
SANDIA REPORT SAND81-1873 Unlimited Release *UC-70 SI
Printed March 1982 SAr

T&M§S
- - >-4 - ~~~~~~LIBRARY

-Thermal Conductivity, Bulk Properties,
and Thermal Stratigraphy of Silicic Tuffs
From the Upper Portion of Hole USW-G 1,
Yucca Mountain, Nye County, Nevada

-- Allen R. Lappin, R. G. VanBuskirk, D.-O. Enniss, S. W. Butters,
,,F. M. Prater, C. B. Muller, and J. L. Bergosh

Prepared by
Sandia National Laboratories
Albuquerque, New Mexico 871865 and Uvermore, Californi 94550
for the United States Department of Energy
under Contract DE-AC04-76DP00789

.11~~~~~~~~101
~~~~"*1IiN O Z~l,~~!!,

�I�P
I"

�

.:� �
:'� Jj ("�y � �:t, -,

lr� ", ;,
' , '4 0 1,I'Ir,��

z�l 'i ;., I ! I XF � , i

SF2900Q(8-81 )



sLsued by Sandia National Laboratories, operated for the United Statee
Department of Energy by Sania Corporation.
NOTICE: This report was repared as an account ofwok spnsored by an
age=cy of the United States ornmone.t Neither the United States Govern-
ment nor any agency thereof, nor any of their n1p , esor any of their - 1i3

ik > ~~Contraco# mboatats or their emplolyees, aakc Jlura:nanFt ,.. ,:- ,te: ' _: '
in implier assesesny la liability or responsibility for the accuracy,

completene, or usefulness of any information, apparatus, product, or pro-
ce os died, or representa that its use would not infringe privately owned
rights. Reference herein to any specfic commercial product, process, or
-servce by trte. 3name, trademark, manufacturer, or otherwise, does not
necessarilyonstitute or imply it endo emen andati or favoring
by the United States Government, any agency thereof or any of their
con t or ubcontractors. The views and opinions expressed herein do
not necessarily state or reflect those of the United States Government, any

& -- aency thereof or any of their eootrncor or aubi ta.

Printed in the United States of America
Available firom
National Technical In drmtioo Service
U.S. Department of Commerce
528S Port Royal Road--

Vpigid A 221fil

NTI rice codes
Prn9 CAcopy A03
Microfiche copy A0l

Oss

.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~9

-q



Contents
Introduction.................................................................................................................................7
Test Procedures ............................................................. 7

Sample Preparation and Bulk-Property Measurements .................................................... 7
Thermal-Conductivity Measurements ...................... ........................................ 9

Test Results ............................................................. 10
Topopah Spring Member, Paintbrush Tuff ............................................................. 11
Tuffaceous Beds of Calico Hills (Informal) ............................................................. 11
Prow Pass Member of the Crater Flat Tuff ............................................................. 12
Bullfrog Member of the Crater Flat Tuff ............................................................. 12
Tram Member of the Crater Flat Tuff (Informal) ............................................................. 14

Thermal Stratigraphy .............. 16
Conclusions and Discussions ............................................................. 24
APPENDIX A-Test Procedures for Sample Preparation and Bulk-Property

Measurements ............................................................. 25
APPENDIX B-Test Procedures, Calibration, and Data-Acceptance Criteria

for Thermal-Conductivity Measurements .................................................. 27
APPENDIX C-Individual Thermal-Conductivity Test Results .................... .................... 31
APPENDIX D-Bulk-Property Measurements ............................................................. 39
References ............................................................. 46

Figures
1 Index Map of Region Near Hole USW-G1 .............................................................. 9
2 Theoretical Grain Density-Conductivity Relationship and Calculated K.

Values for Silicic Tuffs From UE25A#1 and USW-G1 ................................................ 19

Tables
1 Stratigraphic Intervals and Number of Samples Tested, Upper Portion

of USW-G1 ............................................................. 8
2 Approximate Thermal-Conductivity Test Conditions .................................................. 10
3 Summary of Thermal-Conductivity Test Results, Upper Portion of USW-G1 ........ 10
4 Summary of Thermal-Conductivity Test Results, Central Nonzeolitized

Portion of Bullfrog Member, Crater Flat Tuff ............................................................. 13
5 Summary of Thermal-Conductivity Test Results, Zeolitized Portion of

Bullfrog Member, Crater Flat Tuff ......................... ..................................... 14
6 Thermal-Conductivity Test Results, Bullfrog Member, Crater Flat Tuff,

Hole UE25A#1................................................................................................................... 14
7 Summary of Reliable Thermal-Conductivity Test Results, Nonzeolitized

Portion of Tram Member, Crater Flat Tuff ............................................................. 15
8 USGS - Terra Tek Thermal-Conductivity Comparison Test Results ............ ........... 15
9 Calculated Matrix Conductivity (K,) and Air Thermal-Conductivity (Kg)

in Analyzed Samples .............................................................. 17
10 Estimated Maximum Effects of In-Situ Thermal Fracturing on Rock-Mass

Thermal-Conductivity of Welded Devitrified Tuffs ..................................................... 21
11 Estimated Thermal-Conductivity and Bulk-Property Stratigraphy

(Saturated) of Upper Portion of Hole USW-G1 Below 409.1 m (1342 ft) ................. 22
12 Estimated Thermal-Conductivity and Bulk-Property Stratigraphy (Matrix-

Saturated) of Upper Portion of Hole USW-G1 Above 409.1 m (1342 ft) .................. 23

5.6



4.

SAND81-1873 Distribution
Unlimited Release Category UC-70
Printed March 1982

Thermal Conductivity, Bulk Properties, and
Thermal Stratigraphy of Silicic Tuffs From the
Upper Portion of Hole USW-G 1, Yucca Mountain,
Nye County, Nevada

Allen R. Lappin
NNWSI Geotechnical Projects Division 4763
Sandia National Laboratories
Albuquerque, NM 87185

R. G. VanBuskirk, D. 0. Enniss, S. W. Butters,
F. M. Prater, C. B. Muller, and J. L. Bergosh
Terra Tek, Inc
420 Wakara Way
Salt Lake City, UT 84108

Abstract
Thermal-conductivity and bulk-property measurements were made

on welded and nonwelded silicic tuffs from the upper portion of Hole
USW-G1, located near the southwestern margin of the Nevada Test Site.
Bulk-property measurements were made by standard techniques. Ther-
7mal conductivities were measured at temperatures as high as 280'C,
confining pressures to 10 MPa, and pore pressures to 1.5 MPa.

Extrapolation of measured saturated conductivities to zero porosity
suggests that matrix conductivity of both zeolitized and devitrified tuffs
is independent of stratigraphic position, depth, and probably location.
This fact allows development of a thermal-conductivity stratigraphy for
the upper portion of Hole G1. Estimates of saturated conductivities of
zeolitized nonwelded tuffs and devitrified tuffs below the water table
appear most reliable. Estimated conductivities of saturated densely
welded devitrified tuffs above the water table are less reliable, due to both
internal complexity and limited data presently available. Estimation of
conductivity of dewatered tuffs requires use of different air thermal
conductivities in devitrified and zeolitized samples. Estimated effects of
in-situ fracturing generally appear negligible.
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Thermal Conductivity, Bulk Properties, and
Thermal Stratigraphy of Silicic Tuffs From the
Upper Pottion of HolevUSW-Gi, Yucca Mountain,

Nye County, Nevada

Introduction
The future of nuclear power depends, in part, on

improved waste management. One option for terminal
waste disposal would require excavation of reposi-
tories under land-base sites. Evaluation of potential
repository horizons at such sites requires extensive
information if the in-situ response to heating imposed
by the waste is to be predicted. A mathematical model
of the host rock and surrounding units is rquired for
this prediction; the model requires determination of
the physical, mechanical, and thermal properties of
the units. At least part of the data must come from
laboratory tests that duplicate the overburdens, fluid
pressures, and temperatures expected to result from
waste emplacement.

The program of thermal conductivity and physi-
cal property measurements described in this report
was conducted at Terra Tek, Inc, Salt Lake City,
Utah. The work was one of several ongoing activities
aimed at determining the feasibility of siting a nucle-
ar-waste repository in tuff either on the Nevada Test
Site (NTS) or adjacent to it. This overall effort,

Athe Nevada Nuclear Waste Storage Investigations
(NNWSI) project, is administered by the Nevada
Operations Office of the US Department of Energy
(DOE). The general stratigraphy in the upper portion
of Hole G1 is shown in Table 1, as are numbers of
samples analyzed for thermal conductivity and physi-
cal properties. The static water level in G1 is at
-564 m (1850 ft) depth.

This report has three main objectives:

* To report thermal conductivities of samples of
silicic tuffs from the upper portion of Hole
USW-G1 (Figure 1).

* To report general physical properties of the
analyzed tuffs (porosity, grain density, etc) and
determine how these properties and mineralogy
affect thermal conductivity.

* To develop a thermal-conductivity stratigraphy
for the upper portion of Hole G1 by combining
the established correlations between bulk prop-
erties, mineralogy, and thermal conductivity
with additional bulk-property measurements.

Test Procedures

Sample Preparation and Bulk-
Property Measurements

Standard procedures were generally used for sam-
ple preparation and bulk-property measurement, and
are described in Appendix A. Care was taken to satu-
rate samples fully by means of vacuum impregnation
with water before thermal conductivity measure-
ments.

Duplicate bulk-properties analyses were per-
formed on 39 samples during the course of this study.
The average difference between pairs of bulk-density
measurements on the same sample is 0.045 g/cm3,
with ± 0.044 g/cm3 standard deviation. This indicates
that measured bulk densities should be precise to
± 0.09 g/cmi3 at the one-sigma level of confidence.
Similarly, individual dry-bulk densities should be pre-
cise to ± 0.1 g/cm3, porosities to ± 0.06, and calculated
bulk densities at full saturation to ±0.06 g/cm3. The
precision of reported grain densities depends on rock
type. In zeolitic samples, in which the grain density is
generally 2.5 g/cm3 or less, measurements should be
precise to ± 0.06 g/cm3 . In devitrified zeolite-free sam-
ples, measurements appear precise to ± 0.04 g/cm3;
grain densities of these samples are generally 2.6 g/cm3

or greater. The reduced precision in zeolitized materi-
al appears to be due to the fact that zeolites will
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partially rehydrate after drying if exposed to air, even
for a short period of time. Given the simplicity of the
individual steps involved in these measurements, the
accuracy should be of the same order as the precision.
Throughout this report, densities and porosities are
generally reported without associated uncertainties.

Table 1. Stratigraphic Intervals and Number of Samples Tested,
Upper Portion of USW-G1 (Stratigraphic intervals taken from Ref 1)

Stratigraphic
Unit

Quaternary Alluvium

Tiva Canyon Member,
Paintbrush Tuff

Yucca Mountain Member,
Paintbrush Tuff

Pah Canyon Member,
Paintbrush Tuff

Topopah Springs Member,
Paintbrush Tuff

Tuffaceous Beds of
Calico Hills (Informal)

Prow Pass Member,
Crater Flat Tuff

Bullfrog Member,
Crater Flat Tuff

Tram Member, Crater
Flat Tuff (Informal)

Depth
(m(ft))

0-18.3
(0-60)

18.3-30.5
(60-100)

30.5-38.1
(100-125)

38.1-71.6
(125-235)

71.6-434.4
(235-1425)

Samples Tested to Date

Thermal Bulk
Conductivity Properties

0 0

0 0

0 0

0 0

2 17

434.4-549.3
(1425-1802)

549.3-662.3
(1802-2173)

662.3-804.4
(2173-2639)

804.4-1084.5
(2639-3558)

2 13

2 21

13 51

6 45
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Explanation

[i~j Alluvium and Colluvium
.... ..... ~~~~~~~~~~(Quaternary)

T2 I oTiva Canyon Member
36052'.*

USW G1,~~~~~~~~ Yucca Mountain and

IS' X I~ j i Pah Canyon Members
W

.~.....7 jA 1 Topopah Springs Member

36"51' 1 0 'EStrike and Dip

Qal ~~~~~~~~~~~~Fault; ball on downthrown side;

""T t" Qal ~~~~~~dashed where inferred; dotted
where concealed.

. . ~~~~~~~~~~~0 Drillhole

o Miles 1.0
I Boundary of Nevada Test Site

0 Kilometers 1.5

Figure 1. Index Map of Region Near Hole USW-G1 (Simplified from Reference 2)

Thermal-Conductivity
Measurements

Thermal conductivities in this program were mea-
sured by a transient-line-source technique,' selected
because of its simple application in a pressure-
temperature environment. Experimental setup, data
analysis, calibration, potential problems, and criteria
for data acceptance are discussed in Appendix B.

Frequent calibration with fused silica at both
Terra Tek and other laboratories indicates that the
experimental rig used here is generally capable of
measuring conductivities of uniform material having a
nominal conductivity of 1 to 2 W/m0 C to within
± 0.06 W/m0 C or less. Near the boiling of water,

however, anomalously high apparent conductivities
are measured (see Appendix B). Due to inherent mate-
rial variability, measurements on tuff are not as pre-
cise or accurate as on the standard. Assumption of
accuracy to within + 10%7 appears conservative.

Thermal conductivities were measured at approx-
imately the temperatures, hydrostatic confining pres-
sures, and fluid pressures outlined in Table 2. The
room-temperature, nonpressurized tests were includ-
ed for comparison and to check for possible confining-
pressure effects. Subsequent testing was performed at
constant confining and fluid pressure, at increasing
temperatures. Fluid pressure was maintained con-
stant at 1.5 MPa in the pressurized tests, which al-
lowed the pore fluid to flash to steam and the sample
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to dehydrate fully at -200'C, before measurement at
higher temperatures. At each test condition, duplicate
measurements were generally made, with -1/2 h al-
lowed for the sample to stabilize between tests. If two
measurements differed by > - 10%, additional mea-
surements were made.

Test Results
Results of conductivity tests are summarized in

this section in downward stratigraphic sequence, and
listed in Table 3. Detailed results of each test are given
in Appendix C. All bulk-property measurements made
to date in each stratigraphic unit are given in Appen-
dix D.

