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FOREWORD 

~ This study was initiated in response to a Compliance Order/Schedule (Docket 
Humber 001007) issued by the State of New Mexico's Environmental Improvement 
Division under the authority of New Mexico's Hazardous Waste Management Act. 

18 The Order/Schedule, dated 7 May 1985, specifies a time line for obtaining 
oertain geotechnical information regarding Waste Disposal Areas G and L in 

28 Technical Area 54, Los Alamos National Laboratory, New Mexico. This report 
addresses the informational requirements outlined in Paragraph 25, Tasks 1 

36 through S, of the Compliance Order/Schedule. The investigations described in 
this report were performed by personnel of Bendix Field Engineering Corpora
tion, Grand Junction, Colorado, Operations Office. 47 

48 The report is not organized in the same manner as the Compliance Order/ 
Schedule. In the opinion of the authors, the geotechnical information is 
,ruented in a ma11ner which is more condnci'Ve to interpretation. Therefore. 

49 the tasks requested by the State of New Mexico in Paragraph 25 are addressed 
hi the following sections: 

54 

55 

57 

64 

J 

70 

Compliance Order Task and Brief Title Section in Report 

1: Permeability Determinations 3.2.1, 3 .2 .2. 3 .2. 3 
2: Moisture Characteristic Curves 3 .1.3 
3: Unsaturated Hydraulic 

Conductivity 3.2.4 
4: Infiltration and Redistribution 

of Water 3.1.1, 3.3.1. 4.0 
5: Pore-Gas-Sampling Installations s.o 

~. emphasis of the Compliance Order/Schedule is on the quantification of 
eaptllary or liquid-flow transport processes. However, moisture data pre
••nted by Purtymun and Kennedy (1971) and Abeele and others (1981), as well as 
lh• moisture data presented in this report, indicate that movement by vapor 
thaae is the major transport mechanism in the Bandelier Tuff in the study 
tr•a. Thus, while much of the capillary-related information is useful, it can 
•raw attention away from vapor transport. The reader is therefore asked to 
foeua on relating the information presented in this report to vapor-transport 
'rocesses. 

Ia addition to the authors cited on the title page, a number of other 
'rofessionals of Bendix Field Engineering Corporation/Grand Junction 
O,•rations contributed significantly to this study and to preparation of this 
report. These individuals and their respective contributions are listed 
t.elow. 

t Sue Rush who served as Project Manager and assisted in the drilling and the 
pore-gas-sampler installations. 

t Ntc Korte who served as Project Manager and assisted in the design and test 
of the pore-gas samplers. 

• Steve Sturm who assisted in the drilling and the logging of core. 

t Jeff Price who assisted in the hydrologic testing. 

vii 

~ 



• Jack McCaslin who assisted in the drilling procurement as well as 1 
drilling and the pore-gas-sampler installations. 

• Steve Donivan who assisted in the design and test of the pore-gas 1 

• Sandy Wagner who performed the field chemical monitoring and set UJ 
analytical subcontract. 

• Sue Knutson and Dave Traub who performed the geophysical logging. 

• Rich Zinkl who provided the computer support. 

• Bonnie Edwardson who performed the editing and document coordinati 

The following personnel from Los Alamos National Laboratory also play 
significant role in the completion of this study. 

• Micheline Devaurs was the principal technical contact, assisted in 
planning and conduct of field activities, and wrote Section 4 of t 
report. 

• Dave Mcinroy assisted in several aspects of the field activities. 

• Bill Purtymun recommended the drilling technique and provided much 
insight with respect to logging the Bandelier Tuff. 

viii 
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EXECUTIVE SUMMARY 

characteristics of the vadose zone in Areas G and L~ Technical 
54, at Los Alamos National Laboratory are being investigated in response 

.... ·. 1 Co.pliance Order/Schedule (Docket Number 001007) issued to the Laboratory 
•·••• State of New Mexico's Environmental Improvement Division under the 
~-·ortty of New Mexico's Hazardous Waste Management Act. This report 
~ ... tt•ta a preliminary assessment of the hydrologic system, specifically in 
;,.,,. ... to Tasks 1 through S, Paragraph 2S, of the Compliance Order/ 
......... Bendix Field Engineering Corporation/Grand Junction Operations 
ltt4•etad the work described in this report. 

... aoat significant conclusion resulting from this investigation is that 
fl,.r·phaae transport is the predominant mechanism controlling the potential 
t"••rface movement of contaminants in the study area. Evidence for this 
.... l•a&oa include~ the low moisture content of the underlying rock and the 
lt1~ •otature-retention values observed in the moisture characteristic curves 
..... 2 of the Compliance Order/Schedule). These results indicate that there 
It 10 interconnection or movement of liquid water in the interval of Bandelier 
flff eaa•ined in this study. 

ft,.eabtltty measurements were required by Task 1 (field tests) and Task 3 
lb'-ou tory tests) of the Compliance Order/Schedule. Field measurements were 
.... aetna a vacuum-test method and by means of borehole injection with both 
Itt aad water. Laboratory determinations were made using both the Klinkenberg 
.. fftttton and the Dynamic methods. Agreement among the various methods was 

r:.,rally aood, yielding an intrinsic permeability for the Bandelier Tuff in 
•• rena• to-• to 10-' cma • 

.. ,t,.lnation of the water distribution in the tuff was required by Task 4 . 

.. •••••trtc results indicate a moisture content of 2 to 4 percent for the 
ttllar portion of the profile, with generally higher contents in the lower ·r:""" of Unit lb. Preliminary data from the thermocouple psychrometers 
t41tale that water potentials range from -1 to -lS bar, suggesting low 
~tlar• conditions in the tuff. Neutron-measurement tools used for acquiring 
ltltt•r• data were also installed in two holes in the study area. No data 
tttt been collected yet, although it is feared that the tuff may be too dry 
flf ••ch •eaaurements to be effective. 

1\t •arloua field and laboratory activities conducted during this study permit 
II ,.tla.tion of the effects of porosity, pumice content, and degree of 
ff11t•a on the unsaturated transport processes. As expected, porosity and 
...... oontent are highly correlated. The high porosity demonstrates that the 
lllf acta like a sponge: A quantity of water equal to approximately one-
... ,,., of the rock volume is required to satisfy the capillary forces and 
... ' ,.,, tbe movement of water in the liquid phase. Permeability, on the other 
..... la inversely proportional to porosity due to the significant amount of 
.... $tad pore space which occurs in pumice. Finally, a high degree of welding 
.,.,,.tly reduces the average radii of pores, the result being an increase in 
.. tept llary forces and the residual moisture content • 

. --..-'-' 



In partial fulfillment of the requirements of Task s. installations for 
sampling pore gas in discrete subsurface zones were completed in certain 
holes. No data are yet available, but the rationale behind each sampling-
port location is described in this report. · 

Another major objective of this study was to evaluate the role of fractures 11 

avenues of transport in the Bandelier Tuff. Results obtained thus far. 
however. are inconclusive. The permeability of fractured zones. for example, 
is not significantly greater than that of the surrounding rock. even though 
certain fractured zones exhibit a higher moisture content. It is anticipate4 
that results of the pore-gas sampling and analysis will be of particular 
benefit to the definition of the role of fractures in the vadose zone. 
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1.1 PURPOSE AND SCOPE 

~•port presents a preliminary assessment of the hydrologic processes 
tlble for the transport of hazardous waste buried in the Bandelier Tuff 
Alamos National Laboratory, New Mexico. More specifically, the study 

tftoompasses Waste Disposal Areas G and L in Technical Area 54. The study 
"hHhted in response to a Compliance Order/Schedule issued by the 

aaental Improvement Division of the State of New Mexico. Included in 
r was a directive to obtain certain geotechnical information regarding 

.· ·'lt.ove-mentioned waste-disposal areas. The investigations described in 
report were performed by Bendix Field Engineering Corporation/Grand 
ton Operations (Bendix). Bendix is the operating contractor for the U.S. 

rtaent of Energy (DOE) Grand Junction, Colorado, Projects Office. 

:1-eport is organized into seven sections, followed by five appendices. The 
··---·-••• throughout is on the transport processes in the unsaturated zone that 

ol contaminant migration in the Bandelier Tuff. Immediately following 
1fttroduction, Section 2 defines the geologic framework through which 

processes occur in the study area. Section 3 presents a characteriza
ot the vadose zone in terms of the driving forces of transport, namely, 

1111 such as temperature and pressure. These evaluations require a 
derable amount of data regarding the vadose zone, including permeability 
flotent of proportionality) and such general parameters as moisture 

t and porosity. Thus, the early subsections of Section 3 describe the 
and laboratory measurements conducted to acquire these data, together 

the necessary calculations. 

4 and S contain brief discussions of the neutron-moisture-measurement 
ctore-gas sampling-port installs tions, respectively; data and interpret a-

will be presented in a subsequent report. A comprehensive summary of 
preliminary assessment is presented in Section 6, followed by a bibliog
of the references (Section 7) cited throughout the text and appendices. 
toes A through E contain much of the data acquired throughout the course 

t• study, including lithologic logs, petrographic data, and moisture 
teristic and permeability curves. 

i1 study, several experimental techniques were used to drill test holes 
to 11easure important unsaturated flow parameters. In those cases, 

tptions of the equipment, procedures, and assumptions associated with a 
·flo test are included in the appropriate discussion. 

of the rock core was hampered by several problems. From the core 
during drilling, representative samples of the Tshirege Member of the 

Iter Tuff were selected and sent to TerraTek Research Laboratory of Salt 
City, Utah, for analysis. Approximately 75 percent of this core was 

completely unconsolidated or so friable that special handling techni-
ted procedures had to be developed. Moreover, mercury injection was not 

1• on the unconsolidated samples, requiring that alternative laboratory 
qaes be substituted for the measurement of capillary forces. As a 
, it was not possible to quantify the pore-size distributions and the 
tlon or wetting curves for the porous media in the study area. 

3 



1 • 2 TERMINOLOGY AND UNITS 

1.2.1 TERMINOLOGY 

The terms 'vadose zone' and 'unsaturated zone' are often used synonymously 
the literature, even though there is a distinction between the two. The 
unsaturated zone is defined as a subsurface area above the water table in 
which the porous material contains both air and water, the latter under 
pressures that are less than those of the atmosphere. The vadose zone also 
refers to the subsurface area above the water table composed of partially 
saturated porous material. The distinction lies in the fact that the vau'u•••• 
zone can contain perched zones of water, and the water in these perched z 
is under pressures greater than those of the atmosphere. For purposes of 
study, the term vadose zone will be used when referring to the subsurface 
above the water table, but the processes controlling contaminant migration 
that zone will be referred to as the 'unsaturated transport pr~cesses.' 

'\ 

Other potentially confusing terms used throughout the report include permo 
bility, coefficient of permeability, hydraulic conductivity, and intrinsic 
permeability. Distinctions between these terms are summarized below. 

• Permeability, when used alone, refers to the movement of a fluid 
the porous or fractured media. No quantification is intended to 
ciated with the term. 

• Hydraulic conductivity is the term used to quantify the permeability of 
medium. It is dependent on the porous medium and the fluid, and must 
therefore be expressed in such a way that the fluid represented by the 
is specified. The dimensions for hydraulic conductivity are length per 
unit time (L/t). The term coefficient of permeability is synonymous wi 
hydraulic conductivity. · 

• Intrinsic permeability is a function of only the medium and has dimensi 
of length squared (L3 ). Expressing permeability in this way permits 
parison of permeability values obtained through different techniques ua 
different fluids. (The relationship between hydraulic conductivity and 
intrinsic permeability is defined in Section 3.2.1.4.) 

Laboratory results express the hydraulic conductivity as a function of 
moisture content (Section 3.2.4) in terms of effective permeability (in ua 
of millidarcys). Permeability expressed in this manner is considered an 
intrinsic permeability. For example, the effective permeability for water 
a measurement of the intrinsic permeability of the void space occupied by 
water, so the value is expressed in terms which are independent of the fl 

The terms capillary forces, capillary pressure, soil tension, and soil 
are used synonymously. For purposes of this report, capillary 
quantified using the term water potential which is measured 
of negative bars or negative pounds per square inch (psi). 

One other term used throughout the report requires clarification. 
herein, lapilli is defined in a manner consistent with the definition prt 
sented by Ross and Smith (1961): Lapilli consist of either juvenile lava 
fragments, still'plastic or liquid when ejected, or of broken rock of any 

4 
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from the walls of the vent, or from the bedrock (country rock); in other 
•ords, they may be essential, accessory, or accidental ejecta. These authors 
alate, however, that the term lapilli should be restricted to describing 
fraaments in the size range 4 to 32 millimeters (mm); fragments of'pyroclastic 
.. terial larger than 32 mm are called blocks, whereas fragments smaller than 4 
.. are called coarse ash (Ross and Smith, 1961). For purposes of simplifica
tion in this report, the size restriction for lapilli was ignored. For 
taample, the presence of 'accessory' or 'accidental' lithic fragments (e.g., 
~aaalt fragments) less than 4 mm in diameter is one of the distinguishing 
tharacteristics of Unit 1b; these fragments are referred to as lithic lapilli 
I• this report. In addition, fragments of pyroclastic ejecta of pumice or 
rock in the size range 32 to 60 mm (the latter value being the approximate 
•••meter of the rock core obtained during this study) are also referred to as 
lapilli in this report. 

1.2.2 UNITS 

l•consistencies in the unit systems used to express measurements occur 
throughout the report. Unfortunately, this inconsistency is unavoidable for 
lh• following reason. Several different types of instrument were used in the 
etudy, some of which display data in metric units (mks or cgs systems), while 
ethers are based on the British engineering system (fps system).* Conversion 
rr~ one set of units to another is often cumbersome. For example, an instru
••nt which measures pressure in the range 0 to 60 pounds per square inch 
Cpai), with 0.2-psi increments, is described efficiently in British-system 
••Ita. Conversion to the metric system results in an awkward description 
lt.e., 0 to 413.47 kilonewtons per square meter (kN/m2) with 1.38-kN/m2 
lacroments]. Thus, for purposes of this report, both systems of units are 
atven only when appropriate, in which cases the value in metric units is cited 
flrat, followed in parentheses by the equivalent value in British-engineering
•t•tem units. 

1.3 PREVIOUS WORK BY BENDIX 

1\la report is the third in a series of reports describing the preliminary 
~droaeologic assessment of Waste Disposal Areas G and L in Technical Area 54, 
•~• Alamos National Laboratory. The work has been performed by Bendix, in 
•••,peration with the HSE-8 Environmental Surveillance Group at Los Alamos 
Mtllonal Laboratory. The first report (Rush and Dexter, 1985) discusses the 
•rllling and logging activities which were performed during the Summer of 
•••~. The second report (Bendix Field Engineering Corporation, 1985b) des
trlboa the procedures used for operating instruments installed at the site. 

.~ •For metric-system units, mks = meter-kilogram-second and cgs = 
a~. ~ort .. lttmeter-gram-second. For British-system units, fps = foot-pound-second. 



Section 2 

GEOLOGIC CHARACI'ERIZATION OF 1BE S'IUDY AREA 

-~. 

7 



c 

c 

c 

"i• description of the geologic characteristics of the Bandelier Tuff in the 
tlady area is divided into five subsections. The first describes regional and 
tJte geology, based on information contained in the literature and obserVa
tloDs of core obtained from holes drilled at the site (Rush and Dexter, 1985). 
"1• is followed by a discussion of the degree of welding observed in the tuff 
tid the correlation of ash-flow units across the study area. Results of 
"trographic analyses of core samples from the drill holes and interpretations 
tf the geophysical logs from the holes are summarized in Sections 2.3 and 2.4, 
ttepectively. The final subsection describes fractures observed in the core, 
tlace the presence of fractures can affect the nature and direction of waste 
ttaasport in the tuff. 

2 .1 REGIONAL AND SITE GEOLOGY 

"' atudy area is located just east of the southeastern boundary of the 
.. lorado Plateau (see Figure 2-1), on the eastern flank of the Jemez 
ltactains, also known as the Pajarito Plateau. The Jemez Mountains lie at the 
~httraection of the volcanically active Jemez Lineament and the tectonically 
tithe Rio Grande rift. The Jemez Lineament is an alignment of Late Cenozoic 

i··=teloanic fields; volcanism along the lineament has been continuous since 
,.fUocene time (Goff and Bolivar, 1983). 

;latte Disposal Areas G and L are located on Mesita del Buey, which is part of 
:, .. Pajarito Plateau (Figure 2-2) • .Mesita del Buey, a narrow, southeast
:1feading mesa approximately two miles long and one-quarter of a mile wide, is 
'1Ntrlain by rhyolitic ash-flow and air-fall deposits of the Bandelier Tuff • 
... Bandelier Tuff is composed of two members: the lower Otowi Member, 1.4 
llltton years old, and the upper Tshirege Member, 1.1 million years old 
U.&ley and others, 1969). The Otowi Member consists of basal, air-fall tuff 

·.E· rlain by nonwelded ash-flow deposits containing abundant lithic lap ill i. 
... Tahirege .Member, which overlies the Otowi. consists of basal, bedded, air

-, ·.11 tuff overlain by nonwelded to welded ash-flow tuffs containing abundant 

.
,. __ ,.he and l~thic lapilli. The Otowi and Tshirege members are both over 100 
,, .... , (ft) thtck under Mesita del Buey (Purtymun and Kennedy, 1971). Only the 

r portion of tho Tshirege Member of the Bandelier Tuff has been penetrated 
•ute-disposal excavations in Technical Area 54. 

tahirege Member can be subdivided into three units, two of which occur at 
Ia del Buey (Units 1 and 2); the third unit, a nonwelded to moderately 
d pumiceous tuff, is absent in the study area (Purtymun and Kennedy, 

). The first two units dip 2 to 3 degrees to the southeast and become 
in the direction of dip, away from their source in the Valles Caldera. 
the units consists of two subunits (a and b), which are described by 
and Kennedy (1971). Their descriptions, together with characteris

obaerved in the actual core collected for this study, were used to 
aauish between each of the subunits. Lithologic logs of Units la through 

·. 'erived from drill holes in the study area, are presented in Appendix A; 
l•hole locations are shown in Figure 2-3. 

the Tshirege Member encountered during this study was 
la, a nonwelded, light-orange to light-brown, rhyolitic, vitric-crystal, 
low tuff. The maximum thickness of Unit la encountered in the Los Alamos 
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tf111 holes was 26 ft; however, no drill hole penetrated the entire unit. At 
.. alta del Buey, Unit la consists of very uniform, nonwelded ash composed of 
;, .. ~ alass shards and fine, flattened pumice lapilli, neither of wliich is 
l"ltrified. Also found in the ash are numerous but scattered lumps of light
ttl pumice lapilli and latitic to rhyolitic lithic lapilli. 

"• oontact between Units la and lb is discerned in the core on the basis of 
"' increased degree of welding and the presence of brown and gray pumice . 

• ttfilli in Unit lb. Unit lb is a rhyolitic ash-flow tuff, ranging in color 
~ ftta liaht gray to pinkish gray near the top, and from pale red to moderate 
• t> •••••• pink near the base. The lower portion of Unit lb contains distinctive, 
~ ftl4~colored, bipyramidal quartz crystals up to 4 millimeters (mm) in diameter 
~ ... a bimodal distribution of latitic to rhyolitic lithic lapilli. The lithic 
~ ltf&lli are abundant in the size range 1 to 4 mm in diameter, and occur less ... a ~aly in the size range 15 to 60 mm. They decrease in size and abundance 
~ '"trd the top of Unit lb, where the occurrence of lithic lapilli is rare. 
~ a. dtaree of welding in Unit lb generally varies from slightly welded at the 
• '-" to moderately welded just above the base to slightly welded at the top. 
~.It four core holes where the entire section of Unit lb was penetrated, the 
': 

1 
'f\tlll thickness varies from approximately 29 ft (on the southeast) to 52 ft ••• :lfl lht northwest). 

C'+ 

: 1 ... tontact between Units lb and 2a was difficult to identify precisely during 
: \ .... , operations. In certain cases, the contact can be estimated on the 
~ .: itth of either a subtle color change in a slightly welded portion of the 
!~ fttt, or the presence of brown, gray, and olive-colored pumice lapilli in the 
.; ..... portion of Unit 2a. These pumice lapilli are generally larger than the 
.!~ ...... lnantly brown pumice lapilli found in the upper portion of Unit lb. In 
:•c-.,ttton, the contact seems to occur in a zone where vapor-phase crystals of 
~~ ·r.fta and sanidine are small (less than 1 mm in diameter) and sparse. 
: 1· ... Hllecopic criteria for distinguishing between these units are described in 
~! llttUoa 2.3 of this report. 
IN$ . 
0

1 Jldt 2a consists of a lower ash flow and an upper ash fall (Purtymun and 
: J., ... tdy, 1971), a1 though no ash-fall nni t was encountered during this study. 
:• ·• tait ranges in color from light pink to pale red to gray. It contains • ····•f.' hely large (5 to 30 mm) gray, brown, and olive-colored pumice lapilli, J n. -.. ·. ttries from slightly to moderately welded. Unit 2a varies in thickness 

• · areater than 54 ft in the northwesternmost drill hole (LLC-85-13) to 21 
• • ''Ia the aoutheasternmost drill hole (LGC-85-09). 'j' ·.: .. ; > 

f'4 

• .. • • ... 
llo 

~ntact between Units 2a and 2b is generally marked by a subtle color 
within a slightly welded zone of tuff. Purtymun and Kennedy (1971) 

tfy this contact on the basis of the occurrence of thin, lenticular 
lta of reworked tuff. Although this zone of reworked tuff was not 

.. ~~•~td in core collected during this drilling program, the transition from 
Ja to Unit 2b at Mesita del Buey appears to be marked by a decrease in 

tlat and variety of pumice lapilli occurring in the basal portion of 
n. 

forms the cap rock at Mesita del Buey and consists of brownish-gray, 
ray, and pinkish-gray, slightly to moderately welded, rhyolitic ash

t•ff with light-gray and occasional brown pumice lapilli. In some areas 
Pajarito Plateau, this subunit may contain up to eight distinct flow 
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units, separated by sandy partings and pumice concentrations (Goff and 
Bolivar, 1983). Field descriptions, apparent density logs, and magnetl 
susceptibility logs obtained during this study indicate ~hat~ at Mesita 
Buey, Unit 2b consists of at least two separate flows that cooled as a 
unit, and is generally separated from Unit 2a by a lower zone of slig 
welded tuff. The maximum and minimum thicknesses of Unit 2b encounte 
the Los Alamos drill holes were 4S ft in the nortbwesternmost hole ( 
and 28ft in the southeasternmost hole (LGC-85-09). 

2 .2 WELDING AND CORRELATION OF ASH-FLOW UNITS AT MESITA DEL BVE% 

Welding of tuffaceous rocks at Mesita del Buey ranges from nonwelded to 
moderately welded. Although the degree of welding is gradational betw 
these ranges, generalized definitions of each welding descriptor were 
lated for use when describing rocks in the study area. These are s 
below: 

• Nonwelded - Completely disaggregated; little to no flattening of 
lapilli observed. 

• Slightly Welded - Slightly coherent, but crumbles easily in 
occasional pumice lapilli are noticeably flattened. 

• Moderately Welded - Tuff crumbles with difficulty in the hand and 
occasionally must be struck with a hammer to break; flattening of 
pumice lapilli to varying degrees is noticeable. 

Although the units are defined on the basis of individual or composite 
general variations in welding within the units can be correlated acrou. 
del Buey. A cross section showing these variations is presented in Fl 
2-4; the location of the cross section in the study area is shown in Pl 
2-3. Moderate welding is most consistently found in the lower portioa 
lb near its contact with Unit 1a, and in the middle and upper portiona 
lb. In general, the moderately welded portions of Unit 2a break or 
the hand more easily than the moderately welded portions of Units lb a 
The welding characteristics of Unit 2a, however, are not consistent iD 
lateral sense. Also not laterally consistent are the slightly welded 
in certain cases, the slightly welded zone more nearly approaches the 
tion of moderately welded, whereas in other cases, the slightly welded 
almost nonwelded. 

2.3 PETROGRAPHIC ANALYSES 

Twenty-seven samples were submitted for petrographic analyses, resulta 
which were used to establish recognition criteria for the different ua 
within the ash-flow tuffs. Of this total, 23 were core samples of tuf 
were samples of lithic lapilli. The analyses were performed by the 
Petrology Laboratory in Grand Junction. Procedural details and 
petrographic reports are presented in Appendix B. 
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1, the results indicate that the Tshirege Member of the Bandelier Tuff 
atta del Buey is a rhyolitic tuff containing varied amounts of ~ithics 
fragments), vitrics (pumice fragments and glass), and crystals (vapor
products and phenocrysts). Results of point-count analysis for quartz 

tuidine (Table 2-1) indicate that Unit lb generally contains less volume
·~•••'•' aanidine (X-feldspar) than do Units 2a and 2b. Samples from Unit lb 

aa average quartz/sanidine (Q/X) ratio of 0.9, while average ratios in 
2a and 2b are 0.6. In addition, it was found that tridymite is 
lly absent in samples from Unit lb. Units 1 and 2 are therefore 

altionally distinct. 

aianificant recognition criteria are the microscopic characteristics of 
•• lapilli. Pumice lapilli in Unit lb either are devitrified and display 
ralitic textures with occasional vapor-phase mineralization by a radial
Jar zeolite, or consist of fresh glass; they also vary in shape from 
eaed to nonflattened in many samples. Pumice lapilli in Units ~a and 2b, 

