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abstract

Thanks to thermal conductivity maps, obtained from Optical Scanning method, and
porositymaps, inferred fromthermalconductivity maps, wehavestudied petrophysical

heterogeneitiescommonly presentinagraniticandsandstonegeothermalreservoir(fault
zone and permeable layers, respectively). The maps allowed determination of thermal

conductivity and porosity variation to millimeter resolution, at a core scale. They
permitted precise quantification and determination of the size of petrophysical

heterogeneities(thermalconductivityandporosity)inducedbyrockvariability.

1.Introduction

In the current context of commitment to sustainable and renewable energy,
many countries worldwide are developing geothermal energy (Dickson and
Fanelli, 2003; Lund et al., 2011; Bertani, 2012). To enhance and ensure the
economic and technical viability of the heat exchanger at depth, it appears
important to improve the knowledge of thermal and hydraulic properties of the
targeted reservoir and their behaviors during the exploitation period (see for
exampleBirsch,1966;CermakandRybach,1982;Haeneletal., 1988;Clauserand
Huenges 1995; Clauser 2006; Hartmann et al., 2008). Indeed, these properties
play a major role in the planning of geothermal installation and in geothermal
modeling.

Throughageothermalreservoirexchanger, fluidflowsoccurin thefractures
and faults connected network and in different sedimentary levels of high
permeability (Haffen et al., 2013; Siffert et al., 2013). These fluids present
differenttypesofdisequilibrium withrespecttothesurroundingrocks,aswellto
temperatureand chemical composition. Indeed, interaction processes between
fluidsandrock, whichoccurovertimeintheporousspaceconnected

to the main fluid flow zone (mass transfer induced by dissolution and precipitation
phenomenaormechanicaldisplacementof clayedparticles),canprovokedamageto
the heat exchanger by modifying its permeability and also affect the surface power
plant (NortonandKnapp, 1977;Norton, 1979;SeibtandKellner,2003; Ungemach,
2003;Fritzetal.,2010;Civan,201 1;Meieretal.,2014).

Thus, thermal conductivity and porosity maps appeartobetwo key parameters,
sincetheyallowtheimprovementofthetargeted rockcharacterization,notably from
information(quantification andsize)aboutpotentialrockheterogeneities.

Various experimental techniques allowed the characterization of the thermal
conductivity andporosity ofrocksamples (ZinsznerandPellerin,2007; Tritt,2004).
Wedevelopedanewnondestructivemethod based on Optical Scanning (Popovetal.,
1999), toquicklymapthethermalconductivityandporosityofsamples. Wepresent
theacquired2Dthermalconductivitymapsandthe computed2Dporositymaps.

Inthispaper, wepresentresults fortwokindsofrock: graniteandsandstone, which
both have specific structures (fractures and sedimentary heterogeneities,
respectively). Theserocksare ofspecialinterestbecause,forcontinental Europe,high
enthalpy geothermaltargetsarelocatedinthedeeppartofthesedimentary basin, its
basementanditslowerlevels,includingthebottomof thesedimentarycover,whichis
generallysandstone(Genteretal., 2003;Bourquinetal.,2011).
2.Geologicalsettingandthermalconductivity/porosity mapselaboration

2.1.Sampledescription

Theselectedsamplesareexpectedtoillustratetwokindsoffluid flownetworksin
deepgeothermaltargets. First,agranitesample affectedbyafracturezonewithquartz
infilling at the edge ofan open fracture is a kind of structure currently described in
granitic geothermal fields (Géraud et al., 2010). Second, a sandstone sample is
analyzed, where a sedimentological heterogeneity was induced by grain size
variation.

The granite sample (K 195-4777) was taken from the EPS1 borehole, part ofthe
deep experimental geothermalssite of Soultzsous-Foréts (France) inthe Upper Rhine
Graben(Genterand Traineau, 1992;Rosener,2007)(Fig. 1a). Thesampleislocated
approximately 2162 m deep, in a granite zone that corresponds to a
silicified/cataclasedhydrothermalalterationfacies(Rosener, 2007). Thisallowsthe
differentcompartmenttypicallyencounteredinfaultzonestobestudied: theprotolith,
thedamagedzone andthefaultcore(Caineetal.,1996;Géraudetal.,2010;Faulkner et
al.,2010). The sample is divided into three zones (Fig. la). Zone 1 correspondstoa
damaged zone and is an altered zone composed of massive orange feldspar
(orthoclase)associatedwith alteredfeldspar,somesmallsecondaryquartzandblack
mica. It has an increase in porosity due to an alteration process induced by
hydrothermal fluids. Zone 2 is characterized by asizable concentration of secondary
quartzandhardly anyaltered feldspar.It correspondstotheprotolith. Zone3showsa
partiallysealedlocalizedquartzfaultcore.

The sandstone sample (EPS1 6 1) also came from the EPS1 borehole (Haffen,
2012) (Fig. 2a), and was extracted at a depth of approximately 1214 m, from the
Buntsandstein sandstones formation: “Grés Vosgiens” facies (Vernoux etal., 1995;
Bourquin et al., 2006). The petrographic facies corresponds to clayed coating
sandstonealternatingwithcleansandstone(seeHaffen,2012; fordetails). Thesample
canbedividedintotwozones(Fig.2a):zone 1iscomposedmainlyoffinetoveryfine
dark brown grained sandstone, and zone 2 is mainly made of medium to fine brown
grained sandstone.A smallfaultismarkedbyagapofapproximately Smm, whichis
sealedoftbyextremelythinbariteprecipitation.

