Booth 
(1979), Sharma (1979) 

Field Screening Methods: U.S. EPA (1988b); Ecological Assessment: Warren-Hicks 
et al. (1989) 

The Techniques of Water Resource Investigation series includes manuals describing 
procedures for planning and conducting specialized work in water-resources 
investigations. Wood (1976) covers field analysis of unstable constituents; Fishman 
and Friedman (1989-supersedes Brown et al., 1970, Skougstad et al., i979, and 
Fishman and Bradford, 1982) cover methods for analyzing inorganic constituents in 
water and fluvial sediment; Barnett and Mallory (1971) describe determination of 
minor elements in water by emission spectroscopy; Wershaw et al. (1987-supersedes 
Goerlizt and Brown, 1972) cover methods for determination of organic substances 
in water and fluvial sediments; Thatcher et al. (1977) cover methods for 
determination of radioactive substances in water and fluvial sediments; Britton and 
Greeson (1989-supersedes Greeson et al., 1977) cover methods for collection and 
analysis of aquatic biological and microbiological samples; Friedman and Erdman 
(1982) cover quality assurance practices for the chemical and biological analyses of 
water and fluvial sediments; Guy (1969) covers laboratory methods for sediment 
analysis. 

Standard Methods: APHA (1992), AS1M (Annual-Vols. 11.01 and 11.02), Hach 
(1991); Other Major References: Fresenius et al. (1988), Rainwater and Thatcher 
(1960), Thompson et al. (1989) 

Physical Properties: AS1M (Annual-Vol. 4.08), Blume et al. (1991), Guy (1969-
sediments), Klute (1986), SCS (1984), Smith and Mullins (1991), Topp et al. (1992); 
Soil Chemistry: Council on Soil Testing and Plant Analysis (1992), McKeague (1978), 
Westerman (1990) 

Method Compilations: Plumb (1984), U.S. DOE (Various dates); Ground water: API 
(1987-petroleum hydrocarbons), Hach (1991-inorganics), Lesage and Jackson 
(1992); Soil: API (1987, 1992-petroleum hydrocarbons) 

Hazardous Waste: Silvestri et al. (1981), Wolbach et al. (1984); Flue Gas 
Desulfurization Waste: Noblett and Burke (1990), Radian Corporation (1988); Oil 
Shale: Wallace et al. (1984); Mine Soils and Overburden: Williams and Schuman 
(1987) 
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Some Suggestions Concerning Evaluation of literature References 

New developments in field techniques for ground-water and contaminated site investigations are 
changing so rapidly that care is required when evaluating the literature, especially when dealing with a method 
that is outside one's area of special expertise. Several factors affect the weight that should be given to 
conclusions or recommendations concerning a particular method: (1) Whether the information is from a peer
reviewed or non-peer reviewed source; (2) where the authors come from; and (3) how recently it has been 
published. 

Greatest weight should be given to the content of papers published in peer-reviewed scientific journals 
such as Ground Water and Ground Water Monitoring Review (retitled Ground Water Monitoring and 
Remediation beginning in 1993). Most conference proceedings (AS1M conferences being an exception) are not 
peer-reviewed, and consequently there is more likely to be diversity of opinion concerning conclusions or 
recommendations in individual papers. When non-peer-reviewed papers are considered, greater weight can be 
given to those written by individuals from academic institutions or research-oriented government agencies (U.S. 
Geological Survey, personnel from EPA research laboratories) vis-a-vis papers written by manufacturers or 
consultants who might have an interest in promoting a particular method. On the other hand, papers written 
by individuals from academic institutions and more research-oriented government agencies, such as the U.S. 
Geological Survey, that describe new techniques are more likely to be in developmental stages and not readily 
available for routine field use. Finally, more recently published papers can generally be given greater weight than 
earlier publications because they are more likely to address recent developments and advances in investigation 
techniques. As a general rule, review of multiple references from a variety of sources that deal with a specific 
method should help determine its appropriateness for a specific application or for specific site conditions. When 
in doubt, one or more experts should be consulted. 
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Board, R.G. and D.W. Lovelock. 1973. Sampling-Microbiological Monitoring of Environments. Academic Press, New York, NY. 
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APPENDIX D 

