
93-27-92 99:39 MONTGOMERY WATSON HARZA 

8MWH 

To: 

From: 

S~ )?x,L@N. NM,;:o 

Qy ~--MWW 

ID=97 799948 P9l/ll 

0()-<!) r g 

1475 Pine Grove Rd, Suite 109 
PO Box 77 4018 
Steamboat Springs. Colorado 80477 

Tel: 970 879 6260 
Fax: 970 879 9048 

Date: 2..>-/J'JJNL C) 2_ 

No. of Pages: __ _,_{...!._[ ___ _ 

(including cover) 

Fax No: ee6-tt~z-2SG'0 LX::D~ e;;;.,_ ,s 4s 

Subject: 

If you do not recei've all pages, or ifther$ are any problems with this transmission, please ca/1970-879-6260. 





0 
CJ 
I 

. : .-- c ••<· · · ~.:.:.: • • ··•· •<• <••. ' \ ·<··~: . ·• • :, -- ' .:•:: ·• ... !.·. · . •::.,_ ... ' .... ... _. '¥' ' '' ' --: r . , ._ , . l>ol < c' ' o a· f t ~ 
' I 

~ 
I . , . 

~ 
_, 
Q_/ 

~ 
~ 

~ 
' 

C-.--, 

V' 

~ 
9--

t 

N"> 
~ 

--c;::> 

~ 
C-
() 

---· -- -~~ -- 0 

!j 
ij 
i{ ,, 
:I ;! 
r 
I . 
j 

I 

t 
i 
l; 
E.· 

t 
~ 
~-
tt 
l\ 
t ''-

~
t·~ 

i: 
g-: 
~;· .. 
rt· 
~~ r 
~. · 

~
. 
; _ 
~· 

~~-
~ : · 

-'· I ·~·-\] ... 
~} · ... :; . ~' · .. 

L. G. Wilsmz1 

Methods for Sampling Fluids in the Vadose 
Zone 
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REFERENCE. Wilson, L G., "Methods for Sam)Jiillg FJuicb in the Vadose Zone," Ground 
Water and Vadose U!ne Monitoring, ASTM STP 1051. D. M. Nielsen and A. I. Johnson, 
Eels., Ameri~n Society for Testina and Materials, Philadelphia, 199'0, pp.1-24. 

ABSTRACT: This paper reviews available methods for sampling water-borne pollutants in 
the vadose zone. The "standard" method for sampling pore fluid$ in the vadose zone is cme 
sampling of vadose zone solids, followed by extraction of pore flui&. The preferred meiliod 
for solid$ sampling is the hollow-stem auger with core samplers. Core sampling dQell not lend 
itself to :!.alllpling the same location time and again. Membrane &Iter samplen and porous. 
suction sampleJ'S are an alternative approach for- sampling f\uidll in both saturated and unsat
unlted regions of the vadose zone. There are three basic porous -suction :!.alllpler designs: (1) 
vacuum-operated suction samplers, (2) pressure-vacuum lys.imetei'S, and (3) high·pressurc> 
vacuum samplers. . 

Suction samplers are oomtructed mQinly of ceramic and polytetrafluoroethylene (PTFE). 
The effective. rang.e of oeramic cups is 0 to 60 cbar of succi on. Tbe operating range of PTFE 
cup~ installed with sili~ flow is 0 to 7 char- of suction. 'This paper- reviews a method for
extending the sampling rnnge of suction samplei'S using an injection-recovery proc:edure. Fa c
Ion aft'ecting the operation ofporou~ suction samplers include the plt}'-siw propenia of the 
vadose zone, hydraulic conditlon1, cop-"•astewa1er interactions, and climatic oonditions. 
Innovative prooedures include the water extractor and the filter-tip 5)'5tcm sampler. The free
drainage samplen include pans, blocks, and wick·type samplers. Techniques for sampling 
from perclled ground·water zones include profile samplen, sampling from ~scading wells, 
and sampling from dedicated weUL 

KEY WORDS: ground water, vadose zone monitoring, soil core sampling, porous suction 
samplers, free-drainage samplen, perched ground-water- sampling 

Until recently, the major emphasis in monitoring programs at waste management sites 
WM on ground-water sampling. This empbas.is ignores the valueofvadosewnemonitoring 
techniques for the earl}' detection of pollutant movement from a waste management unit. 
ln regions with deep water tables, such as in the southwestern United States, the potential 
consequence of ignoring vadose zone monitoring is that the vadose zone and the ground
water system may beoome polluted before tangible evidence of leakage is evident in 
ground-water .sampJes. Today, federal reguJatiom for b~W~rdous wasteJand treatment uniu 
(Subtitle C of the Res.ource Conservation and Recovery Act, Section 264.278 of 40 CFR, 
Part 264) mandate vadose zone monitoring. Some states (for example, California) also 
require va9ose zon.e monitoring at waste management facilities. 

