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Abatrast

Measurements of thermal conductivity, thetmal d{t-

fugfvity, and therms! linear expansion have been made
on two tock types, 2 rock salt and & quarts sonronite,
at temperatuces from 300 tu 573 K and confiaing prea~
sures from 10 to 50 MPa. The samples were taken Erom
deep rock formations under consideration as posaible
sites for & nuclear voste repository--the rock aalt

from a domal salt farmation at Avery Teland, Loulnisns,

and the quartz monzonite from the Climax Stock, Nevada
Test Site, Nevada. "he testind temperature and pres-
Sures are mesht to bracket condjticns oxpected in the
repositery.

n both rock types, the thermal propartles shov &
strong dependence upon temperature and a weak ot hoh-~
dependence upon confining prepsute, Thermal tondustive
ity and diffusivicy both decrease with increasing temp-
s-ature in approximately linear fashion for samples
which have not been previously heated, At 50 MPa in
both rocks this decreass closely natches the mesasured
ot expectsd intrinslc {crack-free} bDehavior of the
material, Preliminary indications from the guartz mon-
onite suggest that conductivity and ditfusivity at low
pressuyre and terperature aay decrense as a rogult of
heat trestment anhove 403 K.

TRSTIMSONON OF THS DOCLMENT S LYLIMITED
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INTRODUCTION

The thermal properties of geclogica) materials at
elevated temperatures and pressures have attracted in-
creased attention because of recent interest in dis-
posing of nuclear waste {n mined rock repositories.
Accurate prediction of the long term response {pver
104 ~ 10° years) of a waste repository to the
thermal load of the waste requires the best possible
determination of the physical proparties of the re-
pository rock at {n sit- physical and chemical condi-
tions, 1In particular, knowledge of the tharmal conduc-
tivity and di{fimsivity is required in order to model
temperature distribtution in time and space around the
repository. The model in turn will help to predict ex-
pansions, stresses, microfracturing, and permeability
chanqges in the repository.

Thermal properties data on rocks at room pressure
abound, but hecause of exper imental complexity and a
lack of need, such data at pressures appropriate to the
earth's upper crust are rather spargse. Rydrostatic
pressure ¢an be pxpected to have both an intrinslc and
an extrinsic effect upon thermal conductivity and dif-
fusivity in rocks: the intrinsic effect, because in-
teratomic distaices ate changed, and the extrinalc ef-
fect, because of the presence of pores and microfrac-
tures, Some dats have been taken ln the intrinsic
range, either at very high pressure where porosity hae
been squeezed out of existence or on single crystals
where porosity doesn't exist. Bridgman (1) has shown
that the intrinsic effect of pressure upon thermal cop-
ductivity is positive hut guite small. Tn weAsurements
to 1.2-GPa confining pressure he found the conductivity
of NaCl increased linearly at a rate of 3.6% per 100
WPa, and that of basalt increased at a rate of 0.47%

per 100 MPa. The intrimsic etfect of pressure on
thermal diffusivity has also been measured on certain
minerals by Kieffer et al. (2): for NaCl aiffusivity
incceases at a rate of 3,00 per 100 MPa per P 5 | A
GPa; for quartz | c diffusivity increanes at a rate
of 1,7¢ per 100 MPa for P < 1.0 GPa,

The effect of porosity on thetmal conductivity has
been modeled and confirmed by measurement to be gub-
stantial, with the magnitude of the effect dependent on
the arrangement of the pore space (sec Sweet (1) for a
review]. Walsh and Decker (4) related thermal conduc-
tivity to crack porosity theoretically and then uned
existing crack porosity vs. prescure relationships in
arder to construct a model of thermal conductivity vs.
pressure, Bxperimentation (4) using unlaxial stress to
approximate hvdrostatic pressures supported the model
well: intrinsic and bulk therma! conductivity differed
by as much as 15% in dry rock at zero pressure, The
effect of pressure parallels the pressure dependence of
crack porosity, That dependence 15 qualitatively aimi-
lar for most dense, crystalline racks: strongest at
zero pressure, decreasing ateadily with increasing
pregsure to the intrinsic dependence where, presumably,
all cracks have closed. The extrinsic effect becomes
insignificant, depending on rock tvpe, at presgures af
50 to 300 MPa (see, for instance, Brace (3)). The lo-
cation of a waste reposirory, somewhere between the
surface (lithostatic P = 0} and 1 to 2 km deep (P = 25
to 50 MPa), puts the repository rock where the ex-
trinaic pressure effect i expected to be very strong.
Therefore, the application of room pressure thermal
propecties measurements to the repository sitvation
must be considered suspect.

