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diameter core (=111, supplied by XE/aPuc Inc., Rap.:
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ol werkiry &L the Ths-n level ar tre site ol oan 1o
si1tu beatr: fest an the Aver. leiand domal sail
tormatie~. Chemistry ol srapies lrow the hvery bsian:
Mine show roughly 95.1% NaCl (by weights, L., water
1nsolandis, G258 €L (anhydrite) and U.24 water
1. The -nck salt has a jorusity !

iKautman:, 1

ApPIEITA jooanu the gratn saze b obe eajat,

rarees trer L0 to B mmowit o averap ob T

Vot ant Narecr, VOB Trie depsat o8 e po s

sait vt ohepn peacures.  The Sen Lty 6loure

Do temperalize s Joln Mp oot

Tre Ul SLack gs doCalsd gL U

Dot ety [(:-qulrnu-'." it a
Veat taty teryrn v gel taoitt

Yool D0 Averses ronjosit

PAvT e taee tror U YShea -
; ars tisbant from the s end b

Wi tetmined as JED B Genint oo

Senarat o M paarioodase, A tieT Lol o

A ety Lo T haeras o Mg laanadn, - PR R R E L
Ll ma® 04 1s 1=4 fo0 FR DUT 10 Gy

then paste C-TUY by wolume ! averdapin,

tan [ E I Y T B l [

v, PRAENEIE IS I T SN LT I 14 [7 2

an. The orthouiase pheto rvsis 50 g iormy

proratated o toe k. A vooam U RFUIFE Bt
LI Bor o orn i < L
pro e aade The g o ha a H
N e A L TN LE L N
eroe b approsarale v cuhe Mor
FrereTMENTA,L D
. Vo Wy ATt B R A R S

oo o Pt L he Lest ATE CEaCr WAL LE L

'
oo tern et gn Jenptr wirll aree s ot o
Vesteoe b U and V0T e res, Jtvr.. BT Pase

orotd g, eaon sample s o tal mate o e, tnte
eaay e A1ZEd viantere ob Gk, The rooe samples arn
(ad Lo itakelight thit-wa.io. . apper 1ackel ¢
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Aifteres! radiy 1n the sample o Th diye s.0Pl 817w
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for a neasorement) were chosen in crdeg Lo increase
the VAL ITILY ol (e me sgremend oo lavgergraines {55
am} rocxa and to ainizize the elilegts ot iocal
varration i 2 sample The measurement s conducles
e 1k ah edfernally healed pressure vessel.

Wt thow bs escantished an 1 sazphy a0 an
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neater jocaled giong the axis of (he samplye, Foo tpe
thermal tonductiv.ty geasuremeat 4 stead/-gtate heat
flow 16 established. For the diftusivity measuremer,
a Lransient heat {1ow condition, =8 wlly a 60-50 sec-
ond palse of the central heater, is impased. Saaple
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Figure 2. Thermal diffusivity vs. temperature and
pressire for two samples of Avery Island salt, The
same conventions apply as im Fig. 1.
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Figure 3. Therma' linear expansivity vs. Lemperatute
for twe samples ol avery Island <a*t. Yang's curve
15 for single crysrale and the short dash'd cyrve
represents our data if a system calibration is
applied, that calibration being ovr measyrrgents an
quarlz monzunite dgainst the samwe measurements b
Heard (1980).

second sample jacket faslad at 438 K and |t M4, ne
farst yon was concinued o its intended lpmit of 373 K
Tollowiny the jacket faliure. The second run was
terminated immeciately follow.ng the jacket faiiure.

{ive toerma] conductivaty {Fig. 1) and thermal
dittaurvire {(Fig. I} show good agresment betwren
runs, R decrease with increasipg tesperature,
Tursral conductivity shows nn discernable pressure
deneeenc s warre the jacket is intact, and shows -
obvious divcontinnily when the jacket loses ils
int urity, Thermal dittusivity shows no dependerce -
presaure teom 30 1o 50 MPa, but apparently increases
by apprenimately 203 whesw pressure deaps to 10 Pa.
The etfect us seen in both rune  As ciscussed under
EkRur the ri1se of diffuesivity with decreasing pressuse
15 tentatavely explained away as 8 systimatil eryof of
uuknown origin,  The veratity of tors explanatvm wili
be tecten whirn o careful calibratron of the erparatrs
15 nate.