~sentiiuiy_ vadose zone rno~toring is a component of a comprehensive monitoring sys
tem at a gi.ven waste managell}ent facility. Such a liystem includes suruwe liquid and .solids 
$3mp}jng. ~vados~ zpne monitonng, and ground-water monitoring. Similarly, there is a 
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suite of methods available for vadose zone monitoring systems. Everett, Wilson, and 
--~rcMillion{7) reviewedllle avaital>le methoos for premomtoring ana acti::c\'"'·e-=v=a""dr:oo-=:se~z"'o""'n"""'e,.----11-------

monitoring, including both sampling and nonsampling methods.. Both sets of methods are 
required sinoe nonsampling techniques establish movement of liquids in the vadose zone 
(such as during a leak from an impoundment) and sampling techniques obtain liquid .sam-
ples for laboratory analysis. For example. evidence of water content cbange.s br neutron 
logging in access welllltriggers the need to sample from pore-liquid samplers. Morrison (2), 
Everett, Wilson, and Hoylman [3], Rhoades and Oster l4J, and Gardner [5) di~uss avail-
able nonsampling (indirect) techniques for vadose zone monitoring in delail. 

The primarr purpose of this paper is to review techniques for extracting liquids from 
the vadose zone. Sampling techniques ll;l:e divided into three groups: solids sampling fol
lowed by extraction of pore liquids, unsaturated por~liquid sampling, and satumted pore
liquid sampling. 

SoUds Sampling for Pore Liquid Extraction 

Solids sampling, followed by laboratoT)' extraction of pore liquids, is the standard 
method for characterizing pollutant distribution in the Yadose zone. Solids sampling also 
provides useful geological information, such as the lithological characteristics ofthe vadose 
zone layers, and the water content distribution. Comprehensive referenoes on solids sam
pling include a book by Hvorslev ( 6], the text b}' Drisooll ( 7], an Environmental Protection 
Agency guidance document for ground-water monitori~ at RCRA sites 18J, and reviews 
by Riggs (9], Everett and Wilson ( 10), and Haclrett [ 1 /) . There are two broad categorie.s of 
solids sampling methods: hand-operated .samp1ers and power-operated sampling rigs. 

Hand-Operated Samplers 

Hand-operated samplers are basic sampling units developed b)' agricu1turalisbfor deter
mining soil texture, soil water oontent, soil fertility, and soil salinity. Common units 
include tube-t}'pe samplers and auger .sample-rs. 

The Veihmeyer or King tube is a common!)' used tube sampler for obtaining a long 
continuous sample near the land surface (see Fig. 1 ). This sampler cansists of a hardened 
cutting point and head, threaded into a body tube. The upper end of the body is oonnected 
to a head containing two opposing, protruding lugs. A drop hammer is provided. The oper
ation of the sampler is illustrated in Fig.. 1. Gentle tapping on the head removes the sample. 
The~e samplers are commercially available in lengths from 1.22 m {4 ft) to 1.83 m {6 ft) 
{ 12). The jmide diameter of commerciall)' available samplers is 1. 9 em 0' in.). 

Other commercial tube-type samplers are available for obtaining larger, 8.9-cm (3*-in.)
diameter, continuous soil core3 [12). Bra~ retaining cylinders, slipped into the sampler 
barrel, provide undisturbed samples for extraction of pore liquids. Sample~ are extracted 
from inside the drive barrel by means of a pusher rod. 

Chong, Khan, and Green (13] de.scribed a soil oore sampler for obtaining shallow sam
ples using a hand-operated two-ton jack. Sharma and De Datta [14] reported a oore sam
pler for obtaining undisturbed samples from the upper 10.2 em ( 4 in.) of puddled soils. 

Another common hand augering tool is the bucket auger. The bMk components of 
bucket aut;ers are shown on Fig. 2. Types of bucket augers include the oommon posthole 
a\lier, ditch augers, and regular or general purpose barrel augers [10}. Variations of the· 
general purpose auger include sand and mud augers. These samplers are best suited for 
sampling shallow soil depths. However, usillf, a tripod and pulley allows sampling to 
depths up to 24.4 m {80 ft) in some types of materials. 

FIG. 1-Tube-()>pe sampler, showing the operalional procedure ( 12}. 

Power-Operated Sampling Rigs 

Power-operated samplers are identical to the units used to sample below water tables. 
However, commonly used drill rigs, such as cable tool and rotary units, are not recom
mended because they generally require drilling fluid. Air driUing is undesirabJe when 
attempting to obtain pore liquids at field moisture content. Two suitable power-dri\'eo 
techniques are bucket augeri and flight-type auger driU rigs. 

Bucket augers are large-diameter, that is, 1.83-m (6-ft)-diameter cylindrical buckets with 
auger-type cutting blades on the bottom (7]. In practice, the bucket is rotated with depth 
in the vadose zone until the bucket is full. Sampling oonsis~ of extracting &mall-diameter 
oore samples from the interior of the bucket after the full buclcet is lowered to the ground. 
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FIG. 1-Buclc.ei-IYJM harJd auger [I 2]. 

This approach minimizes problems v.ith cross-<:ontamination of samples. Bucket augers 
are best suited for sampling from relatively stable formations: Common sampling depths 
are between 15.25 m (SOft) and 45.7S m (1.50 f\) (7). 

Solid and hollow-stem augers are also used for sampling. The most basic, power~ven 
flight auger is driven by a small aic·oooled engine. Handles attached to the head assembly 
allow two operators to guide the continuous-flight auger into the soil. Additional flights are 
added M required. Samples are brought to the surface b)' the screw action of the auger. 

Larger solid-stem augers are mounted on drill rigs. Attached to the lowermost, or lead
ing, flight of augers is a cutter head, about 5 em (2 in.) larger in diameter than the flights 
[7). Auger diameters are available up to 61 em (24 in.). Flight lengths are generally 1.52 m 
(5 ft). Typical drilling depths range from IS.25 m {SOft) to 36.6 m (120ft). depending on 
the texture of the vadose zone sedimenn 17]. 