GUIDE TO VADOSE ZONE MODELS FOR WATER BUDGET AND EXPOSURE MODEUNG 

Preliminary site reconnaissance should provide sufficient information to develop a preliminacy conceptual 
model (or models) of the site that has three main elements (see Figure D-1): (1) Characteristics of the waste 
source, (2) known or potential pathways for migration, and (3) receptors of exposure to the contaminant. 
Mathematical models or computer codes often are used to evaluate potential for transport of contaminants and 
to estimate exposure. The conceptual model, and computer modeling efforts are an iterative process in which: 
(1) The current model helps define the parameters that should be sampled or otherwise characterized; (2) data 
are collected; (3) the model is confirmed or modified to reflect the new information; (4) additional data are 
collected if necessary. 

Depending on local conditions, the soil (weathered zone) can be separated from the water table 
(saturated zone) by an intervening zone, called the vadose zone where water flow occurs predominantly under 
unsaturated conditions. Modeling of contaminant transport in the vadose zone tends to be more complicated 
than in the saturated zone because variations on moisture content and gaseous phase transport also must be 
considered. 

Computer codes that model the soil and vadose zone (also called variably saturated or 
saturated/Unsaturated flow models) fall into three main groups: (1) Flow models, which deal only with the flow 
of water in variably saturated conditions; (2) transport models, which deal with the movement of contaminants 
or other chemicals under saturated/Unsaturated conditions; and (3) geochemical models (also called distribution
of-species codes), which deal with reactions in the aqueous phase of the system. 

This appendix focuses on vadose zone models that focus on the soil rooting zone, because they can be 
used for both water budget analysis, which is useful for characterization of the hydrologic system at the site, and 
evaluation ofleaching potential to ground water, which is important for exposure assessment. U.S. EPA (1988b) 
provides guidance on the selection of vadose zone models for exposure assessment. 

Table D-1 summarizes input data requirements for 10 near-surface vadose zone models, and Table D-2 
indexes references where additional information can be found about these 10 models.1 When a model has been 
selected, this table can be used to identity the soil parameters that must be estimated or measured during field 
investigation activities. The most important soil physical and hydrologic parameters, based on the frequency with 
which they are required in these 10 models, are: (1) Saturated hydraulic conductivity and saturated moisture 
content (90% ), (2) soil bulk density and precipitation (80% ), (3) unsaturated hydraulic conductivity, water 
retention, and soil porosity (70%); (4) soil texture and soil temperature (60%); (5) horizons or soil layering 
(50%); (6) air permeability and depth to ground water (20%). The other chemistcy-related parameters in this 
table generally are obtained by laboratocy analyses of soil or ground-water samples. 

Numerous other computer codes have been developed for modeling flow and chemical transport in soil 
and the vadose zone. U.S. EPA (1988a) contains one or two page descriptions of 14 computer codes that can 
be used for modeling below the rooting zone (none of which are included in Table D-1). Information on 28 
variably saturated flow models, and 26 variably saturated flow/solute transport models, are summarized in van 
der Heijde et al. (1988). Donigian and Rao (1986b) compare the capabilities offour of the models in Table D-1 
(HELP, SESOIL, CREAMS, and PRZM), and six other models that deal with soil leaching. Sposito (1985) 
discusses a number of models that can be used for geochemical modeling of inorganic pollutants in soil system, 
without consideration of flow. 