Table 2. Approximate Thermal-
Conductivity Test Conditions

T(0 C) Ponft,, (MPa) Pfluid (MPa)

23 (Atmospheric) (Atmospheric)
23 10 1.5

100 10 1.5
165 10 1.5
240 10 1.5
270 10 1.5

Table 3. Summary of Thermal-Conductivity Test Results, Upper Portion of USW-G1*

Sample Number Grain
(equivalent to Density Thermal Conductivity (W/m'C) at Temperature ('C)
depth in feet) (g/cm3 ) Porosity 23 100 165 212 260

795.0
1330.0
1503.0
1706.0
2010.0
2070.0
2274.4
2310.0
2311.0
2367.9A
2472.3
2473.1
2474.0
2493.OB
2536.0
2568.0
2569.0
2701.0
2814.0
2928.3
2938.8
3050.0

2.52
2.38
2.48
2.33
2.40
2.41
2.36
2.44
2.41
2.59
2.62
2.62
2.62
2.62
2.65
2.41
2.44
2.42
2.63
2.65
2.64
2.59

0.11
0.03
0.38
0.33
0.28
0.29
0.34
0.37
0.36
0.25
0.32
0.29
0.31
0.27
0.22
0.30
0.32
0.31
0.24
0.19
0.18
0.26

2.15
1.18
1.30
1.17
1.28
1.33
1.37
1.38
1.38
1.88
1.88
1.79
1.72
1.88
1.90
1.35
1.37
1.39
2.26
2.07
2.10
1.95

2.15
1.24
1.34
1.21
1.38
1.43
1.41
1.43
1.44
1.84
1.84
1.74
1.70
1.90
1.85
1.41
1.42
1.44
2.24
2.02
2.09
1.98

2.05
1.28
1.28
1.24
1.42
1.47
1.42
1.43
1.44
1.79
1.85
1.76
1.69
1.93
1.84
1.47
1.44
1.45
2.12
2.01
2.08
1.98

1.28
0.97

0.97
1.09
1.80
1.01
1.12
1.14
1.05
1.06
1.15
1.34
1.06
1.19
1.20

1.55
1.57

1.33
1.02

0.92
0.91

1.05
0.96
1.09
1.15
1.03
1.04
1.17
1.31
1.03
1.15
1.02
1.40
1.52
1.56
1.53

*Tests at elevated temperature conducted at Pc = 10 MPa, Pf = 1.5 MPa. Tests at ambient temperature include both confined
and unconfined results. Conductivities listed are average values for each sample at specified condition.
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Topopah Spring Member,
Paintbrush Tuff

The Topopah Spring Member of the Paintbrush
Tuff extends between depths of 71.6 and 434.4 m (235
and 1425 ft) in Hole GI (Table 1). The bulk of this
unit, described regionally by Lipman, Christiansen,
and QlConnor,4 .,is_ deisely weloed and devitrified,
consisting of a mix of alkali feldspar, cristobalite, and
quartz.'456 Bulk-property measurements on this unit
in Hole Gi (listed in Table D-1) indicate that matrix
porosity in the central welded, devitrified zone is 0.10
to 0.12. In this study, thermal conductivity of densely
welded, devitrified Topopah was measured on Sample
795 from 795 ft (242.3 m) depth. Throughout the
report, sample numbers correspond to depth in feet,
since all records of drilling and coring operations are
kept in English units. The margins of the Topopah
Springs consist of densely welded to nonwelded vitric
tuffs. Sample 1330 is from the densely welded basal
vitrophyre.

One complication in interpretation and applica-
tion of material-property and thermal-conductivity
data from the densely welded, devitrified Topopah
Springs is the widespread occurrence of lithophysae in
the unit. These features, originally gas-filled voids, are
now lined or filled with high- and/or low-temperature
minerals, and occur in locally varying concentrations
throughout most of the devitrified zone. The thermal
conductivity of Sample 795, which is free of lithophy-
sae, thus cannot be applied directly to lithophysal
zones.

The results of thermal-conductivity measure-
ments on Samples 795 and 1330 are summarized in
Table 3, and listed in detail in Table C-1. The
fully saturated conductivity of Sample 795 (pg =
2,52 g/cm 3, 4k = 0.11) is near 2.15 W/mWC to a tem-
perature near 100'C independent of pressure, but
decreases slightly with increasing temperature, to
2.05 W/mWC (corrected, see Appendix B) at about
165°C. Measurements after dehydration, which
occurs near 200°C under the confined conditions, were
not successful. The confined saturated conductivity of
Sample 1330 (pg = 2.38 g/cm3, 4 = 0.03) increases
from 1.18 W/m°C at ambient temperature to
1.28 W/m°C at 165°C. Dehydration has little
effect, with conductivity reaching a maximum of
1.33 W/m 0C at 280 0C.

Saturated results on Sample 795 are in excellent
agreement with previous measurements on samples
from the devitrified portion of this unit. Measure-
ments on a sample from a depth of 379.5 m (1245 ft) in
Hole Gi indicate a fully saturated conductivity of
2.17 W/m0 C.7 A sample from a similar portion of this

unit in Hole UE25A#1, at a depth of 481.9 m (1253 ft),
has a saturated conductivity of 2.08 W/m°C.8

Few reliable data exist on the dehydrated thermal
conductivity of this type of tuff. The reported dehy-
drated conductivity of Sample 1245 (unconfined) is
1.87 ± 0.04 W/m°C at temperatures between ambient
and 100°C, after dehydration at near-ambient tern-

-',.peratures.7 In the case of Sample UE25A#1 I- 1253:,
measurements at ambient temperature after samp)le
dehydration indicate a conductivity of 1.85 WX/i'C
this decreases to 1.57 W/m°C at 100"C(' ad
1.40 W/m°C at 3000C. Measured conductivities oln
dehydrated material from the nonlithophysal, densel
welded, devitrified Topopah Springs thus range from
1.85 to 1.60 W/m°C at 100°C.

A gradual increase in conductivity with increasing
temperature is characteristic of many glasses. Consis
tent with this, Sample 1330 is from a zone tlhT
is almost entirely glassy. 4 6 In fact, the confined con
ductivity of 1330 after dehydration is "identicaf" to
that reported in the literature for obsidian (I.28i.
1.42 W/m°C), fused silica (1.33 to 1.36 W/m°('), an(l
basaltic glasses (1.37 W/m°C).9 The porosity of Sarn
ple 1330 (4 = 0.03) is so low that the increase in glass
conductivity with increasing temperature more than
makes up for any decrease in total conductivity resu lI
ing from dehydration near 200°C.

Tuffaceous Beds of Calico Hills
(Informal)

The Tuffaceous Beds of Calico Hills ext end I rwy
434.4 m (1425 ft) to 549.3 m (1802 ft) in Hole ( l. TI,
unit is variable, and contains both nonwelded ash
flows and bedded or reworked tuffs. Individual asl
flows in the unit are nonwelded, and, as shown iW
Table D-2, generally characterized by high porositiv
(>30( ) and grain densities of <2.5 g/cm3. The ImN
grain densities reflect extensive formation of zeolitc-
especially clinoptilolite.6 The zone of zeolitization e-
tends both upward into the lower portion of the
Topopah Springs and downward into the underlyin_
Prow Pass Member of the Crater Flat Tuff.

Thermal conductivity of two samples of nonweld
ed ashflow from the Tuffaceous Beds of Calico Hills
was measured in this study: Samples 1503 and 17)06.
Results are summarized in Table 3; detailed values are
given in Table C-2. In both cases, the saturated ther-
mal conductivity is relatively constant from ambient
temperature to 165°C (confined). The conductivity of
Sample 1706 (pg = 2.33 g/cm3 , 4 = 0.33) increase.
slightly from 1.17 to 1.24 W/m°C before dehydration:
that of Sample 1503 (pg = 2.48 g/cm 3 , 4 = 0.38) is less
temperature-dependent, remaining near 1.30 NV/ni(".
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The saturated conductivities from the Tuffaceous
Beds of Calico Hills reported here are in good agree-
ment with results obtained previously. Reported am-
bient-pressure conductivities from the unit in Hole
UE25A#1 are 1.26 W/mrC at 478.2 m (1569 ft),7 and
1.10 W/m0C at 474.0 m (1555 ft).'0 It thus appears
that the saturated thermal conductivity of the ashflow
portions of the Tutfiieous Beds of aidioffllsranges
only from' about 1.1 to 1.35 W/m 0C in Holes
UE25A#1 and Gi.

Measurements of dehydrated conductivity of
Sample 1706 were not successful. A portion of the
measurements on Sample 1503 in the dehydrated
state were successful and indicate a conductivity near
1.0 W/m0C. This compares with previously reported
values from Hole UE25A#1, 0.75 W/m0 C at- both
474.0 and 478.2 m (1555 and 1569 ft).

Prow Pass Member of the Crater
Flat Tuff

The Prow Pass is the uppermost member of the
Crater Flat Tuff," extending between depths of 549.3
and 662.3 m (1802 and 2173 ft) in Hole GI, and
between 559.6 and 711.1 m (1836 and 2333 ft) in Hole
UE25A#1. The static water level, at 564-m depth, is in
the upper Prow Pass in Hole GI. In this hole, the unit
contains partially to moderately welded ashflow tuffs,
with a thin zone of bedded/reworked tuffs at the base.
Bulk-property measurements in Table D-3 indicate
that porosity in the unit as a whole ranges from about
0.22 to 0.37. Grain densities, except for Samples 1886
through 1973.7, all are <2.5 g/cm3, indicating that the
bulk of the unit is zeolitized, consistent with mineral-
ogical results.6

Thermal conductivity of two samples from the
Prow Pass has been measured in this study: Samples
2010 and 2070. Both samples come from a partially
welded, zeolitized zone. Detailed conductivity results
are given in Table C-3. The apparent thermal conduc-
tivity of Sample 2010 (p5 = 2.40 g/cm3, 4 = 0.28) is
strongly sensitive to confining and/or fluid pressure.
This response is probably caused by collapse of the
sample on loading, which removed a contact resis-
tance present at ambient pressure. The ambient-
pressure data are suspect. Thermal conductivity un-
der pressure, as shown in Table 3, increases from 1.28
to 1.42 W/m0 C between ambient temperature and
1650C, and apparently decreases only slightly upon
dehydration.

Given previous results,9 the slight decrease on
dehydration appears unlikely in a material of this
porosity. The sample probably failed to dehydrate in

the time initially allowed; only the conductivity mea-
sured at 280'C, 0.92 W/m0C, is assumed representa-
tive of the dried material.

These interpretations are supportd by results on
Sample 2070. The saturated conductivity of this sam-
ple (p5 = 2.41 g/cm3, 4 = 0.29) increases from 1.33 to

-1.47 W/mR°C -between ambient temperature and
-165,V; is indepeidentdof confining pressure, and de-

creases in a single step to 1.0 W/m0 C upon dehydra-
tion near 200'C. Conductivity decreases slightly with
increasing temperature above 212'C.

Samples of the Prow Pass from Hole UE25A4*1
are quite different from those analyzed here. Samples
at depths of 594.1, 599.2, and 609.6 m (1949, 1966, and
2000 ft) have been tested.7 8 10 Grain densities and
porosities of these three samples are 2.63 gm/cm3, 0.18
(Sample 1949); 2.62 gm/cm3, 0.19 (Sample 1966); and
2.56 gm/cm 3, 0.15 (Sample 2000). Thus, the samples
have both higher grain density and lower porosity
than those analyzed here. Reported saturated thermal
conductivities of the three samples from Hole
UE25A#1 are 1.76, 1.49, and 1.43 W/m1C respective-
ly; dehydrated values 1.35, 1.12, and 1.23 W/m0C.
There is thus surprisingly little difference between the
reported conductivities from the Prow Pass in Hole
Gi, measured on samples that are zeolite-bearing and
have porosities near 0.3, and those of samples from
Hole UE25A#1 that have porosities near 0.2 and
higher grain densities. The thermal conductivity of
the Prow Pass remains poorly understood.

Bullfrog Member of the Crater Flat
Tuff

The Bullfrog is the second highest member of the
Crater Flat Tuff, extending between depths of 662.3
and 804.4 m (2173 and 2639 ft) in Hole Gi. Within the
unit as a whole there is broad variation in bulk and
grain density, as well as porosity (Table D-4). The
nonzeolitized, partially-to-densely-welded portion of
the unit extends between depths Qf -713.2 and
776.3 m (-2340 and 2547 ft). The lower portion of this
interval is the most densely welded (O -0.2), and is
separated from less welded tuffs below by a sharp
interface. The upper boundary of the nonzeolitized
zone is somewhat arbitrary.

Mineralogical alyses6 are consistent with this
subdivision of the Bullfrog. Clinoptilolite and mor-
denite are abundant in the upper portion of the unit,
but are absent in a sample from a depth of 706.5 m
(2318 ft). Zeolites are then totally absent with increas-
ing depth until some point between samples collected
at depths of 757.7 m (2486 ft), in which they are

12



lacking, and 778.8 in (2555 ft), in which they make up
40% to 90% of the sample. Zeolites are abundant
below this depth.

For purposes of evaluating thermal conductivity
of the Bullfrog, samples are broken into two groups in
this study. The first group, within which conductivity
has been measured successfully on six samples, con-
tains. samples from between 713.2 and 776.3' m (2340
and 2547. ft); P rosities range fromF 0.20 t 0.30 and
grain densities from 2.55 to 2.66 g/cm3 (see Table D-4).
The second group, in which five conductivities have
been measured, contains zeolitic tuffs both above and
below the zeolite-free zone. Porosities in this group
range from 0.25 to 0.40, and grain densities from
-2.31 to 2.58 g/cm3.

Conductivity results for the group of samples
from the central nonzeolitized portion of the unit are
given in Table C-4 and summarized in Table 4, along
with selected bulk properties of the tested samples.
Conductivity is relatively uniform, with the standard
deviation of all measurements being 0.1 W/m0C or

less at all test conditions. Fully saturated conductiv-
ities of 1.7 to 1.9 W/m 0C decrease to 1.05 to
1.15 W/m0 C after dehydration near 2001C. The only
exception is Sample 2536 which, consistent with its
having the lowest porosity of samples tested, shows
the smallest decrease in thermal conductivity as a
result of dehydration, from 1.84 to 1.34 W/mrC.

Test results for the zeolitized tuffs above and
below the central portion of the Bullfrog are given in
Table C-5 and summarized in Table 5. The average
saturated conductivity of these tuffs varies between
1.35 and 1.45 W/m0C, increasing slightly with increas-
ing temperature. Conductivity decreases to 1.0 to
1.2 W/m0 C upon dehydration.

Measured conductivities of nonzeolitized welded
Bullfrog from Hole UE25A#1 are summarized in
Table 6. In general, both saturated and dehydrated
conductivities of tuffs from A#1 are greater than of
material from G1. This difference appears to be real,
and to correlate with lower average porosity.