If auch measurements are made at elevated teap-
rrature, the application to a repository becomes suys-
pect for yet another reason, It I8 well known that
heating a rock, uniformly or otherwise, can iead ro
microfracturing (Richter and Simmons (6); Cooper and
Simmons (7)1 Johnzon et al. (8): Johnson and: Gangi
{9)). The cause {s thermal expansion mismatches in a
polymineralic matrix, whose mineral components them-
selves are (in most cases) anigotropic in their expan-
sivity. The application of pressure would close some



of these cracks or, If the heating wers done under
pressure, might even suppress some of the microfrac-
turing altogether.

The present wack reports the first reaults from a
newly built apparatus designed to measure thersal con-
ductivity, diffusivity, and linear expansion under 8i-
mul tanecus elevated temperature and hydrostatic (gas)
confining presaure. Results are reported for two
rocks, & rock salt and a quartz monzonite,

SAMPLE MATERIAL

the rocka studied here are site specific, The
rock salt samples were taken from a mine at Avery
Island, Louisiana in one of several rock salt forma-
tions under consideration for a wasts repository. The
quartz monzonite was cored at o location adjacent to
the pite of a test spent fuel repository in the Climax
Stock at the Nevada Test Site, Nevada,

The tock galt samples were cut from s 400-mm dian-
eter core {C~11), supplied by RE/SPEC [nc., Rapid City,
South Dakota. The core was taken from the fioor of
workings at the 163-m level at the aite of an in mitu
hester test in the Avery Island domal salt formation.
Chemical analyses of samples from the Avery Island Mine
show roughly 99,18 NaCl (by weight), 0.7V water insol-
ubles, 0.2% CaSpy {anhydrite), and 0.2% water
(Kaufmann (10)). The rock salt has a porosity of ap-
proximately 1% and the grain size of the hallte ranges
from 2.5 to 15 mm with an average of 7.5 mn (Carter and
Honsen {11}). The density of the rock salt has not
been measured. The density of pure NaCl at room temp-~
erature is 2,16 Hg/m-’.

The Climax Stock quartz monzonite has been charac-
terized in detail by Izett (12) and Maldonado {11).
Average composition of several samples taken from the
U-15-A drill hole roughly 300 m horizontally distant
from the spent fuel repository was determined as 284 by
welght quartz, 25¢ alkall feldspar, 408 plajioclase, 6%
hiotite, and 1% accessory minerals (13}, Graln size in
the matrix s 1-1 1/2 mm but is marked by quarts pheno-
crysts (5-108 by volume} averaging 4 mm in diameter and
by large ortroclase phenocrysts (5¢ by volume) averag-
ing 50 mm in ength with some as long as 150 mm, The
orthoclase phenocrysts are uniforaly distributed in the
tock. A laboratory-sized sample weasuring SO 3 or
morr in volume which does not encounter an orthoclase
phenocryst {s unusual. The rock hae a porosity of ap-
proximately 1% and has a density of approximately 2.64

Mg/m].
ERPERIMENTAL TECENIQUE

The meagurement apparatur is described by Abey et
al. (14). The samples to be measured are thick-walled
cylinders 203 mo 13 length with inner and outer diam-
eters of 19 mm and 127 mm, respectively, Por ease of
machining, each sample i made up of three equally
aized cylinders of rock. The samples are clad ln &
lesk-tight, thin-walled copper jackut to sxciude the
preasure mediup (argon) from the rock, Temperature is
measured by elght thermoccuples positioned at eight
different radli in the sample. The large sample size
and therwacouple redundancy (only two are necessary for
8 meaturement) were chosen in order to increase the
validity of the measurement of large-grainad (>Smm)
samples and to minimize the effects of local varfation
in a sampl.. The seasvresent ls conducted insmide an
externally heated pressurs vessel.