other hand, are ubiquitously replaced by sanidine, tridymite, and 
~i ... atoaally a zeolite; in general, they are all at least partially flattened. 
~~~.-a-.er, the average percentage of pumice lapilli (determined by point-count 

eta of thin sections) is generally higher in Unit lb (21 percent) than in 
2a (16 percent) or Unit 2b (13 percent). Evidently, the less flattened, 
abundant nature of the pumice lapilli in Unit lb is the primary reason 

••• fact that Unit lb is less dense than Units 2a and 2b (see discussion 
rent density logs in Section 2.4.3). 

2.4 INTERPRETATION OF GEOPHYSICAL LOGS 

types of geophysical log were obtained utilizing different 
.... 1ole probes. Details regarding equipment and procedures were described in 

tarat interim report (Rush and Dexter, 1985); a complete set of geophys
loaa for all holes drilled during this study is included in that report. 

geophysical-logging data were generated during this study: 

Epithermal Neutron (and derived moisture), and Vertical 

Gamma and Caliper Logs 

Susceptibility Logs 

-Gamma (Apparent Density) Logs 

llper and vertical deviation logs were obtained prior to installation of 
nta described in other parts of this report to determine sizes and 

ef downhole equipment that would be necessary to facilitate the instal
The vertical deviation in the 18 drill holes at Los Alamos averages 

and ranges from 1 to 4 ft; in general, the diameters of the completed 
olea are between 7 and 8 inches. 
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Table 2-1. Volume-Percent Quartz and Sanidine Determined 
from Point-Count Analysis of Thin Sections 

Sample Bole Depth 

UNIT 1b 

MCG-628 LLM-85-01 101 5.4 
MCG-629 LLM-85-01 122 11.9 
MCG-632 LLM-85-02 74 9.7 
MCG-633 LLM-85-02 111 6.4 
MCG-636 LGM-85-06 100 6.3 
MCG-640 LGM-85-11 9S 6.7 
MCG-649 LGC-85-09 48 12.0 
MCG-650 LGC-85-09 68 8.1 

AVERAGE VALUES __L.1 

UNIT 2a 

MCG-627 LLM-85-01 52 7.8 
MCG-631 LLM-85-02 64 10.4 
MCG-635 LGM-85-06 so 9.0 
MCG-648 LGC-85-09 3S 8.0 

AVERAGE VALUES _L! 

UNIT 2b 

MCG-626 LLM-85-01 30 7.6 
MCG-630 LLM-85-02 37 5.7 
MCG-634 LGM-85-06 30 11.4 
MCG-638 LGM-85-11 5 7.1 
MCG-639 · LGM-85-11 31 13.2 
MCG-643 ILC-85-13 42 6.2 
MCG-644 LLC-85-17 12 8.0 
MCG-646 LGC-85-09 10 8.4 
MCG-647 LGC-85-09 21 8.8 

AVERAGE VALUES _w 

Discussions of the remaining types of geophysical log are presented ll 
paragraphs that follow. These discussions focus primarily on interpr 
logs with a view to identifying the vertical variations of litholoaltl 
in each drill hole. In general. most of the logs tend to confirm the 
of previously established boundaries and contacts within the ash-flow 
In certain cases. however. information obtained from the geophysical 
required that modifications be made to the lithologic logs acquired 
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ltaa of the study-area holes. Original versions of the lithologic logs 
•r•aented in the first interim report (Rush and Dexter, 1985); the subse

dci .. ~• •odifications have been incorporated in the logs presented in this -
t (aee Appendix A). 

tiAlVRAL GAMMA AND EPITHERMAL NEU'lltON MOISTURE LOGS 

.. taral gamma probe counts the spectrum of gamma rays above approximately 
loelectronvolts (keV). In the 18 holes drilled, gross-gamma radiation 
t from 300 to 700 counts per second (cps). The epithermal neutron system 
ttl of a neutron detector used in conjunction with a neutron source. 

9.( 1 from the logs range from 600 to 1600 cps. Logs from both of these 
s.t_' ..... _· _•••• ahow the vertical distribution of these total-count ranges; few of the 
9.7~- tilth• I changes in total count correlate with a known boundary within the 
s.f:-.. floer tuff. .Only in two holes (LGC--85-09 and LGC-85-10) were -confirms tioas 

-~Af-Jftvlously drawn contacts possible. Figure 2-5 presents the epithermal 
_!J,,,_.toa. natural gamma, and lithologic logs for Bole LGC-85-10. As can be 

.·~c:· _ , changes in total count with depth suggest confirmation of contacts and 
· ••rtu drawn on the adjacent lithologic log. However, since some of the 

:···=·· tf1l• vertical change~ in total co~t do not correspond with known physical 
•··.. 111, it is not posSlble to idenhfy contacts on the basis of the 

14.J·~:.n•r••l neutron and natural gamma logs alone. 

i~:L·iAttve logs were derived from the epithermal neutron data. These moisture 

17.t -·~~ave the same general shape as the moisture logs obtained by gravimetric 
....... (see Section 3.1.1). A comparison of the two methods is illustrated 
fl•taare 2-6. In general, the values for moisture percent seen in the 

' .. ·Jr.· "•nnal neutron log are higher than those seen in the gravimetric data • 
. t•••ah the epithermal neutron data are more detailed (data points were 

ttfttaed every 0.5 ft whereas gravimetric samples were collected eve~ 5 ft), 
lf.tpr••ra that the gravimetric data are more accurate. Uncertainties in the 

17 .J llttlh ted (epithermal neutron) moisture content at each 0 .5-ft interval are 
12,5 ,..,.,aded by counting errors, errors associated with the calibration para-
13 1 lfltr•, and errors associated with the fact that no hole-size corrections were 
13:2 ·,=hd to the data. The percent uncertainty represented by these errors 
10,1 ·· .. ·a exceeds the calculated moisture value. In this study, for example, 
18,4 ... errors are estimated to be ±3.0 percent by volume (Marutzky, 1986). 

' _;.•;·\t ~~-14 .o ;;.-~-.. ;---
:.;~. 

13.1 ·~·· 24.1 SPEC'lltAL GAmiA LOGS 

111 tpectral samma probe counts energy produced by potassium (K), uranium (U), 
.. thorium (Th); total counts obtained in the field were converted to 
tlltt•trations of Kin percent, and U and Thin parts per million (ppm). 

laa4elier Tuff drilled during this .study averases approximately 4 percent 
-~•~••ttam, 5 to 10 ppm uranium, and 20 to 30 ppm thorium. As with the logs 

pre 
t1 

lbed in the previous subsection, the spectral gamma logs can, at best, 
'•lp to confirm the existence of previously drawn contacts and bound

Since vertical changes in concentration are not consistent from one 
to another, the logs cannot be used to draw boundaries or modify previ
drawn contacts. Ol 
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Figure 2-7 shows the spectral gamma and lithologic logs for Hole 
At first glance, there appears to be an inverse relationship between 
and thorium. This is probably artificial and results from the use of 
reduction program that strips away the energy contributions frOm urani 
overlap the energy window of thorium (and vice versa). At low concent 
of uranium and thorium, such as those displayed by the Bandelier Tuff 
study area, the stripping process results in apparent inverse relation 
As can·be seen in Figure 2-7, however, this relationship is superseded 
simultaneous peaking of K, U, and Th at the boundary of Units 1b and 21 
ft), which is marked by an increase in uranium (to 10 ppm) and thoriua 
ppm). Similar increases in uranium and thorium at the contact of Unitt 
2a were noted on spectral gamma logs from other holes as well, suggest 
gross chemical differences between Unit 1 and Unit 2. This confirms 
conclusion drawn from the petrographic data on the basis of quartz and 
contents. 

2.4 .3 MAGNETIC SUSCEPTmiLITY AND GAMMA-GAMMA (APPARENT DENSITY) LOGS ·. 

The magnetic susceptibility (MS) and gamma-gamma (apparent density) 1 
proved to be the most valuable in terms of correlating physical and 
properties in the study area. The MS probe is calibrated in micro-cas 
and measures the degree to which the tuff is attracted to a magnet; •• 
tially, this is an indirect measure of the iron content of the tuff. 
of considerable base-line drift due to temperature changes in the sent 
coil of the probe, the shape of the curve, not the displayed values, il 
significant. The gamma-gamma probe collects data in counts per second 
are immediately converted to apparent density in grams per cubic centt 
(g/cmJ) using the calibration data obtained during installation of the 
system. The density of the ash-flow tuffs is a function of welding, 
of lithic and pumice lapilli, water content, and degree and amount of 
phase crystallization and devitrification. 

Relationships between magnetic susceptibility, density, and lithology 
shown schematically in Figures 2-8 through 2-10. For the most part, t 
logs show good correlations with contacts between individual ash flowa. 
as the density logs show good correlations with boundaries based on w 
characteristics. However, minute changes in magnetic susceptibility o 
delineate zones with different welding characteristics (see, for eX--•r•••w 
Figures 2-8 and A-9, Hole LGC-85-10, 83 to 97 ft), whereas minute ch 
apparent density can delineate contacts between individual ash flows 
LGC-85-10 at a depth of SS ft). 

In some cases, the density log will indicate a contact between separate 
that is not visible on the MS log. For example, in Hole LGC-85-10 (Fl 
8), the contact between separate flows within Unit 2b is marked only bJ 
increase in the amount of pumice lapilli and is therefore visible onlJ 
density log (at 14ft). Concentrations of pumice lapilli are common at 
tops, bottoms, and within ash-flow units. This feature is obvious on 
density log in Figure 2-8; large negative peaks clearly demonstrate 
increased concentration of pumice lapilli in the lower part of Unit 21, 
depth of SO to 54 ft. Another feature discernible on the density loa• 

•Centimeter-gram-second. 
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decrease in the density of Unit 1b, which appears to be less dense on 
lt than Units 2a or 2b. As noted earlier in the discussion of the 

oalc data (Section 2.3), the decrease in the overall density of -Unit·1b 
to be due to the fact that the pumice lapilli in the unit are more 

less flattened than those in Units 2b and 2a. 

~~:,;h\7,~~; 
,.,~.m·.l 1111ly the ability of the density logs to indicate contacts between 
~~~~ units, on the basis of minute density changes, is hampered by the 
;~~~ of fractures. In Hole LLM-85-02 (Figure 2-9), the near-vertical 
.-.,.,; ... ,,. • that extends from 35 to 40 ft obscures the minute changes in density 