1 Other models that might have value for application at contaminated sites for water budget analysis or contaminant 
transport assessment include: (1) CMLS (Chemical Movement in Layered Soils), (2) GLEAMS (Groundwater Loading 
Effects of Agricultural Management Systems), (3) HSWDS (Hydrologic Simulation of Waste Disposal Sites), ( 4) PEST AN 
(Pesticide Analytical Model), (5) RUSTIC (Risk of Unsaturated/Saturated Transport and Transport and Transformation 
of Chemical Concentrations), and (6) VLEACH (a one-dimensional finite difference vadose zone leaching model). The 
RETC code can be used to estimate unsaturated hydraulic conductivity as a function of moisture content based on other 
soil parameters, such as texture. 
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Figure D-1 Elements of a conceptual model for contaminated site characterization (Barth et al., 1989). 



Table D-1 Soil Characteristics Required for Vadose Zone Models 

TABLE 3. SOIL CHARACTERISTICS REQUIRED FOR VADOSE ZONE MODELS 

Model Name 
[Reference(s)] 

Help Sesoil Creams PRZM Vadofl Minteq FowiTM Ritz Vip Chemflo 
Properties and Parameters (A, B) (C,D) (E,F) (G,H,l) (H,J) (J) (K) (L) (M) (N) 

Soil bulk density 0 • • • • 0 • • • • 
Soil pH 0 • 0 0 0 • • 0 0 0 
Soil texture • 0 • • • 0 0 • • 0 
Depth to ground water 0 • 0 0 • 0 0 0 0 0 
Horizons (soil layering} • • • • • 0 0 0 0 0 
Saturated hydraulic conducitivity • • • • • C) • • • • 
Water retention • • • • • 0 • 0 0 • 
Air permeability 0 • 0 0 0 0 0 0 . • 0 

Climate (precipitation} • • • • 0 0 • • • • 
Soil porosity • • • • • 0 0 • • 0 
Soil organic content 0 • • • • • 0 • • 0 
Cation Exchange Capacity (CEC) 0 • 0 0 0 • 0 0 0 0 

Degradation parameters • • • • • 0 0 • • • 
Soil grain size distribution 0 0 0 0 0 0 0 0 0 0 

Soil redox potential 0 0 0 0 0 • 0 0 0 0 
Soil/water partition coefficients 0 • • • • • • • • • 
Soil oxygen content 0 0 0 0 0 0 0 0 • 0 

Soil temperature 0 • 0 . • • • 0 • • 0 
Soil mineralogy 0 • 0 0 0 0 0 0 0 0 

Unsaturated hydraulic conductivity • • • • • 0 • 0 0 • 
Saturated soil moisture content • • • • • 0 • • • • 
Microorganism population 0 0 0 0 0 0 0 0 0 0 

Soil respiration 0 0 0 0 0 0 0 0 0 0 

Evaporation • • • • 0 0 0 • • • 
Air/water contaminant densities 0 0 0 0 0 0 • • • 0 
Air/water contaminant viscosities Q 0 0 0 0 0 e 0 0 0 
REFRENCES e Required 0Not required 0 Used indirectly' A. Schroeder, et at., 1984. F. Devaurs and Springer, 1988. K. Hostetler, Erickson, and Rai, 1988. 
B. Schroeder, et al., 1984a G. Carsel et at., 1984. L No1ziger and Willaims, 1988. • Used in !her estimation of other required 
C. Bonazountas and Wagner, 1984. H. Dean et af., 1989. M. Slevensetal.,1989. characteristics or the intrpretation of the models, D. Chen. Wollman, and Uu, 1987. I. Dean et af., 1989a. N. Nofziger et al., 1989. but not directly entered as input to models. E. Leonard and Ferreira, 1984. J. Brown and Allison, 1967. 