The favored method for sampling in unconsolidated material is the hoUow-stem, con
tinuous-flight auger (see Fig. 3}. This design simultaneously rotates and axially advances a 
hoUow-stem allger column. The auger head contains replaceable carbide teeth that pulver
ize the formation deposits during rotation of the flight column. The solid flight column 
serves as a temporary casing while relatively undisturbed samples are obtained from within 
the fiollow stem [ T,. Recently. Hackett [ /J] published an excellent stat~>of-the-art review 
of this technique. 

Acxording to the U.S. Environmental Protection Agency (EPA) [8), wells with diameters 
up to 10.2 em (4 in.) have been constructed with hollow-stem augers. In addition, attempts 
are under way to construct auger<> with inside diameters of about 25.4 em (10 in.). The 
cutting diameter is somewhat greater than the flighting diameter because of the protruding 
carbide teeth. Individual flights are generally 1.52 rn (S ft) in length, although auger llights 
up to 3.05 m (10ft) in length are available. The total completion depth is about 45.75 m 
(ISO f\). Water is not added to the hole during augering to avoid diluting and contaminat
ing pore fluids. 

Tubular samplers provide "undisturbed" vadose zone sediments from inside a hollow
stem auger (see Fig. 3 ). Three popular tubular iiamplers are ring-lined barrel samplers, split 
tube samplers, and thin-wall "Shelby tube .. samplers. These samplers are commercially 
available in a variety of diameters. Brass cylindrical rings inserted inside a barrel sampler 
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protect the samples during shipment to a laboratOJy. After retrieving the sampler, the sam-
-puiig techruct.an to roes tbe cyliruJers out of ffie sampler, separateS' the c:;h"ffilers wfth'tc--=a~·,;=p=at~---·1------

ula, cQvers the ends with Teflon sheets and rubber caps, and seals the caps onto the cyl-
inders with electrician's tape. This technique is particularlr important for reducint loss of 
volatile organics in the samples. 

According to Hackett [11], continuouwampling tube samplers are available to permit 
sampling as the auger column is rotated and axiall)' advanced. Barre] samplers of U3 m 
(5 ft) are used The sampler does not rotate with the augers [11]. According to Riggs (9], 
this system overcomes difficulties in sample recovery experienced with standard tech
niques.. The auger teeth and flight continuously relieve overburden stresses and break the 
vacuum at the base of the sample at the end of sampling [9]. For additional information 
on samplers see Hvors1ev [6), Riggs [9], Hackett (11], and Fenn et at. [15]. 

Ad,·antages and Disad V1l!ltagils of Solids Sampling 

Solids sampling for extraction of pore fluids is vaJuable for characterizing depth-related 
changes in the composition of pore fluids. A major disadvantage is that core sampling is 
basicallr a destructive technique becau&e additional samples cannot be obtained from the 
same location. This precludes taking samples from the same location at later times for 
determining trends. Also, as with all techniques for sampling pore liquid$, extrapolating 
data from a ~ngle ~tampling hole to wider areas is risky because of the natural spatial vari· 
ability of vadose zone hydraulic properties. 

Cross contamination is an inherent danger when sampling with solid-Hight and hollow· 
stem augers ( 1 1]. Contaminated solids are transported on the auger flights both upward 
and downward in the hole. This problem is largely circumvented when sampling by drive 
tube through a hollow-stem auger by discarding the uppermost cylinder. The sample in 
this cylinder contains solids originally at the base of the hole, possibly including sediment 
brought down during drilling. 

Downward leakage of contaminated, perched ground water Ina)' oocur through the bore
hole during drilling. Thus, if the principal water tabJe is shallow, contaminants may be 
short-circuited to the \\'llter table. 

Pore-Ligutd Sampling from Unsaturated Regions of the Vadose Zone 

Pore liquid samples cannot be obtained from open cavities in unsaturated regions of the 
vadose zone becau&e the fluid is held at negative matric potentials. Thus, wells or sampling 
pans cannot be used to obtain liquid samples under these condition~ Methods for sam
pling under unsaturated conditions include cellulos.e-aoetate hollow fiberr., membrane filter 
S31J).plers, and su~ion samplers, also called suction lysimeters. Tb.ese units have an advan
taie over solids sampling in allowing sequential sampling from fixed locations in the 
vadose zone. 

Jackson, Brinkley, and Bondietti [16], and Morrison [17) described the rellulose>-acetate 
hollow-fiber sampler. These semipermeable libers function as moleculaT sieves for the dial
ysis ofllquoous solutions. Advantages that have been claimed foT these samplers include 
flexibilit)•, small diameter, minimal chemical interaction of solute with the tube matrix, 
and sample compositions similaT to those obtained using ceramic cups ( 4]. So faT these 
samplers are more suitable for laboratory studies than for field sampling. 

Stevenson {18} presented the design of a suction sampler using a membrane filter 
mounted in a "Swinnex"-type filter holder (see Fig. 4). These filters are composed of pol
ycarbonate or oellulose-aoetate. The collector system dra~ vado~e rone fluid by capillar-
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FIG. 4-"Swirrrrex''-lppe pore fluid sampler [16). 

ity. The coll«ted fluid then flo~ in the collector sheets toward the glass fiber wicks as a 
result of suction applied to the filter holder assembly [ 10]. The "wick and coll«tor" assem
-bly has a relatively large conta~ area with vadose zone sediments. A flexible tube, attached 
to the filter holder, permits applying a negative pressure to the s}'stem when delivering 
oo1lected liquid to a sample bottle. So far extensive use of thi~ technique has not been 
reported in the literature. 