:~~;~,_-_ .. l_~.;.J.;_~.-.;_._,·;_~.;_:_~.!,·;~-,_-_._~.,_~ ... :_~.::·.-.·.: :::;:.;!.!~:~~:;:::~~;·~~~:~~~:!:;:.:!:~:r:e;:::!;::;::::;::::::!;~i:~=· 
··~-~ A relationship between fractures and apparent density can also be seen 
~~r~t~ t•r• 2-10 (Hole LGM-85-11) from a depth of 14 to 20 ft; large negative 
!":':~;;:;:~'• on the apparent density log at 14, 16. and 19 ft correspond to observed 
0~~~{; ~ or•• in core from this hole at 15.5, 17.5. and 20 ft. The differences in 
~~~0 aro probably due to the size of the core (2.5-inch diameter) versus the 
t{~0 or the hole that was probed (7- to 8-inch diameter). A potential appli-
~;~~;{} ... or the apparent density logs is in the determination of the extent to 
~ ..... .~{ .... .~~ ,,,/,,/ fractures are open. Areas where fractures were logged via examination 
~~1{ ..... /{ 
.,~J,~/ core are not always obvious on the density logs; fractures that are 
\.,...,~\,...,~\ 

~ IY to partially filled would probably not be characterized by a signifi-
,~/,~/1 tilt ••crease in density. 

~ .... {~ ..... {~ ~-~-· .. -
., .... / J...,-'1 •.-·i'._o' 

~ 1111 JM tkanetic susceptibility log for Hole LGM-85-11 (Figure 2-10) indicates 
~::· · ... , t•c)undaries which appear to define the gross differences between the four :: f oubun its of the Tsh irege J!ember; contacts be neon subunits at this 
·••• . U«'n were refined based on this information. The MS log for Hole LLM-85-
=.j.::.~: ~. lrtaure 2-9), on the other hand, does not appear to define the contacts 
::::·.: tf ... •r• 111aj or subunits; consequently, the log can only be used to confirm, ., ~. ~ ... 

. ·;::;,' ..... , than modify, the boundaries and contacts identified during drilling 
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tf ... ~~lusion, it should be emphasized that care must be taken when inter
tffll•• tiS logs. Because of the common 'base-line drift' mentioned previously, 
~tont boundary changes in the form of an MS shift are possible. Therefore, 
it. ~ logs should not be used alone to identify contacts between ash-flow 
*lha units. 

2 • 5 FRACI'URES 

fttttures in the Tshirege Member at Mesita del Buey are predominantly tension 
flttl• formed as a result of contraction during initial cooling of the flows. 
llftaontal fractures, for the most part observed near the surface, are 
~bly postdepositional fractures related to near-surface unloading along 
ft~foliation due to erosion of formerly overlying ash-flow tuff; most of 

~ .... are filled with caliche and root material. During this study, horizon
·. Ml fractures-a total of 11--were observed only in Unit 2b. No fractures 
tfft observed in Unit 1a, which is composed of completely nonwelded tuff. 
Jllft: The entire thickness of Unit la was not penetrated in this study.) 
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A summary of the number of fractures logged during the drilling pro 
this study is presented in Table 2-2. Although most of these fractur 
nearly vertical (between 70 and 90 degrees), approximately ~0 fractur 
both Units 2a and 2b have a dip of about 45 degrees (see the litholoat 
in Appendix A). The greatest number of fractures occurs in Unit 2b; 
agrees with data collected by Purtymun and others (1978). These aut 
that more than 70 percent of the fractures they logged in both Units 
were filled with brown clay or caliche. Similarly, observations made 
the drilling program for this study indicated that most of the fract 
appeared to be partially to completely filled with either caliche, 
or limonitic material. Samples of some of the filled fractures were 
to the Bendix Petrology Laboratory for X-ray diffraction analysis. 
fractions and clay-sized separates of the fracture coatings were anal 
The results demonstrated that the bulk fractions had the same compoait 
the host samples. Clay-sized fractions consisted predominantly of 
(montmorillonite), with moderate to minor amounts of illite/mica and 
kaolinite. 

Most of the fractures logged during this study occur in moderately wei 
zones within the tuffs. This is to be expected since these zones ret 
heat longer than the slightly welded zones. A feature observed in ODI 
ture (cf. Figure 2-9, Hole LLM-85-02, 35 to 44 ft) deserves to be meat 
This fracture displays an effect similar to surficial 'case-hardenina. 
described by Abeele and others (1981, page 5); the tuff near the frao 
quite hard, but the tuff is only slightly welded less than 2 inches f 
joint surface. This feature may signify preferential movement of water 
water vapor along open fractures during recent times, or may be a retl 
devolatization of the tuff during cooling. The fact that the gravimetl 
moisture data indicate an increase in moisture along at least one fra 
(see Figure 2-6) lends support to the former theory. 

Table 2-2. Number of Fractures Logged in the Los Alamos Drill Bo 

Unit 2b 
Slightly Welded Zone 
Moderately Welded Zone 

Unit 2a 
Slightly Welded Zone 
Moderately Welded Zone 

Unit 1b 
Slightly Welded Zone 
Moderately Welded Zone 
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Section 3 

nfiiC CHARACTERIZATION OF THE VADOSE ZONE 
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.... description of the hydrologic characteristics of the vadose zone in the 
,.· tt••r uea is divided into three major subsections. Section 3.1 describes the 
'ft .. ul hydrologic characteristics of the tuff. including moisture co:Dtent. 
W'lt~ was determined gravimetrically; porosity. which was determined from 
.. lt~e-injection tests; and capillary force. determined from moisture 
a.tracteristic curves. Permeability of the tuff is detailed in Section 3.2. 
"''' field techniques were used to measure in-situ permeability, and two 

· Jt,oratory methods were used to measure permeability in core samples collected 
.... the drill holes. Analyses of saturated and unsaturated hydraulic 
...,activity as a function of moisture content were also performed and are 
•••••••ed in a separate subsection. A summary of all these permeability 
ttttnainations concludes Section 3.2. Section 3.3 describes the gradient 
ttttnatnations. specifically measurements of temperature. water potential. and 
lit preasure. conducted to assess the driving forces of transport in the tuff. 

"'• ••ction of the report provides the geotechnical information specified in 
•••• 1 through 4 of Paragraph 25 of the Compliance Order/Schedule. The 
ttftlftc subsections that address these tasks are highlighted with an asterisk 
... the corresponding task identified • 

. 
;,-

3.1 GENERAL CHARACTERISTICS 

ftl • t ORAVIME1RIC .MOISTIJRE CONTENT 

t$1.l.l Purpose and Scope 

tfttl••tric moisture determinations were conducted to obtain a direct measure
... , pf the in-situ water content of the tuff and to quantify the vertical 
I!Jhhre distribution. The moisture content as a function of depth is 
.... rt•nt when compared with results of permeability tests. water-potential 
... t•r•ments. and laboratory hydrologic testing as part of the quantification 
If ••••ture movement in the vadose zone. 

ltft ••ction describes the procedures for sample collection and moisture 
...... , calculations. and discusses the results of the gravimetric moisture
,._,,., determinations. Comparisons of the water-content results with other 
.... aiPatc measurements are presented in succeeding sections of this report 
lltt -·otions 3.1.3. 3.2.4. and 3.3.1). 

ttl tl . 2 Procedures 

.... tp.cific procedure for the determination of gravimetric moisture consisted 
tf 1\• following steps. Core samples 1 ft in length were selected from the 
.... t~barrel sampler at 5-ft intervals and immediately placed in preweighed 
lltf1t containers equipped with air-tight lids. The containers were weighed 

E. •• field and then delivered to the laboratory for drying. After drying 
~ t• hours at 105°C. the samples were reweighed to determine the moisture 

··· Ulendix Field Engineering Corporation. 198Sa. 198Sb). 
;.)~~t.li. 
,....._lh aravimetric moisture determinations are relatively easy to perform. a 
~r of precautions are necessary. For example, a major concern associated 
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with the drilling was that the heat produced by the auger would drive 
out of the samples, resulting in inaccurate moisture-content meas~e 
Upon retrieval of the auger from the borehole, however, the tempe .~ 
core barrel was observed to be cool. Apparently,· the ·heat produce_d.by 
friction during drilling was minimal and confined to the outside of th 
and therefore did not have a measurable effect on the moisture content 
core samples. Care was also taken to maintain the drying-oven tempera 
10soc to ensure that no structural water would be evolved and includec 
apparent moisture content. Finally, the balance used to weigh the sar 
a readability of 0.01 gram to ensure adequate accuracy for the low-mo. 
content samples collected in this study. 

3.1.1.3 Calculations 

The amount of water in soil or rock can be expressed in the following 

• Water Content, Volume Fraction 

• Water Content, Mass Basis 

• Degree of Saturation 

where 

vl = volume of liquid 
vt = total volume 
ml = mass of liquid 
ms = mass of solid 
vs = volume of the gas or air in the sample 

Equations (1) and (2) are combined in order to convert from the mass · 
the volume fraction, a quantity that is generally more useful in fiel 
(Marshall and Holmes, 1979): 

where 

Pb = dry bulk density 
p1 = density of liquid 

Values for mass were determined gravimetrically (Section 3.1.1.2). V 
dry bulk density were obtained from the gamma-gamma (apparent density 
geophysical logs after subtracting the moisture content. Values for 
density of water at different temperatures are readily available t 
literature, but for most applications, it is sufficiently accura tc 
value 101 kg/m1 (1.94 slugs/ft 1 ). 
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Results and Discussion 

iaetric moisture determinations were performed in samples from five holes: 
'-01, LLM-85-02. LLM-85-05. LGM-85-06. and LGM-85-11 (see Figure ·2-3 for 

l•hole locations). The resulting volumetric moisture contents are plotted 
function of depth for all five holes in Figure 3-1. 

characteristics are apparent upon examination of these data: 

overall moisture content. 

t •• ,.,. in& depths of water infiltration. 

t lt&attvely high moisture content exhibited by the lower portion of Unit lb. 

ways: I .lhhor moisture content observed in the vicinity of certain fractures. 

W.. 1~ overall moisture content is demonstrated by the 2 to 4 percent average 
tfltt•r• for the central portion of the profile. At such a low moisture 

(ll ... 1•••· interconnection of pore water would be minimal and capillarity as a 
ltJtr transport mechanism would be negligible. As a result. it can be con
..... , that vapor transport would be the major mechanism for moisture movement 
Jt ••• tuff (see the discussion in Section 3.1.3.4). 

(21 

hfUtration depth depends on the specific area. Holes located in Area. L. for 
.... ~le. show an increase in moisture content relative to depth of less than 
It ft. In Area G. the corresponding depth is closer to 15 ft. This differ
.... •~ the depth of moisture penetration is unexplained at this time. 

IJt •' the moisture data indicate an increase in moisture content in the lower 
,.., hn of Unit lb. In Holes LGM-85-G6 and -11. both of which fully 
.... tratod Unit lb. the increased moisture content correlates exactly with the 
.... rately welded tuff encountered in Unit lb (see lithologic logs in Appendix 
.,, tho degree of welding in the lower portion of Unit lb was the highest 
... tr••d in this study. with the exception of the upper portion of Unit 2b. 

sis tt 
studh 

If I~• degree of welding increases. the porosity of the formation decreases 
lht• and Smith. 1961). It would be expected that as the porosity decreases 
ft ... td the average pore-size radius. the result being an increase in 
.. JIIlary forces which would retain moisture in the more welded intervals of 
... t•ff. The higher pumice content could also have a direct effect on the 
~tl•re-retention properties of Unit lb. As welding increases. pumice clasts 
tit tlattened. both conditions resulting in a high concentration of gas tubes; 
l'tt• tubes form ideal capillary tubes which appear to exhibit strong 

( 4) 

Le S f01 

e 

... U hry forces. · 

i •••~•r moisture content is observed in samples located adjacent to certain 
ffttt•r••· indicating that some fractures do transport greater quantities of 
tlttr ••por for absorption into the adjacent rock wall. Examples are the 
IJitt•r•a located at 35 to 40 ft and 55 to 56 ft in Hole LLM-85-02 • 
.... tunted by the two moisture spikes at 38 and 55 ft. respectively (see 
:Jipre !'-1). Not all of the fractures exhibit this moisture anomaly. however. 
llft•atlna that not all of the fractures are open and available as avenues of 
'fttttport for water vapor (see Section 2.5). 
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)> ttl . 2 POROSITY 

l 1.1.2.1 Purpose and Scope 

j 

l 
~ 

35-021 

"'' aection presents the results of helium-injection tests performed on 20 
..,. aamples for the purpose of measuring the porosity of the Bandelier Tuff • 
... laboratory work was performed by TerraTek Research Laboratory of Salt Lake 
tit,. Utah, at the direction of Bendix. The sample-preparation and 
lt~ratory-procedure sections that follow (3.1.2.2 and 3.1.2.3) are adapted 
.... TerraTek's report (TerraTek Research Laboratory, 1985). 

j 
I 

i 
•••• l.2 Sample Preparation 

1 
-- j 

II trder to obtain samples that were of the right size and shape for testing, 
tl ••• necessary to plug the full diameter core material. This was done using 
ftt 11 the drill-bit coolant {to avoid any potentially adverse rock-fluid 

le~ 

0.10 
llttraction). Plugging was done vertically due to the limited horizontal 

j lftta section of the core material. In all but one case (Sample MCG-616), ! :;::;:~ • at sample p!uuins resulted ia a partial disauresatloa of the 

!l f'tt aa~pl es thus obtained were placed in protective shea thing (one-inch-
J tf*"ter heat-shrink teflon tubing*), with stainless steel end screens used for 
l ..,.,, and prevention of grain loss, and to allow for gas or fluid flow in 
j fttH"I· The samples were then subjected to a confining stress equal to that 
'1 "'-' 1 t their burial depth in order to compact the grains to an orientation 
1 ... lhr to that experienced in the formation. This was done to ensure that 
~ tfr •vld space between the sheathing and the sample did not affect the pore 
i 11••• of the sample. 
; 

' 

0.10 ·~··' .3 procedure for Helium-Injection Tests 

,,.. •••ples were oven-dried prior to testing and placed under a slight over
...... pressure (approximately 100 psi) in a hydrostatic core holder. 
tlfttlty measurements consisted of injecting helium into the samples (SO-psi 
,..,fll"l or injection pressure), monitoring pressure/volume relationships, and 
*Jltalatlng porosity values using Boyle's Law. 

Results and Discussion 

,_1 presents the results for the porosity determinations. Porosity 
.. , range from approximately 39 to 74 percent. Using a classification 

• rresented by Abeele and others (1981), the degree of welding based on 
,.roaity would range from nonwelded to moderately welded. This classifi

•arees with field and petrographic observations. 

field determinations are very subjective, porosity appears to be a way 
Jtlfying the degree of welding. The pumice content, however, must also 
tldered. The buoyancy of pumice in water is a consequence of its high 

&ameter cited is after shrinking. 
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POROSITY 

Purpose and Scope 

ttetion presents the results of helium-injection tests performed on 20 
tamples for the purpose of measuring the porosity of the Bandelier Tuff. 

lt~oratory work was performed by TerraTek Research Laboratory of Salt Lake 
Vtah, at the direction of Bendix. The sample-preparation and 

ttory-procedure sections that follow (3.1.2.2 and 3.1.2.3) are adapted 
Y•rraTek's report (TerraTek Research Laboratory, 1985). 

Spmple Preparation 

r to obtain samples that were of the right size and shape for testing, 
aeceasary to plug the full diameter core material. This was done using 
tlle drill-bit coolant (to avoid any potentially adverse rock-fluia 

tt&oa). Plugging was done vertically due to the limited horizontal 
taction of the core material. In all but one case (Sample MCG-616), 

• at sample plugging resulted in a partial disaggregation of the 

lea thus obtained were placed in protective sheathing (one-inch-
' heat-shrink teflon tubing•), with stainless steel end screens used for 
aad prevention of grain loss, and to allow for gas or fluid flow in 

The samples were then subjected to a confining stress equal to that 
t their burial depth in order to compact the grains to an orientation 
to that experienced in the formation. This was done to ensure that 
apace between the sheathing and the sample did not affect the pore 

the sample. 

f~v~odure for Helium-Injection Tests 

•• were oven-dried prior to testing and placed under a slight over
aanre (approximately 100 psi) in a hydrostatic core holder. 

••••nrements consisted of injecting helium into the samples (50-psi 
tr injection pressure), monitoring pressure/volume relationships, and 

tta porosity values using Boyle's Law. 

•r•aents the results for the porosity determinations. Porosity 
t• from approximately 39 to 74 percent. Using a classification 

ated by Abeele and others (1981), the degree of welding based on 
t1 would range from nonwelded to moderately welded. This class if i
••• with field and petrographic observations. 

4eterminations are very subjective, porosity appears to be a way 
&11 the degree of welding. The pumice content, however, must also 
4. The buoyancy of pumice in water is a consequence of its high 

tr cited is after shrinking. 
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Table 3-1. Results of Porosity Determinations Using the Helium-Injection Method and Boyle's Law 

I 

Hole Geologic Sample Depth Degree of Pumice Bulk Volume Pore Volume Porosity 
Number Unit Number ( ft) Welding 8 Content b ( CID I ) ( cm 1 ) (percent) 
- (.P_ercent) 

LGM-85-11 2b lfCG-618 3 Moderately Welded 19 25.68 13.94 54.3 
LLM-85-02 2b MCG-606 7 Moderately Welded 

__ c 
25.62 10.62 41.5 

LLM-85-05 2b MCG-610 15 Moderately Welded 
__ c 

24.96 13.14 52.6 
LLM-85-01 2b P.ICG-602 30 Moderately Welded 15 27.44 10.87 39.6 
LGAI-85-11 2b MCG-619 30 Slightly Welded 13 24.61 12.67 51.5 
LLM-85-02 2b MCG-607 36 Moderately Welded 11 24.00 11.15 46.5 
LGM-85-06 2b MCG-614 29 Moderately Welded 7 25.31 10.76 42.5 
LLM-85-05 2b MCG-611 36 Slightly Welded 

__ c 
24.08 17.72 73.6 

LLM-85-01 2a MCG-603 52 Slightly Welded 33 24.20 15.58 64.4 
LGM-85-06 2a MCG-615 51 Slightly Welded 14 25.73 10.34 40.2 

w LLM-85-02 2a MCG-608 67 Moderately Welded 6 24.69 10.69 43.3 0\ 
LLM-85-05 2a/1b MCG-612 76 Slightly Welded 

__ c 
24.37 18.08 74.2 

LLM-85-01 lb MCG-604 101 Slightly Welded 27 26.76 16.62 62.1 
LGM-85-06 lb MCG-616 99 Moderately Welded 27 28.26 13.42 52.6 
LGM-85-11 lb MCG-620 94 Moderately Welded 17 26.08 16.76 64.3 
LLM-85-02 lb MCG-609 117 Moderately Welded 

__ c 
25.69 12.46 48.5 

LLM-85-05 1b MCG-613 123 Slightly Welded 
__ c 

26.23 17.20 65.6 
LLAI-85-01 lb MCG-605 124 Moderately Welded 20 25.62 12.53 48.9 
LGAI-85-11 1a AICG-621 115 Nonwelded 

__ c 
24.16 14.51 60.1 

LGM-85-06 1a MCG-617 115 Nonwelded 
__ c 

26.32 14.82 56.3 

8 Based on field observations. 
bTbe percentage of pumice fragments in the sample was determined by thin-section analysis using the point-count 

method. 
0 Not measured. 



, .. roaity. As a result, a moderately welded sample could exhibit a relatively 
·. •lab porosity because of a high pumice content (e.g., compare Samples MCG-608 
.. , MaJ-620 in Table 3-1) • 

.... and Smith (1961) demonstrate that porosity can be used to delineate 
ltaree of welding (Figure 3-2). However, it would be difficult to use 
,.roaity to classify the geologic units in the project area without greatly 
•••reasing the s~pling frequency, because Units 2a and 2b are composed of 
.. ,, than one flow, each exhibiting significant variations in porosity and 
f•toe content. 

ltttd on the laboratory results, there appears to be no relationship between 
.. roaity and permeability (see Section 3.2). The reason could be that, for 
tlellar degrees of welding, an increase in the pumice content results in an 
lttrtase in the porosity. Since the pumice lapilli contain a significant 
.... nt of dead-end pores, however, there is no significant increase in the 
tfftetive permeability. 

I.J .3 MOISTURE CHARACI'ERISTIC CURVES• 

t.l.3.1 Purpose and Scope 

A •otature characteristic curve is defined as the relationship between the 
ttflllary forces at varying degrees of saturation for a selected porous 
.. ,tum. This curve is particularly useful for the conversion of moisture data 
1• capillary potential, and vice versa. This section of the report describes 
t•• procedure used to generate these curves, along with a discussion of the 
lttt results. The testing was performed by TerraTek Research Laboratory, and 
t•• description of the test procedures (Section 3.1.3.3) was adapted from 
''''' report (TerraTek Research Laboratory, 1985). 

t.l.3.2 Sample Preparation 

.... Section 3.1.2.2.) 

1.1.3.3 Procedure for Centrifuge Tests 

'-••r to testing, the samples were vacuum-saturated with tap water. Complete 
.. ,,ration was verified by comparison with previous saturation data and the 
.. ltu.-injection data. Testins consisted of loading the samples into 
... tlally designed centrifuge cups and spinnins them at six incremental 
... tda. Speeds ranged from a low of 130 revolutions per minute (rpm) to a 
, •• ~ of 680 rpm. A stroboscope was used to monitor the speed of the 
.. tlrlfuge until it was stable. The speeds were converted mathematically to 
J!ttlllary pressure, and saturations were determined using displacement data. 
Itt ••erase saturation derived from the displacement data was converted to a 
tlf••cted wettins-fluid saturation value. 
i~-

• T~t·' -
1 ~,,:lir 

•Response to Task 2, Paragraph 25, Compliance Order/Schedule. 
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I.J.3.4 Results and Discussion 
4
.' ... at ure characteristic curves for 20 samples are presented in Appendix C. 
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.hb the drying curves were obtained because of the severe problems encoun
ltJtd when attempting to obtain imbibition (wetting) curves. Due to the 
••ahly porous nature of the samples, water was imbibed to such an extent that 
.. ,lllary-pressure determinations were impossible. Since the friable nature 
tf tb~ samples precluded the use of mercury injection, it was decided to 
tttpend attempts at obtaining these data. 

6ft•r reviewing the moisture characteristic curves, the laboratory was 
t .. •••ted to increase the centrifuge speed in order to evaluate lower water 
,.t•ntials (capillary pressures). Unfortunately, the samples disaggregated at 
••••• higher speeds. The laboratory was then requested to use the pressure
••••• method to measure moisture characteristics, but those attempts were also 
•••""• uful. 

1\t aoat interesting data discernible from the moisture characteristic curves 
tAfpendix C) are the extremely high moisture-retention <er> values, which 
ftll• up to 80 percent. The moisture-retention value is important because it 
ft,r••~nts the point at which capillarity as a transport mechanism breaks 
..... Since all of the moisture-content measurements for the Bandelier Tuff 
tft alanificantly below this value, vapor transport is clearly the major 
..... ~lam of water transport. 

ftt •td ature characteristic data also demonstrate that only a minor amount of 
ftf•• la required to initiate the drainage of water from the saturated core 
... ,a,, suggesting that the tuff has a low air-entry value. This information, 
.. ,,Itt! with the high residual moisture content, indicates that the tuff is 
"•ract~rized by a highly variable pore-size distribution • 

It t• interesting to compare the results of this study with those of·a study 
tttlurmod by Abeele (1984), who presents moisture characteristic curves for 
H•thd Bandelier Tuff. Residual saturation <er> for the crushed tuff is 
•rte~al11ately 0.2, as compared with an average of O.S for the solid rock cores. 

~: J &t ta assumed that both laboratory methods are reliable, then comparison of 
:~ t~t •naaturated hydraulic properties of crushed versus natural tuff reveals a . , 
o tlaaartcant difference. One possible explanation is the destruction of the 
.. I 
o• ttttrnal structure of the pumice lapilli in the crushed tuff. The gas tubes 

Cl.) 
fftt•nt in the pumice lapilli of uncrushed tuff are perfect little capillary 

G .. 
!:I • ... 
~ 

..... •hose strong capillary forces retain significant amounts of water, 

..... tlna in higher er values. 

lttl&•dae of the average moisture-retention value enables one to calculate how 
.... •ater must be supplied to the system in order for the capillary forces of 
... .,•rlying tuff to be satisfied--a condition which must be met in order for 
ft .. ara• of liquid water to occur to the underlying groundwater system. Based 
.. tl •••raae porosity of approximately SO percent (Table 3-1) and an average 
... tt•r•-retention value of approximately SO percent (Appendix C), a recharge 
tf 1• D•ntimeters for each 1-meter thickness of tuff would be required to 
lftltfJ the capillary forces before recharge to the underlying groundwater 
trlt .. could occur. This scenario is quite unlikely in the study area due to 
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the large amount of water required and the fact that the potential evapotrar 
spiration rates in the Jemez Mountains area exceed the annual precipitation 
amount (Abeele and others, 1981). 

3.2 PERMEABILITY DETEID~INATIONS 

3.2.1 BOREHOLE-l}ITECTION TESTS* 

3.2.1.1 Purpose and Scope 

Borehole-injection tests, or packer tests, were used to measure the in-situ 
permeability of different intervals in the Bandelier Tuff. The tests were 
performed in accord with procedures described by the U.S. Department of the 
Interior (1974) and the University of Missouri at Rolla (1981). Usually the 
tests are performed with water, but injection of water near the waste-dispos• 
areas at Los Alamos was not allowed (see succeeding subsection on Background 
for further discussion). One hole, LLM-85-05, located between Areas G and L 
was tested with both air and water in order to permit a comparison between t 

two fluids. 

Following the discussion on background, a detailed description of the field 
tests is presented, including equipment and procedures. The equations used 
calculate hydraulic conductivity and intrinsic permeability are presented 
next, followed by a discussion of the results, including a comparison of the 
air and water values obtained for Hole LLM-85-05. 

3.2.1.2 Background 

Two methods are available to measure the in-situ saturated hydraulic conduc
tivity, Ks• of the tuff above the water table. These are borehole-infiltra
tion tests and borehole-injection tests. Borehole-infiltration tests requirr 
maintenance of a constant head of water in an open or cased borehole until tl 
flow rate becomes steady. The method is described in papers by Stephens and 
Neuman (1982a, 1982b) and Stephens and others (1983). Borehole-injection 
tests involve installing packers in the borehole to isolate measurement inter 
vals, followed by injection of air or water into the formation. 

. . 

The State of New Mexico's Compliance Order/Schedule (Environmental Improvemer 
Division, 1985) requires that at least five holes be drilled to a depth of 1: 
ft, with a minimum of six tests per hole. Borehole-infiltration tests requir 
an individual borehole for each test, which would result in a total of 30 
boreholes of various depths. In addition, quantification of boundary effect~ 
could require that up to five instrument holes be drilled around each infil
tration hole. Under this scenario, it could take up to 150 boreholes to 
fulfill the requirements of the Compliance Order/Schedule. Moreover, Los 
Alamos National Laboratory requested that water not be injected into borehole 
in the vicinity of Areas G and L. Since the majority of the holes for this 
study are in or adjacent to these areas, borehole infiltration as a method fc • 
determining in-situ permeabilities was eliminated. 

*Response to Task 1, Paragraph 25, Compliance Order/Schedule. 
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J1atead, borehole injection was used to measure in-situ permeability in the 
tludy area, largely because packers can be used to isolate sections of the 
~rebole for testing and because air can be used in place of water. However, 
I~• method, whether using air or water, is subject to a number of limitations 
tid assumptions which warrant further discussion. 

flrat, it should be emphasized that the air-injection method is experimental 
tid may permit only a qualitative characterization of subsurface permeabil i-

. II••· Miller and others (1974), for example, used an air-injection technique 
tt atudy the fracturing around a tunnel in volcanic rock and were able to 
.. hclude only that the permeability of the rock was either high or low. 
1\erefore, before any quantitative interpretation can be made, air-injection 
fttults must be compared with results of laboratory and other field tests. 

te&aa air as an injection fluid for packer tests may require compensation or 
••rrection for these factors: sas com~ressibility, chanses in the volume of 
I~• aas with respect to temperature, and variation in the atmospheric water
••~or content. To overcome potential problems related to these factors, 
ttrtain assumptions were made and appropriate procedures were implemented. 

tu.rressive effects are minimal under steady-state conditions. Hence, the 
f&PW of air was kept at a constant rate and under low pressure during the 
taJ•ction step. In addition, boundary effects were disregarded because 
ttrtllary action should have no impact on air flow. 

1• rermit compensation for temperature effects on the volume of gas, a probe 
••• placed downhole just above the packer assembly. A description of the 
e .. rerature probe and meter is presented in the Equipment subsection (Section 
•• 1.1.3.1). 

a. .. d on the results of a study by Loughborough (1966), who compared .the 
,.,.eability of concrete using air and water vapor versus dried air, the 

t: ltntial effects of varying amounts of water vapor were disregarded. 
•ahborough' s results demonstrated an average difference in permeability of 

tel' ~ percent. It is expected that this difference would be even less in a 
e.t• permeable medium such as the Bandelier Tuff, indicating that it is 
••••onable to assume no effect. 

Jtaally, in order to accurately calculate permeability for an air-injection 
lttl. values for the fluid injection pressure and flow rate must be known • 
.. ,.nding on the injection rate and the permeability of the formation, the 
ftnlting pressure can be very low. Equipment used to measure the low injec
tt•• flow rates and pressures are described in the Equipment subsection 
tlttllon 3.2.1.3.1). 

nfil- "- ••e of water as an injection fluid also has certain limitations, specifi-
0 lillY for tests above the water table. The U.S. Department of Interior (1974) 
os Jttlta out that water-injection tests are more accurate below the water table 
rehol~ lit• above, since the describing equations assume that horizontal flow is 
this ·:,,.trent throughout the system. Another potential source of error associated 
hod fff tJU •• ter-inj ection tests is that existing formulas for computing permeabil-

;~·.ttr diaregard the effects of capillary flow in the vadose zone. Instead, the 
;;: .... •1•• are based on various approximations of the classical free surface 
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theory, which assumes that flow takes place entirely within a saturated 
-~~ 

region, an approximation which could lead to significant errors as pointed~ .. 
by Stephens and Neuman (1982a). 

3.2.1.3 Description of Field Tests 

3.2.1.3.1 Equipment. Figures 3-3 and 3-4 illustrate the equipment used for 
the air- and water-injection tests, respectively. Although the two configur1 
tions differ somewhat, each has the same essential parts: flow meter, press11 
gauge or gauges, conduit pipe, downhole temperature probe, and pneumatic 
packers. 

For the air-injection tests, a New Jersey Air Flow Meter was used to measure 
the volume of air injected into the formation, Since the quantity of air 
injected varied from hole to hole, two different meters with different flow 
range-s were u-sed. One h-ad a range of {) to 4{) eubi c feet per minute ( cfm) wit 
1-cfm increments, while the other had a range of 50 to 300 cfm with 5-cfm 
increments. For the water-injection tests, a Neptune Water Meter with 
0.1-gallon increments replaced the New Jersey Air Flow Meter. 

For both the air- and water-injection tests, a Heise pressure gauge was used 
to measure the downhole, or back injection, pressure. The Heise gauge has a J 

range of 0 to 60 psi with 0.2-psi increments, and is calibrated for atmospher 
ic pressure at sea level (14.7 psi). Such a sensitive gauge was necessary tc 
accurately measure the low pressures which resulted from the small volumes of 
fluid injected. 

Galvanized conduit pipe, 1-3/8 inches in diameter, was used to conduct fluid 
down the hole. Threaded sections and couplings were secured with Teflon tapt 
to prevent leakage. 

The probe used to measure downhole fluid temperatures was located in a small 
chamber at the base of the conduit pipe, just above the pneumatic packers. 
Both the chambers and the section of pipe to which it was welded contained 
holes that permitted small amounts of air to flow between the two. The 
temperature probe was connected to a YSI Model 42SC Tete-thermometer located 
at the surface. The Tete-thermometer had a range of -40 to 150°C with incre· 
ments of 1oc. 

Each 6-ft interval was isolated using a set of Tigre Tierra Model 610 Pneu
matic Packers. The 4-ft-long packers expand up to 10 inches in diameter and 
can be inflated to 470 psi. 

3.2.1.3.2 Procedure. The borehole-injection tests were conducted by isolat• 
ing 6-ft intervals in the uncased boreholes using the pneumatic packers. Tbt 
packers were inflated to 200 psi to ensure a good seal. (Several tests were 
performed before this inflation pressure was determined.) A known quantity o 
air or water was injected until a measurable pressure was obtained on the . 
Heise gauge. The pressure, flow rate, and temperature were then periodicallJZ 
recorded until all readings were constant with respect to time. The flow ra~J 
was then increased and the procedure repeated. Once the higher flow rate ;_~ 

became constant, the process was repeated using the lower flow rate to check~ 
reproducibility. 
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To Air Compressor 

LEGEND 

CD Heise8 Pressure Gauge 

0 Pressure Gauge 

CD New Jersey® Air Flow Meter 

0 Packer Inflation Line 

® Ball Valve 

® Conduit Pipe, Hll-lnch Diameter 
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Ptaure 3-3. Air-Injection Apparatus Used for In-Situ Permeability Measurements 
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Figure 3-4. Water-Injection Apparatus Used for In-Situ Permeability 
Measurements 
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W&~a the tests, the borehole was monitored for discharge of either air or 
''er. If a discharge occurred, it was assumed that the packers were leaking 
• that the test was invalid. 

1.1.4 Calculations 

• rate at which a fluid can be injected into a geologic formation at a given 
ttDre and through a known area is a function of the permeability of the 

~taatlon. This relationship can be expressed in the following equation (U.S. 
,.rt•ent of the Interior. 1974): 

K = (Q/2nSH) ln (S/r) ... 
I • hydraulic conductivity (L/t) 

--'-~r-':- • • injection rate (L1 /t) 
Carbon-Dioxidt I • length of the test interval (L) 

_ . .-- _,._... I • differential head of the fluid (L) 

t • radius of the borehole (L) 

(S) 

... the differential head is a combination of the height of the fluid column 
.... the test interval and the pressure p at which the fluid is injected, p 
f '• ••pressed as the height of the column of any fluid by the relationship 

H =ply ( 6) 

"• y &1 the specific weight of the fluid. 

••••~ (') is sufficient for the calculation of hydraulic conductivity when 
ttl I• the injection fluid. However, modifications to Equation (S) are 
t•lttd when air is the injection fluid, because the specific weight of air 
ttt•h•ly dependent on the temperature and pressure. The specific weight of 

t ••• be determined from the equation of state for an ideal gas, 

t • tp•ctfic weight of the fluid 
t • era?ttational acceleration 'a .• abaolute pressure 

1 a•• constant 
'• • t~aolute temperature in degrees Rankine or Kelvin 

(7) 

'th. lhe nlue of R is 287 N-m/(kg)(°K) [1715 ft-lb/(slug)( 0 R)]. 
t41tttl•a Equations (6) and (7) for the appropriate variables in Equation ,.., .. 

K = (Qgpaf2nSpRTa) ln (S/r) (8) 
; 1 it :·~, '-!

y .. "' flow rate of a gas through the New Jersey meter is also dependent on 
Jlftt-.• and pressure. a combined correction factor, Cf, is required to 
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calculate the actual flow rate. Inserting the combined correction factor in 
Equation (8) yields the final equation for calculating the in-situ air-deriv 
hydraulic conductivity, 

In order to compare the hydraulic conductivity derived from air injection 
versus that derived from water injection, it is convenient to use the term 
intrinsic permeability, k. Intrinsic permeability is a function of only the 
medium, whereas hydraulic conductivity is a function of both the medium and 
the fluid. The term k is widely used in the petroleum industry where the 
existence of gas, oil, and water in multiphase flow systems makes the use of 
fluid-free conductance parameter attractive. 

Intrinsic permeability and hydraulic conductivity can be related to one 
another by the equation (Nutting, 1930) 

where 

k 
K 
1.1 
p 
g 

= 
= 
= 
= 
= 

intrinsic permeability (L2) 
hydraulic conductivity (L/t) 
absolute viscosity of the fluid (F"t/L2 , where F = force) 
density of the fluid (m/L3 ) 

gravitational acceleration (L/t 2 ) 

(11 

Equation (10) will suffice for calculating k values from water-derived K 
values. However, modifications to Equation (10) are required for gas-derive<l 
conductivities because of the dependence of the density term on the pressure 
and temperature. Once again, the equation of state in the following form is 
used: 

(1] 

Equation (11) is substituted for p in Equation (10) to yield the relationship 
between k and K for a gas, 

(12 

Comparing the intrinsic permeability values calculated from the air- and 
water-injection tests can aid in the evaluation of any bias inherent in the 
individual methods. 

3.2.1.S Results and Discussion 

Hydraulic con~yctivit! 5 values derived from the air-injec!jon teS!f (Table 3-2 
range from 10 to 10 centimeter per second (cm/s) [10 to 10 foot per 
second (ft/s)]. Conversions to intrinsic permeability indicate that the rang• 
of values is similar to those exhibited by a silty to clean sand (Freeze and 
Cherry, 1979). Based on field observations of the tuff, these permeability 
values appear to be reasonable. 
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Table 3-2. Hydraulic Conductivity Determined from Air-Injection Tests in Los Alamos Drill Boles 

Hole Geologic Test Interval 1 
Interval Description Fractntes Hydraulic Conductivity (K) 

Number Unit ( ft) Present? 
cm/s s to-• ft/s s 10-' 

UJf-85-01 2b 9-15 Upper 2b, Moderately Welded No 1.2 4.1 
LLM-85-01 2b 30-36 Lower 2b, Moderately to Slightly Welded No 0.70 2.3 
LLM-85-02 2b 9-lS Upper 2b, Moderately Welded Yes 0.094 0.31 
LLM-85-02 2b 24-30 Middle 2b, Moderately Welded No 0.11 0.37 
LLM-85-05 2b 24-30 Mid-Lower 2b, Moderately Welded No 0.91 3.0 
LOM-85-11 2b 9-15 Upper 2b, Moderately Welded No- 1.5 5.0 
WM-85-11 2b 14-20 Middle 2b_, Moderately Welded Yes 1.4 4.7 
l.GM-85-11 2b/2a 35-41 Contact 2b/2a, Slightly Welded No 0.12 0.40 
LLM-85-01 2• 51-57 Middle 2a, Slightly Welded No 0.33 1.1 
LLM-85-01 2a 72-78 Lower 2a, Slightly Welded Yes 0.14 0.45 
LLM-85-02 2a 45.5-51.5 Upper 2a, Slightly Welded Yes 0.14 0.45 
LLM-85-02 2a 66.5-72.5 lfid-Lower 2a, Moderately Welded No 0.14 0.45 
LLM-85-05 2a 45-51 Upper 2a, Slightly Welded Yes 2.8 9.3 
LLM-85-05 2a 55-61 Middle 2a, Slightly Welded Yes 1.9 6.2 
WM-85-06 2a 38-44 Upper 2a, Slightly Welded Yes 0.067 0.22 
LLM-85-05 2a/lb 75-81 Contact 2a/lb, Slightly Welded No 0.052 0.17 
l.GM-85-11 2a/lb 56-62 Contact 2a/lb, Slightly Welded No 0.52 1.7 
LLM-85-01 lb 93-99 Mid-Upper lb, Slightly Welded No 0.082 0.27 
LLM-85-02 lb 87-93 Upper lb, Slightly Welfted No 0.085 0.28 
LLM-85-05 lb 82-88 Upper lb, Slightly Welded No 0.061 0.20 
LGM-85-06 lb 60-66 Upper lb, Slightly Welded No 0.64 2.1 
LGM-85-06 lb 81-87 Middle lb, Slightly to Moderately Welded No 0.52 1.7 
LGM-85-11 la/lb 99-105 Contact la/lb, Slightly Welded No 0.030 0.098 
LGM-85-11 lb 77-83 Middle lb, Slightly to Moderately Welded No 0.23 0.77 
LGM-85-11 1a 108-114 Upper la, Nonwelded No 0.088 0.2 

1 Depth below gronnd level. 
---~---- ------

v 0 J 
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In general terms, the permeability of the tuff decreases with stratigraphic 
de~th· Unit 2b sho!f an average air-derived ~graulic conducti!jty of 8.~ 
10 cm/s (2.8 x !9 ft/s); Unit~~· 7.9 x 10 cm/s (2.6 ~ 10 _ft/s); 
Unit 1b, ~~3 x 10 cm/s (7.7 x 10 ft/s); and Unit 1a, 8.8 x 10 cm/s 
(2.9 x 10 ft/s), this last being the only measurement obtained for Unit 1, 

The highest air-derived h!~raulic conducti!jty was determined for a fractnr' 
zone in Unit 2a [2.8 x 10 cm/s (9.3 x 10 ft/s)]. However, the average I 

_.. -S I ] 
value determined for fractured zones [9.4 x 10 cm/s (3.1 x 10 ft s) wa~ 
only slightly greater than values determined from the majority of air-injec· 
tion tests in unfractured tuff. These results suggest that secondary fractt 
permeability does not appear to be significantly greater than the primary 
permeability of the tuff. 

Water-derived hydraulic conductivities, presented in Table 3-3, are in the 
same range as those reported by Abeele (1984) for crushed tuff, i.e., --4 _, 
1.4 x 10 cm/s (4.6 x 10 ft/s). These values, like those derived from th 
air-injection tests, generally decrease with depth. 

The reliability of the air-injection method is demonstrated by comparing thr 
intrinsic permeability values calculated from both the air and water test f0 
the same intervals (Table 3-4); results from the two lower zones in particul 
are in good agreement with one another. The largest discrepancy between the 
two methods is seen in the results for the interval 24 to 30 ft, where the 
value calculated from the water-injection test is an order of magnitude lowe 
than the value calculated from the air-injection test. This water-injection 
test, however, was not performed in the same fashion as the others. Specifi 
cally, carbon dioxide was not injected prior to the tests as it was for the 
lower intervals. The purpose of injecting carbon dioxide is to minimize the 
effects of trapped air in the formation. Thus, permeability values might be 
less for tests performed without carbon dioxide injection. It would appear 
that these results support the use of carbou dioxide for water-injection test 
in the vadose zone, as recommended by Stephens and others (1983). 

Table 3-3. Hydraulic Conductivity Values Determined from 
Water-Injection Tests in Hole LLM-85-05 

Test Interval 
(ft)a 

10-16 
24-30b 
75-81 
82-88 

Hydraulic Conductivity (K) 

cm/s ft/s 

9 4 10
_ .. 

• X 3.1 X 10-S 
1 0 10

-3 
• X 3 3 10

-S 
• X 

6 4 10
--4 

• X 2 1 10
-S 

• X 

4 6 10
_ .. 

• X 1 5 10
-5 

• X 

aDepth below ground level. 
binjection with carbon dioxide prior to water 

injection was not performed for this test interval. 
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Comparison of Intrinsic Permeability Values Determined from 
Water-Injection and Air-Injection Tests in Hole LLM-85-05 

Intrinsic Permeability (k) 
Air-Injection Test Water-Inject ion Test 
cm2. ft2. cm2. ft2. 

i ~
lge I: 

H-3ob 
75-81 
112-88 

1.8 
7.5 

:r. 10-' 1.9 :r. 10-10 

:r. 10-' 8.1 :r. 10-12. 
1.3 :r. 1o-• 1.4 :r. 10-11 
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testa 

9.0 :r. 10-' 9.7 - 'Depth below ground level. 
binjection with carbon dio:r.ide 

••rformed for this test interval. 

•• , .2 VACUUM TESTS• 

t,l.2.1 Purpose and Scope 

:r. 10-1 2. 6.0 :r. to-' 6.5 :r. 10-12. 

prior to water injection was not 

Yt•uum tests were conducted in selected intervals of the Bandelier Tuff in 
•td•r to obtain additional measurements of the in-situ permeability. These 
lttta also involve sealing off the measurement interval using pneumatic 
,.,,ers and monitoring the changes in air pressure and flow rate after 
treating a pressure gradient. Unlike the air-injection tests. however. the 
Jreaaure gradient is negative and is created by means of a vacuum pump. 
a-tailed descriptions of the equipment and procedures. followed by discussions 
•f the calculations and results. are presented in the succeeding paragraphs. 

J,7.2.2 Description of Field Tests 

I. 2. 2 .2 .1 Equipment. The vacuum-testing apparatus used for this study (see 
Jt1ure 3-S) was designed to isolate a specified interval in the drill hole. to 
•••cuate air by means of pumping. and to measure the resultant pressure 
r••ronse. flow rate. and air temperature. Isolation of the 1-meter-long (3.3 
ftl test interval was accomplished by means of pneumatic packers similar to 
'~''" used in the injection tests. A vacuum hose attached to the packer 
•ttnduit pipe extended upward to the ground surface and was connected to a two
••Y valve that isolated the drill hole from the rest of the vacuum-testing 
••utpment. 

A capacitance manometer connected between the valve and the packers measured 
•ownbole pressure changes induced by pumping. The manometer was a tensioned
••tal-diaphragm vacuum gange having the capacity to measure pressure in the 
rao1e of 1 :r. 10-4 torr to 1000 torr. (A torr is a unit of pressure equal to 
&J33.22 microbars. or the pressure required to support a column of mercury 1 
etlltmeter high under standard conditions.) A pressure display module was 
tonnected to the manometer to provide direct readout of pressure in torr or 
elll imeters. 

•Response to Task 1. Paragraph 25. Compliance Order/Schedule. 
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Figure 3-5. Vacuum-Testing Apparatus Used for In-Situ 
Permeability Measurements 
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"-• probe used to measure downhole air temperature was located in line with 
tl• aystem, in a small chamber welded to a section of pipe. Small holes 
... nrct the chamber and the pipe, allowing small amounts of air to flow 
.. ••~en the two. The temperature probe was connected to a YSI Model 42SC 
tel•-thermometer, which has a range of -40 to 150°C with increments of 1°C. 

A linear mass flow meter was located adjacent to the temperature probe in 
••d•r to measure the gas flow rate induced by pumping. The meter consisted of 
•••· platinum windings: One winding was an ambient temperature detector; the 
tth•r was heated to a constant temperature above that of the ambient or 
t•rrounding gas. A measure of the power required to maintain this temperature 
tlfference is a measure of the heat transfer from the winding, which in turn 
•• • measure of the quantity of gas flowing past the sensor. The range of the 
_.,,r was 0 to 1000 liters per minute (lpm), with an accuracy of 2 percent of 
••• reading over a 10-to-1 range plus an additional one-half percent at full 
•••I e. 

-------4,,,1,2.2 Procedure. Once a test interval had been selected, the pneumatic 
.. ~krrs were lowered to the desired depth and inflated to isolate that 
t••tlcular section of the drill hole. The vacuum valve was closed, and the 
f~r~•tion pressure prior to pumping was recorded in the field notebook. 

Itt~ the vacuum pump running, the valve was opened to start the test. 
'••••ure readings versus time were recorded at 5-second intervals. Pumping of 
•~· teat section was continued as long as was necessary under the specified 
t••dltions dictated by the medium and the dead volume of the equipment • 
.. ~•rally, pumping was terminated after achieving steady-state flow. For 
••••• in the Bandelier Tuff, it was observed that quasi steady-state condi
''''"' were obtained prior to 1 minpte of pumping. Therefore, for all tests, 
••• Interval was pumped for a period of 1 minute. The temperature was 
, ... ..,ded during the pumping phase of the tests, and the flow rate was recorded 
I••• prior to the end of the pumping phase. 

llt•r 1 minute of pumping, the vacuum valve was closed and the pressure 
.... t,lup phase was begun. Pressure readings were once again recorded at 5-
thl•lld intervals until the system returned to the prepumping pressure, signi
ftl~>t the end of the test. 

t.: .Z.3 Calculations 

•~· v•cuum-testing technique is based on methods used by the petroleum 
t•d~atry. In a paper presented by Horner (1951), the pressure buildup that 
•••~Ita from closing gas wells is used to calculate the permeability of the 
••""•rface formation. This method was modified by Jakubick (1983) for use in 
.... turated materials by initiating the pressure buildup by means of vacuum 
t-aring rather than by shutting-in the well. The equations used for the 
ttlrulations in this study, however, were taken directly from Horner's paper, 
-.~auae Jakubick does not present the theory for his equations which are 
''''•rent from the original work by Horner. Moreover, Jakubick does not 
ftflne the gas-constant term he used, nor does he maintain consistency in the 
.. ,,, used in his equations. 
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Single-phase radial flow to a well completed in a reservoir, assumed to be 
homogeneous, horizontal, and of uniform thickness, may be expressed by the 
equation 

where 

p = 
r = 
f = 
c = 
ll = 
k = 
t = 

reservoir pressure 
distance from the center line of the well 
formation porosity 
fluid compressibility 
fluid viscosity 
intrinsic permeability of the formation 
time 

( 1 

Horner presents the so-called 'point solution' to Equation (13) which yields 

P = P0 + {(qJ.l/4nkh)Ei[-(rZfJ.lc/4kt)]} 

where 

P0 = initial reservoir pressure 
q = a constant rate of production for the well 
h = length of the test interval 

Ei = the exponential integral 

Considering a single well brought into production at t
0

, which subsequently 
produced at a constant rate q, the well pressure Pw at th~ time [(t 0 +~)/~] 
may be obtained by superimposing two solutions of the form of Equation (14). 
For small values of its argument, the Ei function may be approximated by a 
logarithmic function. The result is the basic buildup equation for a single 
well in an infinite reservoir, 

Pw = p
0

- {(qJ.l/4nkh) ln [(t
0 

+lp)/(p]} ( 1~ 

where ~· is the time after close-in of the we 11. 

For analysis of the data, it is convenient to change the natural logarithm, 
ln, to the base ten logarithm, log 1o. by the relationship 

ln x = (log10 x)(ln 10) 

which yields 

Pw = p0 - {[(ln 10)qJ1/4nkh] log [(t
0 

+qJ)fqJ]} 

Analysis of the vacuum-test data using Equation (17) involves fitting a 
straight line through the data points. The slope of the line, m, from 
Equation (17} is defined as 

m = -[(ln 10}qJ.l/4nkh] 
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to be 
>Y the 

,.. 

:1\• next step in the analysis involves plotting the well-pressure (pw) data 
:••trans the log of [ (t

0 
+ lp) llpl and determining the slope of the resultant 

'It~•· This graph is commonly referred to as a Horner plot. Once th~ slope of 
<Un, line is determined, Equation (17) can be rearranged in terms of the 

tatrinsic permeability as follows: 

k = -[(ln 10)qp/4nmh] = -[0.1832339(q~/mh)] 

1.2.2.4 Results and Discussion 

(19) 

latrinsic permeabilities determined from vacuum tests in the Bandelier Tuff 
-· _, 2 ( -11 -12 2 ftable 3-5) range from 10 to 10 em 10 to 10 ft ). The correla-

n yield• 

ta~~ coefficients for the linear regression used to fit a straight line 
t•rouah the data points on the Horner plots indicate a good linear relation•••r for the data; the lowest coefficient is ~.92 (see Table 3-5). 

(lila Jenera!, the vacuum-test results, like those from the air-injection tests, 
tedtcate that permeability tends to decrease with depth. The lowest value, 
f•• example, was observed in the lower, moderately welded portion of Unit lb. 
l••ults of the three tests performed in fractured zones indicate that there is 
.. •lanificant difference in permeability between fractured versus unfractured 
~~~··· However, additional tests are required to substantiate this observa
ttotl. 

qu' "ly 
ft~lt 3-6 compares intrinsic permeabilities derived from the air-injection 
lttta versus the vacuum tests for similar intervals. The comparison demon
ttrates that the two methods yield results of the same order of magnitude. pl 

on -+). 1\• vacuum-test results, however, are lower. A discussion of possible varia
••••• in vacuum-test and air-injection methods is presented in Section 3.2.5. i by a 

a singlt 

t .l . J LABORATORY MEASUREMENTS • 
(11 

t.J.3.1 Purpose and Scope 

tl~ratory measurements of permeability were also obtained on 20 core samples 
arithm, t• provide a comparison with the field-test results. These determinations 

ttt• eonducted by TerraTek Research Laboratory using two procedures, one to 
.... ture permeability via gas injection and correction for sas slippage 
(ll tla hhnberg Correction Method) and the other to measure the gas-water relative 

,.,.,ability (Dynamic Method). The descriptions of these procedures are 

g a 
om 

••••• from TerraTek's report (TerraTek Research Laboratory, 1985). They are 
ftllPWed by a discussion of the laboratory results. A comparison of the 

(1~ htiHtratory and field data is presented in Section 3.2.5. 

J.l.3.2 Sample Preparation 

(lt}ltt Section 3 .1.2 .2.) 

•keaponse to Task 1, Paragraph 25, Compliance Order/Schedule. 
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Table 3-5. Permeability Values Determined from Vacuum Tests in Los Alamos Drill Holes 

Hole 
Number 

LLM-85-01 
LLM-85-02 
LUf-85-02 
LLM-85-05 
um-85-06 
LGM-85-11 
LLM-85-01 
LLM-85-05 
LUf-85-05 
LLM-85-05 

u. LLM-85-06 
""LLM-85-01 

LUI-85-01 
LLM-85-02 
LGM-85-06 
LGM-85-06 
LGM-85-11 
LGM-85-06 
LGM-85-11 
LLM-85-02 
LUI-85-06 

Geologic 
Unit 

2b 
2b 
2b 
2b 
2b 

2b/2a 
2a 
2a 
2a 
2a 
2a 
1b 
lb 
1b 
lb 
lb 
lb 
lb 
1a 
1b 
lb 

Test Interva1 8 

( ft) 

30-33.3 
10-13.3 
25-28.3 
15-18.3 
10-13.3 
35-38.3 
70-73.3 
40-43.3 
50-53.3 
60-63.3 
40-43.3 
80-83 .3 
94-97.3 
87-90.3 
82-85.3 

100-103.3 
77-80.3 
60-63.3 

110-113.3 
87-90.3 
87-90.3 

Interval Description Correlationb Fractures 
Coefficient Present? 