Source: Breckenridge et a!. (1991) 
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Table D-2 Reference Index for Near-Surface Vadose Zone and Geochemical Models 

Topic 

General 

Vadose Zone Modeling 

Vadose Model Comparisons 

Geochemical Modeling 

Field Testing 

Flow and Transport Models 

CHEMFLO* 

CMLS 

CREAMS 

FOWL 

GLEAMS 

HELP 

HSWDS 

MIN1EQ 

PEST AN* 

PRZM 

References 

OveiViews: Breckenridge et al. (1991), Donigan and Rao (1986a), El-Kadi and 
Beljin (1987), Hem and Melancon (1986a), Iskander (1981), Mangold and Tsang 
(1987), Nielsen et al. (1990), Oster (1982), Thompson et al. (1989), U.S. EPA 
(1984, 1988a,b), van Genuchten (1987), Weaver et al. (1989), Whelan and Brown 
(1988); Conference/Symposia: Arnold et al. (1982), Evans and Nicholson (1987-
fractured rock), Wierenga and Bachelet (1988) 

Addiscott and Wagenet (1985), Donigian and Rao (1986b), Kincaid and Morrey 
(1984), Kincaid et al. (1984), Oster (1982), van der Heijde et al. (1988) 

Apps (1988), Jenne (1979), Jacobs and Whatley (1985), Jenne (1981), Melchior 
and Bassett (1990), NWWA (1988, 1990), U.S. EPA (1990a,b), Yeh and Tripathi 
(1989); Model Comparisons: Mangold and Tsang (1987), Nordstrom and Ball 
(1984), Nordstrom et al. (1979), Schechter et al. (1985), Sposito (1985) 

Hem and Melancon (1986b), Hemet al. (1986), van der Heijde et al. (1989), 
Weaver et al. (1989) 

Nofziger et al. (1989) 

Ehteshami et al. (1991), Nofziger and Hornsby (1986, 1987) 

Barnes and Rodgers (1988), Beasley et al. (1991), Devaurs and Springer (1988), 
Donigian and Rao (1986b), Knisel (1980), Knisel and Leonard (1990), Knisel et 
al. (1985), Leonard and Ferreira (1984), van der Heijde et al. (1988) 

Hostetler et al. (1988) 

Beasley et al. (1991), Davis et al. (1990), Knisel and Leonard (1990), Knisel et al. 
(1991), Leonard et al. (1987) 

Barnes and Rodgers (1988), Donigian and Rao (1986b), Dwyer et al. (1988), 
Schroeder et al. (1984a,b), Schroeder and Peyton (1987a,b) 

Perrier and Gibson (1982) 

Brown and Allison (1987), Loux et al. (1989, 1990), Morrey et al. (1986) 

Hem and Melancon (1986b), Melancon et al. (1986), Ravi and Johnson (1992) 

Banton and Villeneuve (1989), Carse} et al. (1984, 1985, 1988), Donigian and Rao 
(1986b), Heddon (1986), Hem and Melancon (1986b), Kincaid and Morrey 
(1984), Melancon et al. (1986), van der Heijde et al. (1988), Varshney et al. 
(1993), Whelan and Brown (1988) 
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Table D-2 (conL) 

Topic References 

RETC* van Genuchten et al. (1991) 

RITZ* Jury et al. (1983), Nofziger and Williams (1988), Sims et al. (1991), U.S. EPA 
(1986), van der Heijde et al. (1988) 

RUSTIC (PRZM + V ADOFI) Dean et al. (1989), Varshney et al. (1993) 

SESOIL Bonazountas and Wagner (1984), Chen et al. (1987), Donigian and Rao (1986b), 
Hem and Melancon (1986b), Kincaid et al. (1984), Melancon et al. (1986), van 
der Heijde et al. (1988) 

V ADOFI Dean et al. (1989), Huyakom et al. (1988), Varshney et al. (1993) 

VIP• Grenney et al. (1987), McClean et al. (1988), Sims et al. (1991), Stevens et al. 
(1988, 1989), Symons et al. (1988) 

VLEACH• CH2M Hill (1990) 

Unnamed Tim and Mostaghimi (1989), Wagenet and Hutson (1986) 

*Available from EPA Center for Subsurface Modeling Support, P.O. Box 1198, Ada OK 74820; (505-332-8800). 
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