Table 4. Summary of Thermal-Conductivity Test Results, Central Nonzeolitized Portion of
Bullfrog Member, Crater Flat Tuff

Grain
Density Thermal Conductivity (W/m°C) at Temperature (°C)

Sample (g/cm3) Porosity 23 100 165 212-215 260-280

2367.9A 2.59 0.25 1.88 1.84 1.79 1.12 1.09
2472.3 2.62 0.32 1.88 1.84 1.85 1.14 1.05
2473.1 2.62 0.29 1.79 1.74 1.76 1.05 1.03
2474.0 2.62 0.31 1.72 1.70 1.69 1.06 1.04
2493.OB 2.62 0.27 1.88 1.90 1.93 1.15 1.17
2536.0 2.65 0.22 1.90 1.85 1.84 1.34 1.31
Average (all) 2.62 0.28 1.84 1.81 1.81 1.14 1.13
1 Standard 0.02 0.02 0.07 0.08 0.08 0.10 0.10
Deviation
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Table 5. Summary of Thermal-Conductivity Test Results, Zeolitized Portion of Bullfrog
Member, Crater Flat Tuff

Grain
Density Thermal Conductivity (W/m0 C) at Temperature (0 C)

Sample (g/cm3) Porosity 23 100 165 212-215 260
2274.4 2.36 0.34 1.37 1.41 1.42 1.09 -
2310.0 2.44 0.37 1.38 1.43 1.43 1.08 1.05
2311.0 2.41 0.36 1.38 1.44 1.44 1.01 0.96
2568.0 2.41 0.30 1.35 1.41 1.47 1.06 1.03
2569.0 2.44 0.32 1.37 1.42 1.44 1.19 1.15
Average (all) 2.41 0.34 1.37 1.42 1.44 1.09 1.05
I Standard 0.03 0.03 0.01 0.01 0.02 0.07 0.08
Deviation

Table 6. Thermal-Conductivity Test Results, Bullfrog
Member, Crater Flat Tuff, Hole UE25A#1 (Data from Refs 7
and 9)

Grain Approximate Thermal
Density Conductivity (W/m'C)

Sample Porosity (g/cm3) Saturated Dry

2341.0 0.26 2.70 - 1.74
2365.0 0.24 2.66 2.40 -
2389.0 0.25 2.61 1.47 1.06
2429.0 0.15 2.63 1.76 1.34
2432.0 0.18 2.64 2.19 1.36
2448.0 0.24 2.68 2.65 -
2499.0 0.20 2.63 1.90 1.23
Average (all) 0.22 2.65 2.06 1.35
1 Standard 0.04 0.03 0.43 0.25
Deviation

Tram Member of the Crater
Flat Tuff (Informal)

The Tram is the lowermost member of the Crater
Flat. While the distributions of the Prow Pass and
Bullfrog Members are fairly well known, very little is
know about the Tram because its outcrop is limited.
The member extends between depths of 804.4 and
1084.5 m (2639 and 3558 ft) in Hole G1. Mineralogical
studies6 indicate that, except for a zone extending
from -845.8 to between 914.4 and 929.7 m (-2775 to
between 3000 and 3050 ft), the unit is zeolitized. In
contrast to shallower zones, analcime is an important
zeolite, occurring, instead of mordenite, with clinopti-
lolite.

Thermal conductivity has been measured on six
samples from the Tram. Sample 2701, from the upper
portion of the unit, is zeolitized. Samples 2814, 2842,
2928, and 2939 are from the portion free of zeolites.
Sample 3050, though slightly lower in grain density
than the samples above it, is considered to be within
the nonzeolitized portion of the unit.

Test results for the nonzeolitized portion of the
unit are given in Table C-6 and summarized in
Table 7. Bulk properties for the unit are given in
Table D-5. The conductivity of samples from the
nonzeolitized portion is fairly uniform at between 2.0
and 2.25 W/m0 C before dehydration, generally de-
creasing slightly with increasing temperature. The
conductivity in this zone after dehydration appears to
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be near 1.5 W/m 0C. The zeolitized Sample (2701)
from the upper portion of the Tram is similar in both
conductivity and material properties to zeolitized
tuffs from the Bullfrog (see Table 3).

A check of the accuracy of measurements made as
part of this study is provided by data shown in
Table 8. Samples at two depths within the nonzeoli-
tized part of the Tram were split, one half-analyzed at
Terra Tek, the second half at the US Geological
Survey laboratories in Menlo Park, California. The

USGS samples were analyzed in the as-received state
of saturation. As shown, there is excellent agreement
between results at a depth near 892.5 m (2928 ft). The
difference between the reported conductivities is only
±3 % of the average value. At a depth of 895.8 m
(2939 ft), the relative difference is somewhat greater,
about ± 8% of the average. These measurements are
thus consistent with the conclusion that conductiv-
ities reported here should, conservatively, be precise
to ± 10%.

Table 7. Summary of Reliable Thermal-Conductivity Test Results, Nonzeolltized Portion of
Tram Member, Crater Flat Tuff

Grain
Density Thermal Conductivity (W/m 0 C) at Temperature (0 C)

Sample (g/cm3) Porosity 23 100 165 -212 245-280

2814.0 2.63 0.24 2.26 2.24 2.12 - 1.40
2928.3 2.65 0.19 2.07 2.02 2.01 1.55 1.52
2938.8 2.64 0.18 2.10 2.09 2.08 1.57 1.56
3050.0 2.59 0.26 1.95 1.98 1.98 - 1.53
Average (all) 2.63 0.22 2.10 2.08 2.05 1.56 1.50
1 Standard 0.03 0.03 0.13 0.11 0.06 - 0.07
Deviation

Table 8. USGS - Terra Tek Thermal-Conductivity Comparison Test
Results*

Grain Saturated
Sample Density Conductivity Arelative**

Depth (ft(m)) Porosity (g/cm3 ) (W/mOC) (W/mOC)

2928.1 (892.5)
(Terra Tek)

2929.1 (892.8)
(USGS)

2938.8 (895.8)
(Terra Tek)

2939.3 (895.9)
(USGS)

0.19 2.65 2.03 + 0.06

0.15t

0.18

0.16t

2.65

2.64

2.64

1 .880)
1.94(2)

2.08

1.81(l)
1.87(2)

- 0.09
- 0.03

+ 0.12

- 0.15
- 0.09

*USGS data contained in personal communication by J. Sass, USGS, to A. R. Lappin, Sandia,
dtd March 9, 1981.
**Calculated relative to the average of the Terra Tek determination and average USGS
determination.
tUSGS determination. All other bulk-property data from Terra Tek.
"Conductivity determined on disk by guarded-end-plate technique.
MConductivity determined by back calculation from experimental measurement in water-filled
chamber containing rubbled sample. Technique described in Ref 13.
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Thermal Stratigraphy
Two factors inhibit lateral and vertical correlation

of tuff thermal conductivities. First, ashflow units are
inherently variable in vertical profile, especially as
regards porosity. Second, as a response to variations in
permeability, initial temperature, and geologic set-
ting, tuff mineralogy varies. Any attempt at a general-
ized understanding of the thermal conductivity of
tuffs must take both factors into account.

Correction for the effects of porosity is relatively
straightforward under some conditions. Several meth-
ods have been proposed and used to back-calculate to
"zero-porosity" or matrix thermal conductivity (K.)
from laboratory measurements (for example, Refs 12,
13, and 14). The method used here is an extension of
that used by Woodside and Messmer.14 In this empiri-
cal method,9 the measured thermal conductivity,
Km"", is assumed to be

Kme r K(e - ) KO(I-.) KO(

where

KmesKrock = measured rock conductivity
K( = theoretical matrix conductivity at zero

porosity
q5 = porosity
Kg = conductivity of air
s = relative saturation of sample
Kw = conductivity of liquid water. All conductiv-

ities are in units of W/m0 C, and both porosi-
ty and saturation are in decimal notation
rather than percent.

By means of simple rearrangement, calculated Ko
values can be obtained from

K. (Kmeakg )( 1 2
K0 = (KKg U - 8 ) K (2)

Calculated K0 values for the samples analyzed
here are given in Table 9. Because of uncertainties
regarding the effective thermal conductivity of air in
these samples and lack of success in previous attempts
to measure conductivity of partially saturated materi-
al, the K0 values given are based on measurements at
complete saturation (s = 1.0), assuming a liquid water
conductivity of 0.605 W/m°C.'5 The geometric-means
approach, though empirical, yields excellent agree-
ment with other methods in calculating the matrix
conductivity of basalts."3

Once the calculated value of the matrix thermal
conductivity has been determined from measure-
ments on fully saturated material, the conductivity of
air can be calculated from measurements on fully
dewatered samples. Calculated air conductivities are
included in Table 9. As shown, the values fall into two
distinct groups. For devitrified samples (grain density
22.5 g/cm3), the apparent air conductivities range
from 0.08 to 0.24 W/m0 C, and average 0.12± 0.05 W/
m0C. Effective air conductivities in the zeolitized
tuffs range from 0.18 to 0.37 W/m0 C and average
0.27 ± 0.06 W/m0C. The apparent conductivity of air
in Sample 1330 is 19.66 W/m0C. These values com-
pare with 0.03 to 0.04 W/m0C for air and steam in the
same temperature and pressure range as measure-
ments were made here.16

The difference between apparent and textbook
values may be due to several causes. First, it is as-
sumed here that the matrix conductivity is indepen-
dent of temperature. This is almost certainly not the
case.9 In the case of devitrified tuffs, while the conduc-
tivity of feldspars may increase slightly with increas-
ing temperature, that of quartz is well documented to
decrease. Many of the samples of devitrified tuff
analyzed here show a slight decrease in saturatd con-
ductivity with increasing temperature. There is no
major phase in these tuffs that should show an in-
crease in conductivity due to dehydration, since none
of the main silicate phases are dehydrated at the
temperatures of interest.

A relatively high apparent thermal conductivity
of air is common, however, in other studies on rocks
containing primarily anhydrous phases (see, for exam-
ple Ref 13), and may be due to the formalisms used, to
reported porosities being slightly too high, or to heat
transfer processes being active that are not included in
the calculations. In the case of vesicular basalts, the
apparent air thermal conductivity in dehydrated sam-
ples is 0.14 W/m0C,13 quite close to that calculated
here for devitrified tuffs, 0.12 W/m0 C. Due to its
apparent validity for both basalts and devitrified
tuffs, this number is considered reliable.

As shown in Table 9 however, the average appar-
ent thermal conductivity of air in dehydrated samples
of zeolitized tuffs (grain density <2.5 g/cm3) is greater
than that in devitrified samples, 0.27 ± 0.06 W/m 0C,
vs 0.12±0.05 W/m0C. Even accepting the high air
conductivity in devitrified tuffs and basalts, there
must be one or more additional mechanisms operating
in the zeolitized samples. One factor is probably the
fact that, contrary to assumptions made here, the
matrix conductivity of zeolitized (and vitric) materials
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actually increases with increasing temperature, espe-
cially if dehydration occurs. The effect is most striking
in Sample 1330. In this case, due to the low porosity
(O = 0.03), the increase in glass conductivity with
increasing temperature and dehydration more than
makes up for the effects of dewatering, with the result
that overall sample conductivity is actually highest
afteivit yd atiqn. The apparent air therwnal penduc-
tivity afterdehydration of -this sample, assuming the

matrix conductivity to be temperature independent at
1.20 W/m0C, is 19.66 W/m0 C. If, however, it is as-
sumed that dehydration increases the matrix conduc-
tivity of the glass in Sample 1330 to near that of
anhydrous glass, say 1.4 W/m0 C, then the apparent
air thermal conductivity is reduced to 0.14 W/m0C,
consistent with results on devitrified tuffs,

. i,''; .1..... i''q1 ~..;. : ................ ,,.,., ;

Table 9. Calculated Matrix Conductivity (K0) and Air Thermal-
Conductivity (Kg) in Analyzed Samples

Sample Number Grain
(equivalent to Density
depth in feet) (g/cm3) Porosity K0(W/m0 C)(') K5 (W/m0C)(2)

795.0
1330.0
1503.0
1706.0
2010.0
2070.0
2274.4
2310.0
2311.0
2367.9A
2472.3
2473.1
2474.0
2493.0B
2536.0
2568.0
2569.0
2701.0
2814.0
2928.3
2938.8
3050.0

2.52
2.38
2.48
2.33
2.40
2.41
2.36
2.44
2.41
2.59
2.62
2.62
2.62
2.62
2.65
2.41
2.44
2.42
2.63
2.65
2.64
2.59

0.11
0.03
0.38
0.33
0.28
0.29
0.34
0.37
0.36
0.25
0.32
0.29
0.31
0.27
0.22
0.30
0.32
0.31
0.24
0.19
0.18
0.26

2.51
1.20
2.08
1.62
1.71
1.83
2.09
2.24
2.19
2.74
3.21
2.79
2.75
2.86
2.62
1.90
2.01
2.02
3.43
2.76
2.76
2.94

19.66
0.30

0.19
0.18
0.31
0.30
0.24
0.07
0.13
0.09
0.12
0.10
0.12
0.26
0.37
0.29
0.08
0.13
0.12
0.24

/ ~~~~~~~~I
(')Ko = R ... ,)) -~ , where Kme,, is measured in the fully saturated state, and Kwa,,, taken to

be 0.605 W/m0C (Ref 15)

-,. , in' " ) , where Kme. is measured in the dehydrated state, and K. is calculated as de-

fined above.

's.
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A similar argument can be made with partial
success in the case of zeolitized tuffs. Conductivities of
dehydrated zeolites (in addition to opal and expand-
able clays) are unknown. Several of the zeolitized
samples analyzed here show a slight increase in ther-
mal conductivity in the saturated state with increas-
ing temperature. The average matrix conductivity of
these tuffs in the saturated state is 1.97 W/m0 C. If it is
assumed that the effective thermal conductivity of air
in the dewatered samples is 0.12 W/m0C, then, at the
average porosity of 0.33, a dehydrated thermal con-
ductivity of 1.04 W/m0C requires a matrix conductiv-
ity of 3.01 W/m0C, as opposed to the assumed value of
1.97 W/m0C. This appears unlikely. Another possibil-
ity, since water is released from such hydrous phases
as zeolites over a range of temperatures, is that the
transient heating of a portion of these tuffs during
conductivity measurement in the "dehydrated" condi-
tion results in vaporization of additional crystal-
bound water near the heating probe. Such a process
would be endothermic, and result in too high an
apparent thermal conductivity.