Lower 2b, Moderately Welded 
Upper 2b, Moderately Welded 
Middle 2b, Moderately Welded 
Middle 2b, Moderately Welded 
Upper 2b, Moderately Welded 
Contact 2b/2a, Moderately Welded 
Lower 2a, Nonweld;d 
Upper 2a, Slightly Welded 
Middle 2a, Slightly Welded 
Middle 2a, Moderately Welded 
Middle 2a, Moderately Welded 
Upper lb, Slightly Welded 
Upper 1b, Slightly Welded 
Upper lb, Slightly Welded 
Middle lb, Slightly Welded 
Lower lb, Moderately Welded 
Middle lb, Slightly Welded 
Upper lb, Slightly Welded 
Upper la, Nonwelded 
Upper lb, Slightly Welded 
Mid-Lower 2b, Moderately Welded 

0.9409 
0. 9325 
0.9267 
0. 9948 
0.9675 
0.9779 
0.9799 
0. 9196 
0.9812 
0.9882 
0.9895 
0.9946 
0.9959 
0. 9966 
0.9931 
0. 9932 
0.9851 
0.9903 
0.9963 
0.9966 
0.9609 

No 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
No 
Yes 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

Intrinsic Permeability (k) 

cm 1 ][ 10-' 

39 
14 
22 
24 
38 
5.5 

43 
8.4 
8.6 
8.6 
2.4 
5.6 
3.5 
9.3 
1.0 
0.84 
8.2 
8.7 
2.7 
8.6 
2.4 

ft 2 ][ 10-11 

42 
15 
24 
2.6 

41 
5.9 

46 
9.1 
9.3 
9.3 
2.6 
6.0 
3.8 

10 
1.1 
0.90 
8.8 
9.4 
2.9 
9.3 
2.6 

8 Depth below ground level. 
bcorrelation coefficient for the linear regression used to fit a straight line through the data points on the Dorner 

plots (see Section 3.2.2.3). 
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Table 3-6. Comparison of Intrinsic Permeability Values Determined from 
Air-Injection and Vacuum Tests in Los Alamos Drill Boles 

Hole Test Interval (ft)a Intrinsic Permeabilitz (k) 

Number Air-Injection Vacuum Air-Injection Test Vacuum Test 
Test Test 

ems x to-' ft 2 X 10-U ems x 10-' ftS X 10-U 

LLM-85-01 30-36 30-33.3 130 140 39 42 
ILM-85-02 9-15 10-13.3 10 11 15 16 

u. LLM-85-02 24-30 25-28.3 16 17 22 24 
Ut LGM-85-11 35-41 35-38.3 17 18 5.5 5.9 

LLM-85-01 72-78 70-73.3 19 21 43 46 
LLM-85-01 93-99 94-97.3 7.6 8.2 3.S 3.8 
LLM-85-02 87-93 87-90.3 3.3 9.5 9.3 10 
LGM-85-06 60-66 60-63.3 120 130 8.7 9.4 
LGM-85-06 81-87 82-85.3 84 90 1.0 1.1 
LGM-85-11 99-105 100-103.3 3.3 3.6 0.84 0.90 
LGM-85-11 77-83 77-80.3 32 3S 8.2 8.8 
LGM-85-11 108-114 110-113.3 7.2 7.8 2.7 2.9 

8 Depth below ground level. 

v v J 
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3.2.3.3 Procedures 

3.2.3.3.1 Klinkenberg Correction Method. Following porosity determination~ 
gas permeability measurements, corrected for gas slippage (Klinkenberg Corre 
tion), were performed on the 20 samples. The measurement technique consist~ 
of applying a confining pressure of approximately 100 psi and a slight pore 
pressure, and maintaining an approximate pressure drop of 2 psi across the 
sample during testing. Nitrogen gas was injected into the samples at four 
mean pressures (4, 9, 14, and 19 psi), and the permeability was calculated f 
each of these pressures. A plot was made of permeability versus the recipro 
cal mean pressures, and the intercept of a best-fit line through these four 
points, with the permeability axis at zero reciprocal mean pressure (infinit• 
mean pressure), yielded the gas permeability corrected for gas slippage 
(Klinkenberg Correction). 

3.2.3.3.2 Dynamic Method. Following completion of the gas permeability 
measurements, all 20 samples were subjected to gas-water relative permeabilit 
testing to determine intrinsic permeabilities (described in Section 3.2.3.4 
below) and effective permeabilities (described in Section 3.2.4.1). Testing 
was begun by vacuum-saturating the samples with tap water (density = 0.995 
g/cm 3 at room temperature). Complete saturation was verified by comparing 
these saturated-weight data with helium-injection data. Following saturatior 
each sample was placed in a hydrostatic core holder and subjected to a confir 
ing pressure of approximately 100 psi. Testing consisted of displacing the 
water from the samples with humidified nitrogen. (The gas was humidified to 
prevent drying or dehydration.) Incremental production of gas and water was 
monitored against time and flow rate at a constant injection pressure. Thesr 
production data were used to calculate the gas-water relative permeabilities 
according to Johnson, Bossler, and Naumann's (1959) extension of Welge's 
(1952) derivation of relative permeability. 

3.2.3.4 Results and Discussion 

The laboratory permeability results (Table 3-7) are relatively uniform and 
consistent between the two methods, except for Sample MCG-607. The Klinken
berg result for this sample is probably unreliable as evidenced by its low 
correlation coefficient (0.714) and its poor comparison with the Dynamic 
Method result. 

The results from both methods indicate only minor differences with depth or 
between geologic units. Klinkenberg permeabilities are approximately twice 
those determined by the Dynamic Method, but that is not considered significar 
for these types of measurement. More importantly, the average intrinsic 
permeability for both the Klinkenberg Correction Method and the Dynamic Meth' 
is 10-' cm 2 (10-11 ft 2 ), a result that compares favorably with the field-test 
results. 
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Table 3-7. Intrinsic Permeability Values Determined from Laboratory Analysis of Core Samples 

Intrinsic Intrinsic 
Hole Geolo&ic &ample Depth of Interval Permeability/ Correlation Permeability/ 

Number Unit Number Sample Description llinkenbera Method Coefficientb Dvnamic Method 
(ft) 8 

Gil" I 10-' ft" I 10-U Gil" I 10-' U" I 10-11 

LGM-85-11 2b MCG-618 3 Moderately WeldedC 6.2 6.7 0.989 s.s S.9 
LLM-85-02 2b MCG-606 7 Moderately Welded 6.6 7.1 0.745 4.S 4.9 
LLM-85-0S 2b MCG-610 1S Moderately Welded 6.5 7.0 0.893 S.1 6.2 
LLM-85-01 2b MCG-602 30 Moderately Welded 2.7 2.9 0.958 1.1 1.2 
LGM-85-11 2b MCG-619 30 Moderately Welded 3.2 3.5 0.949 2.9 3.1 
LLM-85-02 2b MCG-607 36 Moderately Welded 11.0 12.0 0.714 1.2 1.3 
LGM-85-06 2b MCG-614 29 Moderately Welded 6.4 6.9 0.847 4.9 S.3 
LLM-85-0S 2b MCG-611 36 Slightly Welded 3.5 3.8 0.984 2.4 2.6 

u. LLM-85-01 2a MCG-603 52 Slightly Welded 4.1 4.4 0.969 2.7 2.9 ...,J 
LGM-85-06 2a MCG-615 Sl Slightly Welded 2.5 2.7 0.954 0.86 0.93 
LLM-85-02 2a MCG-608 67 Moderately Welded 2.0 2.2 0.958 1.0 1.1 
LLM-85-05 lb MCG-612 76 Slightly Welded 2.1 2.3 0.944 1.3 1.4 
LLM-85-01 1b MCG-604 101 Slightly Welded 3.0 3.2 0.939 2.6 2.8 
LGM-85-06 1b MCG-616 99 Moderately Welded 18.0 19.0 0.917 13 .o 14.0 
LGM-85-11 lb MCG-620 94 Moderately Welded 4.4 4.7 0.958 1.1 1.2 
LLM-85-02 lb MCG-609 117 Moderately Welded 3.3 3.6 0.973 1.7 1.8 
LLM-85-0S 1b MCG-613 123 Slightly Welded 4.2 4.5 0.902 1.6 1.7 
LLM-85-01 lb MCG-605 124 Moderately Welded 6.0 6.S 0.850 2.3 2.5 
LGM-85-11 la MCG-621 115 Nonwelded 3.4 3.7 0.933 1.8 1.9 
LGM-85-06 la MCG-617 us Nonwelded 1.4 l.S 0.970 0.93 1.0 

•Below ground level. 
bDetermined for Ilinkenberg permeabilities. 
CWea the red • 
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I 
3.2.4 HYDRAULIC CONDUCTIVITY AS A FUNCTION OF MOISTURE CONTENT* f~ 

f~1 
3.2.4.1 Laboratory Tests H 

As noted above, the Dynamic Method was also used to determine permeability lit~ 
a function of moisture content for the 20 samples of Bandelier Tuff (see 
Section 3.2.3.3.2). These values, called effective permeabilities, are : -~ 

plotted as a function of total air saturation in the graphs presented in ~.2 
Appendix D. Since the abscissa corresponds to total air sa tnration, the Y; 
maximum effective permeabilities for water depicted on the curves occur at 11~ 

~ ·- J 

air saturation of 0.000, which is equivalent to a water saturation (Os) of M 
1.000. Therefore, as the water saturation decreases, the effective permeabU•,; 
ity for water decreases, and the effective permeability for air increases. ;,:.' 

The effective permeability values for the Bandelier Tuff range from 86.1 to 
1301 millidarcys [(8.5 x 10-10 to 1.3 x 10-• cm 2

) or (9.1 x 10-13 to 1.4 x 
10-~~ ft~)]. Residual water saturation following gas injection ranged from 
0.64 to 0.95. Since moisture contents in the study area are much lower thu~:: 
this range (generally less than 10 percent), the effective permeabilities f 
determined using the Dynamic Method are not indicative of the permeabilities •~ 
one would expect to observe at depth in Areas G and L. These data are there-:_ 
fore only applicable to the estimation of near-surface conditions following ar 
heavy rainfall, when moisture contents might exceed residual water saturatioa~ 

3.2.4.2 van Genuchteu's Method 

3.2.4.2.1 Purpose and Scope. A model described by van Gennchten (1978) was 
used to calculate the unsaturated hydraulic conductivity functions for the 
Bandelier Tuff. Inputs to the model are the saturated hydraulic conductivi
ties and data from the moisture characteristic curves for the 20 core samplet 
analyzed in the laboratory tests. The output function is a closed-form 
analytical expression that generates a plot of hydraulic conductivity versus 
moisture content and/or water potential. The output function is only valid 
over the moisture and water-potential ranges tested. 

3.2.4.2.2 Procedure. A model described by Mnalem (1976) was used to predict 
unsaturated hydraulic conductivities from the moisture characteristic curves 
(Appendix C) and the saturated hydraulic conductivities. Mnalem's derivatio1 
yields an integral formula for determining the unsaturated hydraulic conduc
tivity as a function of moisture content, which enables one to derive closed• 
form analytical expressions provided suitable equations for the moisture 
characteristic curves are available. The resulting conductivity expressions 
generally contain three independent, dimensionless parameters--a, n, and m-
which are calculated using the nonlinear least-squares curve-fitting program 
described by van Genuchten (1978). The information required to calculate 
these parameters consists of saturated hydraulic conductivities and data 
obtained from the moisture characteristic curves, namely, the saturated and 
residual soil-moisture contents (Os' and Or• respectively) and the slope for 
the curve at midpoint [(Os,+ Or)/2]. 

*Response to Task 3, Paragraph 25, Compliance Order/Schedule. 
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•' this information was assembled into a data base and used as input into 
••nuchten's model, which generates values for a, n, and m. The model then 
"' these values into Mualem's integral formulas and plots the following 

. ihnctions: K(9) versus e (moisture content) and K<l/J> versus l/J (water 
1e ~-·meabtl •ttal). The intrinsic permeabilities determined using the Klinkenberg 
.e~ :uff (see-•tlon Method (Table 3-7) were then used to calculate water-saturated 
ltttes, ar~tt .. ltc conductivities for input to the model. (See Section 3.2.1.4 for 
pres~nted ~11·tulon of intrinsic permeability to hydraulic conductivity.) These values 
:uratton, t e, uod largely because they more closely reflect the in-situ permeabilities 
:urves occur:llr and water in the study area. 
Lr a ti on ( e s ) \ 

·f~ct~ve pen •. Z.3 Results and Discussion. The modeling results are presented as 
ur tncrease., of unsaturated hydraulic conductivity versus volumetric moisture 

6 
••• (1(9) versus 9] and of hydraulic conductivity versus water potential 

ge _Hom 8 •1n uraus l/J1. Only 7 of the 20 samples are represented in Figures 3-6 
~O to 1 •4• 1 b 3-9; data from the moisture characteristic curves for the other 13 
ton ranged ft,, did not fit the model. 
much lower r 

•ermeabilitie h 1 f 1' · d 1 b h b d 'liftunately, t ese resu ts are o tmtte va ue ecause t ey are ase on 
.e ~ermeabt (tat moisture characteristic curves which do not extend over the range of 
e. atafarlel r potentials and moisture contents measured in the field. For example, 
ttons 0 OW • toter-potenttal values of the curves extend roughly to -0.3 bar (-300 em 
water sattttller), while those measured in the field range from -1 to -15 bar (see 

••• ,, 3.3 .1.3). Similarly, values for moisture content (9) range from 0.4 
.~ on the curves, while those determined in the field are generally less 
fl,l. As a consequence, the calculated unsaturated hydraulic conductivi

. ch+ -.., (1978) arr also outside the range of the field values • 

c · for t,, he 1 es s, the calculated values can be used for near-surface infiltration 
ul

2
-

0 
conductl•• when the moisture and water-potential ranges fall within those of the 

e core· 58!. · 
1 

d f. t\lrt characteristic curves. It should be noted, however, that these 
~ 0 :~ ~torm •• were obtained by drying the soil and therefore represent only the 
· u~ v 

1
Y vela branch of the hysteresis loop. The drying branch has a higher moisture 

·n t s on y va f • . 1 h d h . b h h •~• or a gtven water potentta t an oes t e wetttng ranc ; ence, a 
• aoil is more retentive for drying than it is for wetting (Case and 

s used to pr~· 1979 ) • 
cteristic cu' 

a 1 em, s de r iv' PERMEABILITY SUMMARY 
ydraulic con• 
to derive cl~o., 8 th 11 · · · b'li · f h 
th . t • .•- compares e overa average tntr1ns1c permea 1 ttes o t e e mots ure . . 
't r·IC Un1tS as determined by the three methods Used 1n this study, namely, 

vt y express b h 1 . . t. . · · d b · d tu ore o e tnJec ton, 1n-s1tu vacuum testtng, an la oratory test1ng of 
s;:~;.n, an. ••mples. In contrast to the laboratory results, which show relative 
-t1 1n

1
g plrottrmlty throughout the tuff, results of both field methods indicate a 

0 ca cu a ' i b '1' t · h · hi d h Th' · b . d dat to ae n permea 1 1 y w1 t stra t1grap c ept • 1s contrast ts pro ably tes an a . t d a~ part to the fact that tt was necessary to select the laboratory samples 
: :: ur~te ~ thoae exhibiting the highest degree of consolidation; such samples would 

e 5 ope ··lower permeabilities than the bulk formation from which they were taken. 
~ormore, the laboratory tests measure a significantly smaller interval 
that measured in the field. It was therefore concluded that the field
reaults were the more reliable indicators of bulk permeabilities and that 
~rmeabilities of the individual geologic units do indeed decrease with 
lt araphic depth. 

e 
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Figure 3-6. Unsaturated Hydraulic Conductivities as Functions of 
Moisture Content and Water Potential for Samples 
MCG-603 and MCG-604 
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-
Table 3-8. Comparison of Average Intrinsic Permeability Values for the 

Major Geologic Units of the Bandelier Tuff in the Study Area 

Intrinsic Permeabilit~ 
Unit Air-Injection Test Vacuum Test Labor a tory Analysi • 

cm 2 x 1o-' ft 2 X 10-1!1 cm 2 x 10-' ft 2 X 10-1!1 cm 2 x 10-' ft2 X 10 

2b 93 100 23 25 5.7 6.2 
2a 62 67 13 14 2.8 3.0 
lb 26 28 5.7 6.2 5.7 6.2 
la 7.2 8 7.8a 2.7a 2.9a 2.4 2.6 

8 Intrinsic permeability for this unit is based on only one measurement. 

It should be noted that the lower average permeabilities determined by the 
vacuum test for Units 2b and 2a are probably due to the inability to perfor~ 
the test in the more permeable portions of these units. A vacuum could not 
established in the upper portions, so the test failed and no data were 
obtained. Thus, the average vacuum-test data do not include values for the 
most permeable zones in the units, resulting in average results which are 
biased low. 

Unfortunately, the results from all the determinations do not permit a 
conclusive assessment of the effect of fractures on permeability. The 
moisture-content data indicate that the potential exists for fractures to 
cause preferential contaminant migration; however, the enhancement may be lr· 
than the sensitivity of the measurement techniques. It follows that a bette 
assessment would require additional testing, using methods having greater 
sensitivity. Similarly, additional tests, also having greater sensitivity, 
would be needed in order to fully assess the effects on permeability of such 
other sources of variation as pumice content. 

3.3 GRADIENT DETERMINATIONS 

3.3 .1 TEMPERA'IlJRE AND WATER-roTENTIAL MEASUREMENTS* 

3.3.1.1 Purpose and Scope 

Temperature and water-potential measurements were made at the site to assess 
the magnitude and direction of the thermal and water-potential gradients in 
the study area. Knowledge of the gradients is used to determine whether 
temperature and water potential play a significant role in the transport of 
contaminants to the water table. A description of the instruments used to 
acquire these data, together with information on calibration, installation, 
and data reduction, is presented below, and is followed by a discussion of tl 

results. The results are presented in the form of graphs plotting temperatur 
and water potential versus time and depth. 

*Response to Task 4, Paragraph 25, Compliance Order/Schedule. 
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7alues fort'~ Field Instrumentation 
t}l ~ ~tudy j 

1.2.1 Description of the Thermocouple Psychrometers. Thermocouple 
----,rometers were used to obtain the water-potential measurements at Los 

~--a-t_o_ry---A---,. because the low soil-water potential (less than -1 bar) precluded the 
_________ n_a~f tensiometer&. The instruments actually measure voltage which is 
: 10-t ftz Jrted to soil-water potential by means of a calibration model (Brown and 

\a, 1982). Psychrometers are particularly convenient because they 
7 6)taneously measure temperature. 

8 3 
7 6 ~hormocouple psychrometers used in this study were Models PCT-55 and PST-
4 2,••,ufactured by Wescor, Inc., of Logan, Utah. The only difference between 

t•o models is that the PST series is shielded with a stainless steel ------ne measurel'' instead of a ceramic cup, and therefore has a faster response time. A 
r•~ of a typical screen-shielded psychrometer is shown in Figure 3-10. 

rmined by flion of the psychrometers is based on the Peltier effect, in which a 
lity to pe~''couple is cooled below the dew point by passing an electric current 
cuum couldfa a junction composed of two dissimilar metal conductors. After water 
data were condensed on the cooling junction, the electric current is discontinued and 
values for Junction immediately begins to warm up. The rate of warming is rapid at 
ts which arl· and then slows down until the latent heat of vaporization is overcome, 

htcb time water condensed on the junction evaporates. The point at which 
enrming rate is at a minimum is known as the psychrometer plateau. The 

permit a tromotive force (emf) generated across the junction during the psychro
ity. The r plateau is a measure of the relative humidity of the system (Spanner, 
fra,.+ures t) · 
ell' nay b 
rs ~t a brelative humidity (P/P

0
) in soil is related to soil-water potential by the 

ring greatet ion (Case and Welch, 1979) 
~ sensi tivi 
1bili ty of l/J = (pkBT/m) ln (P/P 0 ) = t/J0 ln (P/P 0 ) (20) 

'I' 

p = 
kB = 

m = 
p = 

Po = 

tPo 

the density of water at temperature T 
-111 

Boltzman's constant (1.38 x 10 erg/°K) 
h f 1 1 ( • 1 3 X 10-Z J g) t e mass o a water mo ecu e approx1mate y 

the average vapor pressure in the soil 
the pressure of the water vapor above a surface of infinite radius 
of curvature 
101 bars at 300°K 

site to as1 
gradient 5 ,1.2.2 Laboratorv Calibration. Each psychrometer must be calibrated 

ne whetherlvidually due to the variable thicknesses of the welded junction and wires 
transportl in fabrication. Saline solutions are convenient to use for calibration, 

ents used ~e tables that relate salt concentrations and temperature to relative 
installati~dity are readily available (Lang, 1967). The ratio of microvoltage to 
iscussion ~retical water potential at a given temperature for a particular psychrom
ting tempe~ provides the correction coefficient necessary for determining actual 

ill .. 

1r potential in rock and soil systems. 

this study, reagent-grade sodium chloride was dissolved in deionized water 
provide 0.5-, 1.0-, and 1.5-molal calibration solutions. Each psychrometer 
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Figure 3-10. Sketch of the Single-Junction Stainless Steel Screen-Shielded 
Thermocouple Psychrometer (from Brown and Collins, 1980} 
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JUNCTION 

CREEN CAP 

lt~rated using all three molal concentrations, independently, in the 
l11 •anner. One milliliter of solution was decanted into a sample 
f 4 A psychrometer was then sealed into the chamber to create a closed 
•tth a known water potential (see Figure 3-11). The sealed chamber was 
lt••d in a wooden rack and equilibrated for at least 12 hours. 
laa equilibration, the voltage output of the thermocouples was read in 
••tric (wet-bulb) mode using a Wescor Hn33T Dewpoint Microvoltmeter. 
•••• concentration (water potential) was read three times for tempera
~ •tcrovolts. These readings were then converted to water potential 
... calibration model described below. 

l,t Ptychrometer Calibration Model. The psychrometer calibration model ,.4 by Brown and Bartos (1982) was used to accurately convert psychrom
Mp•t• to water potential. This model is far more versatile than hand
~llbration curves because it can convert water potentials from 0 to -80 
" • wide range of temperature and zero offset readings. Inputs to the 
••• temperature, cooling time, zero offset, psychrometer output in 
••••· and calibration coefficients, the last required for conversion of 
•••• to water potential. The calibration coefficient B is defined as 

(21) 

~r I• the sum of ~e water potentials (sodium chloride solutions) use4 
tallhration andLWP is the sum of the water potentials estimated by the 
faIt bra tion coefficients for each of the psychrometers installed in 
~ 1~-03 and LGP-85-07 are presented in Tables 3-9 and 3-10, respec-

A listing of the Fortran V program for the model is reproduced as 
!t t.. The output from the model is the water potential for the soil 
1 .. • aa sensed by the psychrometer. 

1.• tiold Installation. A total of 38 thermocouple psychrometers were 
lt4 at the study area, 23 in Hole LLP-85-03 and 15 in Hole LG~85-07. 
I••·• dt aarams are provided in Appendix A. Because of the presence of 
I •••Ina in Hole LLP-85-03, a shallow boring was drilled adjacent to the 
•t• and five psychrometers were installed in this second hole close to "*' aurface (depicted in Appendix A as being in the same hole). 
1111 c•n was accomplished by taping the psychrometers to a string of 
it •o. 2-inch-I.D., polyvinylchloride (PVC) pipe and carefully lowering 
1t•1 lnto the hole. The annulus surrounding the PVC pipe was then 
il•4 wtth auger cuttings from that drill hole. It was assumed that the 
1 •f this backfill was similar to the in-situ density of the tuff, and 
tt ralattve humidity of the backfill, as sensed by the psychrometers, 
1•1llbrate with the relative humidity of the adjacent tuff. Installa
•• ~. are included with the data presented in Tables 3-9 and 3-10 for 
U"··l~-03 and LGP-85-07, respectively. 

laJalta and Discussion 

.. ,,, data were collected from Holes LLP-85-03 and LGP-85-07 over the 
II Oetober to 20 November 1985. The values for temperature and water 

teP1 Screen-s•'' ••r• viewed in two ways, as plots of temperature or water potential 
ns, 198oflat, and as plots of temperature or water potential versus depth. 

• 'Iota of the former are presented in Figures 3-12 through 3-15. Air 
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Figure 3-11. Sketch of the Stainless Steel Calibration Chamber Showing 
Seals and Screen-Shielded Thermocouple Psychrometer (from 
Brown and Collins, 1980) 
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icotion) 

1ture versus time at Hole LLP-8S-03 is plotted in Figure 3-16. Box 
•' water potential and temperature versus depth for the entire time 
are presented in Figures 3-17 through 3-20. Since the box plots 

t the data in quartiles. the outlying values represent minimum"and 
• values. The boxes enclose the 2S- and 7S-percent values. and the 
11 lines connecting the boxes intersect the median-temperature or water
&•! values for the time period. 

Dl of air temperature versus time (Figure 3-16) demonstrates that a 
h diurnal temperature variation exists at the site. and that the highs 
•• aenerally decreased over this monitoring period. Plots of formation 
tlure versus time (Figures 3-13 and 3-1S) for the psychrometers located 
1~ ft of the ground surface demonstrate that the near-surface tempera

tlao decreased in response to the decrease in air temperature. Further
•• expected. a phase lag is evident when comparing the decreasing 
ttures measured by successively deeper psychrometers. 

Table 3-9. Installation Depths and Calibration Coefficients 
for Psychrometers in Hole LLP-8S-03 

Serial Calibration Coefficient Installation 
Number Scanner/Channel for Water-Potential Depth (ft) 

Model 

29414 I/1 Surface 
29416b I/2 0.8S 2.0 
29474b I/3 0.84 4.0 
29473b I/4 0.84 6.0 
29420b liS 0.89 8.0 
29469b I/6 0.84 10 
29418 I/7 0.81 13 
29483 I/8 0.88 13 
29424 I/9 0.8S 24 
29479 I/10 0.87 24 
29406 I/11 0.90 41 
29462 I/12 1.00 41 
29409 II/1 1.00 so 
2947S II/2 0.94 so 
2940S II/3 0.8S S6 
29477 II/4 1.03 S6 
2942S IllS 0.84 66 
294SS II/6 0.96 66 
29481 II/7 0.89 76 
29422 II/8 0.94 76 
29476 II/9 0.90 86 
294S8 II/10 1.00 96 
29427 II/11 1.00 96 

'e PCT series psychrometers are shielded with a ceramic cup. while the 
tla are shielded with a stainless steel screen. 

ion Chamber Shctychrometers in the upper 10 ft are located in a shallow boring 
p- "'rometer (t to the main hole. 
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Table 3-10. Installation Depths and Calibration Coefficients 
for Psychrometers in Hole LGP-85-07 

Model Serial Calibration Coefficient Inst1 
Number8 Number Scanner/Channel for Water-Potential Dep1 

Model 

PCT-55 29415 Ill/1 0.89 
PST-55 29459 III/2 0.89 
PCT-55 29410 III/3 0.85 
PST-55 29461 III/4 0. 91 
PCT-55 29411 III/5 0.91 
PST-55 29463 III/6 0.86 
PC!'-55 29417 III/7 0.84 
PST-55 29466 III/8 0.87 
PC!'-55 29403 III/9 0.92 
PST-55 29467 III/10 0.92 
PCT-55 29407 III/11 1.00 
PST-55 29465 III/12 1.04 
PST-55 29464 III/13 0.95 
PCI'-55 29404 III!i4 0.85 
PST-55 29468 III/15 0.89 

The Per series psychrometers are shielded with a ceramic cup, wl 
PST models are shielded with a stainless steel screen. 
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I. •· f 

The plots of temperature versus depth (Figures 3-18 and 3-20) reveal a 
temperature bulge that probably represents the heat stored in the ground du• 
to Summer heating. The position of the bulge indicates that the median 
gradient in temperature for this monitoring period is downwdrd from about 1 
to 20ft and upward from about 10ft. 

The plots of water potential versus time for given depths (Figures 3-12 anti 
3-14) demonstrate that water potentials are subject to diurnal variations <'' 

about ±1 bar per day, and that there was little, if any, change in the aver• 
water potential during this monitoring period. Median water potentials ran, 
from approximately -0.5 bar to -8.7 bar in Hole LLP-85-03 (Figure 3-17) and 
from approximately -1.2 bar to -13.8 bar in Hole LGP-85-07 (Figure 3-19). 

The large range of maximum and minimum values observed during this monitorir 
period limit gradient estimations to those that can be measured between 
successive psychrometers, i.e., within a single depth interval. Accurate 
assessments of an overall gradient in the study area will most likely requir 
longer equilibration and monitoring times. 

3.3.2 ATMOSPHERIC/ROCK-PORE PRESSURE MONITORING SYSTEM 

3.3.2.1 Purpose and Scope 

The purpose for installing the Atmospheric/Rock-Pore Pressure Monitoring 
System was to quantify the gas-pressure gradients in the Bandelier Tuff. 
Although these data were not required by the Compliance Order/Schedule, the\ 
can contribute significantly to the initial site assessment since differencr 
in gas pressure can affect contaminant transport in the vapor phase. 

Equipment and system installation are described in the paragraphs that foil•" 
The subsection entitled Results and Discussion presents only a preliminary 
interpretation of the data; a broader, more reliable assessment of gas
pressure gradients would most likely require acquisition of pressure readinF 
over a period of at least 1 year. 