Beat flow is eatablished in the sample in an ap-
proximately axisyshetric radial pattem by s omall
heater located along the axis of the sample. Por the
thermal conductivity messuremant a steady-stats heat

flow s established. For the diftusivity measurement a
tranaient heat flow condition, usually a 60~ to 90=g
pulse of the cantral heater, is imposed. Sample lenath
{s nonitored continuously.

Because of the likelihood that thermal expansion,
changes in permaability, and changes in thermal prop=
actien ahare at least one common mechaniss (micro-
Eracturing), there is & distinct need to understand as
much as possible about how reversible changes (such as
opening and closing of enisting microfractures) and ir-
ceversible changes {such as creation of nev microfrac-
tures} affect the thermal propecties. Por this reason,
Masutements are made at pressures (P) and temparatures
(T) bracketing those expected in a repoaitory. 'The
path in (P,T) space that the experiment follows is cho-
& 20 that microfracturing is postponed am much as is
reasonable. Thus, (low P, low T) and (high P, low T
ate explored bafore (high e, high T) and all ace ex-
ploted bafore (low P, high T).

RESULTS

Rock_Salt

TG Ramples of Avery Island rock salt were
teated, The results for thermal conductivity, dif-
fusivity, and linesr expansion are shown in Pigs, 1-3,
cespactively. The flrot sample burst its jacket naar
473 K and 50 MPa, 50 the only data at known effective
ptessure (deflned as-confining pressure minus pore
ptasaure) are at room temparature (10 to 50 MPa) and
37 K (50 MPa only), ‘he jacket burat oceurred bocause
of the high thermal axpanaivity of the rock salt rela-
tive to the copper (4.5« 10-5 w1 va. 1.0 x 1075
k1), Premumably, once the jacket integrity waz
lost, the prasscre medium was free to enter the pores
and cracks of the sample and the effective pressure
dropped well below the conflulng pressure. The jacket
leak vas rather lacrge, so it ip assumed lhat the pf-
fective pressure foll to near tero. No change in the
jacket design was made for the gecond rock salt sample;
thus, in anticipation of another jacket Eajlure betwecn
373 and 473 K, temperature increments were made smzller
and all pressures were explored {in the arder 50, 10,
10 MPa} at each new temperature. The second sample
jacket falled at 438 K and 10 MPs, The Flrat fun was
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Plg. 1. Thermal conductivity vs, temperature and pres-

Hure Af Medgured on two samples of Avery Island rack
salt. The large squares around the higher temperature
§o5inxs of Run 1 indicate the measurements were made
tollowing jacket failure (see text). The error har
indicates the typical rraqe of random error (one stan-
dard deviation), The @ 3 curve is Arawn free-~hand
through the data.
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Fig. 2. Thermal diffusivity vs. temperature and pres-
sure as measured on two samples of Avery island rock
salt. The same conventions apply as in Fig. 1.

continued to its intended limit of 573 X following the
jacket failure. The second run was terminated
immediately following the jacket failure.

The thermal conductivity (Pig, 1) and thermal dif-
fusivity (Fiy. 2} show good ugreement between runa,
Both decrease strongly with increaaing temperature.
Thermal conductivi.ty shows no discernible presture de-
pendence where the jacket is intact, and shows no ob-
vious discontiruity when the jacket lozes 1ts integ-
rity. Themal diffusivicy shows no dependence ca pres-
sure from 30 co 50 Mpa, but apparently increases by ap-
proximately 208 when pressure drops to 10 MPa, The ef-
fect is seen in both runs and at all tenperatures
tested, Based nn the direct relationship between con-
ductivitv and diffusivity, the same pressure effect
{i.e., none] would be expected for each, Based on the
microcrack model either no oressure dependence (rock
has no microcracks) nr a decrease of diffusivity with
pressure (rock has microcracks) would be anticipated,
The tise of diffusivity with decreasing pressure is
therefore considered anomalous and is tentatively ex-
plained away as a systematic errot. The veracity of
this explanation will be tested when a careful calibra-
tion of the apparatus is made.