Jneopest opxtensive therra; expsteiog gala B,

o

LI RS A

3w Ilrst run, where tie temperalurn:

t harny that of the secor The expansivil;
Tis s sUIphtly wila Increasing temperature,  The
contining pressure for the first rin was S0 MPa tor
all pornt s, but above &89 K the pore prese -0 wae alse
clase tu Sk HPa hecacse of the jateer tay, e {ne
band of duta sn Fig. 3 From the secere ryr fepresente
repearrd stort {87 = 40 to BU KJ excursinns upvards
and downwards in temperatuve at gevera. conitninyg
pressures, No dependence upon confiming pressure was
seen, nor was any temperature depencence seen, notl
surprising In (1ght of the small teaperature steps
taken and the moderale temperature dependents £rlellen
in run 1, The vantn of _he band compared tc the
height of the ervor bar far rur 1 is an indication et
the reproducihilaty of tne tarrmal expansion data.

Climax Stock quart? monrarite have been tesied.

Results tor thermal conductivity, nifiusivaty, au”

thermal evpansion are showr in Figs. $-9. Thermal ;
expansran data for the second run suggest apparatus

prublems ynd are not included, Testing plans for noth

sampies called for repeated excursions to higher

temperatures at the highest pressure {50 MPa) folioved

by heating wnder lover pressure. However, both rurs

were terminated prematurely during the 50 MPa heatiss

Quartz Monzenite. Two samples (runs L and 2J of
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cycle, both because of jacket failures. The f1rst run
produced conductivity data (Fig. 5) and diffusivity
data to 150°C (Fig.8). The second run produced
conductivity data to 250°C (Figs. 6,7) and diffusivity
data to 2uf°C {F:g. B). Absolute values do not agree
well iron run ' to Ten 2 for reasons vhich may be the
result of poor system calibration (see EKROR) rather
than diflerences 1n the rocks themselves. However,
tne gualitative behavior of the thermal properties
with chang:ag P and T 15 consistent betweer runs.
Trerne | conductivity (Fags. 5=7) shows & smeotn
decrease with increas-up temperature and an
a..elerating decrease with de.reasing pressure. The
reduced scatier from run . to run 7 is the result of a
¢hampe 1 the messurepent technique (see ERROK). The
1OpTOved PTEC1S1nn 0 the measurement in run 2 has
a.lowed resolution of 2 pressorc: effect (Fig. 7} and
nas revealed a curvaturs toward zero slope in
CnauttIv.ty e, temperature, Nesther run resolved
gT Canee 16 Uhe TOsr temperatere conduflivily va.
cressure as & result of heating under 5 MPa pressure,
nust cleariv ‘emonstrated in Fig. 7.
Trermal diffusivity ss offset Y92 irom run | to
tor reas ~s wrizh aren't yet knowr {see ERROR).

run .
Difissivity 1n peth ryne cecreases preportionally
gbral the care roiaNl welh Inereasing temperature.
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Figure «. Thermal ditfusivity and condurtivity of
Avery Tsland salt compared to Yang's single crystal
values.
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monz mite. The daghed curve 1¢ hand drawrn.

it thermal cycling was not checked, but was
o0 the same bs that for concuctivity on the
P ot toe direct relationshitp between diffusivits
and co The ellect of pressure on
¢iltusiviry patvhes the anomaions behavier sesr 3:o
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acenraly 1 somevtal speculasive and Gest judged at
Chis poatt by how they compare to exisiing values.
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Figure b. Thermal conductivity vs. temperature for
two samples of Climax Stock quartz monzonite. The
error bar is the typical randow error of our run 2

data. The dahsea curve 15 lifted from Fag, 5.
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Precastm of the termai rontuCtivily grasurement
Sor tall runs ) and . And 1of quarlz momzomite run |
veoaboar +00% R/mEoand accounts for amst of the
srafte: in Fips. | and 5. HMast ol this error 1s
canstr’ by +0,1°C fluctuatinms 1n the outputs of three
controlling thermocouples over the > | month
duratie. of a run. A radical change 1n the