The prediction of thermal conductivity of dehy-
drated, zeolitized tuffs is thus somewhat unsatisfac-
tory using the geometric-means approach, since it
requires use of an effective air conductivity of
0.27 W/m0C, an order of magnitude greater than the
textbook value. However, so long as the porosity range
to which estimated conductivities are extrapolated is
similar to that from which the zero-porosity conduc-
tivities were calculated, the results should be reliable.
In the case of zeolitized tuffs, results would appear
reliable for tuffs having porosities between -0.25 and
0.40.

Variations in zero-porosity or matrix conductivity
as a function of mineralogy can, to a first approxima-
tion, be understood as a function of grain density.
This is helpful in extrapolation of conductivities to
regions where mineralogical data are not available.
Lappin9 developed a theoretical curve of K. vs grain
density, and related this curve to both mineralogy and
early experimental results. The theoretical curve, re-
sults reported here, and some earlier experimental
results are shown in Figure 2.

In Figure 2, Curve A represents approximate
changes ingrain density and matrix conductivity re-
sulting from zeolite formation at the expense of pri-
mary anhydrous glass having a deinsity of 2.41 g/cm3

and conductivity of 1.35 W/m°C.9 There is little ap-
parent change in thermal conductivity because of
zeolitization, though conductivity data for zeolites are
sparse; none are available for clinoptilolite. Hydration
of initially anhydrous glass (as in the case of Sample
1330) decreases its conductivity and grain density

below values shown in the figure. Curve B represents
changes in both thermal conductivity and grain densi-
ty as anhydrous glass devitrifies to a mix of cristoba-
lite and alkali feldspar, assuming a 30:60 ratio of
cristobalite/feldspar. Curve C represents changes in
density and conductivity with varying cristobalite/
feldspar ratios, assuming complete devitrification.
Curve D represents variations in matrix conductivity
and density in quartz-bearing tuffs, assuming com-
plete inversion of cristobalite. Assuming that pheno-
crysts and secondary phases such as montmorillonitic
clays are negligible, the curves in Figure 2 should
provide an estimate of minimum zero-porosity ther-
mal conductivity as a function of both grain density
and mineralogy.

The relationship between grain density and min-
eralogy provides a method for dividing most tuffs into
three distinct groups. Tuffs with a grain density
< -2.5 g/cm3 should either be vitric or should have
undergone some zeolitization (Trend A) and/or devit-
rification to feldspar and cristobalite (Trend B). Tuffs
that have undergone a combination of zeolitization
and devitrification should have a zero-porosity con-
ductivity lying above the A and B lines, in field E.
Tuffs with a grain density between 2.5 and 2.58 g/cm3

should be simply devitrified, consisting largely of
cristobalite and feldspars. Tuffs with a grain density
of > 2.58 g/cm3 should be largely a mixture of quartz
and alkali feldspars.

Mineralogical studies to date,5 6 generally support
this subdivision. Eight of the 10 zeolitized tuffs stud-
ied here come from zones in which the combined total
of zeolite, cristobalite, and feldspars is >90% of the
rock. Clay contents are low and quartz contents
<10% .6 In most cases, the estimated content of cris-
tobalite is also quite low, so that the tuffs may be
thought of as a mix of zeolite and feldspar. The
average calculated zero-porosity conductivity of the
10 zeolitized tuffs studied here is 1.97±0.20 W/m°C,
represented by value 1 in Figure 2. Average grain
density is 2.41 + 0.04 g/cm3. Zero-porosity conductiv-
ity of these tuffs is thus statistically uniform within
experimental error, independent of depth and strati-
graphic unit.

Results for the six sets of data on the nonzeoli-
tized portion of the Bullfrog are also quite uniform, as
indicated by point 2 in Figure 2. The reported miner-
alogy in this portion of the unit consists of >95%
total quartz, feldspars, and cristobalite (or opal). 6 The
average zero-porosity conductivity of the nonzeoli-
tized Bullfrog is 2.83 ± 0.20 W/m°C in Hole G1 (point
2, Figure 2), compared to 2.91±0.89 W/m°C in Hole
A#1 (point 3). Average grain densities are 2.62 ± 0.03
and 2.65 ± 0.03 g/cm 3, respectively. Thus, although the
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measured saturated conductivities are somewhat
different, there is no statistically significant difference
between the average zero-porosity thermal conductiv-
ities of the nonzeolitized Bullfrog in the two
holes. Zero-porosity conductivity (2.97 ± 0.32 W/m0 C;

point 4, Figure 2) and average grain density
(2.63 ± 0.03 g/cm3) of nonzeolitized samples from the
Tram are almost identical to corresponding values for
the Bullfrog in both Hole Gi and Hole A#1.
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Unit Hole Symbols Unit Hole Symbols

Topopah Springs Member, Gl V All Zeolitized Tuffs Gi 1
Paintbrush Tuff Al v (Average K., pg)

Tuffaceous Beds of Gl * Nonzeolitized Bullfrog Gl 2
Calico Hills Al C (Average K,,, pg) Al 3

Prow Pass Member, GI Nonzeolitized Tram Gl 4
Crater Flatt Tuff Al (Average Ko, pg)

Bulldog Member, GI Densely Welded, Gl 5
Crater Flat Tuff Al 0 Devitrified Topopah Al

Tram Member, Gi A Springs (Average K 0, pg)
Crater Flat Tuff

Figure 2. Theoretical Grain Density-Conductivity Relationship and Calculated K0 Values for Silicic Tuffs From UE25A#1
and USW-G1
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The zero-porosity conductivity of all nonzeoli-
tized Bullfrog and Tram samples analyzed to date
averages 2.89 ± 0.53 W/m0 C. The average zero-
porosity conductivities of the three data sets are 2.83,
2.91, and 2.97 W/m0C. Average zero-porosity conduc-
tivities of these nonzeolitized devitrified tuffs thus
appear to be statistically uniform, independent of
depth, stratigraphic unit, and location. There may be
some statistically significant variation within the
welded Bullfrog in Hole A#1.

It should be noted that zero-porosity conductiv-
ities calculated here for devitrified, welded Bullfrog
and Tram, while internally consistent, are lower than
expected solely on the basis of simplified mineralogy.
Reported quartz/feldspar ratios in devitrified Tram
and Bullfrog analyzed to date range from -30/60 to
50/40. Ignoring the presence of all other minerals, this
should lead to zero-porosity conductivities between
3.5 and 4.2 W/m0C, as compared to the average calcu-
lated value of 2.9 W/m1C. The difference may be due
to either invalidity of some of the assumptions inher-
ent in the geometric-means formalism or to effects of
small amounts of such phases as expandable clays, not
considered here. Nonetheless, use of the approach
described here yields internally consistent results,
applicable over a porosity interval similar to that of
the samples from which calculated zero-
porosity conductivities have been derived. On the
basis of the samples analyzed here, the range of reli-
able application appears to extend between 0.2 and 0.4
porosity.

Data for evaluation of the densely welded, devitri-
fied Topopah Springs are limited. Three measure-
ments of saturated conductivity in this zone
lead to a calculated zero-porosity conductivity
of 2.44 ± 0.08 W/m0 C, shown as Point 5 in Figure
2. Average grain density of these samples is
2.55 ± 0.03 g/cm3. Note that, though Samples 795 and
1245 both come from zones in which there .has been
only limited inversion of cristobalite to quartz, abun-
dant quartz does occur locally within devitrified por-
tions of the Topopah Springs.86 Although the data are
extremely limited, it is tentatively concluded that
zero-porosity conductivity of cristobalite-bearing de-
vitrified welded tuffs with grain densities between
-2.5 and 2.58 g/cm3 is also statistically uniform,
indpendent of location.

When combined with the bulk-property measure-
ments given in Appendix D, the conductivity results
presented here provide a basis for developing a satu-
rated thermal-conductivity stratigraphy for intact
materials in the upper portion of Hole GI. In all units
but the Topopah Springs, it is assumed that reported
values are representative of the units sampled in the

absence of fractures. In the case of the Topopah
Springs, correction must be made for the occurrence
of lithophysal cavities and incomplete matrix satura-
tion.

With the exception of zeolitized tuffs, estimation
of the potential effects of in-situ joints is relatively
straightforward. Preliminary measurements indicate
that a linear thermal expansion coefficient of 10 x
10-6CC-i is reasonable for devitrified tuffs both above
and below the water table."7 Assuming this to be true,
that the temperature at which a welded tuff is em-
placed is no greater than 1000°C3, that all contraction
during cooling is taken up in the form of planar joints,
and that there is no reduction in joint aperture due to
overburden or tectonic stresses, a maximum of - 1%
of the initial material length should be taken up by
fractures at ambient temperature. This would corre-
spond to a fracture porosity of 3 vol %, and would
almost certainly be an overestimate in most cases.

In the simple case of heat flow perpendicular to a
set or series of planar joints, the effective thermal
conductivity of the jointed mass (K~ff) is given by the
relation shown in Equation 3, where K; and Xi are
respectively taken as the conductivity and length frac-
tion occupied by the intact material, and Kj and Xj the
corresponding values for the joints. In the cases for
welded tuff considered here, Kj is taken to be either
0.605 or 0.12 W/m°C, depending upon whether the
joints are assumed to be water or air-filled. Xi and Xj
are 0.99 and 0.01 in all cases, corresponding to 3%
fracture porosity.

Keff = 1 XXi x+
Ki Kj

(3)

The effects of estimated maximum fracture poros-
ities on the in-situ thermal conductivity of devitrified
welded tuffs are shown in Table 10. In the case of
saturated tuffs below the water table, the estimated
reduction in in-situ conductivity is will below 10%1o,
and is considered negligible. If these tuiffs are assumed
to be dehydrated, however, including the contained
joints, the effect is on the order of 10 %, but still quite
minor. Thus, it is concluded that effects of inherent
thermally-induced jointing on the in-situ thermal con-
ductivity of devitrified welded tuffs below the water
table are negligible.

This may not be the case in such welded tuffs as
the Topopah Springs, when situated above the water
table. In this setting, although the matrix may be near
full saturation, virtually all joints may be assumed air-
filled. Under this assumption, the ambient-
temperature conductivity of nonlithophysal Topopah
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may be reduced from 2.1 to 1.8 W/m0 C, about 15%. A
similar but smaller reduction in conductivity of the
dehydrated rock mass is also possible. It is therefore
concluded that in the case of the Topopah Springs,
which is the most densely welded tuff encountered at

* - Yucca Mountain, effects of natural in-situ jointing on
rock-mass conductivity may need to be considered.

Potential effects of nontectonic fracturing on the,
-sithermal conductivity of zeolitized or no el - -

ed tuffs appear negligible. Since they are often em-
placed as either ash-fall tuffs at near-ambient tem-
perature or as marginal envelopes to ashflow sheets,
such tuffs may have undergone only very limited
cooling in place. Thermally-induced jointing should
therefore be negligible. In addition, zeolitization of
zeolitized welded tuffs may have greatly reduced any
initial fracture porosity. It is thus concluded that the
in-situ rock-mass thermal conductivity of heavily zeo-
litized or nonwelded tuffs should be quite near that of
the intact material.

This is likely not the case in dehydrated zeolitic
tuffs. Preliminary information indicates that zeoli-
tized (or vitric) tuffs may contract up to 3 vol % or
more upon dehydration. If a 3% figure is assumed
representative, then the in-situ conductivity of
zeolitized tuffs in the dehydrated state, assuming

the effective conductivity of air in the joints to
be 0.12 W/m0C, might be reduced from the value
of 1.04 W/m0C measured on intact material to
-0.97 W/m0C. This change is probably negligible.

Table 11 contains the estimated conductivity
stratigraphy for intact material from Hole USW-G1
below a depth of 409.1 m (1342 ft). Contacts between
individua) zones wde' chosen largely on the basis of
W.k--uiperty measurements and mineralogical stud-
ies. When possible, however, a combination of labora-
tory measurements and data'from the downhole den-
sity log was used. Numbers of specimens analyzed for
bulk properties in each zone, average grain densities,
and average porosities are listed. The individual layers
are relatively uniform internally, especially the non-
zeolitized welded tuffs. Initial saturation of nonweld-
ed zeolitized tuffs, even above the water table is near
1.0. Estimated conductivities were calculated using
the geometric-means formula (Equation 1), average
porosities for each zone, and zero-porosity conductiv-
ities of 1.95 W/m0 C for the heavily zeolitized tuffs and
2.90 W/m0C for the nonzeolitized welded tuffs. The
average of the experimental measurements generally
falls within one standard deviation or less of the
calculated saturated conductivity for that zone.