3.3.2.2 Equipment 

The pressure-measurement system installed at Los Alamos consists of four 
electrical pressure transducers connected to an electro-piezo scanner/ 
recorder. The transducers contain an absolute-electrical-pressure sensor 
equipped with a strain-gauged stainless steel diaphragm. A stainless steel 
disc filter permits direct burial of the transducers. Measurement capacity 
ranges from 0 to 25 pounds per square inch at sea level (psis), with a read
ability of 0.02 percent of scale. (Psis is calibrated in psi with zero bein, 
atmospheric pressure at sea level.) 

The electro-piezo scanner/recorder is a portable, battery-operated system th• 
automatically records ten transducer channels. The dates, times, and output· 
from each of the transducers are recorded on the integral printer. This 
versatile scanner/recorder can permanently record the transducer outputs, or 
can provide the outputs to an external device snch as a computer, data 
terminal, paper punch, or magnetic tape recorder. The pressure-measurement 
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be programmed to scan continuously or to scan at variable 
ln the case of the latter, the recorder can be sealed and left 

and will still record data at the preselected intervals. 

elton diagram for the pressure-transducer instrumentation installed 
r-s~-03 is presented in Appendix A. The four transducers were 
1t the following depths: ground surface, 26 ft, 54 ft (near a 

, and 90 ft. The transducer located at ground surface measures the 
te pressure, while the buried transducers measure rock-pore gas 

aanrement data were collected over the period 17 October through 15 
I~ (Figure 3-21), except for the 7 days from 6 through 12 November 
etem was inadvertently shut down. As noted previously, these 

It permit only a preliminary interpretation at this time. 
tttlca which are discernible in Figure 3-21 include the following: 

atmospheric and rock-pore pressures undergo daily fluctuations. 

pore pressure at 54 ft is consistently higher than the surrounding 
•· potentially a result of the nearby fracture. 

•• in the atmospheric pressure for a period of several days is not 
In the rock-pore pressures for the same period. 

lt••••ment of the gas-pressure gradients in the study area requires 
·· etf additional data, particularly with regard to identifying 

H•a of variation in the data other than actual pressure 
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Section 4 

NEUTRON MOISTURE MEASUREMENTS 

This section responds to Task 4, Paragraph 25, of the Compliance 
Order/Schedule. The section was prepared by personnel of Los Alamos 
National Laboratory. 
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4.1 PURPOSE AND SCOPE 

1tnre content of the Bandelier Tuff is being measured with a neutron 
In order to characterize the infiltration and redistribution of water in 
f. Use of the neutron probe for moisture monitoring was specifically 

tt•d by the State of New Mexico in Task 4, Paragraph 25, of the Compli
Otder/Schedule. Although data acquired with the probe were not yet 

le at the time of this writing, it is possible that the method will be 
tle value at Los Alamos due to the low moisture content of the tuff (see 
tric moisture results in Section 3.1.1). 

I•• were identified for acquisition of biweekly neutron moisture 
••· LLN-85-04 and LGN-85-08 (see Figure 2-3 for locations). Descrip-
of the casing installations, probe calibration, and monitoring program 

ided below. Data presentation and interpretation will be addressed in 
report if and when data become available. 

4.2 CASING INSTALLATIONS 

t•utron access tubes, or casings, were constructed of cold drawn aluminum 
, each 12 ft in length and having a wall thickness of 0.049 inch, an 
•• diameter of 2.5 inches, and an inside diameter of 2.402 inches. This 
' diameter is approximately 0.25 inch larger than the outside diameter of 

•robe (1.865 inches), which prevents the probe from binding as it is 
••red inside the casing. To further ensure free movement of the probe 

t It is being raised or lowered in the hole, the casing has no internal 
obstructions. 

to transport to the field, the 12-ft lengths of tubing were welded 
thtr to make 24-ft sections and the sections pressure-tested to ensure a 
tight seal. A cap was welded to one end of each of two sections, these 

.. Installed at the bottom of the two holes. In the field, the 24-ft 
Ions were joined together using 'no-hub' couplings rather than welding. 
was done because the tubing wall is so thin that a watertight weld would 

~·~ .. :.-arly impossible to accomplish with portable welding equipment. A no-hub 
ling is a watertight rubber coupling, held iu place by a corrugated stain-
eteel cover. on the ends of which are stainless steel hose clamps used 

tripping the aluminum tubing. 

eaaings were installed in the drill holes in the following manner. The 
lon with the bottom cap was lowered into the hole and held in place with a 

A second 24-ft section was joined to the first with a no-hub 
ling. Silicon sealant was applied wherever rubber was exposed to slow 
position of the material underground. Once the two sections were 

led, they were lowered into the ground and again held in place with the 
vise while a second no-hub coupling was installed to join the now 48-ft 

ton of tubing to another 12- or 24-ft section. This process was repeated 
tl the bottom of the hole was reached. Any tubing remaining above ground 

cut off. 

of the casing installation for Hole LLN-85-04 is presented in Figure 
• depth of the uncased hole was 108 ft, so the casing required four 
t sections and one 12-ft section. joined together with four no-hub 
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Depth of Neutron 
Probe Reading 

(ft below ground level) 

dSteel Casing 

I I 
I I 
I I 

6 
8 
10-

14-
-Coupling (12ft) 

22 
- Weld(24ft) 

- Coupling ( 36 ft) 

41 

-Weld (48ft) 
50-

56 

-coupling (60ft) 

66-

-Weld (72ft) 

76 

86 -
--Coupling (84ft) 

-Weld (96ft) 
98-

--Cap (108ft) 

Figure 4-1. Casing Installation and Depths of Neutron Probe Measuremenb 
in Hole LLN-85-04 
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( 
~uplings. Hole LGN-85-08 (Figure 4-2) had an uncased depth of 50 ft, so the 
••lng required two 24-ft sections and one 12-ft section, joined together with 
"" no-hub couplings. 

4.3 CALIBRATION OF THE NEUTRON PROBE 

\r neutron probe used at Los Alamos is a Campbell Pacific moisture gauge. 
-tlbration of the instrument was accomplished by using it to measure moisture 
• five samples of Bandelier Tuff, each with a different but known moisture 
•"tent. Instrument responses were recorded and used to generate a calibra
lun curve. 

'r five samples of tuff consisted of three with varying moisture contents, 
•r with no moisture, and one representing saturated conditions. The first 
•ree were prepared in the following manner. Crushed Bandelier Tuff was oven
rled at 250°C for 48 hours. A predetermined amount of dry tuff was then 
tlahed and water added to it. The moistened tuff was packed in 15-cm lifts 
• a 55-gallon drum to achieve a bulk density of 1.5 g/cm 3

, which is the 
••rage bulk density of the consolidated Bandelier Tuff at Los Alamos. The 
111unts of water added to the lifts varied from one drum to another, such that •r volumetric water content of each drum was different. Samples were 
tllected from each lift in each drum and analyzed gravimetrically to deter
tnr the moisture content and to ensure that the moisture content was constant 
houghout the entire drum. 

~r fourth drum was prepared in the same way as the first three except that no 
ater was added. The fifth drum was also prepared as described above, except 
~.t water was added not to the lifts, but into the bottom of the drum through 
~/R-inch Tygon tube until the tuff was saturated to the drum s~rface. 
~pies from these drums were also analyzed so that the moisture contents 
tuld be known. Following preparation, all five drums were sealed by placing 
l•atic sheeting between the drum surface and the cover. Silicon sealant was 
~rn applied on the edges to prevent evaporation. 

allbration measurements were taken by lowering the probe to the center of 
trh drum and acquiring four 1-minute counts. These data and the known 
tlature contents were then subjected to a linear-regression analysis, which 
lrlds a calibration curve for the instrument. At the time of this writing, 
tr calibration curve was not complete and is therefore not included in this 
trort. 

4.4 MONITORING PROGRAM 

l•eekly neutron-moisture measurements were initiated in both drill holes on 
I December 1985. The depths of the probe readings are shown in Figures 4-1 
•d 4-2. The measurement depths in Hole LLN-85-04 correspond to the psychrom
ter-measurement depths in Hole LLP-85-03, while those in Hole LGN-85-08 
trrespond to psychrometers in Hole LGP-85-07 (see Appendix A for completion 
I•Jrams of Holes LLP-85-03 and LGP-85-07). In certain cases, identical 
trrespondence was not possible due to the presence of the welds and couplings 

~ ~mentsl the neutron-probe holes. As noted previously, no data are available at 
tla time. 
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Depth of Neutron 
Probe Reading 

( ft below ground leve I) --..,.steel Casing 

Coupling (2ft) 

6-

8 

10 

12 

--Weld (14ft) 

17-

19-

22-

-Coupling (26 ft) 

28-

32-

'36-

--weld (38ft) 

42-

47-

Cap (50 ft) 

Figure 4-2. Casing Installation and Depths of Neutron Probe Measnreme< 
in Hole LGN-85-08 
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Section S 

PORE-GAS SAMPLING SYSTEM 

~ote: This section responds to Task S, Paragraph 25, of the Compliance 
Order/Schedule. 
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5.1 PURPOSE AND SCOPE 

\amples of pore gas from seven drill holes are being collected and analyzed in 
~rder to characterize the subsurface atmosphere in Areas G and L. The design 
•nd installation of the samplers are described in this section; included is a 
•ole-by-hole description of the sampling-port locations and the rationale for 
•hoosing each location. At the time of this writing, laboratory analysis of 
the samples collected to date had not been completed. Data presentation and 
Interpretation will therefore be addressed in a subsequent report. 

5.2 DESIGN 

The pore-gas sampling ports were constructed using low-pressure mobile-phase 
filters which were welded to standard 2-inch-I.D. galvanized pipe (Bendix 
field Engineering Corporation, 198Sb). The filters consist of 2-micrometer. 
t••rous, stainless steel elements; uphole access is provided via connection to 
1/4-inch stainless steel tubing and stainless steel compression fittings. A 
llagram of a pore-gas sampling port is presented in Figure S-1. 

5.3 INSTALLATION 

J total of 23 sampling ports were installed in seven drill holes in the study 
trte; installation procedures were described in the second report (Bendix 
field Engineering Corporation, 198Sb). Installation diagrams are presented in 
~rendix A; drill-hole locations are shown in Figure 2-3. The following 
~ragraphs describe the locations of the ports within each hole and the 
•tionale for choosing these locations. 

• Jlole LGC-85-09. Since this was the only pore-gas sampling hole that 
penetrated Unit la, two ports were installed in that unit, one in the 
relatively moist section (below 88 ft) and the other in the relatively dry 
aection, just above 80 ft. The third port was installed at about 63 ft to 
coincide with a fracture present in Unit lb, and because the maximum waste
disposal depth in this area is approximately 60 ft. The fourth port was 
Installed at 37 ft to coincide with fractures present in Unit 2a. 

I flole LGC-85-10. The deepest sampling port was installed at 95 ft to coin
cide with a near-vertical fracture present in the more densely welded 
rortion of Unit lb. The middle port was installed at about 53 ft to 
coincide with a fracture present in Unit 2a. The uppermost port was 
Installed at 31 ft to coincide with a horizontal fracture and the Unit 
2a/Unit 2b contact. 

: t Bole LLC-85-12. The deepest sampling port was installed at about 41 ft to 
} coincide with a vertical fracture and the Unit 2a/Unit 2b contact. The 
, •iddle port was installed at about 27 ft to sample the interval between 24 

t
i'· aad 29ft. This interval lies within Unit 2b and consists of a light-

t. aray ash flow with numerous horizontal fractures. In addition, the Organic 
:?c Vapor .Meter (OV.M) registered high readings [114 parts per million (ppm) 
:1 
·lfij: 
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I I 
I I 
I I 
I I 

1/4-lnch Stainless Steel Tubing 

: : --2 -Inch- J.D. Galvanized Pipe 
I I 
I I 
I I 
I 
1 I 
I I 
I I 
I : 

.. !...1, 
' I 

~-~l=: ,)~\H --Porous Stainless Steel Filter 

--

Figure 5-l. Diagram of a Pore-Gas Sampling Port 
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downhole} when the bottom of the anger string reached 24 ft, and again when 
the bottom of the string reached 29 ft (160 ppm). The uppermost gas
aampling port was installed at about 6 ft to coincide with several 
fractures present from S ft to 8 ft. 

Dole LLC-85-13. This is a 'background' hole located west of AreaL. Only 
tlnits 2a and 2b were penetrated in this hole. The deepest sampling port 
was installed at about 65 ft in a moderately welded portion of Unit 2a. The 
etddle port was installed at about 43 ft to coincide with several fractures 
and the Unit 2a/Unit 2b contact. The uppermost port was installed at about 
21 ft to coincide with a near-vertical fracture present in Unit 2b. 

Dole LLC-85-14. The deepest sampling port was installed at about 86 ft to 
coincide with a fracture zone extending from 84 to 89 ft within Unit lb. A 
~elatively high OVM reading was recorded for this zone, which is separated 
from upper zones with high OVM readings by a zone of 'background' OVM 
readings. The second port was installed at about 46 ft to coincide with a 
r~onfracture zone extending from 44 to 49 ft in Unit 2a where relatively 
high OVM readings were obtained. The third port was installed at about 31 
ft to coincide with the interval 28 to 34 ft because the contact between 
two physically different zones of Unit 2b is present at 32 ft and field OV)f 
readings were higher when crossing this interval. The contact is defined 
r~imarily by the transition into slightly welded or more easily drilled 
ash-flow tuff. Fractures are also present just above this contact. The 
uppermost sampling port was installed at about 13 ft to coincide with a 
eoderately welded, nonfracture zone within Unit 2b. This zone, extending 
from 12 to 14 ft. exhibited relatively high OVM readings. In addition, 
aampling in this zone would permit comparison with results from known 
fracture zones. 

t fiole LLC-85-15. The deepest port was installed at about 82 ft to sample 
rore gas in the interval 80 to 86 ft because a relatively high OV)f reading 
was obtained near this interval. The other two sampling ports were 
installed at about 32 ft and 19 ft to coincide with the areas where the 
highest OVM readings were obtained in this hole. 

I l!ole LLC-85-16. The deepest sampling port was installed near the bottom of 
this hole to coincide with areas exhibiting high OVM readings. These areas 
are separated from the zones of additional high readings by 75 ft of 
relatively low OVM readings. The other two ports were installed near 
1round surface to coincide with zones that are both fractured and displayed 
relatively high OVM readings. 
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Section 6 

CONCLUSIONS 



time constraints imposed on this study of Waste Disposal Areas G and L at 
Alamos permitted only a brief period for data acquisition and interpreta

,D. As a consequence, the assessment presented herein of the hydrologi~ 
tem is for the short term only. Nevertheless, some conclusions can be 

~.n1•o from the data obtained thus far, the most important being that the 
tnant mode of transport in the interval of the Bandelier Tuff examined for 
1 atudy is by vapor phase. In other words, the low moisture content of the 
f and the high moisture-retention values observed in the moisture charac
tttic curves indicate that interconnection of liquid water, and therefore 

ent of water in the liquid phase, is nonexistent. Additional conclusions 
discussed in the paragraphs that follow. 

The geologic framework through which transport occurs can be characterized 
•• a complex network of pumice and lithic clasts surrounded by a glass
~ard/crystal matrix, with occasional fractures dissecting the porous 
••dia. Factors such as porosity, degree of weldin~, and pumice content 

•e a direct effect on the unsaturated hydraulic characteristics. 

ken together, the high values for porosity and moisture retention (both 
rage approximately 50 percent) indicate that the tuff behaves much like 

aponge. A quantity of water equal to approximately one quarter of the 
k volume is required to satisfy capillary forces before recharge to the 
erlying groundwater system can occur. Based on the normal precipitation 

the high evapotranspiration rates in the study area, this scenario is 
likely. 

talts from field and laboratory tests indicate that the overall range of 
~ltrinsic permeability for the Bandelier Tuff is 10-' to 10-' cm2 (10-11 to __ ,, 
v ft 2 ). These values are considered to represent moderate permeability. 

~eability and porosity are not directly related, probably because of the 
f's pumice content; highly porous pumice lapilli contain a significant 
ant of dead-end pore space which greatly reduces permeability. 

unsaturated hydraulic conductivity functions plotted using van 
achten's model are of little value since the results fall in the water
tntial domain of 0 to -0.3 bar, with moisture contents (9) of about 0.4 
0.6. The corresponding unsaturated hydraulic conductivities range from 

t 2 centimeters per day at saturation to about 1.0 x 10-' centimeter 
day at a water potential of -o.3 bar. Water potentials determined in 
field, however, range from -1 to -15 bar, and the moisture contents are 

ow 0.1. Thus, the unsaturated hydraulic conductivities of the tuff in 
field are actually much lower than the values plot~ed using van 
chten's method. 

a relatively higher degree of welding than the other units of 
lier Tuff examined in this study. This higher degree of welding, 

led with the unit's high pumice content, results in strong capillary 
1 which are assumed to be responsible for the significant increase in 

eture content in the lower portion of Unit lb. Increases in the degree 
lding are believed to reduce the pore-size radii, resulting in an 
aae in the capillary forces. Similarly, because there is a high 
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pumice content, there is a correspondingly high concentration of gas tubtt 
these tubes form ideal capillary tubes which appear to exhibit strong 
capillary forces. 

• Test results fail to indicate that permeability in and along fractures it 
significantly greater than the permeability of the surrounding porous 
media. Detection of the differences in the permeability, however, may bt 
beyond the sensitivity of the testing methods, since several fracture zo 
show an increase in moisture content relative to the adjacent porous media 

• In certain cases, the magnetic susceptibility logs can be. useful for 
estimating or confirming lithologic contacts. The gamma-gamma (apparent 
density) logs are useful for determining the degree of welding and possi\ 
the relative pumice content of the various ash-flow units. 

• Moisture characteristic curves for crushed tuff samples differ signifi
cantly from those obtained for samples of rock core. As a consequence, 
assumptions based on hydraulic data for crushed tuff are unreliable. 
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LITIIOLOGIC LOGGING 

A lithologic log was prepared in accord with established field proced~es for 
each of the 16 holes cored with the continuous sampling system (Bendix Field 
Engineering Corporation, 1985a, 198Sb}. These logs are presented in chrono
logical order by hole number as Figures A-2 through A-17. The colors used to 
describe the core matrices are taken from the Rock Color Chart of Goddard and 
others (1975}; the code in parentheses following a color description corre
tponds to the chart. 

~or those holes in which no instruments were installed, the lithologic logs 
also show the numbers and depth intervals of samples collected for subsequent 
field or laboratory analysis. Samples identified by the three-letter prefix 
KCG- followed solely by a three-digit number were collected for gravimetric 
enalysis. Those MeG-numbered samples denoted by a single asterisk (•) were 
eollected for petrologic analysis, and those denoted by a double asterisk <••) 
•ere collected for laboratory analysis of moisture characteristics. Samples 
Identified with the number 85 followed by a decimal point and five additional 
4tgits were collected for EP-toxicity and volatile-organic analyses by Los 
Alamos National Laboratory; splits of these samples are identified by the 
addition of the letter A immediately following the sample number. 

tor those holes in which instruments were installed (see discussion below), 
the columns on the lithologic logs originally used for sample identification 
leve been replaced by instrument-completion diagrams. The reader is referred 
to the first report (Rush and Dexter, 1985} for information on sample numbers 
aod intervals for those holes. It is important to note, however, that the 
lithologic data have been updated since publication of the first report. 
Consequently, the graphic log and description for a particular hole as they 
eppeared in the first report may not match the information presented in this 

· eppendix. 

INS'rnU:t.ffiNT COMPLETIONS 

A total of 23 pore-gas sampling ports were installed in seven boreholes in the 
•&udy area. Completion diagrams of the installations are presented in Figures 
-~8, A-9, and A-11 through A-15. 

a total of 38 thermocouple psychrometers were installed at the study area, 23 
,. Hole LLP-85-03 and 15 in Hole LGP-85-07. Because of the presence of 
tarface casing in Hole LLP-85-03, a shallow boring was drilled adjacent to the 

·~In hole and five psychrometers were installed in this second hole close to 
tle ground surface (depicted in Figure A-4 as being in the same hole). 
t~pletion diagrams of the thermocouple-psychrometer installations are shown 
h Figures A-4 and A-7. 

··ttully, four pressure transducers were installed in Hoi e LLP-85-03, although 
·en• one at ground surface is actually in the shallow adjacent boring described 

. (ttove. The completion diagram is shown in Figure A-4. 
"""'"' 

~)tatallation details were described in the second 
'laatneering Corporation, 198Sb). The legends for 

l
;ktu presented in Figure A-1. 

. 

. 

' 
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LEGEND FOR PORE-GAS SAMPLING-PORT INSTALLATIONS 

Gravel (0.25-inch) Tuff Backfill from Unit 2b 

Gravel with Bentonite rn .., 
... Tuff Cave-In Material 

~~Bentonite --i1 Sampling Port 

• 
Well Sand (approximate sieve size= 8) . 

8-lnch Cemented Surface Casing 

Stainless Steel Tubing Exiting 
2-lnch-I.D. Galvanized Pipe, Showing Coupling 

·LEGEND FOR PSYCHROMETER AND TRANSDUCER INSTALLATIONS 

Tuff Backfill 

iii Bentonite 

~ Psychrometer 

" Pressure Transducer 

m ' . 2-lnch PVC Pipe (used to support psychrometert 
and transducers) 

Figure A-1. Legends for the Instrument Installations 
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Figure A-2. 

Unit 2b: T1hlrege Member of the Bandelier Tull 
Tuff is moderately welded and matrix color is very light gray (N8). Pumice lapilli 
(pumice fragments) are light gray and range in size from 5 to 10 mm. Horizontal 
fractures are coated with caliche at depths of 5 It 2 in. and 5 ft 7 in. The upper 3 to 4 
ft are very weathered. 

Chatoyant sanidine crystals, up to 3 mm in size, are present throughout this unit . 

Matrix is browner, nearly pale red (5R6/2), and tuff is moderately welded. 

High-angle fracture extends from 120 to 124 ft. 

Very large (up to 1 in.) lithic lapilli, with abundant small lithic lapilli. 

Lithologic Log of Role LLM-85-01 
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Unit 2b: Tahlrege Member of the Bandelier Tuff 

Tuff is moderately welded, and matrix color is very light gray (N8). Pumice lapilli 
are light gray (N7). The upper 3 It are weathered. 

Horizontal fracture occurs at depth of 9.5 ft: no caliche on surface. 
Color changes very slightly to pinkish gray (5YR8/1 ), which may indicate 
transition to lower flow of Unit 2b. 
Horizontal fracture occurs at depth of 12.5 It; coated with caliche. 

... ~ --#- ~ -·· ~-·";;;:J····~ .. - - --· 
Tuff is moderately welded . 

Same as above. except matrix color is more orangish, nearly moderate orange 
pink (5YR8/4). 

~--4---~~------~~-------4---------------------------------------------------~ 

Figure A-3. Lithologic Log of Hole LLM-85-02 
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Greplllc 
Log 

Matrix color changes slightly to pinkish gray (5YR8/1 ), which may represent the 
contact between two flows that cooled as a single unit. 

Drilling becomes easier at depth of approximately 20ft. 

Matrix becomes slightly pinker, to grayish pink (5R8/2). 

High-angle (nearly 90 degrees) fractures extend from 30 It 8 in. to 31 It 2 in .. from 
31 It 8 in. to 32 It 8 in., from 35 to 37 It, and from 39.5 to 40ft. All four are heavily 
stained with limonite. There appears to be a horizontal fracture lying between the 
upper two high-angle fractures. Tuff becomes slightly welded. 

Pumice lapilli are much larger, up to 1.25 in. 

Matrix becomes darker-to pale red (5R6/2)-at depth of 42 to 43 It; tuff is only 
slightly welded. Occasoonal pumice lapilli are greenish (10Y4/2 to 10Y5/4). 

Pumice lapilli are generally smaller. but occasional large pumice lapilli are quite 
flattened. Tuff is moderately welded. 

Small high-angle fracture occurs at depth of approximately 56 ft. 

Tuff is slightly welded. Pumice lapilli become more abundant, not very flattened, 
and are predominantly brown in color, but occasional gray and green fragmeats 
were observed. 

Some relatively large olive or greenish-colored pumice lapilli are still present. 

Unit 1b 
Tuff is slightly welded. Matrix changes to a color between light gray (N7) and 
yellowish gray (5Y8/1). Pumice lapilli are much smaller and predominantly brown. 

Minor amounts of quartz and sanidine crystals are present. 

Drilling becomes very easy, indicative of slighty welded tuff. 

Quartz crystals become more abundant, but only traces of chatoyant sanidine 
occur in pumice lapilli. 

Brown pumice lapilli are abundant and very flattened. 

Installation of Thermocouple Psychrometers and Pressure 
Transducers in Bole LLP-85-03 (Note: The psychrometers 
in the upper 10 ft are located in a shallow boring 
adjacent to the main hole.) 
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Figure A-5. 

Tuff Is moderately welded, and matrix color Is between light gray (N7) and very 
light gray (N8). Pumice lapilli, 2 to 10 mm in size, are light gray to medium light 
gray. Chatoyant sanidine crystals are 1 mm in size. The upper 4 It are very 
weathered and contain abundant horizontal fractures with iron stains and root 
structures. 

Same as above, except rare lithic lapilli up to 40 mm in size are present. 

Same as above, except clear quartz and chatoyant blue sanidine crystals, 1 to 2 
.....,_ :- ... : .. - -·- _ ..... ·- ... _ -· 
Scattered, large lithic lapilli. Large pumice lapilli are very flattened. 

Matrix color changes to pale red (10R6/2). 

Matrix color changes to pinkish orange (nearly 10R7/6); slightly welded 
lower portion of Unit 1 b. 

Lithologic Log of Dole LLM-85-05 
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Figure A-6. 

One foot of medium-brown soil merges into light-gray (N7) ash-flow tuff, which is 
moderately welded. Pumice lapilli, 2 to 10 mm in size, are medium light gray. 
Sanidine and quartz are abundant. Iron-stained fracture extends from 51110 in. to 6 
ft 1 in., and caliche-filled fracture from 6ft 4 in. to 6ft 7 in. 

Caliche-filled fracture extends from 9 to 9.5 ft. 

Matrix color grades to very light gray (NB). Light-gray pumice lapilli, 2 to 10 mm in 
size, are present from ground surface to approximately 8 ft. 

~~~triv rnlnr i~ h<>lw<><>n vprv linht nr::w INBI and lioht brownish orav 15YR6/1). 
of tan pumice tapilli. 

Completely nonwelded ash, with large (some greater than 2 in.) pumice and rock 
lapilli. 

Lithologic Log of Hole LGM-85-06 
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Unit 2b: Tahlrege Member of the B•ndeller Tull 

Soil consisting of weathered tuff extends from ground surface to 5 fl. and contaons 
scattered root material . 

Matrix color is between very light gray (N8) and light gray (N7). Pumice lapilli, 5 to 
10 mm in size, are light gray. 

Tuff is moderately welded. Chatoyant sanidine and quartz crystals are abundant 

Near-venical, noncoated fracture (7), possibly open, extends from 21 II 7 in. to 22 II 
1 in. 

Unlt2• 

Tuff appears fissile and slightly less welded; drilling is easier. Matrix color is 
between light gray (N7) and very light brownish gray (5YR7/1). Pumice lapilli are 
larger (10 to 20 mm) and predominantly brown. 

Matrix color darkens to medium-light gray (N6). 

Installation of Thermocouple Psychrometers in Hole LGP-85-07 
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Unit 2b: Tshlrege Member of the Bendeller TuH 

The upper 5 It are weathered and loose, and predominantly brown in color. 

Possible horizontal fracture occurs at depth ol6 It 10 in.; very slight discoloration 
to brown on the surface. Tuff is moderately welded. 

Matrix color is very light gray (N8). 

Fractures extend from 9 It 6 in. to 9 It 9 in. and from 10 It 1 in. to 10 It 4 in.; both 
appear to dip approximately 45 degrees and have slight brown coloring on the 
surfaces. 
Concentrations of larger pumice lapilli may represent the boundary between 
separate flows within this unit. 
Matrix color changes to pinkish gray (5YR8/1 ). 
Tuff appears slightly fissile, butos still moderately welded. 
Possible noncoated fracture extends from 19ft to 19ft 3 in, 

Slightly less welded than above. 

Matrix color becomes very slightly pinkish, with very small. brown pumice 
lapilli, probably indicating a transitional contact with Unit 2a. 

Unll21 
Matrix color is definitely pinkish. Sanidine and Quartz are present. Approximately 
75'111 of the pumice lapilli are brown, 25% green (olive). 

Matrix color changes to light brownish gray (5YR6/1 ). 
Tuff is moderately welded. 
Near-vertical. iron-stained fracture extends from 35 It 4 in. to 36 It 4 in. 

Near-vertical, noncoated fracture extends from 40 It to 40 It 8 in. 
Slightly welded tuff. 
Unit 1b . 
Matrix color changing to very light gray (N8) to almost white (N9) at depth of 43 to 
44ft; tuH is only slightly welded. Pumice lapilli are predomonantly brown; occasoonal 
large pumoce fragments appear flattened. Sanidine crystals are abundant. 

Matrix color changes to white (N9) at depth of 52 ft. 

Pumice lapilli are still brown, but becomong larger in the interval 59 to 63ft. Lithic 
lapilli are abundant, up to •;, in. in size at depth of 59 ft. Quartz crystals are honey
colored. Slightly welded tuff is grading to moderately welded unit below. 
Near-vertical fracture, slightly iron-stained, extends from 61 to 62ft. 

Drilling becomes more difficult, and tuff is moderately welded. Lithic lapilli are 
larger. This more welded material probably represents the central portoon of the 
Unit 1 b cooling zone. Fresh glass shards were observed. 
Matnx color grades from pinkish gray (5YR8/1) to very pale orange (10YR8/2) to 
light brown (5YR6/4). 
Tuff is slightly welded. and looks like the rest of Unit1b except the color is 
becoming very orange. Lithic lapilli are still very abundant, and Quartz crystals are 
still honey-colored. 
Unll1e 
Completely nonwelded. orange-colored ash with large pumice 
lapilli. The latter are distinctively light brown or cream-colored. Only scattered lithic 
lapilli were observed, one 1 in. in size and another 1/16 in. in size. 

Matrix color is moderate orange pink (5YR8/4). 

Same as above. except dampness observed at depth of approximately 88 ft. 

Same as above, except matrix color changes to light tan (approximately 5Y811 
(yellowish gray)) and green pumice lapilli are scattered throughout. 

Figure A-8. Installation of Pore-Gas Sampling Ports in Hole LGC-85-09 
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. - _ Weathered-luff soil horizon extends to depth of 20 in. 
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!%1Jf~~l 
Tuff is moderately welded. and matrix color is light gray (N7) to very light gray 
(N8), with abundant light-gray pumice lapilli and quartz and sanidine crystals. 
Near-vertical fracture extends from 4 to 5 ft. 
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~ \- ~'' " 1, 11 

i' Tuff is moderately welded. and matrix color is very light gray (N8). 
,: .. ;~;~' "/\'.:,..-... ;;, _, 
~:~~~ Transitional contact (?) with lower flow of Unit 2b. indicated by larger (10 to 20 

mm) pumice lapilli, some of which are slightly greenish. and larger sanidine 
crystals. 