Porous Suctioll Samplers 

Suction samplers (also called soillysimeters) are the favored method for sampling pore 
Jlulds under suction in the vadose zone. Basically, these samplers comprise a porous cup 
mounted on the end of a hollow tube (generally of polyvinyl chloride (PVC)]. An alterna
tive design incorporates a cylindrical porous section within the tubing rather than at the 
end oft he tubing [2). When placed into the vadose zone, the pores (and fluid) in the porous 
·sampler fonn a continuum with the pores (and fluid) in the surrounding medium. The 
surrounding medium consists of either native material or silica flour. The porous. samplers 
are made from various materials, including ceramic, Alundum, po1}1etrafluoroethylene 
(PTFE}, and nylon [2,19]. Ceramic and Alundum cups are hydrophilic, whereas PTFE 
cups are hydrophobic [19]. 

There are three basic types of suction cup samplers: (1) the ':acuum-operated sampler, 
(l) the press.uce-vacuum-<1perated sampler, and (3} the pressure-vacuum sampler with 
check val\•es. Vacuum-operated samplers consist of a suction cup mounted on a body tube 
that projects .slightly out of the soil surface. A negative aiT pressure, applied to the interior 
of the sampler through a small-diameter tube, draws pore fluid into the cup for delivery to 
a sample bottle at the land surface. The practical depth limitation on these samplers is 
about 7.62 m (15 ft):--However, because of the expense of using long·body tubes., these units 
are not generally used for depths greater than 1.83 m (6 ft). 
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__ ,.......:...Parizek e.nd Lane [20] deligned vacuum-pressure samplers for sampliDg at detlths 1 
beyond the suction limit of vacuum samplers. As shown on Fig. S, these samplers include 
a ceramic cup mounted on a body tube, a sample delivery Jine, and a pressure-vacuum 
line. When sampling, a negative pressure is applied to the inside of the sampler, drawing 
pore fluids into the cup. Subsequent application of pressure through the vacuum-preslure 
line forces the collected fluids through the discharge line to sample bottles.. These samplers 
function mosteffectivel}' at depths above 15.25 m (SOft}. Experience has shown that below 
15.25 m (30ft) application of pressure forces part of the collected sample out of the cvp. 

Pressure-vacuum samplers with check valves, designed by Wood {21], are used_ for ~m
pling depths greater than 15.25 m (SOft). Figure 6 U1ows the components ofthis·unil The 
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sampler consists of a lower and an upper chamber. The upper chamber has a capacity of 
--about--1-L.-The lower~chamber inGludes the suction cup.-A sample tube, containing a stain

less steel check valve, connects the lower and upper chambers. The samp1e deli vel)' tube 
also contains a stainless steel checlc valve. 

Applying a vacuum opens the one-way check val\'e 1o the lower chamber, dra·wing in 
pore liquid through the cup. The vacuum also shuts the valve in the discharge line and 
forces the coUected fluid from the lower chamber into the upper chamber. Subsequently, 
the vacuum isreleased and a pressure of nitrogen gas is applied. This shuts the lower valve, 
opens the upper valve, and foroes the sample through the deli\'er}' line to the surface.. High 
pres.su~ do not damage the cup or cause backflow oftbe sample from the cup. Th~eunits 
sample from depths as low as 91.5 m {300 ft.) below the land surf.aoe (11]. 

Preparation of the ceramic cups involves leaching several pore volumes of acid (for 
example, l N HCI) throuf)l the cup!L, followed by flushing with deionized water. This pro
cess reduce~ the concentrations of major cations and trace elements released from the cup 
during sampling [19]. Care is r~uired when installing a ~pte line into the base of a 
sampling cup to avoid having the tubing catch on the inside lip of the cup (see Fig. 7). 
Fi&~ 7 shows that bevelling the end of the tube reduces this problem [13). 
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TUBE CUT ON BEVEL 

FIG. 1-Creation of dead space in suct;on samplers {I 0]. 
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Installating suction samplet'S include:~ constructing a borehole to the depth of interest, "t 
pouring in a slurry of silica flour{4S4 g (lib) of 200-mesh 'ilica tlourper lSO-mL of water - 0 

[ 23]), using a tremie, to cover the sampler and 0.6 m (2ft) or 0. 91S m (3ft) of the borehole, 1\) 

then backfilling with bentonite. Technicians adjust the press~vacuum in the system 0 

u&ing a hand pwnp. ~ 
Round-bottom sampling cups are commercially available in a number of size~ and air- ~ 

entry values [24]. Body lengths are available up to 2.5.4 em (10 in.), and even longer upon 01 

request Greater lengths may be desirable for units installed in fractured media to increase X 
the opportunity for contacting fracturer.. ~ 

Ope.ational Features of Porous Suction. SampJen 

Table 1 summarizes the operational features and constraint& of suction cup samplers. 
Factors affecting the operation of suction cup samplers include the air-entry, or bubbling, 

pressure of the cups; the effective operating range of the cups; the phy"cal conditions o 
the soil, including h.rdraulic factors; cup-fluid interactions; and climatic factors [3,13}. 
Everett and McMillion [23l obtained laboratory data on air entry pressures ( .. bubbling 
pressures") for ceramic and PTFE cups (see Table l). Air entry pre.ssum~ are related to the 
pore size relationships of the cups. Table 1 summarizes pore size relationships for these 
cupl . 