The most extensive thermal expansion data
(Fig. 3) came from the first run, where the temperature
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Pig. 3. Thermal linear expansivity of two samples of

Avery Island salt, Yang's {22) curve {8 the expmnsiv-
{ty of single crystal halite., The sho.: dashed curve
represants oor data if a system calibration ls applied,
that callbration being our measurementr on quartz mon-
zonite agalnst Reard's (18) @easurements on the game
rock (Pig. 6}.

change was twice that of the second. The expansivity
rises alightly with increasing temperature. The con-
fining presaure for the firat run was S0 MPa for all
points, but above 473 K the pore pressure was almo
close to 50 MPa, s0 the data indicate no dependence of
expansivity upon effective pressure between 300 and
573 K. The band of data in Fig. 3 from the second run
represents repeated short {AT = AC to 80 K} excursions
upward and downward in tenperature at several confining
pressures. No dependsnce upon conflning pressure was
seen, nor was any temperature dependence seen, not sur-
prising in light of the small temperature steps taken
and the moderate tamperature dependence detected In
run 1. The width of the band compared to the height of
the error bar for run 1 L5 an indication of the repro-
ducibility of the thermal expansion dmta.

Quartz Honeonite

One pample of Climax Stock quart2 monzonite has
been tested to date, and a jacket failure (caused this
time by a reaction between the copper jacket and py-
rite, FeSy, inclusions {n the rock) terminated that
run at the seme polnt, and after the same traverse in
(P,T) space as the first rock salt run. The run wag
terminated immediately following the jacket failure.
The results for thermal conductivity, diffusivity, and
linear expansion are given in Pigas. 4-6, respectively.

The thermal conductivity of the quart2 monponjte
(Fig. 4) at 50 MPa shows a distinct decrease with in-
creasing temperature. Values at any given temperaturc
are approximately half those for rock salt. At room
temperature there is no discernible dependence -of ther-
mal conductivity upon pressure for 10 MPa< P < 50
MPa. The room temperature pressure independence :e-
mained even following the excursion to 423 K at S0
MPa, Thermal diffusivity (Fig. 5) also decreases with
increasing temperature at 50 MPa, shows no poessure de-
pendence at room temperature for 30 MPa < P s 50 Mpp,
and shows the same anomalous rise at 10 MPa as rock
salt, relnforcing the notion that the rise represents
system problems.

The coefficient of thermal linear expansion during
a single heating episode from room temperature to 468 K
{s shown in Fig, &, The rate of expansitn is indepon-
dent of temperzture from 120 K to approximately 375 K
and Increases steadily with temperature from 375 o
466 K.
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Plg. 4. Thermal conductivity of Climax Stock quartz

monzonite vg. temperature and presaure.
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DISCUSSION

The thermal properties of rock salt as measured
hare (ignoring the anomalous hehavior of diffusivity at
10 MPa] arr not devendent upon conflining pressure. In
light of the suggested role of microcracks in rocks,
such behaviar might be expected only In a monominecalic
roek {such as rock salt] whose single phase ls lao-
trapiz. Halite has cubic symmetry and may be cloge
ennugh to jsotropic that significant (from the point of
view of heat storade and transport) thermsl cracking
does nat occur. The data gathered here are strongly
self-consistent iagain excepting diffusivity at 10
MPai, given the well-understood and demonst./ated rela-
tionship hetween micrafracturing and enhanced thermal
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Pig. 5. Thermal linear expansivity of Climax Stock
quartz monzonite at 50 Mpa. Data are compared to
Heard's (18) measurements at 27.6 MPa on the same rock
type and to an "Intrinsic* espansivity calculated by
averaging the expansivities of the indlvidual minerals
making up the rock, weighted according to thelr volume
percentage in the rock.

ivity (Richter and Simmons {6); Cooper and
Simmona (15); Bruner (16); Wong and Brace (17); Reard
(18)). The mmoothly increasing coeffivient of thermal
linear expansion, uninterrupted by the jacket rupture
and drop in effective pressute, {ndicates that uniform
heating of rock salt generates very little motivating
force for microfracturing. The thermal conductivity in
such a material could only be expectod to show no ex-
trinsie pressure dependence.