~~~;· ... ~~'~ 
.:;:~:-;~;~~ Horizontal fracture occurs at depth of 31.5 ft. 
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Matrix color lightens to light brownish gray (5YA6/1). 
Tuff is slightly welded. 
Near-vertical fracture extends from 52 to 53.5 ft. 
Pumice lapilli are larger. 

Unlt1b 
Tuff is slightly welded. 
Matrix color changes to light gray (N7) and is less welded than in the interval 49 to . 
54 ft. Pumice lapilli are smaller. and range from light brown to gray in color. 

Sparse, small lithic lapilli begin to appear. 

Drilling becoming more difficult with depth, indicating start of transition to 
moderately welded zone below; lithic lapilli still sparse and small. 

Matrix color becomes slightly pinkish, to pinkish gray (5YA8/1 ). Lithic lapilli are 
larger and more abundant. 

Tuff is moderately welded. and matrix color darkens to light brownish gray 
(5YA6/1) . 

Dark- to honey-colored quartz crystals increase in size and abundance . 

Lithic lapilli, up to 'h in. in size. become more abundant. 

Matrix color changes to moderate orange pink (5YA8/4). 

Vertical fracture extends from 94.5 to 96 ft. 

Tuff is slightly welded. Lithic lapilli up to 1 in. in size are common. 

Figure A-9. Installation of Pore-Gas Sampling Ports in Bole LGC-SS-10 
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Figure A-10. 

Deacrlpllon 

Unit 2b: Tahlrege Member of the Bandelier Tuff 
Weathered-tuff soil horizon extends to depth of 3 ft. 
Moderately welded tuff. 

Matrix color ranges from very light gray (NB) to very light brownish gray (5YR7/1), 
with light-gray pumice lapilli. Near-vertical fractures extend from 5 to 6ft and from 
6.5 to 7.5 ft. 

Quartz and chatoyant blue sanidine crystals are present. 

Iron-stained, caliche-filled fractures, dipping approximately 45 degrees. occur at 
depths of 15.5 and 17.5 ft. 

Iron-stained fracture, dipping approximately 45 degrees, occurs at depth of 20ft. 

Same as above. 

Lithologic Log of Role LGM-85-11 
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Grepllic 
Log 

DHCr1pUon 

Unll2b: Tahlreoe Member otthe Bendeller Tull 

Soil consists of weathered tuff and some till (lull). 

Matrix is light gray (N7). with common quartz and chatoyant sanidine crystals. 
Iron-stained fractures, dipping 45 degrees, occur at depths ol511, 6ft. and 6118 in. 
Pumice lapilli are medium light gray, except lor a very few which are light green. 

Same as above. 

Horozontal fractures occur at depths of 24 It 8 in., 25 11. 25 It 7 in., and 26 11. 

Pumice lapilli are gray and range from 2 to 10 mm in size. 

Tull appears only slightly welded (from surface), possibly the result of weathering 
due to the hole's proximity to the edge of the mesa. 

UniiZa . 
Tullis moderately welded and matrix color changes to pinkish gray (5YR8/1), 
Pumice lapilli are larger (10 to 20 mm) and predominantly brown. Vertical fracture, 
with roots, occurs at depth of 41 II. 

Pumice lapilli are brown and greenish-colored. 

Matrix color darkens slightly, to nearly light brownish gray (5YR6/1 ). 

Fracture, dipping approximately 45 degrees, occurs at depth ol55.6 II. Quartz 
crystals are dominant phenocrysts. 

Matrix color lightens, back to pinkish gray (5YR811 ). Lithic lapilli are small (1 to 2 
mm) and very sparse. Minor amount of sanidine crystals. 

Sanidine and quartz crystals are abundant and present in eQual amounts. 

Pumice lapilli-some brown, some green-are larger than above. 

Tullis slightly to moderately welded. Matrix color is very light gray (N8). 

Unll1b 

Tuff is slightly to mOderately welded, and matrix is becoming lighter, to a color between 
very tight gray (N8) and while (N9). Pumice tapilli range up to 30 mm in size. 

Sanidine and quartz crystals are present in approximately equal amounts. Quartz 
crystals are distinctively honey- or tan-colored. Pumice tapilli range up to 40 mm •n 
size. No lithic lapilli were observed. 

Installation of Pore-Gas Sampling Ports in Hole LLC-SS-12 
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Figure A-12. 

Oeacriptlon 

Unll 2b: Tshlrege Member ollhe Bandelier Tull 
Weathered-lull soil horizon extends to depth of 10 10. 
Matnx is light gray (N7), and tuff is weathered to a depth of 4ft. 

Tuff 1S moderately welded. 

Pumtce lapillt are 5 to 10 mm in size, and slightly darker than light gray. 

Matrix is light brownish grav (5YR6/1 ). with common sanidme. Pumtce lapilli are 
light gray and average 5 to 10 mm in SIZe. 

Near-verttcal. iron-stamed fracture occurs at depth of 22.5 ft. 

Near-verttcal. iron-stamed fracture occurs at depth of 35ft. 

Tullis slightly welded. 
Pumtce lapilli are larger (20 to 45 mm). 

Fractures, dtpping approxtmately 45 degrees. occur at depths of 42, 42.5. and 47 ft. 

Unll2a 

Matnx color is light brownish gray (5YA6!1). Quartz crystals are more abundant 
than ;n Unit 2b. Some brown pumice 1apill1 were observed. 

Core recovery ts excellent: no breaks occurred in the three 5-ft sections frnm 49 to 
64ft. Tuff is slightly more than moderately welded. 

Some large (20 to 40 mm) pumice lapilli have rims altered (?)to brown color 

Matnx color is same as above. Pumice lapilli-brown, gray, and a few green
average approx•mately 10 mm in size. Phenocrysts. averaging 3 mm tn SIZe, are 
predominantly sanidine with some quartz. 

Tuff is still moderately welded, but matrix color changes to grayish orange pink 
(5YA7/2). 

Sanidine crystals decrease in stze. 

Same as above, except pumtce lapilli average 10 rnm in size. with some as large as 
50 mm. Santdine crystals are small, and quartz was not observed. 

Matnx color changes to light gray (N7). Pumice lapilli are medium light gray and 
average 10 mm in size. 

Matrix color changes back to grayish orange pink (5YR7/2). Equal amounts of 
brown and gray pumice lapilli are present. 

Installation of Pore-Gas Sampling Ports in Dole LLC-85-13 
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Grophlc 
Log 

Deecrtption 

Unit 2b: Tahlrege Member ol the Bandelier TuH 

Tuff is moderately welded. and matrix color is light brownish gray (5YR6/1). 
Honzontal fracture occurs at depth of 1.5 ft. Pumice lapilli are small and gray. 
Quartz and sanidone crystals are small and clear. 

Matnx color changes to very light gray (N8), which probably represents the 
contact with the lower flow of Unit 2b. 

Fractures. dipping approximately 45 degrees. occur at depths of 18 It 2 in. and 19 
113 in. 

Lithic lapilli are sparse and range up to 30 mm in size. 

Matrix color changes back to light brownish gray (5YR6/1) at depth of 26 ft. 
Fractures, dipptng approximately 45 degrees, occur at depths of 25 and 28ft. 

Pumice lapilli-some brown, some gray-range in size from 10 to 40 mm. 

Drilling becomes much easier at depth of 32 It, representing the contact with the 
slightly welded base of Unit 2b. Matrix color changes to grayish orange pink 
(5YR7/2). Fracture. dipping approxomately 45 degrees, occurs at depth of 31 ft. 

IO.,;,~~~...;.;N Unit 2a 

Tuff is slightly welded. and matrix color is light brownosh gray (5YR6/1 ). 
Pumoce lapilli-some brown. some green-range in size from 10 to 30 mm. 

Tuff is slightly welded. and matrix color changes to grayish pink (5R8/2). 
Lithic lapilli are sparse and average 5 to 10 mm in size. with some up to 40 mm. 
Pumice lapilli are same as above. 

Near-vertical fractures occur at depths of 49. 52, 53, 54, and 57 ft. This may be one 
fracture, observed entering and exiting the core. 

Tuff is moderately welded. and matrix changes to a color between grayish pink 
(5R8/2) and grayish orange pink (5YR7/2). Pumice lapilli are predominantly brown, 
and average 10 to 40 mm in size. Lithic lapilli are still sparse, but larger (20 to 40 
mm). 

Matrix color changes to grayish orange pink (5YR7/2): otherwise same as above 
except fewer lithic lapilli. 

Same as above, except lithic lapilli are more abundant. 

Same as above, except no lithic lapilli were observed. 
Tuff is slightly welded. Matrix color lightens to grayish pink (5R8/2). Pumice 
lapilli-brown and green-are larger (20 to 50 mm). Sanidine and quartz crystals 
are very small and clear. 

Unlt1b 

Tuff is slightly welded. Matrix color changes to light gray (N7). Brown pumice 
lapilli are smaller (10 to 25 mm). Lithic lapilli and quartz crystals are common, the 
latter ranging up to 3 mm in size. Near-vertical fractures occur at depths of 85, 88, 
and 89ft. 

Same as above, except quartz crystals are larger (4 mm) and more abundant. 

Figure A-13. Installation of Pore-Gas Sampling Ports in Hole LLC-85-14 
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Dncrtptton 

Unit 2b: Tahlr•v• Memb•r of the B•ndeller TuH 

Soil layer extends to depth of approximately 4 in. TuH is moderately welded, and 
matrix color is very light gray (NS) to grayish pink (5R8/2). Pumice lapilli are small 
and light gray. Claar quartz and sanidine crystals, less than 1 mm in size, are 
common. High-angle, iron-stained fractures, with caliche infill, occur at depths of 1 
and 5ft. 

Same as above, except matrix color changes to very light gray (N8). 

Same as above, except matrix color changes to light brownish gray (5YR6/1 ). 

Same as above. except pumice lapilli are larger (up to 10 mm). 

Tuff is moderately welded, and matrix color grades to grayish pink (5R8/2). 
Pumice lapilli-most gray, but some brown-range in size from 10 to 40 mm. 

Low-angle fracture occurs at depth of 31 II 10 in. 
Same as above, except tuff is slightly welded. 

Unll28 

Tuff is slightly welded, and matrix color still grayish pink (SRS/2). Pumice 
lapilli-most brown,"but some green (olive)-range in size from approxomately 10 to 
50mm. 

High-angle fracture occurs at depth of 47.5 ft. 

Tuff is moderately welded. and matrix color grades to pale red (5R6/2). 

Same as above, except matrix color changes to grayish pink (5R8/2). 
High-angle fracture occurs at depth of 51 116 in. Pumoce lapilli become larger. 
some up to 60 mm. 

Matrix color grades back to grayish pink (5R6/2). Pumice lapllli become smaller, 
rangong in size from 5to 15 mm. 

High-angle fracture occurs at depth of 67 ft. 

Same as above, except sparse lithic lapilli are present. 

High-angle fracture occurs at depth of 77 fl. 

Tuff is slightly to moderately welded. 

Unll1b 

Tuff ia slightly to moderately welded. Matrix color changes to pinkish gray 
(5YR8/1). Pumice lapilli are predominantly brown and range from 10 to 20 mm In 
size. Quartz crystals, up to 4 mm in size, are abundant. Lithic lapilli are more 
abundant than above, ranging in size from 5 to 15 mm. 

Pumice lapilll increase in size to 30 mm. 

Same as above, except matrix color changes to very light gray (NS). 

Pumice lapilli increase in size to 50 mm. 

Installation of Pore-Gas Sampling Ports in Bole LLC-85-15 
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Tuff is moderately welded, and matrix color is grayish pink (5R8/2). Pumice lapilli 
are light gray and range up to 10 mm in size. Quartz and sanidine crystals range up 
to 4 mm in size. Near-vertical fractures occur at 3 It and from 6 to 7ft. 

Same as above. 

Figure A-15. Installation of Pore-Gas Sampling Ports in llole LLC-85-16 
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Soil and weathered tuff extend to approximately 3ft. 

Tuff is moderately welded, and matrix color is light gray (N7). Pumice lapilli are 
gray and range in size from 5 to 10 mm. Quartz and sanidine crystals, less than 1 

mm in size, are abundant. 

Same as above. Altered, high-angle fracture, with silt infill and roots, occurs at 
depth of 11 ft 2. in. 

~-~,~-~ Matrix color is grayish pink (5R8/2) and pumice lapilli are larger (up to 30 mm), 
representing transition to lower flow of Unit 2b. Quartz and sanidine crystals same 
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Figure A-16. 

as above. 

Same as above, except sparse lithic lapllli are present and quartz and sanidine 
crystals increase in size to 3 mm. 

High-angle fracture extends from 27 to 28.5 ft. 
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Same as above, except matrix color changes to light brown (5YR6/4). 

High-angle fracture extends from 122 to 123 ft. 

Tuff is slightly welded, and matrix color changes to moderate orange pink (5YR8/4). 
Pumice lapilli are grayish orange (similar to those in Unit 1 a) and range up to 50 mm 
in size. Rest of matrix is similar to above. 

Occasional greenish pumice lapilli are present. 

Completely nonwelded ash, moderate orange pink (5YR8/4) in color. Large 
grayish-orange (10YR7/4) pumice lapilli are abundant. Lithic lapilli range up to 50 
mm in size. 

Lithologic Log of Hole LLC-85-17 
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Oeecrlptlon 

Pumoce lapilli are larger. which may indocate transition to lower flow of Unit 2b. 

Same as above. except Quartz and sanadine crystals oncrease on soze to 3 mm. 

Unit 2a 
Tuff is slightly to moderately welded. Matrix color is still pale red (5R6/2). Quartz 
crystals· are larger (up to 3 mm). Pumice lapolli change from gray to brown and 
green. 

Same as above, except sparse lithic lapilli, 5 to 10 mm in size. are present. 

No core was recovered for the interval 64 to 74ft. 

High-angle fracture extends from 78 to 79ft. 

Unit 1b 
Tuff is slightly welded. Matrix color changes to light gray (N7) at depth of 79ft. 
and to very light gray (N8) at depth of 84ft. Pumice lapilli are predomonently brown. 
Lithic lapilli are sparse. 

Lithologic Log of Hole LLC-85-18 
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A total of 27 drill-core samples from the Tshirege Jtember of the Bandelier 
~uff were submitted to the Bendix Petrology Laboratory for petrographic 

!racterization. Nine samples were from Unit 2b, four from Unit 2a, eight 
.,·om Unit lb, two from Unit la, and four were lithic lapilli from various 
tnits. Analytical procedures and results are described below. 

The samples as received consisted of sections of S-cm-diameter drill core. 
from these samples, portions were removed using a core splitter for polished 
thin-section preparation. The samples were impregnated with blue-colored 
epoxy to emphasize the porosity in the thin sections.• Each thin section, 
with the exception of the nonwelded samples from Unit la, was subjected to 
point-count analysis (300 counts) to determine mineral and component 
abundance. Tuffaceous rocks were named according to the classification of 
Cook (1965). As shown in Figure B-1, the rocks from this study plot in the 
following fields: II (lithic-crystal tuff), III (lithic-vitric), IV (crystal
lithic), V (vitric-lithic), VII (crystal-vitric), and VIII (vitric-crystal). 

The optical identifications of major and minor minerals, especially devitrifi
ution products, were confirmed using X-ray diffraction (XRD). The clay-sized 
fractions were separated from fracture coatings in Samples MCG-629, -630, 
•643, -644, and -648. These clay-sized separates were smeared or sedimented 
onto glass slides and analyzed in four different states: air-dried, 
alycolated, heated to 330°C, and heated to SS0°C. 

The compositional modifiers to tuffaceous rock names are based on the bulk XRD 
data. These modifiers were assigned according to the classification of 
••reckeisen (1967) • 

. crographic descriptions of the samples are.presented on the pages following 
figure B-1. They are presented in consecutive order by sample number, 
although the drill-hole number, depth of the sample, and geologic unit are 
also identified near the top of the page. The volume percent of each mineral 
component is given, together with the petrographic description. Phenocrysts 
end groundmass are further subdivided into individual components, and these 
enbcomponents are followed by a number in parentheses which indicates their 
•olume percentage of the main component. The petrographic descriptions were 
taken from a report entitled Petrography of the Tshirege Member of the 
ltndelier Tuff. Mesita del Buey. Los Alamos County, New Mexico (Fukui, 1985). 

~ere is considerable discrepancy between porosity measured in thin 
eection and that determined by means of helium injection (cf. Section 3.1.2). 
ne significantly lower porosity determined in thin section is due to the fact 
··~t most of the thin sections were cut parallel to the core axis (parallel to 

direction of flattening), resulting in erroneous extrapolation based on 
.~e cross section of the gas tubes rather than on their true shape. 
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Figure B-1. Classification of Cook (1965) Used to Name Tuffaceous Rocks 
in This Study on the Basis of the Normalized Vitric 
(including pumice), Crystal, and Lithic Components Determined· 
from the Modal Analysis 
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TRIC 

:UNL VAPOR 'IRANSPORT STUDY 
IIDUEST NO.: 402553 
t'ROJECI' NO.: 6L0001000 

SAMPLE NO.: MCG-550 
DRILL HOLE LLM-SS-17 
DRILL HOLE DEPTH (FT): 

UNIT lB (LITHIC) 
118 

PIIENOCRYST RATIO ( Q/K/P) : 1/6.67/0.33 DEGREE OF WELDING: Dense 
POROSITY (VOL ~): 10 OXIDATION STATE OF Fe-Ti OXIDES: C3-C4 

lOCK NAME: Rhyolitic Vitric Tuff 

~ DESCRIPTION IN THIN SECTION: Densely welded glass with lithophysae 
filled by sanidine, tridymite, opaques, and late-stage alpha quartz. A 
few fine- to medium-grained phenocrysts are present. 

IJNERAL COMPONENT 

Groundmass 

tapor-Phase Minerals 

Sanidine 

Tridymite 

Alpha Quartz 

Opaques 

Pore Space 

Phenocrysts 

Sanidine 

Alpha Quartz 

Plagioclase 

Opaques 

VOL. ~ 

60 

28 

(73) 

(18) 

(5) 

(4) 

10 

2 

( 83) 

(13) 

(4) 

(tr) 

COMMENTS 

Densely welded glass with well-developed 
spherulitic devitrification. Glass is 
brown in part. 

Porous, microcrystalline linings of 
lithophysae. 

Fine grained, euhedral. Partially fills 
interiors of lithophysae. Wedge-shaped 
twins are common. 

Fine grained, anhedral. Late-stage 
filling of lithophysae. 

Fine grained, anhedral. Associated with 
sanidine stage of lithophysae filling. 
Magnetite/ilmenite altering to hematite. 

Associated with vapor-phase 
crystallites. 

Fine to medium grained, euhedral to 
anhedral. 

Fine to medium grained, anhedral to 
euhedral. Embayed grains are present. 

Fine to medium grained, subhedral. 

Fine grained, anhedral to subhedral. 
Magnetite intergrown with ilmenite. 
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LANL VAPOR TRANSPORT S'IUDY 
REQUEST NO.: 402553 
PROJECT NO. : 6L0001 000 

SAMPLE NO.: MCG-601 
DRILL HOLE LUI-85-17 
DRD...L HOLE DEPTH (FI'): 

UNIT 1 B ( LITI!l c 

128 

POROSITY (VOL%): 1 OXIDATION STATE OF Fe-Ti OXIDES: C4 

ROCK NAME: Hornblende Basalt Porphyry 

" " 

GENERAL DESCRIPTION IN THIN SECTION: Fine- to medium-grained phenocrysts in • ~ 

hyalopilitic groundmass. Glomeroporphyritic. 

MINERAL COMPONENT VOL. ~ 

Phenocrysts 32 

Plagioclase (61) 

Hornblende(?) (20) 

Biotite (7) 

Pyroxene ( 6) 

Opaques (5) 

Olivine (tr) 

Groundmass 68 

Plagioclase (94) 

Opaques (2) 

Glass (1.5) 

Pore Space (1. 5) 

Biotite (1) 

commNTS 

Fine to medium grained, euhedral. 
Oscillatory zoning. Andesine. Embayod 
grains. 

Fine to medium grained, euhedral. 
Totally replaced by hematite and 
chlorite. 

Fine to medium grained, euhedral to 
subhedral. Partial replacement by 
hematite. 

Fine to medium grained, euhedral to 
subhedral. Hypersthene. Partial 
replacement by chlorite/serpentine. 

Fine grained, euhedral to subhedral. 
Magnetite with exsolved ilmenite; 
magnetite is oxidizing to hematite. 

Medium grained, anhedral. Totally 
oxidized to hypersthene and magnetite. 

Hyalopili tic. 

Felty laths. 

Magnetite oxidizing to hematite. 

Brown-colored. 

Microvugs in groundmass(?). 

Altered to chlorite and hematite. 

B-6 
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:uNL VAPOR TRANSPORT SlUDY 
( Y -""'IICJ: .. QUEST NO. : 402SS3 

'ttcOJECT NO.: 61.0001000 

C4 
"lf:NOCRYST RATIO (Q}K./P): 

'fUROSITY (VOL ._.) : 23 

SAMPLE NO. : M CG-6 26 
DRILL HOLE LUI-SS-01 
DRILL BOLE DEPTH (Fl'): 

UNIT 2B 
30 

1/2.26/0 DEGREE OF WELDING: Slight to Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C4 

lOCK NAME: Rhyolitic Crystal-Vitric Tuff 

rsts in eii'NERAL DESCRIPI'ION IN 'IHIN SECI'ION: Fine- to medium-grained phenocrysts 
(crystals) in a slightly to moderately welded glass groundmass. Intact 
glass bubble walls and Y-shaped shards are present. 

Embayed 

to 
by 

to 
1 
ne. 

ral. 

te. 

ly 
etite. 

IJN¥R.Al. COMPONENT 

troundmass 

Glass 

Pumice 

'henocrysts 

Sanidine 

Quartz 

Opaques 

Amphibole(?) 

Plagioclase 

Biotite 

tore Space 

lithic Fragments 

Jeolite 

VOL • ., 

44 

(66) 

(34) 

27 

(64) 

(28) 

(S) 

(3) 

(tr) 

(tr) 

23 

s 

1 

COMltfENTS 

Incipient axiolitic devitrification. 

Up to 2.S9 mm. Replaced/mineralized by 
sanidine and tridymite. Phenocryst 
ratio (Q/K) = 1/3. 

Fine to medium grained, anhedral to 
subhedral. 

Fine to medium grained, anhedral to 
subhedral. 

Fine-grained, euhedral to subhedral. 
Ilmenite/magnetite altering to hematite. 

Fine grained, anhedral to subhedral. 
Lamprobolite, partially altered, with 
opaque rims. 

Fine to medium grained, anhedral. 
Accidental crystal. 

Fine grained, anhedral to subhedral. 

Up to 10.4 mm. Consisting of an 
andesite, a rock similar to the host. 
and a plagioclase-sanidine fragment. 

Very fine grained, euhedral. 
phase is probably analcime. 
pore space. 

B-7 
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LANL VAPOR TRANSPORT S1UDY 
REQUEST NO.: 402553 
PROJECT NO. : 6L0001000 

PHENOCRYST RATIO ( Q/K/P) : 
POROSITY (VOL~): 13 

WIPLE NO. : MCG-627 
DRILL BOLE LLM-85-01 
DRILL BOLE DEPTH (FT).: 

UNIT 2A 
52 

1/1.79/0 DEGREE OF WELDING: Slight to Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C2 

ROCK NAME: Rhyolitic Crystal-Vitric Tuff 

GENERAL DESCRIPTION IN 1liiN SECI'ION: Fine- to medium-grained phenocrysts h t 
groundmass that exhibits slight to moderate welding. Pumice fragments 
are generally coarser than those in Sample MCG-626 and the quartz 
phenocrysts are more embayed. 

MINERAL COMPONENT 

Groundmass 

Pumice 

Glass 

Phenocrysts 

Sanidine 

Quartz 

Opaques 

Pyroxene 

Pore Space 

Lithic Fragments 

Unknown Component 

VOL. ~ 

62 

(53) 

(47) 

23 

(62) 

(34) 

(3) 

(1) 

13 

2 

tr 

COMMENTS 

.Up to 13.9 mm. Replaced/mineralized b7 
sanidine and tridymite. Phenocryst 
ratio (Q/K): 1/3. Some fragments 
altering to clay. 

Incipient axiolitic devitrification. 

Fine to medium grained, subhedral to 
anhedral. 

Fine to medium grained, subhedral to 
euhedral. Some grains are embayed. 

Fine grained, euhedral to subhedral. 
Magnetite with exsolved ilmenite. 

Fine grained, anhedral to euhedral. 
Augite. 

Up to 2.64 mm. Includes crystal-vitri 
tuffs with clay replacing the glass; 
strongly welded. 

Rounded grain, 0.56 mm in longest axis 
consisting of a thin rim of magnetite 
with randomly oriented clay (chlorite? 
flakes and epidote or pyroxene grains. 
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rate 
C2 

U'lL VAPOR TRANSPORT STUDY 
HllllEST NO.: 402553 
n·nJ Ecr NO.: 6L0001000 

"tENOCRYST RATIO (Q/K/P): 
,.,ROSITY (VOL ., ) : 18 

SAMPLE NO. : MCG-628 
DRILL HOLE LLM-85-01 
DRILL HOLE DEPTH (FT): 

UNIT lB 
101 

1/2.25/0.06 DEGREE OF WELDING: Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C2 

,,,CK NAME: Rhyolitic Vitric-Lithic Tuff 

ts in ,ttNERAL DESCRIPTION IN THIN SECTION: Fine- to medium-grained phenocrysts in a 
ents moderately welded groundmass with incipient axiolitic devitrification. 

This sample contains more lithic fragments than Sample MCG-626 (Unit 2b) 
or Sample MCG-627 (Unit 2a). 

II~ ERAL COMPONENT 

tr nundmass 

ted by Glass 
st 

Pumice 
:>n. 

to l'l:cnocrysts 

Sanidine 
to 

d. 
Quartz 

al. 

Plagioclase 
l. 

Opaques 

vitric 
s s; Pyroxene 

axis, tore Space 
tite 
rite?) I 1 thic Fragments 
a ins. 

VOL • ., 

56 

. (51) 

(49) 

18 

(66) 

(30) 

(2) 

( 2) 

(tr) 

18 

8 

·continued on next page) 

COMMENTS 

Incipient axiolitic devitrification. 
Intact bubble walls and Y-shaped shards 
are present. 

Up to 8.89 mm. Spherulitic devitrifica
tion (rather than replaced by sanidine 
and tridymite as in Samples MCG-626 and 
-627). Phenocryst ratio (Q/K) = 1/3.67. ~ 

Fine to medium grained, anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. Some grains are embayed. 

Medium grained, subhedral. Associated 
with pyroxene and magnetite-ilmenite. 
Zoned grain. 

Fine grained, anhedral to euhedral. 
Magnetite with exsolved ilmenite. 

Fine grained, anhedral. One grain is 
coated by celadonite. 

Up to 17.0 mm. Largest fragment is a 
thoroughly welded, crystal-vitric tuff. 
Other tuffs are altered to clay; 
basalts/andesites are present. 
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LANL VAPOR TRANSPORT STUDY 
REQUEST NO.: 402SS3 
PROJECI' NO.: 6L0001000 

MINERAL COMPONENT VOL. ~ 

Unknown Component tr 

SAMPLE NO.: MCG-628 (continued) 
DRILL BOLE LLM-85-01 UNIT 1B 
DRILL BOLE DEPTH (FT~: 101 

COMMENTS 

Rounded grain, 0.62 mm in longest axis, 
consisting of clay (chlorite?) flakes it 
random orientation and magnetite with 
exsolved ilmenite. Magnetite is 
altering to hematite. Grain could be 11 

altered mafic. 
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J.ANL VAPOR 'IRANSPORT S1UDY 
~UEST NO.: 402553 
,.OJECT NO. : 6L0001 000 

SAMPLE NO.: MCG-629 
DRILL BOLE LLM-85-01 
DRILL BOLE DEPTH (FI') : 

UNIT 1B 
122 

"IFNOCRYST RATIO (QJK/P): 
fOROSITY (VOL IJI): 12 

1/0.75/0 DEGREE OF WELDING: Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C2-C3 

lOCK NAME: Rhyolitic Vitric-Lithic Tuff 

tt~ERAL DESCRIPTION IN THIN SECTION: Fine- to medium-grained phenocrysts in a 
moderately welded groundmass. Most shards show incipient alteration to 
clay. This sample is similar to MCG-628 except for the lack of 
significant devitrification of glass shards. 

llNERAL COMPONENT VOL. IJI 

lronndmass 55 

Glass (63) 

Pumice (37) 

COMMENTS 

Shards are a mottled-brown color; this 
may be incipient alteration to clay. 
Intact bubble walls and Y-shaped shards 
are pre sent. 