The most critical operational feature of the porous cup is the T8llge of negatiye po.re 
pressures for effective sampling. Generally, "effective sampling .. can be thought of in terms 
of sampling times and sample volume. Basically, as the suction increases in the medium 
being s.amp1ed, the unsaturated hydraulic conductivity of the medium becomes so low that 
the rates of delivery become vanishingly small. This oocun even thou&h the air entry value 
of the sampler has not been exceeded. Table 1 summarizes the effective sampling ranges 
for ceramic and PTFE samplers. 

Amter [25] evaluated the injection/recovery tecbnique foT extracting fluids from the 
vicinity of suction samplers beyond the normal operating range. His technique in \'o1ves 
injecting deionized water through the cup into the surrounding medium and sub5equently 
drawing the mixture of injected water and native fluid bac-k into the cup. Because of dilu
tion, the method is best suited when looking for target chemicals. The technique can be 
used with vacuum-type samplers and pressure-vacuum samplers. 

The likelihood that suction cups ..,.ilJ operate in the vo-etrange is enhanced byterminatint 
units near the interfaoe between layers of diJfering texture. Information on layered condi
tions is obtained during solids \ampling. For example, Fig. 8 shows a textural and water 
content profile from a sampling hoJe near a dry well in Tucson, Arizona. Three regions of 
high water content are present in ~ined sediment!. Suction samplers should be 
located above the contacts between the coarse and fine sediments. 

Another important operational feature of suction· cup &amplers 
ett and McMillion [ 23] fowid that oeramic samplers were able to IIUilmaur 
(about 93 cbar) for 20 days of Jab<lratory testing. The vacuum dropped off in aU PTFE 
units, which must be embedded in silica flour to minimize vacuum loss. The joints in the 
units with screw fittings must be sealed . 

Effect of the Soil Physical Properties on the Operation of Porous Suction Samplers 

The use of suction samplers to obtain pore-liquid samples for determining a "represen
tative" water chemistry in a relatively unstructured soil has been questioned (1,4,26-29]. 

>-1 
Cl 
0 
X 
~ 
):1 
>( 

:e 
)> 
>-1 
(Jl 

0 z 

= )> 
):1 

- N 
)> 

t1 
II 

lD 
.--1 

""' lD 
lD 
0 
~ 
CXl 

"0 
0 
CXl 

' ,_ 
,_ 



~ 
~ 

~ 
~ 
"! 
-2 
t;~ 

t; 
.if 
-~ 

-~ 
~ 
~ e 
""' " <:$ 

~ 
~ 
~ 
~ 
~ 

" .a 
~ .. 
(5 
l 
~ 
< 
t-o 

... .. 
"' ~ ,. "" 

a '" 
~ " ., .... 
"' ~ .. 
~ " .. .. .. " 

"' u 

"" ~~ ....... 
"'" 
s~ 
,..; 

:;'; ..... 
Ol " ~ .. c 
!;! u .1> 

t: e.~ 
~ ~ ~ .., 
.. u 0 
0 il.., 

., 0 .... 
u uo 

...: 

" .. 
~ 

t 
rJ "' 
H U 
Ill ~ 

12 "" 0 u " 
• u e 

! ·il ... 
1 .. 

!~ 
,..; 

· U .. 
" i: 
~ 

] 
" " u II 

l 0 
W 1."1 N ... 
"8 
~ .... .. 
0 .. "" ... " " ... " () u 
.1! ... 

.!'8 ~ , .... "" 
" ... 

" ... 
0 .., ... 

l• 

ii !l • <.0 

~ " .. 
"" ... c; 

t~~ . . 
" ~ .ll u ... 
~_.., .. .... " ........ 
A \1 <J 

..; 

.. .. 
.'l 
R· 
" " u 

s 
"' .... 

~ 

... 
15 

:~ .... 
• !;; 

H 

0 
I !:l 
I!;! 
I I 

18 
I 

'::I 
IH 

·~ '8 
'"' "' u 
'::l 
'" .~ 
I~ 
I 

~ 

t ., 
·~ 
'"' 1 

u 
u"' 

i:' 1';3 
., I (} 

d ...... ...... 
.g! .... 
:.: ... 
..; 

> ~ H .. ~~~ 
ft ~ I a: 
iJ I! I ...> 
.. I H 

(::gl~ 
O.M 

,.; 

., . 
O.( 

""'" ........ 
... (t t' 

g:; ~ .~ 
'OQw>CU 

"" " 0'0 

3,; r t! 
~ ., ....... " ::1./l .... 

~e~" ..,. ~ (J .... 

" """ C:al'flt..-4 
A ..-. ~ • 

1>.8 ~ l ~ 
C'B 0 .. M 
" .... " ........ r:: 0 
t>., 0 ~ w 
.,~ ...... ... () .&11-4"> 

<l 1l u 
...: 

! ... 
$ .. 
::. ., 
" 0 

" :: ..... ..... 
"': 
"" "'" !!>' .,., 
0 0 .... c .. 
"-' " ~ Ul.ll 

..; 

.. u 
~ g' >- e 
H1.5~2' 
-o ... ~ ~ e ;~ 
Q " " ... ""' 6 D' 0:· ~ ... u. ~ .. 0 ,. I: ... 