Table 10. Estimated Maximum Effects of In-Situ Thermal Fracturing on Rock-Mass
Thermal-Conductivity of Welded Devitrifled Tuffs (Excluding Lithophysal Topopah
Springs)

Thermal Conductivity
of Intact Material Calculated Rock-Mass

Rock Type (Setting) (W/mOC) Ceonductivityt') (W/m0 C) A(W/mOC( 2) A, (3)

Welded Devitrified Tram 2.10 (saturated) 2.05 (matrix and joints saturated) 0.05 2.4
(below water table) 1.56 (dry) 1.39 (matrix and joints dry) 0.17 10.9
Welded Devitrified Bullfrog 1.84 (saturated) 1.80 (matrix and joints saturated) 0.04 2.2
(below water table) 1.14 (dry) 1.05 (matrix and joints dry) 0.09 7.9
Welded Devitrified 2.10 (saturated) 1.80 (matrix saturated, joints dry) 0.30 14.3
Topopah Springs 1.85 (dry) 1.62 (matrix and joints dry) 0.23 12.4
(above water table)

V

M'Calculated from Kff = X___Xi symbols defined in text

Ki Kj. . -
(2)Thermal conductivity of intact material - calculated rock-mass conductivity
(3)(A(W/m 0C) divided by conductivity of intact material) x 100
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Table 11. Estimated Thermal-Conductivity and Bulk-Property Stratigraphy (Saturated) of
Upper Portion of Hole USW-G1 Below 409.1 m (1342 ft)

Depth
Interval
(mWft))

Grain Density
(g/cm3)

... N) -(2Y laM(

Saturated Thermal
Conductivity (W/meC)

Calculated(4) Measured
K N K la

Fully Dehydrated
Thermal Conductivity

(W/mDC)
Calculated( 5) Measured

K N K. la

Porosity
_N X laRock Type Unit

409.1-569.1 -Zeolitized, non to
(1342-1867) partially welded

569.1-605.6 Nonzeolitized, partially
(1867-1987) to moderately welded

605.6-713.2 Zeolitized, non to
(1987-2340) partially welded

713.2-776.3 Nonzeolitized, partially
(2340-2547) to densely welded

776.3-847.4 Zeolitized, non to
(2547-2780) partially welded

16 2.40 0.09 -16 0.34 0.03 1.31 2 - 1.24 - - 1.00 1 1.00

5 2.57 0.04 5 0.31 0.04 1.78 - 1.08

28 2.43 0.07 28

24 2.61 0.02 26

19 2.43 0.06 19

0.33 0.04 1.33

0.26 0.03 1.87

0.28 0.03 1.41

5 1.35 0.04 1.02 5 1.00 0.07

6 1.84 0.07 1.27 6 1.14 0.10

3 1.37 0.02 1.12 3 1.11 0.06

847.4-920.5 Nonzeolitized, partially 14 2.63 0.03 13
(2780-3020) to moderately welded

0.20 0.03 2.12 4 2.10 0.13 1.53 4 1.51 0.07

N = Number of samples analyzed

-X = Average of measurements on analyzed samples

3a - Standard deviation

(4K'C' - K',' - OKO; KO values defined in text

(5)Calculated values derived from Kd-.lh = K'" - 'K:; K. and Kg defined in text

Saturated conductivities listed in Table 11 should
be fairly reliable. There is general agreement between
experimental and calculated results, and no major
internal structural complication in these units that
might affect data interpretation. Assumption of com-
plete initial saturation is reasonable, and changes in
porosity occur over relatively short stratigraphic in-
tervals, documented both by downhole logging and
laboratory measurements. Likewise, there is good
agreement between calculated and measured conduc-
tivities in the dehydrated condition, using effective air
conductivities of 0.12 W/m°C in the nonzeolitized
tuffs and 0.27 W/m°C in the zeolitized. The agree-
ment between measured and calculated values indi-
cates that the samples on which conductivity was
measured are representative of the depth zones con-
taining them.

This is not the case at depths of < -411.5 m
(1350 ft), since the major unit at these depths, the
Topopah Springs Member of the Paintbrush Tuff, is
internally complex, and not fully saturated. As men-
tioned above, the unit contains abundant lithophysal

cavities, which are usually partially gas-filled. There-
fore, to predict the in-situ thermal conductivity of the
Topopah Springs, even assuming complete matrix
saturation, an estimate must be made of the effect of
air-filled porosity on thermal conductivity.

The initial approach taken here is to assume that
the matrix or intact material in lithophysal portions of
the Topopah has a porosity of 0.10 and saturated
thermal conductivity of 2.1 W/m°C. Lithophysae are
then considered to have a thermal conductivity of
0.12 W/m°C. The effective conductivity of the rock
mass is calculated using the geometric means ap-
proach, with the conductivity of the intact material
taking the place of the zero-porosity conductivity in
previous calculations.

Estimated conductivity for the Topopah Springs
as a function of depth is given in Table 12, with
lithophysal void volumes estimated for Spengler, et
al.' The approximate average conductivity perpendic-
ular to layering for the densely welded, devitrified
portion of the Topopah Springs is reduced from -2.1
to -1.6 W/m°C by the presence of lithophysae in the
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matrix-saturated state. Assuming 0.6 to be the matrix
saturation in this zone, the conductivity is reduced
slightly, the conductivity of nonlithophysal material
to 2.00 W/mWC, and that of the unit as a whole
(perpendicular to layering) to 1.5 W/m0C. Bracketed
values listed in Table 12 assume total dehydration and
affective air conductivity of 0.12 W/in0C.

An additional area of uncertainty presently re-
mains in estimation of thermal conductivity of the
tuffs in Hole G1 above the water table. Sample 1330 is
the only sample analyzed to date that consists largely
of glass. In the depth intervals between 9.1 and 89.3 m
(30 and 293 ft), as well as between 392.3 and 424.9 m

(1287 and 1394 ft), field description and mineralogical
studies' 6 indicate that the tuffs are almost entirely
glassy. Bulk-property determinations in these inter-
vals are few. One approach to estimating thermal
conductivity is to assume that the zero-porosity ther-
mal conductivity of all glassy tuffs is the same as that
of Sample 1330, 1.20 W/m0C. With this assumption
and the assumption that the average porosity in the
two intervals is 0.30, estimated thermal conductivity
in the saturated state is -1.0 W/m0C. If 0.6 satura-
tion is assumed, this is reduced to 0.8 W/m0 C. The
same range of conductivities is assumed here for near-
surface alluvium.

Table 12. Estimated Thermal-Conductivity and Bulk-Property Stratigraphy (Matrix-
Saturated) of Upper Portion of Hole USW-G1 Above 409.1 m (1342 ft)*

Estimated Porosity Thermal
or Assumption About Conductivity

Depth Interval (m(ft)) Rock Type Lithophysae (W/moC)**
0-89.3 Alluvium, Nonwelded Vitric,
(0-293) Thin Densely Welded Vitric Porosity = 0.30 1.0(0.8) 10.6]

Densely Welded, Devitrified
89.3-133.5 Vapor Phase Zone 0% Lith.(1) 2.1(2.0) [1.8]
(293-438)
133.5-141.1 10% to 30% Lith.(1) 30% Lith. 0.9(0.85) [0.80]
(438-463)
141.1-150.3 Densely Welded 0% Lith. 2.1(2.0) [1.8]
(463-493)
150.3-217.3 20% to 30% Lith., 15% Lith. 1.4(1.3) [1.2]
(493-713) "Commonly Filled"
217.3-248.4 Rare Lith., 5% to 15% Lith., 5 % Lith. 1.3(1.7) [1.61
(713-815) Occasional Lith.
248.4-294.8 5% to 20% Lith., 10% Lith. 1.6(1.5) [1.4]
(815-967) "Generally Filled"
294.8-303.9 20% to 30 % Lith., 10 % Lith. 1.6(1.5) [1.4]
(967-997) "Filled"
303.9-365.5 5% to 15% Lith., "1/2 Filled, 10 % Lith. 1.6(1.5) [1.4]
(997-1199) 1/2 Unfilled"
365.5-392.3 'Occasional" Lith. 0 % Lith. 2.1(2.0) [1.8]
(1199-1287)
392.3-409.1 Densely Welded to Nonwelded,
(1287-1342) Vitric Porosity = 0.30 1.0(0.8) [0.6]

*Parenthetical values assume 0.6 matrix saturation; bracketed values assume 0.0 matrix saturation
**Matrix porosity of densely welded, devitrified tuff assumed to be 0.10
')Lith. = Lithophysae
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Tables 11 and 12 thus provide an estimated ther-
mal-conductivity stratigraphy in the matrix-
saturated state for intact material from the upper
portion of Hole GI, and for the partial-saturation
state of the densely welded Topopah Springs and
vitric tuffs above and below it. The tables do not
consider possible effects of jointing on in-situ thermal
conductivity, since these generally appear. to be negli-
gible.

Conclusions and
Discussions

Test results presented here are consistent with the
conclusion that it is possible to measure the thermal
conductivity of most silicic tuffs to within ± 10% or
better using the transient-line-source technique. Zero-
porosity or matrix thermal conductivity of heavily
zeolitized tuffs appears statistically uniform near
1.95 W/m0C, independent of depth, stratigraphic for-
mation, and detailed mineralogy. Zero-porosity con-
ductivity of nonzeolitized welded tuffs appears uni-
form near 2.9 W/m0C, independent of formation,
depth, and location. Combination of average zero-
porosity conductivities and effective air conductivities
of 0.12 W/m0C in devitrified tuffs and 0.27 W/m0 C in
zeolitized tuffs with laboratory bulk-property mea-
surements, downhole density logs, and results of min-
eralogical studies allows development of a thermal-
conductivity stratigraphy for intact portions of the
silicic tuffs in the upper portion of Hole IUSW-G1 as
shown in Tables 11 and 12. Calculated conductivities
should be valid so long as they are for tuffs ranging
generally from 0.2 to 0.4 in porosity. In the case of
such tuffs as the Topopah Springs, the range of valid-
ity remains to be determined.

In the stratigraphy, individual zones, the bound-
aries of which do not coincide with boundaries of
named stratigraphic units, are relatively uniform in-
ternally. In most cases, the standard deviations in

porosity and grain density within a zone are no greater
than between duplicate measurements on the same
sample. Estimated conductivities of tuffs below the
water table are most reliable. Above the water table,
the detailed in-situ state of saturation remains un-
known, and the major unit encountered, the Topopah
Springs Member of the Paintbrush Tuff, is internally
complex due to abundant lithophysae. At present,
laboratory data are not available on the thermal con-
ductivity of lithophysal zones. With the exception of
the Topopah Springs, the values in Tables 11 and 12
should be within 10% of the in-situ thermal conduc-
tivity, based on estimated effects of thermally induced
fracturing. The effect of such fracturing is greatest
(-14%) in devitrified, nonlithophysal Topopah
Springs above the water table.

Much obviously remains to be done. The thermal-
conductivity data coverage is quite uneven; most of
the emphasis to date has been placed on tuffs below
the water table, especially the nonzeolitized portions
of the Bullfrog and Tram Members of the Crater Flat
Tuff. Below the water table, additional measurements
are needed in the welded zeolitized portions of the
section.

Above the water table, further characterization of
the Topopah Springs is required, including measure-
ments and confirmation of an adequate predictive
model for the thermal conductivity in lithophysal
zones. In addition, measurements must be made
across the lower contact of the Topopah Springs, from
the densely welded devitrified portion of the unit into
the nonwelded vitric tuffs at its base.

Lateral extrapolation of the results and formal-
isms presented here involves uncertainties. As pres-
ently developed, the linking of conductivity with min-
eralogy is indirect. This is necessary in regions where
mineralogical data are unavailable, but risky in re-
gions near contacts between zeolitized and nonzeoli-
tized zones. Additional mineralogy is required, espe-
cially at and near such contacts.
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APPENDIX A

Test Procedures for Sample Preparation
and Bulk-Property Measurements

Sample Preparation
Samples were prepared from competent sections

of sealed core received from USW-G1. Water was used
as a cooling medium during all cutting and coring
operations.

Although theories exist to estimate thermal con-
ductivity of partially saturated materials, successful
measurements on tuff have been made to date only on
fully saturated or fully dehydrated samples. Speci-
mens were rehydrated by a vacuum-submersion tech-
nique in which the sample is placed in a container of
deionized water and a vacuum drawn to the vapor
pressure of water. This vacuum is sustained for 2 to
3 h, at which time the sample is removed and weighed.
The evacuation and weighing process is repeated until
no weight gain is observed between weighings.

As-received saturation in these tuffs is generally
0.7 to 0.9, so the only pore spaces requiring rehydra-
tion are presumably near surfaces dehydrated during
handling and preparation. Thus, the connate water in
the center of the core has apparently not been dis-
turbed. The application of pore pressure during test-
ing further reduces the amount of gas-filled void space
in the core.

Bulk Properties
Bulk properties were measured by standard meth-

ods. Detailed procedures, summarized below, are on
file with Sandia National Laboratories Quality Assur-
ance.

Bulk Density
Bulk density is deterntined by weighing a speci-

men in water and measuring its volume by mercury
displacement. No attempt was made here to preserve
the initial state of saturation. The specimen is then
oven-dried at 110±50C to constant weight and re-
weighed. The original weight divided by the volume

yields the initial bulk density. Dried weight divided by
initial volume yields dry density, assuming no change
in sample volume during drying. These relations are
summarized:

orig. wt. . dry wt.Bulk Density = ri Dry Density =
orig. vol. orig. vol.

Grain Density
The dried specimen is crushed, pulverized to ap-

proximately 100 mesh size, and weighed. Grain vol-
ume is measured by water immersion. Weights are
accurate to ± 0.1% and volumes to 1.0%. Grain densi-
ty is found by dividing grain weight by grain volume.

Grain Density = grain wt.
grain vol.

Initial Water Content
The water content of the specimen is calculated

by subtracting the specimen's dry weight from the
initial weight and dividing the resultant by the initial
weight.

Initial Water Content = orig. wt. - dry wt.
orig. wt.

Total Porosity
The total porosity of the specimen is calculated

from the dry bulk density and grain density as follows:

Total Porosity = 1 - Dry Density
Grain Density

Note that the "total porosity" reported here is
based on grain densities measured after crushing of
the material to minus 100 mesh. Micropores complete-
ly contained in grains passing this mesh, i.e., less than
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about 0.15 mm in diameter, might be occluded and not
included in the porosity measurement, except as they
decrease apparent grain density if dewatered during
sample drying.

Saturation
Reported saturations are calculated from the rela-

tion:

Bulk Density at Total Saturation
This value is calculated from the relation:

Bulk Density at Total Saturation =
(Grain Density x (1 - 0) + 0)

Saturation =
Orig. Bulk Density - Dry Bulk Density

Porosity
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APPENDIX B

Test Procedures, Calibration, and Data-Acceptance
Criteria for Thermal-Conductivity Measurements

A schematic of the thermal-conductivity test set-
up is shown in Figure B-i. As shown, a 0.32-cm-dia.
heater approximating an ideal line source is placed
along the longitudinal axis of a 5.1-cm-dia. by
10.2-cm-long sample. A thermocouple is attached and
soldered to the heater at midsample. The entire probe
assembly is "potted" in place with a mixture of ceram-
ic cement and powdered copper to minimize and
standardize contact resistance between probe and
sample. Disks of low-conductivity ceramic insulator X UPPERWSEAL

are used to minimize heat loss from the ends of the
sample. Such heat losses, if unchecked, would lead to PRESSURE

anomalously high apparent conductivities. The over- VESSEL

all internal heater length, 13.4 cm, gives a heater OUTER HEATER
SHROUD

length-to-diameter (L/D) ratio of 36. The L/3 ratio /, \iD
within the sample itself is 32. The sample-probe as- SINER HEATER

sembly is separated from the confining fluid by a A__SPACER

teflon sleeve. /
Power, in the form of carefully monitored and SAMPLE

controlled voltage and current, is applied to the probe PROBE HEATER

heater for periods of <2 min, while the exterior of the ASSEMBLY

sample is maintained at constant pressure and nearly CERAMIC SPACER

constant temperature (AT <1 0C). Because the exteri- LOWER ENOCAP

or temperature of the sample does not change signifi- SAMPLE HEATER

cantly during the period of the test, a sample of finite LE HETER

dimension behaves as if it were inifinite in volume. HEATER SHROUD BAFFLE

Thermal conductivity for the material is calculat-
ed from the internal heater temperature history and
power input according to

47rAT tj1 ELECRCAL FEED

by determining the least-squares best fit to the experi-___
LOWER SEALmental data between 30 (tj) and 90 (t2) s. In the ASSEMBL

equation, K is the rock thermal conductivity in
W/m 0C, AT the change in heater temperature be-
tween times t1 and t2, and P the heater power in W/m. Figure B-1 Schematic of Thermal-Conductivity Test Setup
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Figure B-2 is a temperature -In(t) plot from a
representative thermal-conductivity measurement.