meAsursat et Uronbigue hav amproved precision for the
Guarly L oczmnte yum o, 10 abult w7 WmMK, estimated
[T e s aller 10 Fig.o 7 oand on ocursary
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Figure B, Thermal diffusivity vs. temperaure and
preasure for tun samples of Climax Stock quartz
monzanite.
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gure 4, Thermai linear expansivity of Climax Stock
quartz monzonite ryn |. The calcualted cuve is an
estimate ol the tntringic rock expanstvily baged on
a weighted average (by volume concentratisn) of the
expansivities of the :ndividual miperals in the rocz.

temperatures by control of heater powers. but requites
camputsy modeling of the system in order to determing
dpsitee neater piwers. One additional jossible soonter
of systematic errop har therclore been ntroducec, s
whiic the precision of the run 2 data »s superiur to
that ¢! tne othey data, .heir accuracy c¢ould be worse.
Tre precisian of the Jiflysivity measuresent 1»
no better than +i0% at 1.0 X 1076 w2/s.  Wherher
the aifterence betwren Climax Stock quartz monzonats
rons | oand 7 (Fig. 8) is the result of poor prezision
or poor accuracy is uncertain. (ft 1s probably not
the result ot sample differences because the tnermal
canductivity miamatch from run | to run 2 {Fig. 77 has
a ditferent sign than the ¢iffygavaity mismatch.) The
anomalous TISF 1N room temperatvre diffusivity at \f
MPa sker 1n all four runs 1s a sign thal some s,$.60
at:t problems exist:  given thermal conduclivily wa.
pressure (Fags. 1, 5, 7), the direct relatinashi;
between :onductivity anZ diffusivity, and the fart
that crack perosity tends to impede thermal tramsport,
the expected change in diffusivity with pressure s
sither no change (1f no cracks exist) or 8 decreass
with decreasing pressore (it some cracks are pr.sent).

DISCUSSTON

Seck Salt, For the salt we observe nc pressure
dependence ol any of the thermal properties (exceptiny
the anomaloys behavior of diffusivity at 10 MPa) at
aboul the +5% resolution level (Figs. ' ). Based on
the Walsh and Decker {1966) equation {:/, a 10% change
in thermal conductivity between 10 and 50 NPs (the
maxnimun, which would escape our detection at the +54
resolution limit) corresponds to a change of rock
volume due to cracks of roughly 0.13%. Even assuming
all of this crack porosity was indiced by neating to
573 K (1.e. assuming none of the original 1% parosity
(Raufmann, 1960) was crack porosity), it is a small
value compared, say, to most Granitic rocks. Heard
(198U}, for instance, sees in the Climax Stock quertz
monzorite a thermally-induced porosity intrease at 0.1
MPa of 0,41 between 300 and 573 K. Such a small
amount of thermal damage in salt might be explained by
its nearly isotropic expansivity (nalite is cubic) and
its low streagth (Heard, 1972}, The lack of pressure
dependence of diffusivity {Fig. 2) and [ne smoothly
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1ncreasing coefficient of thermal linear expansion
(Fig. 3), uniuterrupted by the jacket failure and drop
1n effective pressure, are also consistent with the
existence of very little crack porosity.

The seit data are compared in Fig. 3 end Fig. 4
te an extensive compilation by Yang (1981) of single
crystal NaCl data. The tost serious disagreament is
the diffusivity which falls abuat 20% below Yang's
values at any g.ven temperature. The apparent
disagreement in thermal expansivity (Fig. 3) may
vanish once system calibration is complete. If the
correct.on required to bring the expansion data for
the quartz monzonite into agreement with Heard's
(16B0) data (see Fag. 9) is applied to our rock salt
data, the short dashed curve in Fig. 3 results. That
c.rve is very ¢lose to Yang's.