" 0. ... t: 0.... .: 
()...tOIIID 0 
·~ftea~t.\.-c 
~~dn· 
lro.. "+l~~"C 
... !J ld -:8 4 v u ~ ., ... .... 
... .., c"" • 
0 0 c D C: :J 

...,...61UCI .... 

~n..,:q 
.,~eg. a..,.; 

!!'" ~ "2 
.2 .d ·:d -~" 
..: 

I 
~ .. 
l!'!l 

&~ f 5 
iJ , iT ~ • 

" D ~ 
SUlJitJ..r "r:. .. ......... 
~5t""!: 
..,....tr-4 >-. 
t: .......... ., 

j,j ""' . t E o ·; 
g~"j~:;! 
".., !'..t 

§ """" -;:Ia~& 
• "' !l"" " 
"~ ... 
l ~ .. 

... r4 ..... 
" d .. c 

~.~,... ..... _eo 
~:;:26-:t 

.; 
I 

... l!o.. 1l t ~ 0" "" ~ .... UCIO~ U..S 
CIO ..-4 ..... 0 ., :> .Q 

~ ~ " , ..... t~ ~ ~G\ 
c ...... ~., .. c 

S.,>t::JJ: :<-t-t 
e1 c.., ....i" _.a"""' <S., ~ 41- 10 ~ ..-.~ ·n 

...c. ~ r.! .n ""' J.c 
~ ~ lol!! ":: .. !i: t; .. 
~ O.a1U"t: em 
8-"Z ~-5 ~~ -~~., E 
)t rt •.-4 ., 4) :;1 ..,. 

t:")U.-~"~ci' 
~Ea~~_$fi~~ 

.. 

o.~&~"Ut~:Q~ 
~= .,.,~&..2"'!l!l 
3u~~f., $~" 
~"t;O ·j.C.;.,~~ 

" " "Y. "n ~ ",.. 
0 .. "u iS 0 .. '"'"' u rt D U. w4 <1 IC., .c; 

... ,_.. C :1> P-' ~ C I 1-4.., .....t 0 :s ~ .c c ~ r4..... • c. • 1 

orl "' 2 ~ '-t 0 11) <:f -li u 

.., Jl ...... 0 ..... 1l 
£'g..~,... ~ -j~ .... 
H ~t ~ :i'~ ~8.1l 
~fi ~~-ot&:6~ 
...: 

·5 ~ b;: • 
~ E e -~ ~ 
.iJ ..... '\-I..,tf 
(lt.o4 ~. 

..(l'+(lotr-f 
...... 0 0 r. 

~"D' lQU 
0 " .... ICI .C· a M 
V-t lot • ...t 
I! :::7 lolllll: 
0 «· u rl 

~q-c~ 
0: 8. I U • 

•0'4 .. ..., ~ " ... ... "" ~ . ~ .. 
~" g ~ ~
-~ t k ~ ~ 
~(I-t +I C.. 

... 
I C ... ... " \;.1'00 

ll 0 ' " • 

& ~ ~~ ~ 
Q., 0 () 

'Oi.~~~ 
" g..., 8 ~ 
Oti-C ...,.. 
,..,. tJ:> n., E 

" .c ·H ~:2 
2" &.a~ 
a~ ..... o 
U-4 U -t 

:l tyl-.10. ~ 
UU"'-tkQ' 
,J:-t 1113 • • -t 
f-i..-t...-4\.f'r-t . . ... .. 

i 
l? ~X -" 1 

Ctl 3 UUr-C\1 -..e. Cl 0 O."""'., I 
.. • b'I...C !:J"..c ... ~ :1 8 1'1 l.l rt .,Q (J ) U I 

.&J .p ~ .Jt c 

+J -a:~~~]~ rs ~ : 
IIICU'\.t ..... "A~IH.-tOO.,._. 

... I 

'&! . ~ .. 
1 .. 

IU 

·~ 
H ..... 
u 

" .!: b .. .. 
""' !i >. 9 
• 11 tJ 
fi w c; 

" ~ .. c ... ,., 
.... "" 0 ... 

~ " 
" ll ~ 
~EC oow .. " ., '" ~ .... 

.ll s: ..... .... 
MD.C. 

...: 

... 
~.:: .,., 

"0 0 .... ~ ... ., ... 
... " u .... c:· 
" 0 • ~ (.') .... ., a . ~ . . . 
~ ~ ~ g 

...... "«'....t 

"'"''""' "'"$> E 00< c 
rl 00,0 .......... 
~:!~t 
~ .. " (l• tl.., w 
.&.lC16.U ., .... .:::tot 
3...-4-4(1 

..; 

: ~ 

i 
! 
1 

I 
I 
?, 

I 

0 
CJ 
I 

1\) 
...,j 

I 

Sl LT AN!fCLAY {%) 
VOW METRIC 

MOlSTlJR E CONTENT 
l%) 

--0 
1\) 

-+-
.:!:: 

§ sJ'I I l I 
1001- I I I I 

12.01- I I I I 

140' I I 

~ I b 

lr--

I I 

~0 

t '--~~~----·· . , 
I I 
1, 

et 
t- : 

• I . 
I... ' ~-.Jl.. 