Note that the initial response of the heater is not log-
linear. At longer times, beginning 20 to 30 s into the
test, the response is log-linear. In Figure B-3, tempera-
ture is plotted against time on a linear time scale. This
figure emphasizes the short duration of the early
transient period.

on the actual conductivity. At longer times, however,
the assumption of infinite volume of the test sample
breaks down as the temperature at the outside of the
sample rises. This condition, like end effects, results in
too high an apparent conductivity. Tests affected by
very-near-field contact resistance are identified by an
"s-shaped" or sygmoidal time-In t response (Figure
B-4), in contrast to standard or nominal curves (Fig-
ure B-2). Test showing this type of curvature, -15%
of the total number of runs, are disregarded here.

, .'

tn 01.1 Aft., H"-t. Tr.-On

Figure B-2 AT-in Time Plot, Representative Conductivity
Test

In 11.1 Aft.r H1t*r Turn-Of

Figure B-4 AT-in Time Plot, Abnormal Conductivity Test

10

*0

Ep rimntal Data

0 20 40 60 80 100 120

Tin, 1.) Aft., H.,., Turn.On

Figure B-3 AT-Time Plot for Data Shown in Figure B-2

Several sources of error are possible in these mea-
surements. In some tests, contact resistance may de-
velop between heater and rock, generally at higher
temperatures. This may be reflected by either an
anomalously low apparent thermal conductivity in the
early portion of the time-temperature curves, or by an
extended transient period. At longer times, as the
volume effectively integrated in the measurements
increases, the apparent conductivity should converge

Most of the atypical runs occurred in high-
temperature measurements on either zeolitized non-
welded tuffs, or on devitrified welded tuffs from above
the water table. In both cases, the source of the
problem appears to be related to mineralogy.1 Zeoli-
tized nonwelded tuffs contract when dehydrated,
while devitrifed welded tuffs above the water table
frequently contain cristobalite, which goes through a
large volume increase in the vicinity of 1500 to 2000C.
Either behavior could result in size changes in the
central heater hole, and development of very-near-
field contact resistance. In other cases, contact resis-
tance might be related to fluid movement during
sample dehydration. More detailed discussion of
contact-resistance effects and other potential errors in
transient-line-source measurements are beyond the
scope of this report.

The accuracy of conductivity data generated by
the transient-line-source technique depends upon the
accuracy of the power factor, P, used in calculations.
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This factor can be determined by two methods.
First, the power supplied to the heater probe during
the test can be determined by monitoring applied
voltage and current, and the power factor calculated
from known power input and heater length. The sec-
ond approach involves testing a material of known
thermal conductivity and calculating the power factor
from known conductivity and measured temperature
history of the heater probe.

Although no material has been adopted by the
National Bureau of Standards as a standard for ther-
mal conductivity in the range 0.5 to 4 W/m0C, fused
silica has been used by many as an unofficial standard
(see, for example, Ref 18). Terra Tek uses a GE No.
124 fused silica as standard. Samples of silica were
prepared and tested exactly like samples of tuff,.using
the sample pressures, temperatures, and stabilization
times. Sample geometries are identical, and the heater
probe, potting material, endcaps, and jacket materials
are the same for the fused silica as for the tuff samples.

Power factors in this study were routinely checked
by measurements on fused silica before and after each
test series, assuming an ambient-temperature conduc-
tivity of 1.33 W/m 0C for the silica. Power factors were
also calculated during calibrations at room tempera-
ture and pressure by monitoring power input. Factors
determined by power monitoring and by measure-
ments on fused silica agree to within + 1 %. This
indicates that heater performance was stable, and
that, unless there is systematic error in the power
monitoring, the conductivity of the fused silica is near
1.33 W/m 0C.

A total of 73 measurements on fused silica were
made for this study. Each assumes a constant moni-
tored heater power factor of 130.4 to 137.0 W/m,
depending upon heater. Table B-1 summarizes the
results. The measured "room-temperature" thermal
conductivity of the fused-silica standard, based on 25
tests and assuming predetermined power factors, is
1.326 ± 0.025 W/m0 C.

Touloukian, et all9 have compiled literature values
for thermal conductivity of fused silica. As shown in
Figure B-5, their "recommended" conductivity of
fused silica, which they believe to be accurate to
within ±3% over the temperature range shown,"in-
creases from 1.33 W/mWC at 00C to 1.45 W/m0 C at
770C, 1.57 W/m0C at 1770C, and 1.62 W/m0C at
2270C. Both the fused-silica conductivities measured
in this study and their trend with increasing tempera-
ture closely parallel data reported by Touloukian et al
except near 1650C. At all other temperatures, the
values reported here are the same as reported by

Touloukian to within the estimated precision. This is
strong confirmation of both the technique and heater
power factors used here.

Table B-1 Measured Thermal Conductivity
of GE No. 124 Fused Silica

Initial Temperature, T(0C)
23 100 165 212 260

Thermal Conductivity, K(W/m0C)
1.33 1.47 1.60 1.65 1.59
1.31 1.47 1.61 1.68 1.60
1.35 1.38 1.58 1.61 1.59
1.34 1.39 1.58 1.63 1.59
1.33 1.43 1.57 1.53 1.59
1.31 1.44 1.56 1.53 1.60
1.29 1.41 1.57 1.54 .1.57
1.30 1.44 1.62 1.58 1.64
1.30 1.44 1.60 1.55 1.61
1.33 1.60 1.44 1.59
1.29 1.59 1.46
1.34 1.62 1.54
1.29 1.58
1.35 1.52
1.35 1.57
1.35 1.56
1.37 1.56
1.36
1.33
1.31
1.36
1.28
1.32
1.33
1.33

Measurements 25 9 12 17 10
Average K 1.33 1.43 1.59 1.56 1.60
1 Std. Dev. 0.03 0.03 0.02 0.06 0.02

Three additional conductivity measurements on
the standard material used in this study were made in
an attempt to provide experimental confirmation of
the standard's conductivity. Materials tested were cut
from the same piece of silica. One sample was analyzed
by Dyna Tech, Inc, in a divided-bar apparatus. Re-
sults are shown as Curve 3 in Figure B-5. The conduc-
tivities reported by Dyna Tech at low temperatures
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fall very slightly below both those reported here and
by Touloukian (1.29 vs 1.33 and 1.37 W/m0 C at 250C;
1.41 vs 1.43 and 1.48 W/mWC at 1000C). At higher
temperatures, the conductivity reported by Dyna
Tech exceeds both the values of Touloukain and those
measured here. Measurements at Sandia, also by the
divided-bar technique, indicate a conductivity of the
GE fused silica of 1.23 W/m1C at 300C, increasing to
1.57 W/m0 C at 2500C. An additional measurement,
made by J. Sass, USGS, Menlo Park, California, by
the transient-line-source method is also included in
Figure B-5. He reports a conductivity of 1.33 W/mWC
at 250C.

1.90 1. Terra Tek
2. Touloukian at at'9

1.80 3. Dyna Tech
4. Sandia
5. USGS

1.70 /

1.60

1.50

aC

0 100 200 300
T (VC)

Figure B-5 Thermal Conductivity of Fused Silica

Several conclusions appear justified by these re-
suIts. First, the ambient-temperature thermal con-
ductivity of the fused-silica standard used is appar-
ently quite near the assumed value of 1.33 W/m0 C.
1.31 ± 0.06 W/m°C is the average of the four measured
values and the value recommended by Touloukian. At
all temperatures, the total spread between values is
only about 10% of the average. Second, the trends of
conductivity vs temperature measured here and re-
ported by Touloukian are consistent. Divided-bar re-
sults at both Dyna Tech and Sandia indicate a more
rapid increase in conductivity with increasing tem-
perature. Finally, the use of ceramic cement and pow-
dered copper as a potting compound in these measure-
ments does apparently minimize contact resistance
between heater and sample at most temperatures.

Measurements at 1650C in this study, however,
are distinctly inconsistent with those at both higher
and lower temperatures. The average rise in tempera-
ture during the tests was 130 to 300C, and the boiling
point of water at the fluid pressures used was near
2000C. Thus, at least a portion of the cement-copper
potting mixture was raised to temperature of 1800C or
greater during tests at "165oC." The cement-copper
potting mix contains water. One possible reason for
the apparently higher thermal conductivity near
1650C is that part of the water in the potting mixture
volatilized at these temperatures, consuming energy.

In this study, it is assumed that the thermal
conductivity of the fused silica increases smoothly
with increasing temperature, as shown by the results
of Touloukian, that the discrepancy in measurements
at 1650C is due to processes in the heater/potting
material only, and that the real conductivity of the
Terra Tek standard at 1650C is 1.51 W/m0C instead
of the measured value of 1.59 W/m0 C. This is a
difference of 0.08 W/m0C. Tuff conductivities at
1650C are, therefore, decreased below the measured
value by 0.08 W/m 0C in all data tables and figures.

I.
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APPENDIX C

Individual Thermal-Conductivity Test Results

Individual test results, both of runs accepted here
and of discarded runs (see Appendix B), are included
in this appendix. In all cases, the conductivity listed is
that computer-calculated as the best fit for the time-
delta temperature plot between 30 and 90 seconds
after heater turn on. Raw data and computer plots of
each individual test have been provided to Sandia
National Laboratories Quality Assurance by Terra
Tek, Inc, Salt Lake City.

Table C-1 Thermal-Conductivity Test Results, Topopah Springs Member, Paintbrush Tuff

Thermal Conductivity (W/m0C)

Individual
Temperature (0C) Measurements Average

Sample 795 Grain Density = 2.52 g/cm3; Porosity = 0.11

23 (P, = Ps = 0.1 MPa) 2.12, 2.16 2.14
(P0 = 10 MPa, Pf = 1.5 MPa) 2.14, 2.15 2.15

100 (All other tests at Pc = 10 MPa, Pf = 1.5 MPa) 2.13, 2.16 2.15
165 2.05, 2.04* 2.05*
205 1.38,** 1.30**
270 1.21,** 1.44*

Sample 1330 Grain Density = 2.38 g/cm3; Porosity = 0.03

23 (All tests at P, = 10 MPa, 1.17, 1.18 1.18
Pf = 1.5 MPa)

100 1.24, 1.24 1.24
165 1.27, 1.28* 1.28*
205 1.28, 1.28 1.28
280 1.33 1.33

*Decreased by 0.08 W/m0C from raw data as discussed in Appendix B.
**This test shows double curvature in T-t plots. Data disregarded, see Appendix B.
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Table C-2 Thermal-Conductivity Test Results, Tuffaceous Beds of Calico Hills

Thermal Conductivity (W/m0 C)
Individual

Temperature (0C) Measurements Average
Sample 1503 Grain Density = 2.48 g/pm3; Porosity = 0.38

23 (P, = Pf= 0.1 MPa) 1.29, 1.30 1.30
(P, = 10 MPa, Pf = 1.5 MPa) 1.30, 1.30 1.30

100 (All other measurements at 1.32, 1.35 1.34
P, = 10 MPa, Pf = 1.5 MPa)

165 1.22, 1.34* 1.28*
205 0.97, 1.17** 0.97
250 0.97,** 1.02 1.02

Sample 1706 Grain Density = 2.33 g/cm3; Porosity = 0.33

23 (P, = Pf = 0.1 MPa) 1.16, 1.15 1.16
100 (All other measurements at 1.20, 1.21 1.21

P, = 10 MPa, Pf = 1.5 MPa)
165- 1.22, 1.25* 1.24
210 0.86,** 0.83,** 1.24

0.82,** 0.65**

*Reduced by 0.08 W/m0C as discussed in Appendix B.
**This test shows double curvature in T-t plots. Data disregarded.

I
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Table C-3 Thermal-Conductivity Test Results, Prow Pass Member, Crater Flat Tuff

Thermal Conductivity (W/m 0 C)

Individual
Temperature (0 C) Measurements Average

Sample 2010 Grain Density = 2.40 g/cm3; -Porosity = 0.28 -- ^ - -- x

23 (PC = Pf = 0.1 MPa)
(PC = 10 MPa, Pf = 1.5 MPa)

100 (All other measurements at
Pc = 10 MPa, Pf = 1.5 MPa)

165
212

280

Sample 2070 Grain Density = 2.41 g/cm3
; Porosity = 0.29

23 (PC = Pf = 0.1 MPa)
(Pr = 10 MPa, Pf = 1.5 MPa)

100 (All other measurements at
PC = 10 MPa, Pf = 1.5 MPa)

165
212
245

0.93,
1.27,
1.36,

0.97*
1.29
1.40

1.28
1.38

1.46,
1.41jt
1.21tt
0.91,

1.38* *
1.35,tt

1.42**
1.32

0.93 0.92

1.32
1.34
1.43

1.32
1.34
1.43

1.47**
1.00
0.91

1.47**
1.00
0.91

*Increase in conductivity with pressure indicates ambient-pressure test affected by either contact resistance or smple collapse.
Data disregarded.
**Reduced by 0.08 W/m0 C from raw data as discussed in Appendix B.
tSomewhat suspect, long-time fit not good.
ttlncomplete dehydration?

i .,.