Additional thermal conductivity measurements on
rock salt for waste repository site-specific studies
are reported by Morgan (1979) for twn salts inciuding
Averv Island, and by Acton {1978} and Sweet and
McCreight (1979 for the Snuthemstern New Mexico rock
salt. Thege data are compared 1p Table |. Only in
Lthe present stuoy was true hydrostalic pressurs
applied to the tost specimens. The data of Sweet and
HeCresght (1979) agree well with our data, Acton's
(]1@78; data »& scattered, and Morgan's Avery I[sland
daty 1o statlered but consirlently much jover than our
own. Altnouph Me:pan's tarpies were taken from a
pornt g0 the mine horizontally separated irom the
source cf onr own ny less taan 50w, he reports that
the samples are weak and lriable, rather in contrast

to our owr. A pusable explanation of the different
cliatacter ¢ Mergz "5 sarpies 15 that his samples came
Tton Wo-m starete: ocre v le ours came {rom 4U0-wm

cure and thar e siaples were therelore more prone lc
dama,e d.ring corin, . It is plausihle that the lower
contductivitios Tepei LA Uy Morgan are the result of
tractures with n his

exgess . ve fractures and rocre
samjors whicn were 1urred during core deilise .

it stz be pa.nted rgt that extensive te  ing
¢f a similar rock sa t, Sentneastern New Mexico hedded
calt, fas gemonetrated throuph mechanical testing
Uwawersie aro Hanoum, 19%0; and pas ;eroeabilily meas-

srumenty Ccotrerland and Cave, 19800 that crack pores-
Ltv an the starticp milerisl an the laloratory 1s non-
geri. I » 0t sels 9! experiments those authors cor-
Cluey tnat the searce of crack porasity is sample

vandi,n, ' oring, travsborl, experimental preparation!
vecaase te rarifestations o) crack pornsity {nen-
lirear press.re=walume relationship at lowest pres-
vites, anitial hagn sermeability et inw pressure) can
e mace to cisappear permanentiy vith the application
vf pressnres i the (h=30 MPa range, Salt 15 known to
selore jlant.caily will felative pase at siresses of
tre same order (Heard 1972), so prrmanent crack clos=
are Gener Lue pressures 15 plavsible, In the pregen:
wore, hi mrasLrenents vere mede at gero effective pre-
sante without farst having subjected the saopie to
#ftective prossures of 10 MPa or more, sp it i6 possi-
L1 that aev inabral cracks wrich might have impeded
heat 1:ARspuTt an our sampies were squeczed out ol ex-
taten ¢ Ly tne time the first measurements vere made,
The ehavior of the southeastern New Mexico salt and
ot tle Avery lsland galt appear ro be consistent.
(uarlz Monzomite. The quartz monzonite, in con-
trast ta the sale, shows & pressure effect even in the
unhested rock (Fig. 7}, vwhere the decresse in thermal
conduct tvity 1§ roughly 102 between 50 and 3 MPa.
Taking the Walsh and Uecker (1966) model, the required
changr in crack porosity is approximately 0.261, &
value which 18 consistent with & connected porosity
{which presumably includes some round pores) of 0.54%
(Page and Heard, 1981). Using the same analysis, the
observation thar heating to 47) K at 50 MPa produces

no change, +22, in conductivity (Fig, 7) means that
thermally induced crsck paresity at 3 MPa, generated
by heating to 473 K at 50 MPa, is less than 0.1%. The
crack porosity increase under the same conditions as
calculated by Page and Heard (1981) on the basis of
linear expansion messurements ia about 0,07%. It can
at leas- be said that thermal conductivity vs. crack
porosity as modeled by the Walsh and Decker equations
(7) and (9), plus crack porosity ve. pressure as
deduced by Page and Heard (1981) form a thermal
conduclivity vs. presaure relationship which, so far,
is consistent with our own observations.

The anly other data we are awgre of for the
conductivity of Glimax Stock quartz wonzonite at
pressurc and temperture are from Pratt et al. (1979).
AL room temperature they report a conductivity of 2.
+ 0.2 W/mk with no measurable pressure dependence
between 0.1 and 35 MPa. Although the magnitude is 1n
serious disagreement with our measurements, our
measured pressure-induced shift of 0.3 + 0.1 Wmk
beteen 3 and 30 MPa could be masked by the slightly
lover resolution of the Pratt et al. measurement.
Conductivity as a function ol temperature at 0.1 MPa
measured by Pratt et al. 1s plotted dizectly 1n our
Fig. b. The accelerating drop in conductivaty with
increasing temperature at 0.1 MPa which they observe
is distinctiy at{ferenl from whai wc observe st 7
MPa. Presumably the rock at 0.1 MPa would he more
prone to thermal cracking. The increase in crack
POTusIly required by the Walsh and Decker model ci tne
Pratt ot al. data between 300 and 473 K is D.8%, which
does nnt apree well with the increase 1n crack
peresity of (.251 measured by Heard ([98() at CG.1 MPa.