Up to 10.0 mm. Spherulitic devitrifica-
tion. Phenocryst ratio (Q/K) = 1/4.25. -~--
One pumice fragment contains a pyroxene ~ 
phenocryst. I J Phnocryst 22 

I Quartz 
~~ 
.l 
) 

~ 
t Sanidine 

I ; Opaques 

I Pyroxene 
~ 
f ,, 
f 
f fure Space 
f 

ll thic Fragments 

(54) 

(41) 

(5) 

(tr) 

12 

11 

Fine to medium grained, anhedral to 
euhedral. Most grains are embayed. 

Fine to medium grained, subhedral to 
euhedral. 

Fine grained, anhedral to euhedral. 
Magnetite with exsolved ilmenite. 

Fine grained, anhedral to euhedral. 
Usually associated with opaques. 

Up to 5.70 mm. Several thoroughly 
_welded vitric-crystal tuffs with 
spherulitic devitrification are present. 
Also present are andesitic crystal
vitric tuffs that are moderately welded. 
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LANL VAPOR TRANSPORT SlUDY 
REQUEST NO. : 402553 
PROJECI' NO. : 6L0001000 

PHENOCRYST RATIO (QJK/P): 
POROSITY (VOL~): 16 

SAMPLE NO.: MCG-630 
DRILL HOLE LLM-85-02 
DRILL HOLE DEPTH (FI'): 

UNIT 2B 
37 

1/2.24/0.06 DEGREE OF WELDING: Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C2 

ROCK NAJffi: Rhyolitic Vitric-Lithic Tuff 

GENERAL DESCR.IPI'ION IN THIN SECTION: Fine- to medium-grained phenocrysts i 

moderately welded groundmass. Shards show incipient axiolitic 
devitrification and clay coatings. Pumice fragments are mostly replac 
by sanidine and tridymite as in S~ples MCG-626 and -627. 

MINERAL COMPONENT VOL. ~ 

Groundmass so 

Glass (77) 

Pumice (23) 

Phenocrysts 19 

Sanidine (66) 

Quartz (30) 

Plagioclase ( 2) 

Opaques (2) 

Pyroxene (tr) 

Amphibole (tr) 

Zircon (tr) 

Pore Space 16 

Lithic Fragments 14 

(continued on next page) 

COMMENTS 

Incipient axiolitic devitrification; 
glass is coated by clay. Y-shaped 
shards are present. 

Up to 8.74 mm. Replaced/mineralized 
sanidine and tridymite. Phenocryst 
ratio (Q/K) = 1/4. 

Fine to medium grained, anhedral to 
euhedral. Some grains are embayed. 

Fine to medium grained, anhedral to 
euhedral. Some grains are embayed. 

Fine grained, subhedral. 

Fine grained, anhedral to euhedral. 
Magnetite with exsolved ilmenite. 

Fine grained, anhedral to subhedral. 

Fine grained, anhedral. 

Fine grained, euhedral. 

Up to 15.8 mm. Several strongly wel 
crystal-vitric tuffs with little or 
devitrification of glass. 
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l•ANL VAPOR TRANSPORT SIUDY 
1~UEST NO.: 402SS3 
jfiOJECT NO.: 6L0001000 

C2 JWI~RAL COMPONENT VOL. Ill 

1 J• o 1 i t e ( 7 ) 

y-sts in, 

replaced a.l.nown Component 

tion; 
?ed 

l ized by 
~yst 

. to 
•ed • 

. to 
·ed. 

·al. 
: . 
. ral. 

welded, 
or no 

tr 

tr 

SAMPLE NO.: MCG-630 (continued) 
DRILL HOLE LLM-85-02 UNIT 2B 
DRILL HOLE DEPTH (Fl'): 37 

COMMENTS 

Very fine grained, euhedral (radial 
acicular). Occupies pore space; too 
small for optical identification. 

Euhedral grain shape (pyroxene?), 
O.Sl mm, at edge of thin section; 
consists of thin rim of magnetite and 
randomly oriented flakes of clay 
(chlorite?). 
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LANL VAPOR TRANSPORT S1UDY 
REQUEST NO.: 402SS3 
PROJECT NO.: 6L0001000 

SAMPLE NO. : MCG-631 
DRILL BOLE LIJrSS-02 
DRILL BOLE DEPTH (FT).: 

UNIT 2A 
64 

PHENOCRYST RATIO ( Q/K/P) : 1/1.45/0 DEGREE OF WELDING: Moderate 
POROSITY (VOL~): 23 OliDATION STATE OF Fe-Ti OliDES: C2-C3 

ROCK NAJm: Rhyolitic Crystal-Vitric Tuff 

GENERAL DESCRIPTION IN THIN SECTION: 
moderately welded groundmass. 
sanidine and tridymite. 

MINERAL COMPONENT VOL • ., 

Groundmass 49 

Glass ( 76) 

Pumice (24) 

Phenocrysts 26 

Sanidine (58) 

Quartz (40) 

Opaques (1) 

Pyroxene ( 1) 

Plagioclase (tr) 

Amphibole (tr) 

Zircon (tr) 

Pore Space 23 

(continued on next page) 

Fine- to medium-grained phenocrysts in 1 

Pumice fragments are mostly replaced by 

commNTS 

Incipient axiolitic devitrification. 
Intact bubble walls and Y-shaped sharda 
are present. 

Up to 7.26 mm. Replaced/mineralized by 
sanidine and tridymite. Phenocryst 
ratio (Q/K) ~ 1/4. 

Fine to medium grained~ anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. Same grains are embayed. 

Fine grained, anhedral to euhedral. 
Magnetite-ilmenite intergrowths 
(exsol uti on). 

Fine grained, subhedral to euhedral. 
Usually associated with opaques. 

Fine grained, euhedral. 

Fine grained, anhedral to euhedral. 

Very fine grained, euhedral. 
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a VAPOR TRANSPORT S'IUDY 
mEST NO. : 402553 
OJECT NO. : 610001000 

ES: C2-C3!ERAL COMPONENT VOL. IJb 

)crysts iD 
?laced by 

thic Fragments 

_________ olite(?) 

. cation • 

. ped shard~ 

ral ized b~ 
.ocryst 

ra.a. ~-' 

ral to 
bayed. 

edral. 
lu 

iedral. 

1 

1 

SAMPLE NO.: MCG-631 (continued) 
DRILL HOLE LUt-85-02 UNIT 2A 
DRILL HOLE DEPTH (FT): 64 

COMMENTS 

Largest grain was on a corner of the 
thin section; grain is larger than 
5.56 mm. Present are densely welded, 
partly devitrified vitric tuff; flow
banded rock; andesites; and other lithic 
types. 

Very fine grained, subhedral. Occurs in 
pore space • 
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LANL VAPOR TRANSPORT SlUDY 
REQUEST NO. : 402553 
PROJECT NO.: 6L0001000 

SAMPLE NO.: MCG-632 
DRILL BOLE LLM-85-02 UNIT 2A (1B) 
DRll..L BOLE DEPTH (Fi') :· 74 

PHENOCRYST RATIO (Q/K/P): 1/1.07/0 DEGREE OF WELDING: Moderate 
POROSITY (VOL%): 21 onDATION STATE OF Fe-Ti on DES: C3-\·1 

ROCK NAME: Rhyolitic Lithic-Crystal Tuff 

GENERAL DESCRIPTION IN 'IBIN SECI'ION: 
moderately welded groundmass. 
:MCG-628 and -629 (Unit 1b). 

MINERAL COMPONENT VOL. % 

Groundmass 38 

Glass (64) 

Pmni ce (36) 

Phenocrysts. 21 

Sanidine (49) 

Quartz (46) 

Opaques (5) 

Plagioclase (tr) 

Pyroxene (tr) 

Amphibole (tr) 

Pore Space 21 

(continued on next page) 

Fine- to medium-grained phenocrysts i '' · 

Pmnice fragments resemble those in Sam"!' 

COMMENTS 

Incipient axiolitic devitrification. 
Intact bubble walls and Y-shaped sha :d' 

are present. 

Up to 5.85 mm. Spherulitic devitrif;~· 
tion. Phenocryst ratio (Q/K) == 1/3.:':t 
Pyroxene phenocrysts are present. S··mr 
mineralization by tridymite or a 
zeolite. 

Fine to medium grained, anhed:al to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. Some grains are embayed. 

Fine grained, anhedral to euhedral. 
Intergrown magnetite, ilmenite, and 
hematite. 

Fine to medium grained, subhedral to 
euhedral. 

Fine grained, anhedral to euhedral. 

Fine to medium grained, anhedral to 
euhedral. 
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v.NL VAPOR TRANSPORT S'llJDY 
lf.OUEST NO.: 402553 
rtiOJECT NO. : 6L0001000 

llNERAL COMPONENT VOL. ~ 

Ll thic Fragments 20 

hknown Component tr 

SAMPLE NO.: MCG-632 (continued) 
DRILL BOLE LLM-85-Q2 UNIT 2A (1B) 
DRILL BOLE DEPIH (Ff): 74 

COM:&fENTS 

Up to 13.2 mm. Two large lithics frag
ments are strongly welded, crystal
vitric tuffs. Another large lithic is 
densely welded with totally devitrified 
glass. Andesites are also present. 

Euhedral to subhedral grain shape, 
0.54 mm, associated with sanidine and 
opaque grains in a glomerophenocryst. 
Grain has a thin, discontinuous rim of 
hematite with flakes of randomly 
oriented clay (chlorite?) and a grain of 
magnetite with exsolved ilmenite. 
Magnetite is altering to hematite. 
Grain also contains some remnant(?) 
pyroxene. 
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LANL VAPOR TRANSPORT SlUDY 
REQUEST NO. : 402553 
PROJEcr NO.: 6L0001000 

PH:ENOCRYST RATIO (OJK/P): 
POROSITY (VOL Ill): 16 

SAMPLE NO. : MCG-633 
DRILL HOLE LLM-85-02 UNIT 1B 
DRILL HOLE DEPTH (FI'): . 111 

1/0.95/0 DEGREE OF WELDING: Moderate 
OllDATION STATE OF Fe-Ti OllDES: C2-C3 

ROCK NAME: Rhyolitic Lithic-Vitric Tuff 

GENERAL DESCRIPI'ION IN miN SECTION: Fine- to medilun-grained phenocrysts in • 
moderately welded groundmass containing some brown glass. Large lithi( 
fragments are present. 

MINERAL COMPON:ENT 

Groundmass 

Glass 

Pumice 

Lithic Fragments 

Pore Space 

Phenocrysts 

Quartz 

Sanidine 

Opaques 

Plagioclase 

Pyroxene 

VOL. Ill 

41 

(61) 

(39) 

30 

16 

13 

(49) 

( 46) 

( 5) 

(tr) 

(tr) 

COIDIENTS 

Incipient axiolitic 
Mottled brown glass 
alteration to clay. 
and Y-shaped shards 

dev i tr ifica tion. 
may indicate 

Intact bubble wal I • 
are present. 

Up to 9.11 mm. Spherulitic 
devitrification. Mineralization by ~ 

fibrous phase (zeolite?). Phenocryst 
ratio (Q/K) = 3/1. 

Up to 29.3 mm. Two major types: 
strongly welded, crystal-vitric tuff 
partially altered to clay, and a denseh 
welded, vitric-crystal tuff that is 
totally devitrified. 

Fine to medium grained, anhedral to 
euhedral. Resorption features are 
common. 

Fine to medium grained, anhedral to 
euhedral. Some embayments are present. 

Fine grained, anhedral to euhedral. 
Magnetite and ilmenite ~~tergrowths. 

Fine grained, subhedral to euhedral. 
Zoned grains are present. 

Fine grained, anhedral. Associated wi tl 
opaques. 
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~ VAPOR 'IlUNSPORT STUDY 
)EST NO. : 402553 
rECT NO.: 6L0001000 

SAMPLE NO. : MCG-634 
DRTI.L HOLE LI.Jf-85-06 
DRTI.L HOLE DEPTH (FI'): 

UNIT 2B 
30 

te fOCRYST RATIO (Q/K/P): 1/1.20/0 DEGREE OF WELDING: Moderate 
ES: C2-QSITY (VOL Ill): 25 OllDATION STATE OF Fe-Ti OllDES: C3 

t NAME: Rhyolitic Crystal-Vitric Tuff 

>crysts i!RAL DESCRIPI'ION IN lliiN SECI'ION: 
~ge lithi· moderately welded groundmass. 

cation. 
ate 
nbble wal 

(RAL COMPONENT 

tmdmass 

Glass 

nt. Pumice 

lon by a 
'nocryst 

IS: 

.c tuff mocrysts 
l a dense 
.at is Sanidine 

al to 
are 

ll to 

Quartz 

Opaques 

Plagioclase 

present Biotite 

lral. Pyroxene 
>Wths. 

Amphibole 

re Space 

at 

VOL. " 

45 

(84) 

(16) 

26 

(53) 

(44) 

(3) 

(tr) 

(tr) 

(tr) 

( tr) 

25 

Fine- to medium-grained phenocrysts in a 
Shards show axiolitic devitrification. 

COMMENTS 

Axiolitic devitrification. Intact 
bubble walls and Y-shaped shards are 
present. 

Up to 8.15 mm. TWo types are present: 
fragments replaced by sanidine and 
tridymite with quartz phenocrysts 
(dominant type), and andesitic fragments 
with plagioclase and amphibole 
phenocrysts and mineralization by 
tridymite. 

Fine to medium grained, anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. Embayments are present. 

Fine grained, anhedral to euhedral. 
Magnetite and ilmenite intergrowths. 

Fine grained, euhedral to subhedral. 
Zoned grains are present. 

Fine grained, anhedral. 

Fine grained, anhedral to subhedral. 

Fine grained, anhedral. 
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LANL VAPOR TRANSPORT S1UDY 
REQUEST NO.: 402553 
PROJECI' NO.: 6L0001000 

MINERAL COMPONENT VOL. 4fo 

Lithic Fragments 3 

Tridymite tr 

SAMPLE NO.: MCG-634 (continued) 
DRILL HOLE LLM-85-06 UNIT 2B 
DRILL HOLE DEPTU (FI'): 30 

COMMENTS 

Up to 1.41 mm. Two types are prest 
densely welded, lithic tuff with 
spherulitic devitrification (see S1 
MCG-SSO and -645) and a strongly we 
vitric tuff which is devitrified. 

Occurs in pore spaces. Fine grainc 
euhedral. 
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l. VAPOR TRANSPORT S'IUDY 
~EST NO.: 402553 
aECI' NO.: 6L0001000 

tiOCRYST RATIO ( 0/K/P) : 
------lll>SITY (VOL.,): 19 

SAMPLE NO.: MCG-635 
DRILL HOLE LLM-85-06 
DRILL HOLE DEPTH ( FT) : 

UNIT2A 
so 

1/1.22/0.07 DEGREE OF WELDING: Slight to Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C3 

are present~ NAME: Rhyolitic Lithic-Crystal Tuff 
f with 
n (see Sampf~AL DESCRIPTION IN THIN SECTION: Fine- to medium-grained phenocrysts in a 
rongly welde slightly to moderately welded groundmass. 
rified. 

ne grained, U·:RAL COMPONENT VOL • ., COMMENTS 

tundmass 

Glass (61) 

Pumice (39) 

enocrysts 

Sanidine (50) 

Quartz (41) 

Opaques (4. 5) 

Plagioclase ( 3) 

Pyroxene (1.5) 

l thic Fragments 

~re Space 

continued on next page) 

36 

22 

22 

19 

Incipient axiolitic devitrification. 
Intact bubble walls and Y-shaped shards 
are present. 

Up to 5.70 mm. Axiolitic 
devitrification and some replacement by 
sanidine and tridymite. Only quartz 
phenocrysts are present. 

Fine to medium grained, anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. Resorption features are 
common. 

Fine grained, anhedral to euhedral. 
Magnetite and ilmenite intergrowths. 

Fine grained, subhedral to euhedral. 
Zoned grains are present. 

Fine grained, euhedral to subhedral. 
Associated with opaques. 

Up to 19.3 mm. Predominant type of 
lithic is a strongly welded, crystal
vitric tuff containing pumice fragments 
from Unit lb. Another type has a spongy 
lithology consisting of sanidine 
crystals. 
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LANL VAFOR TRANSPORT S1UDY 
REQUEST NO.: 402SS3 
PROJECI' NO.: 61..0001000 

MINERAL COMPONENT VOL. " 

Tridymite 1 

Unknown Component tr 

SMIPLE NO.: M00-635 (continued) 
DRILL BOLE LLM-85-06 UNIT 2A 
DRILL BCLE DEPTH (FT):. SO 

COMMENTS 

Fine grained, euhedral. Occurs in 
pores. 

Rounded grains, 0.54 and 0.91 mm, 
consisting of a discontinuous rim of 
hematite and magnetite with exsolved 
ilmenite. Some rutile is associated 
with grains of magnetite; magnetite is 
altering to hematite. The interiors of 
these rounded grains contain randomly 
oriented clay (chlorite?) flakes and 
epidote or pyroxene. 
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l»a VAPOR TRANSPORT S'IUDY 
.DUEST NO.: 402553 
,.OJECT NO.: 6L0001000 

ttlFNOCRYST RATIO (Q/K/P): 
----JlROSITY (VOL ._,): 26 

SAMPLE NO.: MCG-636 
DRILL HOLE LLM-85-06 
DRILL HOLE DEPTH (FI'): 

UNIT 1B 
99 

1/1.53/0 DEGREE OF WELDING: Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C1-C2 

in .,cr NAJIE: Rhyolitic Vitric-Crystal Tuff 

m, 
im of 
olved 
iated 

lt:NERAL DESCRIPI'ION IN 1HIN SECI'ION: Fine- to medium-grained phenocrysts in a 
fresh-glass groundmass. Glass in pumice fragments is fresh and not 
devitrified. Some pumice fragments are flattened. 

tite is IJNERAL OOMPONENT 
rior.s of -
ndomly •roundmass 
s and 

Glass 

Pumice 

Pure Space 

rt.rnocrysts 

Sanidine 

Quartz 

Opaques 

Pyroxene 

Plagioclase 

jU thic Fragments 

VOL • ._, 

57 

(53) 

(47) 

26 

17 

(57) 

(37) 

(4) 

(2) 

(tr) 

tr 

COMMENTS 

Moderate welding, brown glass; not 
devitrified. Intact bubble walls and 
Y-shaped shards are present. 

Up to 5.93 mm. Some of the fragments 
are flattened. Glass is not 
devi trified. Phenocryst ra Uo (Q/K) for 
flattened pumice is 1/11; for non
flattened pumice, .1/1.25. Overall 
pumice phenocryst ratio is 1/3.20. 

Fine to medium grained, anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. 

Fine grained, anhedral to euhedral. 
Magnetite, and magnetite with exsolved 
ilmenite. 

Fine grained, anhedral to euhedral. 

Fine grained, anhedral. 

Up to 1.42 mm. Hyalopilitic 
basalt/andesite. 
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LANL VAPOR TRANSPORT STUDY 
REQUEST NO.: 402553 
PROJEcr NO.: 6L0001000 

SAMPLE NO. : MCG-63 7 
DRILL HOLE LLM-85-06 
DRILL HOLE DEPill ( Fl') : 

UNIT 1A 
113 

PHENOCRYST RATIO: Not Determined DEGREE OF WELDING: Not Welded 
POROSITY (VOL%): Not Determined 
OllDATION STATE OF Fe-Ti OllDES: C3 (Pumice) 

ROCK NAME: Rhyolitic Vitric-Crystal(?) Tuff 

GENERAL DESCRIPI'ION IN IHIN SECfiON: The sample was not welded and the thin 
section preparer provided a section of the pumice fragments only. Grait' 
mounts of the fine fraction were prepared in immersion oil and Canada 
balsam. Each of these mounts contains brown-glass shards·and a large 
proportion of fine, flattened pumice fragments. The glass in the shard~ 
and fine pumice fragments is not devitrified. Phenocrysts of sanidine, 
quartz, zoned plagioclase, opaques, pyroxene, and amphibole are present 
in the fine fraction. The medium fraction was examined using a binoculn 
microscope. This fraction consisted of quartz and sanidine phenocrysts. 
pumice fragments, and lithic fragments. The coarse pumice fragments arr 
similar to those in Sample MCG-636; some of these are flattened. Compo 
si tions of the coarse pumice fragments (based on phenocrysts) are rhyo
litic to andesitic. The largest pumice fragment (26 mm) contains zoned 
plagioclase, euhedral lamprobol i te, and anhedral pyroxene phenocrysts i 11 

a partially flattened p~ice structure. Other pumice fragments range 
from not flattened to totally collapsed; glass is not devitrified. 
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LANL VAPOR TRANSPORT SlUDY 
tmUEST NO.: 402SS3 
Pt!OJECT NO. : 6L0001000 

PIIENOCRYST RATIO (Q}K/P): 
POROSITY (VOL "): 22 

SMIPLE NO.: MCG-638 
DRILL HOLE LUf-85-11 
DRILL HOLE DEPTH (Ff): 

UNIT 2B 
s 

1/1.82/0 DEGREE OF WELDING: Slight to Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C3-C4 

aocx NAJm: Rhyolitic Crystal-Vitric Tuff 

Cif.NERAL DESCRIPI'ION IN 1HIN SECI'ION: Fine- to medium-grained phenocrysts in 
a groundmass exhibiting slight to moderate welding and axiolitic 
devitrification of glass. 

liNERAL COMPONENT 

Clroundma s s 

Glass 

Pumice 

rore Space, 

rhenocrysts 

Sanidine 

Quartz 

Opaques 

Pyroxene 

Plagioclase 

Amphibole 

VOL. " 

S5 

(65) 

(35} 

22 

21 

(63) 

(34} 

(3) 

(tr} 

(tr} 

(tr) 

COMMENTS 

Axiolitic devitrification. 

Up to 2.52 mm. Replaced/mineralized by 
sanidine and tridymite. Phenocryst 
ratio (Q/K} = 1/2.25. Opaque and zircon 
phenocrysts are also present. 

Fine to medium grained, anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. Some embayments are present. 

Fine grained, anhedral to euhedral. 
Magnetite, ilmenite, and hematite 
intergrowths. 

Fine grained, anhedral to euhedral. 
Associated with opaques. 

Fine grained, anhedral to subhedral. 
Zoned grains are present. 

Fine grained, anhedral. 

; lithic Fragments 

I 
2 Up to 3.64 mm. Several types: strongly 

welded, vitric-crystal tuff, both 
devitrified and nondevitrified 
varieties; andesitic tuff, not 
devitrified; and hyalopilitic basalt. 
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LANL VAPOR TRANSPORT SlUDY 
REQUEST NO.: 402S53 
PROJECT NO.: 6L0001000 

PHENOCRYST RATIO ( 0/K/P) : 
POROSITY (VOL ~): 24 

SA!IPLE NO.: MCG-639 
DRILL HOLE LLM-85-11. 
DRILL HOLE DEPTH (FI'): 

UNIT 2B 
30.S 

1/0.77/0 DEGREE OF WELDING: Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C4 

ROCK NAME: Rhyolitic Crystal-Lithic Tuff 

GENERAL DESCRIPTION IN lBIN SECfiON: Fine- to medium-grained phenocrysts h 1 
moderately welded. devitrified groundmass. 

!IINERAL COMPONENT 

Groundmass 

Glass 

P'DDii ce 

Pore Space 

Phenocrysts 

Quartz 

Sanidine 

Opaques 

Pyroxene 

Plagioclase 

Amphibole 

Lithic Fragments 

VOL. '!'o 

42 

(70) 

(30) 

24 

24 

(55) 

(42) 

(3) 

(tr) 

(tr) 

(tr) 

10 

COMMENTS 

hiolitic devitrification. Intact 
bubble walls andY-shaped shards are 
present. 

Up to 4.89 mm. Replaced/mineralized bJ 
sanidine and tridymite. Phenocryst 
ratio (Q/K) = 1/2. 

Fine to medi'DDI grained. anhedral to 
euhedral. Some embayments are present, 

Fine to medium grained. anhedral to 
euhedral. 

Fine grained. anhedral to euhedral. 
Magnetite. ilmenite. and hematite 
intergrowths. 

Fine grained. subhedral to euhedral. 

Fine grained. euhedral. Zoned graina, 

Fine grained. subhedral. 

Up to 31.9 mm. Lenticular. strongly 
welded. crystal-vitric tuff with 
a:xiolitic devitrification and 
hyalopilitic basalts. 
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~ VAPOR lRANSPORT S1UDY 
~EST NO. : 402SS3 
fECT NO.: 61..0001000 

NOCRYST RATIO (OJK/P): 
C4 OSITY (VOL ~): 16 

SAMPLE NO.: MCG-640 
DRILL BOLE LLM-SS-11 
DRILL BOLE DEPTH (Fr): 

UNIT 1B 
95 

1/1.30/0 DEGREE OF WELDING: Moderate 
OliDATION STATE OF Fe-Ti OllDES: C2 

l NAME: Rhyolitic Lithic-Vitric Tuff 

enocrysts i£RAL DESCRIPriON IN 1HIN SECTION: Fine- to medium-grained phenocrysts in a 
moderately welded groundmass. 

ERAL COMPONENT 

v.ndmass 

Intact Glass 
shards are 

.neral ized 1 
tenocryst 

Pumice 

th ic Fragments 

edral to 
are present 

edral to 

llhedral. 
na ti te 

1uhedral. 

ted grains. 

strongly 
with 
d 

rc: Space 

tnocrysts 

Sanidine 

Quartz 

Opaques 

Pyroxene 

Amphibole 

VOL. ~ 

41 

(58) 

(42) 

27 

16 

16 

(54) 

(42} 

(2} 

(2} 

( tr} 

COMMENTS 

Not devitrified; some brown glass is 
present. 

Up to 8.52 mm. Three types of pumice 
are present: nonfla ttened pumice with 
spherulitic devitrification [phenocryst 
ratio (Q/K} = 1/3]; flattened pumice 
that is not devitrified; and nonflat
tened pumice of andesitic composition. 

Up to 14.8 mm. Three types are present: 
strongly welded, crystal-vitric tuff; 
densely welded, vitric-crystal tuff that 
is totally devitrified; and altered 
basalt. 

Fine to medium grained, anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. Some embayments are present. 

Fine grained, anhedral to euhedral. 
Magnetite with exsolved ilmenite. 

Fine grained, anhedral to euhedral. 

Fine grained, subhedral. 
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LANL VAPOR TRANSPORT S'IUDY 
REQUEST NO. : 402553 
PROJECI' NO. : 6L0001 000 

SAMPLE NO.: MCG-641 
DRILL HOLE LUI-85-11 
DRILL BOLE DEPTII ( Fr) : 

UNIT 1A 
116 

PHENOCRYST RATIO: Not Determined DEGREE OF WELDING: Not Welded 
POROSITY (VOL~): Not Determined 
OXIDATION STATE OF Fe-Ti OXIDES: C2 (Pumice) 

ROCK NAME: Rhyolitic Vitric-Crystal(?) Tuff 

GENERAL DESCRIP!ION IN 1HIN SECI'ION: The sample was not welded and the thin 
section preparer provided a section of the pumice fragments only. A 
grain mount of the fine fraction was prepared in Canada balsam. The fin· 
fraction consists of glass shards, flattened pumice fragments, 
phenocrysts of quartz, sanidine, plagioclase, pyroxene, amphibole, anrl 
opaques. Goethite and goethite-stained material is present in the fine 
fraction. Glass is not devitrified in the shards and pumice fragments. 
The medium fraction was examined using a binocular microscope. This 
fraction consists of quartz, sanidine, opaque phenocrysts, and pumice 
(some flattened) and lithic fragments. The coarse pumice fragments havr 
rhyolitic compositions based on the phenocrysts of sanidine, quartz, 
opaques, and (few) pyroxene. The pumice fragments vary from partially 
flattened to not flattened. Glass in the pumice fragments is not 
devitrified. 
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.ded 

• VAPOR TRANSPORT S'IlJDY 
JEST NO.: 402553 
fECT NO.: 610001000 

fOCRYST RATIO (Pl/Px): 4.57/1 
)SITY (VOL lfo) : S 

[NAME: Basalt Porphyry 

SAMPLE NO.: MCG-642 
DRILL BOLE LLM-85-14 
DRILL BOLE DEPI'H (Fl'): 

UNIT 2B (LI1HIC) 
18 

DEGREE OF WELDIN;: Dense 
OXIDATION STATE OF Fe-Ti OXIDES: C3-C4 

£RAL DESCRIPI'ION IN miN SECTION: Fine- to medium-grained phenocrysts in a 
and the thi· hyalopili tic groundmass. 
only. A 

sam. The f 
.ts, ~AL COMPONENT VOL. lfo COMMENTS 
hibole, and 
in the finandmass 67 

e fragments 
pe. This 
and pumice 

Glass 

ragments ha· Plagioclase 
, quartz, Laths 
m partially 
is not 

Opaques 

socrysts 

Plagioclase 

Pyroxene 

Opaques 

t Space 

Hure Filling 

(56) 

(41) 

( 3) 

28 

(77) 

(17) 

( 6) 

s 

tr 

Spherulitic dev1trification. 

Very fine grained, euhedral to 
subhedral. 

Very fine grained, anhedral to euhedral. 
Magnetite, ilmenite, and hematite. 

Fine to medium grained, euhedral to 
anhedral. Spongy resorption textures. 

Fine to medium grained, euhedral to 
subhedral. Pigeonite. 

Fine grained, anhedral to euhedral. 
Magnetite, ilmenite, and hematite 
intergrowths. 