~
SHTLING DRY 
CHAMBER WELL 

CROSS 
GRAVEL SECTION 
PACI( 

FIG. 8-Geo/ogiaJ/ and water-cement profiles near a dry well in Tucson, Ariuma. 

As pointed out by England (26], the oompo&ition and conoentration of pore liquid is not 
homogeneous throughout a given mass. Acoocdi.ngly, pore liquid extracted from sequenoes 
of large pores at low suction may have a oomposition that is quite different from that 
extracted from sequences of micropores. Moreover, "a point souroe of suction. such a' the 
porous cup, samples roughly a sphere, draining different-sized pores as functions of dis
tance from the point, the amount of applied suction, the hydraulic oonductivity of the 
medium, and the soil~water oontent" (26). The concentrations of various ions in solution 
do not as a general rule vary inversely with the ~il solution ( 26]. 

Variability of hydraulic properties within the sampling &phere also affect-s sampling. 
Acoo:rdingly, "point samples" only pro.,ide an indication of relative chang~ in pore liquid 
composition but not absolute concentrations, unler.s the spa1ial variability of the vadose 
zone properties are quantified ( 4]. Thu:s, suction samplers are best -suited for detectiq the 
arrival ofpoUutants at the sampling depth and not the absolute amounts or conoentraJi.ons. 

Structured and fractured media accentuate the problems described in the last two para
graphs [28). In such media, liquid movement occurs. in a two-domain system [29]. One 
domain consists of the porous matrix. The conventional, Darcian-based unsaturated flow 
equation describes flow in this domain. The second domain includes a S}'slem of fractures 
or macropores through which water flows by gra\-ity [29]. Free-drainage samplers are best 
~uited for sampling saturated drainage in the larger cracks and macropores [27]. Suction 
samplers are best suited for sampling from the unsaturated flow regime within the blocla. 
The opportunity for suction samplers to extract liquid from fractures and macropores may 
be enhanced by embedding sampling units in sections of silica sand. 
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Cup-Fluid Interactions 

---I+hue-are-two classes~of interact-ions: ( l-)-those-affecting1he-operatiorrofcups byplugging 
and (2) those affecting the composition of liquids flowing throug,h the cups. Clogging by 
particulate tru1tter does not appear to be a problem [30]. Fonnation of chemical precipi
tates within the cup pore space is always a possibility, for example, in the reducing envi
ronments of perched ground water. 

Suction cups appear to be very effective in filtering out bacteria. During laboratory stud
ies, Dazzo and Rothwell (31] observed a 100-fold to 10 000 000-fold reduction in fecal 
colifonn in mimure slurTy during sampling, and 6S% of the cups yielded ooliform-:f:ree um
p1es. They concluded that suction samplers do not yield valid water samples for fecal coli
form analysis. In contrast, suction samplers are effective in sampling for viruses. 

Anderson (28] found that low concentrations of negatively charged contaminants pres
ent in the soil solution mar be changed during sampling be~ use of sorption or repulsion 
of molecules in ceramic cup samplers. The long time dela}' required to obtain sufficient 
sample for laboratory analyses in slowly permeable sediments may also alter the chemical 
composition. Similarly, reducing conditions within a cup may alter the oonoentration of 
metals in a sample [28] : During studies at a tannery disposal site, Anderson [28) found 
that .J;hromium precipitated in the samplers because of cha~es in redox conditions. 
between the soil and sampler. She estimates that the quantity precipitated was equivalent 
to ,f to 40 times the measured dissolved concentrations. 

Climatic Factors 

Climatic conditions may a1fect the operation of suction samplers (see Table 1). For 
example, in froz.en soils the tension of unfrozen water may be great enough to limit flow 
into the cups [J). Water films in the e..'traction Jine may freeze (17] . This probJem may be 
eliminated by installing a bleeder valve along the extraction line [17). 

Alternative Suction Sampler Designs 

Acoordingto Baier, Aljibury. and Meyer (32), tensiometer units, used to determine water 
potentials in the vadose zone, may be converted to \'acuum-pressure samplers b}' draining 
the tensiometer fluid during a sampling cycle. This is, possible b~cause tensiometer cups 
are also made of ceramics. Baier, Aljibury, and Meyer [32] used this approach to sample 
the vadose zone beneath sev.-age sludge ponds at Sacramento, California.. When interpret
in~ the results, care is required to acoount for the presence of residual tensiometer fluid in 
the collected sample. 

Nightingale, Harrison, and Salo [JJ) described a subsurface water extractor that can be 
used under both saturated and unsaturated conditions, for example, in the vicinity of fluc
tuating "-ater tables. Figure 9 shows the basic design of their sampler. The interior of the 
body tube serYes as a sample reservoir. Applying a vacuum to the vacuum-pressure line 
draws the sample up the standpipe into the reservoir. The sample remains in the reservoir 
when the vacuum is remoYed. Pressurizing the pressure-vacuum line with nitrogen &as 
forces the sample through the outlet line into the sample bottle. The backflow of sample 
tbroVgb the ceramic cup is minimal. The ma){imum sampling depth is estimated to be 28 
m (91.8 ft). The re&ervoir capacity is from 1.5 to 1.0 L. 

Haldorsen, Petsonk. and Tortstensson {34} reported on the filter-tip sampler system for 
obtainill$ samples from both saturated and unsaturated regions of the vadose zone. The 
system includ~ a downhole filter tip connected to an access tube, and above&round adap-

:j 
I, 
~ 

!~ 
·! 