It should be pointed out that axtensive testing of
a simllar rock salt, Southeastern New Mexico bedded
galt, has demonstcated through mechanical testing
(wawersik and Hanhua (19)) and ges permeability Mea-
surements (Sutherland and Cave (20)) that crack poros-
ity in the prarting material in the laboratory {as op~
posed to in situ) is pon-zero. In both sets of experi-
ments, those authors conclude that the source of crack
porogity la sample handling {coring, transport, experi-
mental preparation) because the manifestations of crark
porosity (nonlinear pressure~volume relationship at
lowest presaures, inltlal hlgh permeablility at low
pressure; can be made to disappear permanently with the
applleation of pressures in the 10-30 MPa range. Salt
ls known to deform plastically with relative rcase at
differential streases of the same order (see, for oxam-
ple, Carter and Heard (21)), 80 permanent crack closure
under low pressures g plauglble. In the pregent wnrk,
no measurements were made at zero effective pressure
without the sample firat being subjected to effective
pregsures of 10 MPa or more. Thecefore, {t {s posaible
that any initial cracks which might have impeded heat
trangpart in cur samples were aqueered out of exlstence
by the tine the firat measurements were made, The bho-
havior of the Southeastern New Mexico rock salt and of
the Avery Island rock gsalt appear to he consistent.

The salt data are compared in Fig. 1 and Fig. 7 tn
an extenmive compilation by Yang ,22) of single crystal
NaCl data. The moet serious dizagreement s the dif-
fusivity which falls about 20% below Yang's vatues at
any given temperature. The apparent disagreement in
thermal expansivity (Fig., 3) may vanish once system
calibration is complete. If the correction required to
bring the expansion data for the quartz monzonite 1aro
agreement with Beard's (16) data (see Fig. 6} is ap-
plied to our rock salt data, the short dasahed corve .-
Fig, 3 reaults, That curve is very close to Yang's.

Additional thermal conductivity meisurements on
rock 8alt for waste repository site-specific studies
are reported by Morqan (23} for two salts includiag
Avery Tsland, and by Acton {(24) and Sweet and McCreanht
{25) for the Southeastern New Mexicc rock salt, These
data are compared in Table 1. Dnly in the present
study was true hydrostatic pressure applied to the tpst
apecimens, The data of Sweet and YcCreight (25) agree
well with our data, Acton's data {24) are scattered,
and Morgan's Avery Island data are scattered hut con-
sigtently much lover than our own. Rlthough Morgan's
samples were taken from a point in the mime hori-
zontally separated from the source of our own by less
than 50 m, he reports that the samples are weak and
friable, rather in contrast to our own. A possible ex-
planation ig that his samples came from 50-mm-diameter
core while ours came from 40D-mm core. Tt is plausible
that the lower conductivities reported by Margan are
the result of ercesslve fractures and microfractures
within his samples which were .ncurred during core
drilling.

The thermal properties data on quartz monzonite
ace too incomplete for detailed analyals at this
polnt. Trermal conductivity shows no pressure depen-
dence at room temperature, even following heating tn
423 K at 50 Mpa. This behavior would suggest that the
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Pig. 7. Thermal conductivity and diffusivity of Avery
Island rock salt measured here comnared to single crys-
tal data compiled by Yang (22).