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Table C-4 Thermal-Conductivity Test Results, Central Nonzeolitized Portion of Bullfrog
Member, Crater Flat Tuff

Thermal Conductivity (W/m°C)
Individual

Temperature (°C)
Sample 2367.9A Grain Density - 2.59 g/cm3 ; Porosity = 0.25

23 (All at P, = 10 MPa,
Pf = 1.5 MPa)

100
165
205
280

Sample 2367.98

23 (P, = Pf = 0.1 MPa)
(P, = 10 MPa, Pf = 1.5 MPa)

100 (All other measurements at
P= 10 MPa, Pf = 1.5 MPa)

165
212
280

Measurements Average

1.88, 1.87 1.88

1.84
1.76,
1.12,
1.09,

1.58,
1.64,
1.53,

1.82*
1.16**
1.20**

1.84
1.79*
1.12
1.09

1.62
1.64
1.57**

1.60
1.64
1.53

1.18,** 1.21**
0.67,** 0.62**
0.69**

Sample 2472.3 Grain Density = 2.62 g/cm3; Porosity = 0.32

23 (All at P, = 10 MPa,
Pf = 1.5 MPa)

100
165

1.89, 1.87 1.88

1.82,
1.81,
1.86*
1.10,
1.15,

206
260

Sample 2473.1 Grain Density = 2.62 g/cm3; Porosity = 0.29

23 (All at Pc = 10 MPa,
Pf = 1.5 MPa)

100
165
206
260

1.85
1.87,

1.18
1.15

1.77,

1.74
1.76*
1.05
1.03

1.84
1.85*

1.14
1.15

1.79,
1.79
1.74,
1.75,
1.04,
1.03,

1.79

1.74
1.76*
1.05
1.03

Sample 2474.0 Grain Density = 2.62 g/cm3 ; Porosity = 0.31

23 (All at P. = 10 MPa,
Pf = 1.5 MPa)

100

165

212
260

1.71,
1.73,
1.71
1.70,
1.70
1.69,
1.68*
1.05,
1.04,

1.72,
1.72,

1.71,

1.71,

1.72

1.70

1.69*

1.06
1.04

1.06
1.04
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Table C-4 (cont)

Thermal Conductivity (W/m0 C)

Individual
Temperature (MC) Measurements Average

Sample 2493A Grain Density = 2.62 g/cm
3
; Porosity = 0.27

23 (P0 = Pf = 0.1 MPa) 1.70,** 1.71,**
1.70**

(P, = 10 MPa, Pf = 1.5 MPa) 1.70**
100 (All other measurements at 1.85, 1.91 1.88

P0 = 10 MPa, Pf = 1.5 MPa)
165 1.59, 1.63* 1.61*

Sample 2493B

23 (P, = Pf = 0.1 MPa) 1.86, 1.88 1.87
(P0 = 10 MPa, Pf = 1.5 MPa) 1.92, 1.85 1.89

100 (All other measurements at 1.90, 1.89 1.90
P, = 10 MPa, Pf = 1.5 MPa)

165 1.85, 2.00* 1.93*
205 1.14, 1.16 1.15
280 1.15, 1.18 1.17

Sample 2536 Grain Density = 2.65 g/cm3 ; Porosity = 0.22

23 (P0 = Pf = 0.1 MPa) 1.73, 1.77t
(P0 = 10 MPa, Pf = 1.5 MPa) 1.90, 1.89 1.90

100 (All other measurements at 1.79, 1.91 1.85
P, = 10 MPa, Pf = 1.5 MPa)

165 1.84* 1.84*
212 1.33, 1.35** 1.33
280 1.29, 1.32 1.31

*Reduced by 0.08 W/m0 C from raw data as discussed in Appendix B.
**This test shows double curvature. Data disregarded.
Increase in conductivity indicates confined tests either not fully saturated or affected by contact resistance. Data disregarded.
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Table C-5 Thermal-Conductivity Test Results, Zeolitized Portion of Bullfrog Member,
Crater Flat Tuff

Thermal Conductivity (W/m°C)

Individual
Measurements A-Temperature (0C)

Sample 2274.4 Grain Density = 2.36 g/cm3; Porosity = 0.34

23 (PI = Pf = 0.1 MPa)
(PI = 10 MPa, Pf = 1.5 MPa)

100
165
212

Sample 2310 Grain Density = 2.44 g/cm3; Porosity = 0.37

23 (PI = Pf = 0.1 MPa)

(PI = 10 MPa, Pf = 1.5 MPa)
100
165
212

260

Sample 2311 Grain Density = 2.41 g/cm3; Porosity = 0.36

23 (PI = Pf = 0.1 MPa)
(P, = 10 MPa, Pf = 1.5 MPa)

100
165
215

260

Sample 2568.1 Grain Density = 2.41 g/cm3; Porosity = 0.32

23 (P. = Pf = 0.1 MPa)
(PI = 10 MPa, Pf = 1.5 MPa)

100

165
215
260

verage

1.37
1.37
1.41
1.42*
1.09

1.37
1.37
1.41
1.42*
1.09

1.39,
1.36
1.37
1.43,
1.42,
1.08,
1.07,
1.04,

1.39, 1.38

1.37,
1.43
1.44*
1.09
1.07
1.05

1.37
1.43
1.43*
1.08

1.05

1.37
1.39
1.43,
1.43,
1.11,t
1.00,
1.00
0.95,

1.44
1.45*
1.02,
1.02,

0.97

1.37
1.39
1.44
1.44*
1.01

0.96

1.33,
1.35,
1.40,
1.43,
1.47,
1.07,
1.03,

1.34
1.35
1.38,
1.42
1.46*
1.06
1.03

1.34
1.35
1.41

1.47*
1.06
1.03

Sample 2569 Grain Density = 2.44 g/cm3 ; Porosity = 0.32

23 (PI = Pf = 0.1 MPa)
(PI = 10 MPa, Pf = 1.5 MPa)

100
165
215
260

1.38,
1.33,
1.42,
1.45,
1.18,
1.15,

1.40
1.35
1.42
1.43*
1.19
1.15

1.39
1.34
1.42
1.44*
1.19
1.15

*Reduced by 0.08 W/m°C from raw data as discussed in Appendix B.
tSingle high value apparently due to incomplete sample dehydration and disregarded in averaging.
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Table C-6 Thermal-Conductivity Test Results, Tram Member, Crater Flat Tuff

Thermal Conductivity (W/m°C)

Individual
Temperature (°C) Measurements Average

Sample 2701.2 Grain Density = 2.42 g/cm3 ; Porosity = 0.31

23 (P, = Pf = 0.1 MPa)
(P, = 10 MPa, Pf = 1.5 MPa)

100

165
212
245

1.38
1.40
1.44
1.45*
1.20**
1.02

1.38
1.40
1.44
1.45*

1.20**
1.02

Sample 2814 Grain Density = 2.63 g/cm3 ; Porosity = 0.24

23 (P. = Pf = 0.1 MPa)
(P, = 10 MPa, P. = 1.5 MPa)

100
165
205
280

Sample 2842 Grain Density = 2.53 g/cm3 ; Porosity = 0.19

23 (P, = Pf = 0.1 MPa)
(PC = 10 MPa, Pf = 1.5 MPa)

100
165

205

280

Sample 2928.3 Grain Density = 2.65 g/cm3 ; Porosity = 0.19

23 (P, = 10 MPa, Pf = 1.5 MPa)
100

165
212
260

2.27,
2.23,
2.21,
2.14,
1.60,t
1.38,

2.30
2.24
2.26
2.10*
1.46t
1.41

2.28
2.24
2.24
2.12*

1.40

1.77,t
1.75,
1.78,
1.71,
1.90,t
0.78,t
0.71,t
0.77,t
0.78,t

1.70t
1.78
1.76
1.50,
1.76
0.79,t
0.73,t
0.77t
0.16t

1.77
1.77
1.66

2.06,
2.01,
2.01
2.00,
1.54,
1.52,
1.52

2.08
2.03,

2.07
2.02

2.02*
1.56
1.53,

2.01*
1.55
1.52
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Table C-6 (cont)

Thermal Conductivity (W/m0C)

Individual
MeasurementsT'pmnprature (0C) Average

Sample 2938.8 Grain Density = 2.64 g/cm3; Porosity = 0.18

23 (P, = Pf = 0.1 MPa)
(P0 = 10 MPa, Pf 1.5 MPa)

100

165

212

260

Sample 3050 Grain Density = 2.59 g/cma; Porosity = 0.25

23 (P0 = Pf = 0.1 MPa)
(P0 = 10 MPa, Pf = 1.5 MPa)

100
165
212
245

2.08,
2.09,
2.05,
2.11,
2.06
2.02,
2.08*
1.69,t
1.58,
1.59,t
1.57,
1.56

2.11
2.09
2.09,
2.07,

2.10
2.09
2.08

;� 16.

2.07, 2.06*

1.59,t
1.54,
1.69,t
1.57

1.57

1.56

1.94
1.96
1.98
1.98*
1.77**
1.53

1.94
1.96
1.98
1.98*
1.77**
1.53

*Decreased by 0.08 W/m°C from raw data as discussed in Appendix B.
**Incomplete dehydration?
tThis test shows double curvature in T-t plot. Data disregarded.
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Table D-2 Bulk-Property Measurements, Tuffaceous Beds of Calico Hills

1. Initial density (g/cM3)
2. Dry bulk density (glcm3)
3. Grain density (g/cm3

)

4. Relative weight fraction of water (on basis of initial density)
5. Porosity (calculated)
6. Saturation (calculated)
7. Bulk density at full saturation (calculated, g/cm3)

Sample Lithologic Type
Depth (ft) 1 2 3 4 5 6 7 (Generalized from Ref 1)

1469.9 1.89 1.53 2.41 0.19 0.37 0.97 1.89 Nonwelded ashflow
1503.0 1.85 1.53 2.48 0.21 0.38 0.84 1.92
1505.0 1.86 1.57 2.28 .0.16 0.31 0.94 1.88
1514.8 1.93 1.60 2.40 0.17 0.33 1.00 1.94
1553.0 1.76 1.49 2.30 0.16 0.35 0.77 1.85 Nonwelded ashflow
1571.2 1.85 1.47 2.40 0.21 0.39 0.97 1.85 Nonwelded ashflow
1606.0A 1.86 1.51 2.47 0.19 0.39 0.90 1.90
1606.OB 1.71 1.55 2.24 0.10 0.31 0.52 1.86
1606.0C 1.71 1.56 2.24 0.09 0.30 0.50 1.87
1606.0D 1.77 1.53 2.25 0.13 0.32 0.75 1.85
1652.0A 1.70 1.53 2.38 0.08 0.36 0.47 1.88
1652.OB 1.88 1.57 2.33 0.20 0.33 0.94 1.89
1663.5 1.95 1.63 2.45 0.17 0.33 0.97 1.97
1667.0 1.92 1.58 2.44 0.18 0.35 0.97 1.94
1705.5 1.88 1.57 2.33 0.16 0.33 0.94 1.89 Nonwelded ashflow
1722.3 1.93 1.58 2.48 0.18 0.36 0.97 1.95
1784.5 2.24 2.00 2.62 0.11 0.24 1.00 2.24 Bedded/reworked,

including tuffaceous
sandstone
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Table D-3 Bulk-Property Measurements, Prow Pass Member, Crater Flat Tuff

1.
2.
3.
4.
5.
6.
7.