! 
,l 

: j 

l 

! 
f 

j 
~ I . , 

l 

VACUUM 
PRESURE 

liNE 

SAMPLE 
DISCHARGE 

LINE 

rs,~ 
VALVE 

- -
I-SAMPLE 

RESERVIOR 

I• "'Ill STANDPIPE 

11::-

..;;... ..... 
" ~-~ ~ " POROUS 
" Y--.. "· '~ ..-. --\- ,,...._CERAMIC 

'':...~----'\!:" CUP 

WATER 

FIG. ~-A/temati~-e suction. sampler lierign [33). 

tors. The hollow filter tip consists of a porous filter section above a pointed drive point, a 
threaded section to be attached to the access pipe, and an upper, necked-down section 
containing a rubber septum. The pore size of the filtered section is about the same as that 
for the suction samplers, approximately 3 lAID· This ensures that the porous segment 
remains saturated even though the suction in the surrounding medium increas~ [34}. 

The first phase of sampling with the filter-tip sampler S)'stem invo]ves lowering a sam
pling adaptor into tbe access hole to make contact with the filter tip. The adaptor incor
porates an air-evacuated sampling vjaJ with a rubber septum and a sliding section with a 
concentric, double-ended hypodermic needle. The second phase involves forcing the hypo
dermic needle through the rubber septums into the filter tip and sampling Yial, causing 
fluid, drawn through the porous section by vacuum, to fiU the sampJe vial. 

Pore-Liquid Sampling from Saturated Regions of the Vadose Zone 

Two classes of saturation develop in an otherwise unsaturated vadose zone: (l) free
drainage water, and (2) perched ground water. Free drainage oocurs when fluid applied at 
the land surface flows downward in a profile under saturated or near-saturated conditions 
through macropores and through fractures and cracb. Perched ground water develops at 
the jnterface between vadose zone layers of differing texture, for example, in a gravel layer 
overlying a clay lens. 

Fri!e-Dralnage Samplers 

Free-drainage samplers intercept and collect water flowing in saturated pore:~ or fractures 
for delivery to a sample container. Everett and Wilson [lOJ, Hornby, Zabcilc, and Crawley 
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stainless steel troughs, sand-filled funnel!, and hollow glass blocks. In each case, gravity 
-orainage creates a iligbtly posttive pressure at the soil-sampler interfaoe causing fluid to 

drip into the sampler. Shaffer, Fritten, and Baker 136] designed a 20-cm (7 .9-in: )-pan lysim
eter with a tension plate capable of pulling a ~ix-centibar suction. 

Reoently. Hom by, Zabcik, and Crawle)' [.2 7) presented the design of a wicking-type sam
pler (50e Fig. 1 0). 

Typically. free-drainage samplers are installed in tunnels, extending from trenches or 
buried culverts [.2,37], constructed to the total desired sampling depth. The total depth of 
sampling is limited onl)' by the availability of construction equipment. Similar]>·;_ the hor
izontal extent of the samplers depends on the availability of tunneling equipment: Homby, 
Zabcik, and Crnwley [27] described a barrelly,imeter comprising an encased soil monolith 
of undisturbed snit. Above the .sealed base of the monolith is a system of porous ceramic 
cups. The monolith is placed in a tight-ftt1ing bole beneath a monitoring site (for ex.ample, 
in the treatment zone beneath the rone of incorporation of a land treatment unit). The 
lysimeters collect fluid draining through the monolith. 

1/z" 0. D. TYGON HOSE (24•) 

HURCULON FIBER 

FIG. 1 (}-Wicklng-type free-drainage sampler [27J. 
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:sampnng trom Perched GrGUad \Vater 

The presenoe of perchoo r,round-water regions in the vadose zone provides the oppor
tunity to obtain 1arger volumes of fluid for analysi~ than is possible with core samples and 
suction samplers. Thece are three basic sampling alternatives: (1) sampling tile drainage, 
(2) sampling caS>Cading water, and (3) sampling from weUs. 

In ag.ricultural areas with high water tables, a common practice is to install buried ti1e 
lines to maintain water table levels below the rooting depths of crops. Samples of drain 
water are accessible at the. point of discharge of a tile line into an open ditch. The samples 
may or may not be representative of the "average" conditions, depending on the distri
bution of soil mapping units in the drained area. 

Piezometers OT multileveJ sampJers collect &am pies from shallow perched ground-water 
regions. Pickens et al . [38) described a mulitlevel sampler suitable for sampling in cohe
sionless soils in which flow is predominantly in the horizontaJ direction. 

Wilson and Schmidt f39J described techniques for sampling from cascading wells. cas
cading water oocurs through cracks in casing joint& and through dewatered perforations. 
Cascading water samples are obtained from abandoned wells near the site being monitored 
or from operating wells after the removal of pumps for servicing. A bucket lowered into 
the cascading stream collects the ""ater samples. A1tematively, water is ooUected at the 
wellheads during the star1-ups of wells ibat have been shut down for a prolonged period. 

Dedicated wells provide perched ground-water samples from deeper regions of the 
vadose zone. The construction techniques and well designs are identical to tho.se used for 
ground-water monitoring wells [8). A problem in some area11 is tbat perched ground-water 
systems tend to be ephemeral [39). Backup &ystems, for example, suction samplers and the 
extractor design b}' Nightingale, Harrison, and Salo [JJ], are reoommended for tbes.e 
conditions. 
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