1\ porosity reported for the Climax Stock quartz monzo-
nite {13) does not apply to our sample, or that the
porubiﬁ is tied up in round pores which are not
strongly influsnced by pressures helow 50 HPa, or that
the porosity is tied up in very flat cracks wvhich close
completely at pressures belaw 10 Mpa. Pressure-volume
relationships measured for the granodiarite in the Cli-~
max Stock, a close sister to the gquartz monzonite, ghow
no evidence of such a high (i.e., 13) crack porosity
influenced by pressure below 10 Mpa (26]. In fact, the
hydrostat shown by Schock et al. {26) contrasted with
that of the Casco granite used by Walsh and Decker (4)
in an application of treir model fs revealing: the
Cascu granite shows a crack porosity of 0.4% by the
Walsh and Decker definition (i.e,, where a stralght
line extension of the intrinsic portion of the P-V
curve intersects the volume strain axis): the P-V curve
for the Climax Stock granodiarite, using the same defi-
nition, shows a crack porosity of well under 0.05%,

The 0,4% crack porosity in the Walsh and Decker model
leads to a predicted 1S% change in thermal conductivity
ftor dry rock between 0 and 100 Mpa. If all other fae-
tars in the Walsh and Decker equation (7) are un-
changed, a 0,059 crack porosity would mean only a 23
change in eonductivity for the quartz monzonite.

TABLE 1. Comparison of therma) conductivity
measurements, N

Thermal conductivity (W/mK)

0K I7IK 473K STIK
This study (AI) 6.3 5.3 Lo 33
Morgan (AI) [23) 4.0 3.2 2.6 2.2
Acton (SENM! (24) 8.5 6.3 -
3-82
Sweet & McCreight
(SERM) (25) 6.0 4.7 3.6 2.9

Bror halike/anhydrite mixed-rock with »50% halfte
(conductivity increases with {ncreasing purity of
rock salt}.

QOne ather ret of thermal conductlivily measurements
is available for the quartz monzonite (27) and these
are shown in Pig. 4. The Pratt et al. (27) data were
taken at 0-MPa effective pressure, and where there is
overlap (room temperature and 173 K) the agreement with
aur data ls good. A higher temperature poimt at 473 hy
pratt et al. falls distinctly below the trend of the
lower temperature data and may reflert microfracturing.

Microfracturing 1§ anticipated in the quartz aon-
zonite at higher tipperatures and lower pressures on
the basia of theoretical considerations mentioned above
and on the basis of the thermal expans‘un results of
Heard (18). Heard's curve for 27.6-Mpa pressure is
shawn in Fig. 6 for comparison with our own data at 50
MPa, At lower preseures, Heard finds systematicalty
higher expansivities and suggests that these are caysed
by microfracturing.

The difference in thermal linear expansien
{Plg. b, between our data at 50 MPa and that of Heatd
(18] at 27.6 HPa {s prohably more clogely related ta a
lack of callbration of our system rather than to the
difference In pressure. First, our 50-MP3 curve indi-
cates a higher expanatvity than the 27.6-MPa, which is
not reasonable. Second, the expected intrinsic expan-
sivity of the rock, calculated by weighing the expan-
sivity of each phase by its volume concentration in the
rock, falls cluse to Heard's curve at 27.6 MPa suqgest-
ing that Reard's data are closer tn the truth than our
own. As mentioned above, if Heard's data are used ‘0
calibrate our thermal expansion measurement, nur data
on the thermal expansivity of salt also fall nicely
into place with the intrinsic exparsivity (Fig, 3i.

SUMMARY AND CONCLUSIONS

From thermal properties measurements carried out
at elevated effective confining pressure and plevated
temperature on Avery Island rock galt and Climax Stock
quartz monzonite, both of interest for the country's
nuclear wiste isolation effort, we conclude:

1) Yor 0 <P =50 MPa and 100 5 T < 573 R, the
thernal conductivity. diffusivity, and linear expansion
of the rock salt are approximately the intrinsic values
for single cryatal halfte.

2) Randling of salt samples between the Eield and
laboratory may damage the material sufficiently that



zero pressure thermal conductivity of the bulk may be
lowered by as much as 508, The effect on conductivity
can be permanently reversed by subjecting the rack to
pressures of 10 MPa or more.

3) At room temperature, nelther unheated quartz
monzonite nor quartz monzonite heated as high as 423 K
at 50 Mpa shows any cffect of confining pressure upon
thermal transport behavior, The thermal expansivity of
the rock at 50 MPa for 100 = 7 < 437 X ig approximately
{ta intrinsic expansivity.
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