Microporosity (in the groundmass) around 
and within some plagioclase phenocrysts. 

Goethite. 
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LANL VAPOR TRANSPORT SIUDY 
REQUEST NO.: 402SS3 
PROJECT NO.: 6L0001000 

PHENOCRYST RATIO ( QJK/P) : 
POROSITY (VOL -.,): 28 

SAMPLE NO. : MCG-643 
DRILL BOLE LLM-85-13 UNIT 2B 
DRILL BOLE DEPTH (FI')·: 42 

1/3.06/0.17 DEGREE OF WELDING: Moderate 
OllDATION STATE OF Fe-Ti OllDES: C2 

ROCK NAME: Rhyolitic Crystal-Lithic Tuff 

GENERAL DESCRIPIION IN 1HIN SECI'ION: Fine- to medium-grained phenocrysts in I 

moderately welded groundmass with axiolitic devitrification. Glass has 
coatings of clay. 

MINERAL COMPONENT 

Groundmass 

Glass 

Pumice 

Pore Space 

Phenocrysts 

Sanidine 

Quartz 

Plasioclase 

Opaques 

Amphibole 

Pyroxene 

Lithic Fragments 

Tridymite 

VOL, 'II 

34 

(81) 

(19) 

28 

27 

(68) 

(23) 

(4) 

(4) 

( 1) 

(tr) 

10 

1 

COMMENTS 

Axiolitic devitrification. Intact 
bubble walls and Y-shaped shards are 
present. Clay coatinss are present. 

Up to 2.06 mm. Replaced/mineralized bJ 
sanidine and tridymito. No phenocrysta 
are present. 

Fine to medium grained. anhedral to 
subhedral. 

Fine to medium grained. anhedral to 
euhedral. Embayed srains are present, 

Fine to medium grained. subhedral to 
euhedral. 

Fine grained. anhedral to euhedral. 
Magnetite with exsolved ilmenite; one 
grain contains an inclusion of pyrite. 

Fine to medium grained. subhedral. 

Fine grained. subhedral to euhedral. 

Up to 11.1 mm, Andesitic crystal-vitr& 
tuff. 

Very fine grained; occurs in pores. 
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\1JL VAPOR 1RANSPORT S'IUDY 
I! llllEST NO.: 402553 
,,oJEcr NO.: 6L0001000 

.,IFNOCRYST RATIO (Q/K/P): 
l'l~OSITY (VOL Ill): 25 

SAMPLE NO. : M CG-6 44 
DRD..L HOLE LUf-85-17 
DRILL HOLE DEPTH (FI'): 

UNIT 2B 
11 

1/1.75/0 DEGREE OF WELDING: Moderate 
OllDATION STATE OF Fe-Ti OllDES: C3-C4 

•·•I'K NA!ffi: Rhyolitic Crystal-Lithic Tuff 

sts in ~··~;FRAL DESCRIPriON IN 'IHIN SECI'ION: Fine- to medium-grained phenocrysts in a 
ss ha£ moderately welded groundmass. Although this sample has a fracture 

containing smectite, no clay was observed in thin section. 

::t 
are 

'nt. 

ized by 
>cryst~ 

to 

to 
sent. 

to 

1. 
one 

rite. 

al. 

-vi tri 

s. 

I • \ ERAL COMPONENT 

<>undmass 

Glass 

Pumice 

1 c Space 

··nucrysts 

Sanidine 

Quartz 

Opaques 

Pyroxene 

Plagioclase 

!hie Fragments 

1,1ymite 

VOL. ~ 

41 

(71) 

(29) 

25 

23 

(61) 

(35) 

(3) 

( 1) 

(tr) 

10 

1 

COMMENTS 

Axiolitic devitrification is present. 

Up to 3.39 mm. Replaced/mineralized by 
sanidine and tridymite. Phenocryst 
ratio (Q/K) = 1/1. 

Fine to medium grained, anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
subhedral. Some grains are embayed. 

Fine grained, anhedral to euhedral. 
Ilmenite with exsolved magnetite; grains 
of rutile are present. 

Fine grained, subhedral to anhedral. 

Fine grained, euhedral. Zoned grains 
are present. 

Up to 12.7 mm. Several types: strongly 
welded, crystal-vitric tuff with fresh 
glass; densely welded, vitric-crystal 
tuff with coarse spherulitic devitrifi
cation; and a devitrified, andesitic/ 
latitic vitric tuff. 

Fine grained, euhedral. Occurs in pore 
spaces. 
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LANL VAPOR TRANSPORT STIJDY 
REQUEST NO.: 402553 
PROJECT NO.: 6L0001000 

SAMPLE NO. : MCG-645 
DRD..L HOLE LUI-85-17 
DRILL HOLE DEPTH (Fl'): 

UNIT 1B ( LITIIl I 
109 

PHENOCRYST RATIO (Q/K/P): 1/4.33/0.67 DEGREE OF WELDING: Dense 
POROSITY (VOL ~): 9 OXIDATION STATE OF Fe-Ti OXIDES: C3-C4 

ROCK NA!ffi: Rhyolitic Vitric Tuff 

GENERAL DESCRIPTION IN THIN SEC!ION: Densely welded glass with li thophysac 
filled by sanidine, tridymite, opaques, and late-stage alpha quartz. A 
few fine- to medium-grained phenocrysts are present. 

MINERAL COMPONENT 

Groundmass 

Vapor Phase Minerals 

Sanidine 

Tridymite 

Alpha Quartz 

Opaques 

Pore Space 

Phenocrysts 

Sanidine 

Alpha Quartz 

Opaques 

Plagioclase 

VOL. ~ 

53 

33 

( 70) 

(23) 

(4) 

(3) 

9 

s 

(56) 

(44) 

(tr) 

(tr) 

COMMENTS 

Densely welded glass with well-developr 
spherulitic devitrification. Glass i~ 

brown in part. 

Porous, microcrystalline linings of 
1 i thophysae. 

Fine grained, euhedral. Partially fill· 
interiors of 1 i thophysae. Wedge-shapoc! 
twins are common. 

Fine grained, anhedral to euhedral. 
Late-stage lining and filling of 
li thophysae. 

Fine grained, anhedral. Associated wi1 

sanidine stage of lithophysae fillin£. 
Magnetite/ilmenite altering to hematitr 

Associated with vapor-phase 
crystallites. 

Fine to medium grained, euhedral to 
subhedral. 

Fine grained, anhedral to euhedral. 
Embayed grains are present. 

Fine grained, euhedral. Magnetite 
intergrown with ilmenite. 

Fine grained, euhedral. 
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lANL VAPOR TRANSPORT SiUDY 
·Ic)lf'OUEST NO. : 402553 

;"'OJECT NO. : 6L0001000 

,lffiOCRYST RATIO (Q/K/P): 
C3-C4 fiiROSITY (VOL ._) : 21 

SAMPLE NO. : MCG-646 
DRILL BOLE LLM-85-09 
DRD..L BOLE DEPTH (Ff): 

UNIT 2B 
10 

1/1.64/0 DEGREE OF WELDING: Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C3-C4 

·toCK NAME: Rhyolitic Crystal-Vitric Tuff 

physae 
rtz. A 

level opeC: 
. ass is 

of 

ly fills 
-sl d 

al. 

ted witb 
lling. 
'mati te. 

to 

.1. 

e 

'UNERAL DESCRIPI'ICN IN 'IHIN SECTION: Fine- to medium-grained phenocrysts in a 
moderately welded groundmass with axiolitic devitrification. 

.l1.~ERAL COMPONENT 

·troundmass 

Glass 

Pumice 

tloenocrysts 

Sanidine 

Quartz 

Pyroxene 

Opaques 

Plagioclase 

Allanite(?) 

tore Space 

11 thic Fragments 

lridymite 

VOL. 'r3 

55 

(68) 

(32) 

22 

(62) 

( 38) 

(tr) 

(tr) 

(tr) 

(tr) 

21 

2 

tr 

COMMENTS 

Axiolitic devitrification • 

Up to 9.93 mm. Replaced/mineralized by 
sanidine and tridymite. 

Fine to medium grained, anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. Embayed grains are present. 

Fine grained, anhedral to subhedral. 

Fine grained, anhedral to euhedral. 
Magnetite, ilmenite, hematite, and 
rutile. 

Fine grained, euhedral. Zoned grain. 

Fine grained, euhedral. 

Up to 1.70 mm. Mostly basalts. 

Fine grained, euhedral. Occurs in pore 
spaces. 
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lANL VAPOR TRANSPORT SlUDY 
lC);IIDUEST NO.: 402553 

;ftOJECT NO.: 6L0001000 

:ftf~J.JOffiYST RATIO (Q/K/P): 
C3-C4 lfllROSITY (VOL "): 21 

S!JfPLE NO. : MCG-6 46 
DRILL BOLE LLM-85-09 
DRILL BOLE DEPTII (FT): 

UNIT 2B 
10 

1/1.64/0 DEGREE OF WELDING: Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C3-C4 

'lf~CK NAJm: Rhyolitic Crystal-Vitric Tuff 

1hysae 
·tz. A 

evelopec 
ass is 

of 

L~ ~~lis .. ' ~ 

ll. 

:ed witt 
. ling. 
:matite. 

to 

L. 

'tf'NERAL DESCRIPI'ICN IN 'IHIN SECTION: Fine- to medium-grained phenocrysts in a 
moderately welded groundmass with axiolitic devitrification. 

;11~ERAL COMPONENT 

ilroundmass 

Glass 

Pumice 

1'\.enocryst s 

Sanidine 

Quartz 

Pyroxene 

Opaques 

Plagioclase 

Allanite(?) 

'l're Space 

LIthic Fragments 

fridymite 

VOL, ,.3 

ss 

( 68) 

(32) 

22 

(62) 

( 38) 

(tr) 

(tr) 

(tr) 

(tr) 

21 

2 

tr 

COMlfENTS 

Axiolitic devitrification, 

Up to 9.93 mm. Replaced/mineralized by 
sanidine and tridymite. 

Fine to medium grained, anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. Embayed grains are present. 

Fine grained, anhedral to subhedral. 

Fine grained, anhedral to euhedral. 
Magnetite, ilmenite, hematite, and 
rutile • 

Fine grained, euhedral. Zoned grain. 

Fine grained, euhedral. 

Up to 1.70 mm. Mostly basalts. 

Fine grained, euhedral. Occurs in pore 
spaces. 
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LANL VAPOR TRANSPORT SllJDY 
REQUEST NO. : 402SS3 
PROTECT NO.: 6L0001000 

PBENOQYST RATIO (QJK/P): 
POROSITY (VOL -.,): 22 

SAIIPLE NO.: MCG-647 
DRILL HOLE L~SS-09 
DRILL HOLE DEPTH (FI').: 

UNIT 2B. 
20 

1/2.77/0.04 DEGREE OF WELDING: Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C2-C3 

ROCK NAlm: Rhyolitic Crystal-Vitric Tuff 

GENERAL DESCRIPI'ION IN 'lliiN SECIION: Fine- to medium-grained phenocrysts b tl 
moderately welded groundmass with axiolitic devitrification. 

MINERAL COMPONENT 

Groundmass 

Glass 

Pumice 

Phenocrysts 

Sanidine 

Quartz 

Opaques 

Plagioclase 

Pyroxene 

Pore Space 

Lithic Fragments 

Tridymite 

Unknown Component 

VOL. lib COMMENTS 

(69) 

(31) 

(71) 

(26) 

(2) 

(1) 

(tr} 

42 

34 

22 

Axiolitic devitrification. 

Up to 10.37 mm. Replaced/mineralized bJ 
sanidine and tridymite. Phenocryst 
ratio (Q/K) = 1/1. 

Fine to medium grained, anhedral to ''"\ 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. 

Fine grained, anhedral to euhedral. 
Magnetite and ilmenite intergrowths. 

Fine to medium grained, subhedral to 
euh.edral. Some grains are zoned. 

Fine grained, anhedral to subhedral. 

2 Up to 1.30 mm. Mostly basalts. 

tr Fine grained, euh.edral to anhedral. 
Occurs in pore space. 

tr Rounded grain, 0.32 mm, consisting of 1 

partial rim of hematite and randomly 
oriented flakes of clay (chlorite?). A 
grain of ilmenite with exsolved hematite 
is present as an inclusion. 
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1.ANL VAPOR TRANSPORT S'IUDY 
lmUEST NO. : 402SS3 
JIOJECT NO.: 6L0001000 

ftiENOCRYST RATIO (Q}K/P): 
JOROSITY (VOL .. ) : 26 

SAJfPLE NO.: MCG-648 
DRILL HOLE L~SS-09 
DRILL HOLE DEPTH (FT) : 

UNIT 2A 
3S 

1/2.17/0 DEGREE OF WELDING: Moderate 
OnDATION STATE OF Fe-Ti OnDES: C3-C4 

lOCK NAJIE: Rhyolitic Crystal-Vitric Tuff 

tmERAL DESCR.IPI'ION IN TIIIN SECI'ION: Fine- to medium-grained phenocrysts in a 
moderately welded groundmass with axiolitic devitrification. Although this 
sample has a fracture containing smectite. no clay was observed in thin 
section. 

JlNERAL COMPONfNT 

troundmass 

Glass 

Pumice 

Pore Space 

Phenocrysts 

Sanidine 

Quartz 

Pyroxene 

Opaques 

Plagioclase 

Amphibole 

U thic Fragments 

Tridymi te 

VOL. ~ 

(70) 

(30) 

(68) 

(32) 

(tr) 

( tr) 

(tr) 

(tr) 

48 

26 

2S 

tr 

tr 

{continued on next page) 

COIDfENTS 

Axiolitic devitrification. 

Up to 4.70 mm. Replaced/mineralized by 
sanidine and tridymite. Phenocryst 
ratio (Q/K) = 1/1. 

Fine to medium grained. anhedral to 
euhedral. 

Fine to medium grained. anhedral to 
euhedral. Embayed grains are present. 

Fine grained. euhedral to anhedral. 

Fine grained. subhedral to anhedral. 
Magnetite. ilmenite. and hematite. 

Medium grained. euhedral. Zoned grain. 

Fine grained. anhedral. 

Up to 1.67 mm. Mostly basalt/andesite. 

Fine grained. euhedral. Occurs in pore 
space. 
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LANL VAPOR TRANSPORT STIJDY 
REQUEST NO. : 402553 
PROJEcr' NO.: 6L0001000 

MINERAL COMPONENT VOL. ~ 

Unknown Component tr 

SA!IPLE NO.: MCG-648 (continued) 
DRILL HOLE LUI-85-09 UNIT 2A 
DRILL HOLE DEPTB (FT): 35 

COM?tiENTS,..:.=;. _____ _ 

Two grains. One is rounded, 0.80 mm. 
with a thin rim of hematite and almo~t 
totally filled by sheaves of clay 
(chlorite?); inclusion of magnetite 
(altering to hematite) with exsolved 
ilmenite. The other is subhedral, 0.~· 

mm, with a thin rim of hematite and 
sparse, randomly oriented flakes of clo 

(chlorite?). 
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""'"L VAPOR TRANSPORT STUDY 
•nmEST NO. : 4025 53 
:~tnJ ECT NO.: 6L0001000 

~~~OCRYST RATIO (Q/K/P): 
lltl~OSITY (VOL ~) : 21 

SAMPLE NO. : MCG-649 
DRILL HOLE LLM-85-09 
DRILL HOLE DEPTH (FT): 

UNIT 1B 
47 

1/0.81/0.03 DEGREE OF WELDING: Moderate 
On DATION STATE OF Fe-Ti OllDES: C2-C3 

••n: NAME: Rhyolitic Crystal-Vitric Tuff 

~:~;ERAL DESCRIPTION IN THIN SECTION: Fine- to medium-grained phenocrysts in a 
groundmass containing glass that is not devitrified. Brown-colored glass 
is present in the groundmass and some pumice fragments. 

f cla' tl';ERAL COMPONENT VOL. ~ COMMENTS 

iroundmass 

Glass ( 66) 

Pumice Fragments (34) 

n.cnocrysts 

Quartz (52) 

Sanidine (42) 

Opaques ( 4) 

Plagioclase ( 2) 

Pyroxene (tr) 

l'nre Space 

: i thic Fragments 

54 

23 

21 

2 

Not devitrified. Some brown glass. 

Up to 7.78 mm. Some flattened fragments 
and andesitic compositions (based on 
phenocrysts). Phenocryst ratio in 
rhyolitic fragments (Q/K) = 1/1.83. 

Fine to medium grained, anhedral to 
euhedral. Some grains are embayed. 

Fine to medium grained, anhedral to 
euhedral. 

Fine grained, anhedral to euhedral. 
Magnetite and ilmenite intergrowths. 

Fine grained, subhedral. Zoned grain. 

Fine grained, anhedral to euhedral. 

Up to 0.97 mm. Several types: altered, 
flow-banded rock; altered, spherulit
ically devitrified rock; aphanitic 
rock; and hyalopilitic basalt. 
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LANL VAPOR TRANSPORT STUDY 
REQUEST NO. : 402553 
PROJEcr NO.: 6L0001000 

PHENOCRYST RATIO (Q/K/P): 
POROSITY (VOL ~): 24 

SAMPLE NO.: MCG-650 
DRILL HOLE LLM-85-09 UNIT 1! 
DRILL HOLE DEPTH (FT): 68 

1/1.04/0 DEGREE OF WELDING: Moderate 
OXIDATION STATE OF Fe-Ti OXIDES: C3 

ROCK NAlm: Rhyolitic Vitric-Crystal Tuff 

GENERAL DESCRIPI'ION IN 1BIN SECI'ION: Fine- to medium-grained phenocrysts 
moderately welded groundmass. Shards exhibit incipient axiolitic 
devitrification. Most pumice fragments have spherulitic devitrificat 

MINERAL COMPONENT VOL. 'rc 

Groundmass 55 

Glass (54) 

Pumice Fragments (46) 

Pore Space 24 

Phenocrysts 18 

Sanidine (47) 

Quartz (45) 

Opaques ( 6) 

Pyroxene (2) 

Lithic Fragments 3 

COMMENTS 

Incipient axiolitic devitrification. 

Up to 6.74 mm. Most have spheruliti 
devitrification. Some are partially 
flattened. An andesitic composition 
(based on phenocrysts) is present. 
Phenocryst ratio (Q/K) in rhyolitic 
fragments is 1/1.33. 

Fine to medium grained, anhedral to 
euhedral. 

Fine to medium grained, anhedral to 
euhedral. Resorption features are 
abundant. 

Fine grained, anhedral to euhedral. 
Ilmenite with exsolved magnetite. 

Fine grained, anhedral to euhedral. 
Most grains are associated with opaq1 
some grains are coated with celadonit 

Up to 3.41 mm. Several types: altert 
basalt; hyalopilitic basalt; vitric t 

with spherulitic devitrification; 
granophyre; and an altered, flow-ban( 
rock. 
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Appendix C 

MOISTURE CHARACTERISTIC CURVES 
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Table C-1. Data Used to Plot the Moisture Characteristic Curves 
(drying curves only) 

Hole Sample Depth Capillary Wetting Fluid 

Number Number (ft) Pressure Saturation 
(psi) (percent) 

LUI-85-01 MCG-602 30 0.510 91.6 
0.906 86.4 
1.420 81.2 
2.055 76.1 
2.814 70.9 
3.701 65.8 

LLM-85-01 MCG-603 52 0.455 90.0 
0.823 84.7 
1.385 79.7 
2.230 74.9 
3.495 70.2 
5.403 65.8 

LL.M-85-01 MCG-604 101 0.493 88.6 
0.955 82.1 
1. 738 76.6 
3.220 71.9 
6.555 67.8 

I LLM-85-01 MCG-605 124 0.392 83.5 
0.620 76.9 
0.955 70.5 
1.450 64.4 
2.189 58.5 
3.319 52.9 

LLM-85-02 l.ICG-606 7 0.392 88.6 
0.812 81.1 
1.450 73.9 
2.372 66.8 
3.663 60.0 
5.440 53.3 

LLM-85-02 MCG-607 36 0.097 92 .o 
0.181 87.3 
0.494 79.1 
0.799 75.8 
1.382 73.4 
2.975 71.8 

LLM-85-02 MCG-608 67 0.424 90.7 
0.681 86.6 
1.050 82.6 
1.573 78.7 
2.315 15.0 
3.375 11.5 
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Table C-1 (continued). Data Used to Plot the .Moisture Characteristic Curves 
(drying curves only) 

Hole Sample Depth Capillary Wetting Flul• 

Number Number (ft) Pressure Sa tura ti or. 
(psi) (percent) 

LL:M-85-02 MCG-609 117 0.252 94.2 
0.626 89.3 
1.135 84.2 
1.757 79.1 
2.474 73.9 
3.268 68.6 

LLM-85-05 MCG-610 15 0.174 90.0 
0.328 84.5 
0 0 563 79.1 
0.913 73.9 
1.429 68.9 
2.188 64.2 

LLM-85-05 MCG-611 36 0.259 96.1 
1.014 90.8 
1.879 85 .o 
2.715 78.5 
3.482 71.4 
4.171 63.7 

LLM-85-05 MCG-612 76 0.072 97.1 
0.344 94.0 
0. 800 90.9 
1.424 87.8 
2.198 84.6 
3.109 81.4 

LLM-85-05 MCG-613 123 0.166 85.1 
0.243 82.4 
0.382 79.7 
0.671 77.1 
1.426 74.6 
4.598 72.1 

LGM-85-06 MCG-614 29 0.446 83.2 
0.679 77.2 
1.020 71.4 
1.526 65.8 
2.295 60.5 
3.500 55.4 
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Table C-1 (continued). Data Used to Plot the Moisture Characteristic Curves 
~ur.,Y"' • (drying curves only) ") 
: Fluit Hole Sample Depth Capillary Wetting Fluid 

:atiol\ Number Number (ft) Pressure Saturation 

:ent) 
(psi) (percent) 

1.2 
LGM-85-06 MCG-615 51 0.419 90.8 

0.650 86.9 
1.3 0.970 83.1 
1.2 1.411 79.5 
'·1 2.016 76.0 
1.9 2.850 72.6 
:. 6 

1.0 
LGM-85-06 MCG-616 99 0.322 85 .6 

0.403 85.4 
~. s 0.542 84.5 
'.1 0.818 84.3 
1.9 1.527 83.4 
:.9 

4.825 82.2 
1.2 

; .1 LGM-85-06 MCG-617 115 0.068 96.9 
0.309 92.3 

1.8 0.810 87.8 ; .o 
1.716 83.6 :. s 
2.388 81.6 

.• 4 3.259 79.6 ' . 
I o 

'.1 
LGM-85-11 MCG-618 3 0.296 88.7 

0.594 81.9 .. o 
1.063 75.3 

'· 9 1.775 69.0 '.8 
.• 6 2. 841 62.9 

.• 4 
4.429 57.1 

.1 LGM-85-11 MCG-619 30 0.491 90. s 
'.4 

1.188 81.6 

'· 7 
2.040 72.3 

'.1 2.976 62.6 

'.6 
3.950 52.5 

~ .1 
4.934 42.0 

.2 
LGM-85-11 MCG-620 94 0.161 93.3 

'.2 0.376 88.7 

.4 
0.734 84.2 

:. 8 1.297 79.9 

'· s 2.163 75.8 

.4 3.483 71.9 
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Table C-1 (continued). Data Used to Plot the Moisture Characteristic 
(drying curves only) 

Hole Sample Depth Capillary WettiiJ 

Number Number (ft) Pressure Sa t11 
(psi) (per 

LGM-85-11 MCG-621 115 0.270 9 
0.446 8 
0.727 8 
1.191 8 
1.991 8 
3.463 7 
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Figure C-10. Moisture Characteristic Curve for Sample MCG-611, 
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Figure C-11. Moisture Characteristic Curve for Sample MCG-612, 
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Figure C-12. Moisture Characteristic Curve for Sample MCG-613, 
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Figure C-13. Moisture Characteristic Curve for Sample MCG-614, 
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Figure C-14. Moisture Characteristic Curve for Sample MCG-615. 
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Figure C-lS. Moisture Characteristic Curve for Sample MCG-616, 
Bole LG:M-SS-06, Depth of 99 Feet 

C-21 

) 



3.!500 -----...------..-----------~----

3.000 \ -

\ 
I 

I 

\ 

- 2.!:100 
·r-i 
CJ) I 0. - I 

I 
I 

UJ I a: 2.000 :J l U1 
U1 
w 
a: 
Q_ 

>- 1.500 
i .... 

a: 
<t 
_j 
_j 
H 
Q_ 
<t 
u 1.000 "' 

0.!500 

eo.o 85.0 90.0 95.0 100.0 

WETTING FLUID SATURATION (%) 

Figure C-16. Moisture Characteristic Curve for Sample MCG-617. 
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Figure C-17. Moisture Characteristic Curve for Sample MCG-618, 
Hole LGM-85-11, Depth of 3 Feet 
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Figure C-18. Moisture Characteristic Curve for Sample MCG-619, 
Hole LGM-85-11, Depth of 30 Feet 
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Appendix D 

EFFECTIVE PERMEABILITY AS A FUNCTION OF SATURATION 

(saturation refers to total air saturation) 
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Appendix E 

LISTING OF FORTRAN V PROGRMf FOR CONVERTING 
PSYCHROMETER MICROVOLTAGE OUTPUTS 

TO WATER POTENTIAL 

(modified from Brown and Bartos. 1982) 
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PROGRAM H20POTU(INPUT,OUTPUT,TAPES=INPUT,TAPE6=0UTPUT) 
C**** LIMITS OF APPLICATION 
C**** 14 < SEC < 61 
C**** -1 < TE~W. DEGREES CEL < 41 
C**** MV <= VIS*B*C 
C**** -61 < OMV < 61 

c 

REAL ~W.MS.M1S,IS,I1S,LNS,LN1S,NS,NlS,MVS,MV1S 
DATA SEC/1S./ 
IF(SEC.GE.14 •• AND.SEC.LE.61.) GO TO 10 
WRITE(6,S) 

S FORMAT(' COOLING TIME IS NOT WITHIN .MODEL RANGE') 
STOP 

C**** READ INPUT DATA FOR FILE 

c 

10 READ(22,20,END=100) I,DATE.TIME,B,TEMP.OMV,MV,DEPTB 
20 FORMAT(I4,A9,A7,F6.2,SF6.1} 

IF(TEMP.GE.-1. .AND.TEMP.LE.41.) GO TO 30 
WRITE(6,2S) 

2S FORMAT( ' PSYCHRQ?.fETER TEMPERATURE IS NOT WITHIN P.fODEL RANGE' ) 
WP=-999.9 
GO TO 70 

30 IF(OMV.GE.-61 •• AND.OMV.LE.61.) GO TO 40 
WRITE(6,3S) 

3 S FORMAT( ' ZERO OFFSET IS NOT WITHIN MODEL RANGE' ) 
WP=-999.9 
GO TO 70 

40 IF(MV.GT.O.) GO TO SO 
WRITE(6,4S) 

4S FORMAT(' MICROVOLT READING • LE. 0. ') 
WP=-999.9 
GO TO 70 

SO WPK=-22.S 
MS=2.S+EXP(-(ABS(((60.-SEC)/60.-1.)/.40S)**3)) 
M1S=2.S+EXP(-(ABS(((60.-1S.)/60.-1.)/.40S)**3)) 
IS=.4S+.000333*SEC+1.9846E-19*SEC**10 
I15=.4S+.000333*1S.+1.9846E-19*15.**10 
RNS=EXP(-((1./(1.-IS))**MS)) 
RN1S=EXP(-((1./(1.-I1S))**MlS)) 
DS=l.-RNS 
D1S=1.-RN1S 
X1AS=12.1-.00347S*(60.-SEC)**1.63 
X1A1S=12.1-.00347S*(60.-1S.)**l.63 
X1YS=39.2-.0004346*(60.-SEC)**2.45 
X1Y1S=39.2-.0004346*(60.-1S.)**2.4S 
X2AS=88.-.0002579*(60.-SEC)**2.7 
X2A15=88.-.0002579*(60.-1S.)**2.7 
X2YS=8.4+2.734E-07*(60.-SEC)**3.97 
X2Y1S=8.4+2.734E-07*(60.-15.)**3.97 
LNS=EXP(-(ABS(((40.-TEMP)/40.-1.}/(1.-IS))**MS)) 
LN1S=EXP(-(ABS(((40.-TEMP)/40.-1.)/(1.-I1S))**M1S)) 
NS=((LNS-RNS)/DS)*.18S+1.18 
N1S=((LN1S-RN1S)/D1S)*.18S+1.18 
UIS=XlAS+.017288*XlYS*TEMP**l.l 
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c 

UllS=XlAlS+. 017288*XlYlS*TEl.fP**l.l 
SPS=(X2AS-X2YS*.00017185*(40.-TEMP)**2.35)*(-1.) 
SP15=(X2A15-X2Y15*.00017185*(40.-TEMP)**2.35)*(-1.) 
MVS=(UIS-(UIS/(ABS(SPS)**NS))*(ABS(SPS-WPK)**NS)) 
MV15=(UI15-(UI15/(ABS(SP15)**N15})*(ABS(SP15-WPK)**N15)) 
ZOE=(.015*0MV+.00147l*OMV*TEMP) 
C=(MVS+(MVS/MVlS)*ZOE)/MVS 
R=UIS*C 
IF(MV.LE.R) GO TO 60 
WRITE(6,55) 

SS FORMAT(' MICROVOLT READING IS NOT WIIHIN MODEL RANGE') 
WP=-999.9 
GO TO 70 

60 WP=((((ABS(SPS)**NS)*(UIS*C-MV)}/(UIS*C))**(l./NS)+SPS)*B 
WP=-WP 

70 WRITE(23 ,20) I .DATE, TIME,B, TIDfP,OMV ,MV ,DEPI'H, WP 
GO TO 10 

100 CONTINUE 
STOP 
END 
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