Initial density (g/cm3)
Dry bulk density (g/cm3)
Grain density (g/cm3)
Relative weight fraction of water (on basis of initial density)
Porosity (calculated) ,
Saturation (calculated)
Bulk density at full saturation (calculated, g/cm3)

Sample
Depth (ft)

Lithologic Type
7 (Generalized from Ref 1)1 2 3 4 5 6

1832.0A
1832.0B
1847.OA
1847.0B
1886.0
1926.6
1930.0
1947.0
1948.0
1973.7
2010.OA
2010.OB
2050.0
2052.0
2064.9
2065.0
2066.0
2067.0
2070.0
2086.0
2113.0
2128.0
2151.0
2170.OA
2170.OB

1.88
1.88
1.91
1.91
2.09
1.97
2.01
2.07
1.91
2.05
2.03
1.93
1.98
1.98
1.89
1.93
1.98
2.03
1.96
1.89
1.99
1.92
2.00
2.05
2.07

1.55
1.52
1.56
1.56
1.77
1.78
1.67
1.96
1.90
1.75
1.78
1.66
1.71
1.67
1.73
1.67
1.69
1.75
1.72
1.64
1.69
1.65
1.74
1.78
1.82

2.38
2.37
2.42
2.46
2.59
2.63
2.55
2.51
2.56
2.52
2.37
2.42
2.38
2.46
2.37
2.36
2.39
2.43
2.41
2.40
2.38
2.41
2.35
2.46
2.47

0.17
0.19

.0.18
0.19
0.15
0.10
0.17
0.08
0.01
0.15
0.14
0.14
0.14
0.16
0.09
0.13
0.15
0.14
0.12
0.14
0.15
0.14
0.13
0.13
0.12

0.35
0.36
0.36
0.37
0.32
0.32
0.35
0.22
0.26
0.31
0.25
0.31
0.28
0.32
0.27
0.29
0.29
0.28
0.29

I 0.32
0.29
0.32
0.26
0.28
0.27

0.94
1.00
0.97
0.95
1.00
0.59
0.97
0.50
0.04
0.97
1.00
0.87
0.96
0.97
0.59
0.90
1.00
1.00
0.83
0.78
1.03
0.84
1.00
0.96
0.96

1.90
1.88
1.91
1.92
2.08
2.11
2.01
2.18
2.15
2.05
2.03
1.98
1.99
1.99
2.00
1.97
1.98
2.03
2.00
1.95
1.98
1.96
2.00
2.05
2.07

Partially welded
ashflow; devitrified

Partially to moderately
welded ashflow;
devitrified

Partially welded
ashflow; devitrified

Partially to moderately
welded ashflow;
devitrified

Bedded/reworked, with
tuffaceous sandstone

" � i

. I ,

I L : )
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Table D-4 Bulk-Property Measurements, Bullfrog Member, Crater Flat Tuff

1. Initial density (g/cm3)
2. Dry bulk density (g/cm3 )
3. Grain density (glcm3 )
4. Relative weight fraction of water (on basis of initial density)
5. Porosity (calculated)
6. Saturation (calculated)
7. Bulk density at full saturation (calculated, g/cm3 )

-

Sample
Depth (ft)

2192.0
2206.0
2227.0
2232.0
2261.0
2265.0
2273.4
2274.4A
2274.4B
2276.0
2285.0
2286.0
2310.2A
2310.2B
2310.8A
2310.8B
2311.5A
2311.5B
2312.0
2313.0
2321.OA
2321.OB
2321.OC
2321.0D
2321.OE
2321.OF
2332.0
2338.OA
2338.OB
2338.OC
2338.0D
2338.OE
2338.0F
2338.OG
2338.OH
2355.0
2355.9
2367.9
2371.0
2380.0

1

1.99
1.91
1.86
1.82
1.89
1.88
1.91
1.85
1.89
1.92
1.87
1.88
1.85
1.87
1.88
1.87
1.85
1.90
1.87
1.85
1.91
1.90
1.92
1.89
1.93
1.90
1.96
1.95
1.95
1.96
2.00
1.98
1.97
1.98
1.98
2.07
2.12
2.12
2.17
2.17

2

1.70
1.64
1.50
1.50
1.54
1.55
1.57
1.58
1.56
1.58
1.52
1.54
1.51
1.51
1.54
1.51
1.51
1.57
1.52
1.49
1.61
1.62
1.63
1.60
1.63
1.61
1.64
1.60
1.61
1.62
1.66
1.64
1.63
1.66
1.66
1.84
1.87
1.95
1.91
1.93

3

2.46
2.43
2.44
2.44
2.41
2.44
2.43
2.31
2.40
2.40
2.40
2.39
2.40
2.47
2.39
2.48
2.35
2.47
2.37
2.42
2.54
2.54
2.54
2.54
2.56
2.58
2.58
2.65
2.69
2.67
2.69
2.66
2.70
2.62
2.66
2.64
2.60
2.59
2.62
2.55

Lithologic Type
(Generalized from Ref 1)4

0.15
0.14
0.20
0.20
0.19
0.18
0.18
0.17
0.18
0.18
0.19
0.18
0.18
0.19
0.18
0.20
0.18
0.17
0.19
0.20
0.16
0.17
0.18
0.18
0.18
0.15
0.17
0.18
0.18
0.17
0.17
0.17
0.17
0.16
0.17
0.11
0.13
0.08
0.12
0.11

5

0.31
0.33
0.39
0.39
0.36
0.36
0.35
0.32
0.35
0.34
0.37
0.36
0.37
0.39
0.36
0.39
0.36
0.36
0.36
0.39
0.37
0.36
0.36
0.37
0.37
0.38
0.37
0.40
0.40
0.39
0.39
0.38
0.40
0.37
0.38
0.30
0.28
0.25
0.27
0.24

6

0.94
0.82
0.92
0.97
0.98
0.92
0.97
0.84
0.94
1.00
0.95
0.94
0.92
0.92
0.94
0.92
0.94
0.92
0.99
0.92
0.81
0.78
0.81
0.78
0.81
0.76
0.86
0.88
0.85
0.87
0.87
0.89
0.85
0.86
0.84
0.77
0.89
0.68
0.96
0.99

7

2.01
1.96
1.88
1.88
1.90
1.92
1.93
1.89
1.91
1.00
1.88
1.89
1.88
1.90
1.89
1.90
1.86
1.94
1.88
1.87
1.97
1.99
1.99
1.97
1.98
1.98
2.00
1.99
2.01
2.02
2.03
2.03
2.02
2.02
2.03
2.15
2.15
2.19
2.18
2.18

Nonwelded ashflow;
devitrified
Nonwelded to partially
welded ashflow

Partially welded ash-
flow; vapor phase zone

-.
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Table D-4 (cont)

Sample
Depth (ft) 1 2

Lithologic Type
7 Ir--~rsl-vA Ntr o

3 4 5 6;

2382.9
2385.3A
2385.3B

2385.3D
2385.3E
2392.0
2405.0
2405.8
2414.OA
2414.OB
2428.OA
2428.OB
2428.OC
2428.01)
2428.OE
2428.OF
2428.OG
2428.011
2428.01
2428.OJ
2428.0K
2429.OA
2429.0B
2445.0
2468.0
2472.3A
2472.3B
2472.5A
2472.5B
2473.5A
2473.5B
2474.OA
2474.0B
2480.0
2485.6
2493.OA
2493.0B
2501.0
2509.0
2510.0
2517.0
2518.0
2530.0
2536.2A
2536.2B
2538.0
2549.0

4 i- - J J1 i I .V 1 1 )

''

2.18
2.17

'f2 15

2.13
2.12
2.21
2.18
2.18
2.14
2.14
2.08
2.10
2.13
2.14
2.13
2.14
2.10
2.10
2.08
1.95
2.14
2.17
2.16
2.20
2.15
2.06
2.02
2.14
2.18
2.11
2.13
2.06
2.08
2.18
2.20
2.15
2.17
2.21
2.22
2.17
2.29
2.27
2.28
2.19
2.27
2.20
1.92

1.92
1.93
1.94
1.89
1.90
1.88
1.95
1.92
1.93
1.86
1.88
1.83
1.86
1.87
1.89
1.82
1.89
1.87
1.87
1.83
1.72
1.89
1.90
1.89
1.95
1.94
1.81
1.74
1.89
1.93
1.87
1.88
1.81
1.83
1.94
1.97
1.91
1.94
1.99
2.02
1.95
2.10
2.07
2.09
2.03
2.11
1.97
1.69

2.60
2.66
2.65
2.64

-2.61
2.64
2.62
2.61
2.59
2.61
2.57
2.62
2.62
2.65
2.62
2.64
2.64
2.62
2.61
2.62
2.63
2.63
2.62
2.60
2.63
2.60
2.60
2.64
2.63
2.65
2.61
2.63
2.62
2.62
2.61
2.57
2.62
2.61
2.61
2.62
2.54
2.62
2.60
2.61
2.66
2.63
2.58
2.48

0.12
0.11
0.11
0.11
0.11
0.11
0.12
0.12
0.12
0.13
0.12
0.14
0.13
0.14
0.13
0.13
0.14
0.12
0.12
0.14
0.13
0.13
0.13
0.13
0.11
0.13
0.14
0.12
0.12
0.11
0.11
0.12
0.12
0.12
0.11
0.11
0.13
0.12
0.10
0.09
0.10
0.08
0.09
0.08
0.08
0.10
0.11
0.12

0.26
0.27
0.27
0.28
0.27
0.29
0.26
0.26
0.25
0.29
0.27
0.30
0.29
0.29
0.28
0.31
0.28
0.29
0.28
0.30
0.35
0.28
0.28
0.27
0.26
0.28
0.30
0.34
0.28
0.27
0.28
0.29
0.31
0.30
0.26
0.23
0.27
0.26
0.24
0.23
0.23
0.20
0.20
0.20
0.24
0.20
0.24
0.32

1.00
0.89
0.78
0.82
0.85
0.83
1.00
1.00
1.00
0.97
0.96
0.83
0.83
0.90
0.89
1.00
0.89
0.79
0.82
0.83
0.66
0.89
0.99
1.00
0.96
0.99
0.83
0.82
0.89
0.93
0.86
0.86
0.81
0.83
0.92
1.00
0.89
0.88
0.92
0.87
0.94
0.95
1.00
0.95
0.67
0.80
0.99
0.72

2.18
2.21
2.20
2.18
2.18
2.16
2.21
2.18
2.18
2.14
2.15
2.13
2.15
2.17
2.17
2.13
2.18
2.15
2.16
2.13
2.06
2.17
2.17
2.16
2.21
2.15 Moderately to densely
2.12 welded ashflow;
2.08 devitrified
2.17
2.20
2.16
2.16
2.12
2.13
2.19
2.20
2.18
2.19
2.22
2.25
2.19
2.30
2.27
2.29
2.26
2.30 Moderately to partially
2.20 welded ashflow;
2.01 devitrified

.5-
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Table D-4 (cont)

Sample
Depth (ft)

Lithologic Type
7 (Generalized from Ref 1)1 2 3 4 5 6

I2550.0
2551.5
2561.0
2563.0
2568.1A
2568.1B
2568.7A
2568.7B
2569.1A
2569.1B
2585.0
2587.0
2588.0
2607.0
2608.0

2.05
2.07
2.09
2.15
1.96
1.96
1.95
1.97
1.92
1.95
2.04
2.04
2.05
2.06
2.12

1.80
1.87
1.86
1.94
1.69
1.68
1.70
1.68
1.67
1.66
1.81
1.79
1.79
1.82
1.89

2.43
2.46
2.43
2.47
2.36
2.46
2.38
2.53
2.38
2.49
2.39
2.44
2.44
2.44
2.47

0.12
0.10
0.11
0.10
0.14
0.14
0.13
0.15
0.13
0.15
0.11
0.13
0.13
0.12
0.11

0.26
0.24
0.23
0.21
0.28
0.32
0.29
0.34
0.30
0.33
0.24
0.27
0.27
0.25
0.24

0.97
0.83
1.00
0.98
0.96
0.88
0.86
0.85
0.83
0.88
0.95
0.93
0.96
0.96
0.98

2.06
2.11
2.09
2.16
1.98
1.99
1.98
2.01
1.97
2.00
2.06
2.05
2.05
2.08
2.12

Bedded/reworked tuff

Table D-5 Bulk-Property Measurements, Tram Member, Crater Flat Tuff

1.
2.
3.
4.

Initial density (g/cm3)
Dry bulk density (g/cm3)
Grain density (g/cm3)
Relative weight fraction of water (on basis of initial density)

5. Porosity (calculated)
6. Saturation (calculated)
7. Bulk density at full saturation (calculated, g/cm3)

Sample
Depth (ft)

Lithologic Type
7 (Generalized from Ref 1)1 2 3 4 5 6

2641.0
2653.0
2658.4
2658.6
2658.8
2659.0
2659.4
2691.0
2701.2A
2701.2B
2725.0
2761.0
2794.0
2814.OA
2814.0B
2814.OC
2814.OD
2830.0

2.07
2.00
1.97
2.02
1.96
2.08
1.92
2.09
1.96
1.96
2.03
2.15
2.29
2.21
2.16
2.23
2.21
2.25

1.80
1.71
1.69
1.79
1.70
1.86
1.70
1,87
1.70
1.67
1.74
1.89
2.11
2.00
1.96
2.07
2.03
2.04

2.49
2.44
2.44
2.31
2.32
2.37
2.39
2.43
2.42
2.41
2.44
2.61
2.63
2.63
2,64
2.64
2.61
2.64

0.13
0.15
0.17
0.12
0.14
0.17
0.12
0.11
0.15
0.15
0.14
0.12
0.08
0.10
0.10
0.08
0.09
0.10

0.28
0.30
0.31
0.23
0.27
0.22
0.29
0.23
0.30
0.31
0.29
0.28
0.20
0.24
0.26
0.22
0.22
0.23

0.99
0.97
0.90
1.00
0.96
1.00
0.76
0.96
0.87
0.94
1,00
0.93
0.90
0.88
0.77
0.73
0.82
0.91

2.07
2.01
1.99
2.02
1.96
2.08
1.99
2.10
1.99
1.97
2.03
2.16
2.30
2.24
2.21
2.28
2.26
2.26

Partially to moderately
welded ashflow;
devitrified
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Table D-5 (cont)

Sample
Denth (ft)

Lithologic Type
6 7 (Generalized from Ref 1)1 2 3 4 5

2842.0
2847.8
2861.0
2897.0

.-2928AA:
2928.1B
2938.8
2939.3
2943.0
2952.0
2970.0
3006.0
3041.0
3050.OA
3050.OB
3051.0A
3051.OB
3084.0
3085.0
3102.0
3106.8
3107.4
3150.0
3173.6
3200.OA
3200.OB
3226.6
3251.0
3297.0
3325.8
3350.0
3400.0
3426.8
3448.0
3495.9
3498.0

2.25
2.35
2.23
2.26
2.3Y'
2.32
2.31
2.34
2.37
2.41
2.32
2.28
2.13
2.13
2.11
2.38
2.31
2.20
2.30
2.13
2.11
2.11
2.24
2.33
2.32
2.33
2.31
2.29
2.32
2.31
2.34
2.37
2.35
2.36
2.39
2.38

2.06
2.18
1.99
2.05

2.17"
2.14
2.14
2.18
2.21
2.29
2.15
2.08
1.89
1.97
1.89
2.24
2.11
1.97
2.10
1.87
1.88
1.88
2.05
2.15
2.15
2.17
2.11
2.08
2.13
2.09
2.16
2.20
2.18
2.17
2.20
2.18

2.53
2.62
2.64
2.64,
2.6w
2.65
2.63
2.64
2.63
2.64
2.64
2.61
2.52
2.61
2.57
2.61
2.62
2.61
2.63
2.50
2.50
2.48
2.58
2.65
2.61
2.63
2.64
2.63
2.62
2.68
2.62
2.68
2.70
2.71
2.75
2.72

0.09
0.07
0.11
0.09 f
0.06
0.08
0.07
0.07
0.06
0.05
0.08
0.09
0.11
0.08
0.11
0.06
0.08
0.11
0.09
0.11
0.11
0.11
0.09
0.08
0.07
0.07
0.09
0.09
0.08
0.09
0.08
0.07
0.07
0.08
0.08
0.08

0.19
0.17
0.25
0.I2 8
0.19
0.19
0.19
0.17
0.16
0.13
0.19
0.20
0.25
0.25
0.27
0.14
0.19
0.25
0.20
0.25
0.25
0.24
0.21
0.19
0.18
0.17
0.20
0.21
0.19
0.22
0.18
0.18
0.19
0.20
0.20
0.20

1.00
1.00
0.96
0.25 8
0.78 .
0.95
0.89
0.94
1.00
0.92
0.89
1.00
0.96
0.64
0.89
1.00
1.05
0.92
1.00
0.92
0.92
0.96
0.90
0.95
0.94
0.94
1.00
1.00
1.00
1.00
1.00
0.94
0.89
0.95
0.95
1.00

2.25
2.35
2.23
2.28),
2.35
2.34
2.32
2.36
2.37
2.43
2.33
2.28
2.14
2.21
2.15
2.38
2.31
2.21 Partially welded ash-
2.30 flow; zeolitized
2.13
2.13
2.12
2.25 Nonwelded to partially
2.34 welded ashflow;
2.32 zeolitized and argillic
2.35
2.31
2.29
2.32
2.31
2.34
2.38
2.38
2.37
2.40
2.38
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