The difference in thermal linear expansion (Fie.
9: betwenrn our data At 50 MPa and that of Hesrd (19
at 7.5 MPa i6 prohabiy wore closely related tc a .ace
of caithration of nur system rather than the
differance in pressure. Firstly, our 50 HPa curve
inzicates a higher expansivity than at 27,9 MVa, whict
is rol reasonzbie. Hecent data by Page and Heard
(1561 shuv that at 55.2 MPa the expansivity of the
quari? monzorite 1s lewer than that gt 27.6 MPa by -0
X OI7% R at gt temperatures tested. Secondly,
the expected Artrinsi: expansivity oi the rock,
calculater by weighing the expansivity of pach phase
by 1ts volume cenceniration in the rocwe, fails close
to Heard's curve at 27.& MPa, cuggesting tnat Hearc'c
data are closer Lo the truth than our own. As
mentioned above, 1f Hearc's dala s ysec to calibrate
OUT Lhermai exparsion measurement, our data of the
thermdl expansivity ol salt also fall nicely imie
place witre the antrinsic expansivity (Fig. 3;.

Table |

4 comparisnr of laboratery ceasured thermal
conductavitaes Lin W/mK) for two rock Falts.

WoK 373K L3k 373K

This stady (A2 6.1 5.3 .0 3.3
Morgan (Al) 4 3.2 2.6 2.2
Acton (SENM) 8.5 6.3

1-4*
Sweet & McCreaght (SENM) 6.0 LA .9

* lor halite/anhydrite mixed-rock with » 503
halite. Conductivity increases with increasing
purity of rock salt.



SURMARY

Measurements of thermal conductivity,
diffusivity, and linear expansion to 573 K and 50 MFa
on two samples each of Avery Tsland salt and Climax
Stock quartz monzonite have beep carried oul. From
these measurements we conclude:

1) For Avery lslgnd salt at 0 < P £ 50 MPa and
300 « T < 573 K, the thermal conductivity, diffusivi-
v, end Tinear c¢xpansion show no dependence {+5%) upon
conf{ining pressure. Thormal conductivity at room tem=
perature measutes 6,7 + 0.6 W/mK and decreases monot-
onicaily ta 3.3 + 0.6 W/mk at 573 K. Thermal duiffu-
sivity decreases from 3.0 4 0.6 X 1676 m2/s at
coom temperature to b4 o+ 0.5 X 1076 n?/s at 973
K. Trercal linear expansivity increases from 4.B ¢
.y kI El st room terperaturce to 5.6 % 0.3 X
1975 £70 at 574 K. Trese values are approximately
tre intyinsi. values for sinple crystal halite.

J) Handiing of salt samples between the field
and laboratory may damape the material sufficiently
that zere pressars tneewal conductivity of the bulk
may be jrwered by as much as 50k, Tne effect om
conducty ity can be permanently reversed by subjecting
the otk to pressnres of 10 MPa or more.

) For Ciimax Stock quartz menzonite, Toom
tenperature thermal conduclivity 1s approximately 3
WimE with uynceriain accurdsy. Reom temperature
confuctyvity decreases at an actelerating rate by 0.28
Soucll bemhodc pressare arops from 90 to 3 MPa.

WILEIN measucement errar Thas bahaviar as oot affected
biobeatyn, at v MPa t0 remperatyres op to 423 K.

i Iu the quartz morzonate thermal conductivity

e antexamate iy 0.7 1S WK during SUOMFa

$. te 52y K, Heating at lower

[

Seo bealang o

jressures Wi pf- , ianse a greater drop an

e tiviry v te therrady 1nducec cracking.
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