2.2.Measurementtechniques:thermalconductivityscanner (TCS)

OpticalScanningmeasurementsperformedwithaTCS(Popov etal.,1999;Popov
et al., 2003) deliver a large set of thermal conductivity values faster than classical
laboratory techniques,suchas withadivided-baroraliningsource(Sassetal., 1971,
1984).The Optical Scanningapparatus corresponds to amobile block composed of
twotemperaturesensorsoneithersideofaconstantand continuousheatsource. These
three fixed elements are lined-up on the mobile block, parallel to the mobile
displacementaxis. The blockmovesunderarailonwhichthesampletobemeasured



had beenpreviouslyplaced. Heatsourceandtemperaturesensorsmove at the same
relative speed (TCS mobile block velocity: 4.99mms-")

along the scanning surface, which is maintained at a constant distance from both
sensors. Thus, measuring the sample temperature before and after its heating is
rendered feasible. These data, associated with those of the two standards situated
either side of the measured sample and having a thermal conductivity known to be
closetothatofthe sample, allow calculating the absolute thermal conductivity of the
sample to become possible. This technique therefore permits the obtainment of a
profile of thermal conductivity of the sample along ascan line, with aresolution of 1
mm. Thescanlineisatamaximumof500mm,duetothelengthofthe apparatus,while
therelativemeasurementerrorisapproximately 3% ofthemeasuredvalue(Popovet
al., 1999). The room where measurements were carried out was kept at a constant

(Wm-'K-") is the thermal conductivity of the fluid (air or water)

11
presentintheporosity((-)),andm (Wm- K- )isthethermal

conductivityofthesolidmatrix.

For a sample, a first set of thermal conductivity measurements under air-
saturatedconditionsandasecondsetofthermal conductivitymeasurementsunder
water-saturatedconditionsare necessaryandtheseleadtotheporositycalculation
(Eq. (2)) as follows (Pribnow and Sass, 1995; Pribnow et al., 1996; Surma and
Geraud,2003;Haffen,2012):

Sa[dry

Porosity (%)

Thermal conductivity (W.m’l.K")
3 3.|5 Ali 415
i

20 40 60 80 100 120 140 160
(b) Measured point (mm)

(d) Measured point (mm)

‘Thermal conductivity (W.m'l.K'l)
34‘5 tll 44'5

40
g 20
=
0 y T T T
20 40 60 80 100 120 140 160
(c) Measured point (mm)

Fig.1.(a)Analyzedsurfaceofthegranitesample;(b)Measuredthermalconductivitymapoftheairsaturatedgranitesample; (c)Measuredthermal conductivitymapof

temperature (20-C * 1-C). During the measurements, the increase in sample
temperaturewaslimitedto3-C,rangingfrom20+1-Ctoamaximumof23+1-C. Abrief
coolingtimewassystematicallyimposed betweentwoscanlinestorestricttheheating
ofthe sampleand ofthe standards. Thermal conductivity variations induced by the
heating of the sample during the measurement were neglected, since at this
temperaturerange the thermal conductivity variation isinferiortothemeasurement
error(VosteenandSchellschmidt, 2003).

2.3.Thermalconductivityandporositymap

2.3.1.Method

Thermal conductivity in rocks depends mainly on three parameters (e.g.
Farouki, 1981; Brigaud and Vasseur 1989; Clauser and Huenges, 1995;
Midttomme and Roaldset, 1998): mineralogical composition, porosity and
texture.Otherparameterscanalsocontrolthethermalconductivityofrocksaspore
In ( ) “In ( fluids propertiesand structural/textural properties of
rocksincludingrockanisotropy Theporosityofarock
canbeestimated(SchirliandRybach,1982) atconstanttemperatureandpressure,
using comparisons between thermal conductivity values obtained for air- and
water-saturated samples,whilemineralogyandothermicrostructuralparameters
are taken as being constant. For each state, the geometric mean model based on

mixinglaws(Eq.(1),ClauserandHuenges, 1995) isconsidered,asfollows:

Am @) £

where (Wm-'K-")istheeffectivethermalconductivity,

= )

watair
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wheresa (Wm- K- )isthethermalconductivityofthewater-
saturated sample, (Wm-'K-") is the thermal conductivity of

dry

theair-saturatedsample,wa isthethermalconductivityofwater
(0.6Wm-'K-!,ClauserandHuenges, 1995)and is the thermal

air conductivity of air (0.02Wm-'K-',
Clauser and Huenges, 1995).

Thus, to calculate porosity, we have considered a simplified case, without
needing to build an empirical model (Somerton, 1992). Satisfying results were
obtainedwiththeappliedmathematicalmodel, basedonamixinglaw(Pribnowet
al.,1996;Hartmannetal.,2005).

This mathematical model (Eq. (2)) was used to determine the mean porosity
value frommeasurementsofthethermalconductivityinbothdryandwetsamples.
Here, weuse the Optical Scanning method to measure the thermal conductivity.
From these measurements and the experimental measurement protocol first
proposed by Rosener (2007), we can build a 2D porosity map from 2D thermal
conductivity maps. This approach let us observe millimeter scale variations of
thermalconductivityandporosityforpluri-decimeter rocksamples.

thewatersaturatedgranitesample;(d) Computedporositymapofthegranitesample.



2.3.2.Mapconstruction

Before measurements, surfaces of the samples that were going to be
mapped were sawed with a diamond saw and the surfaces were carefully
brushed to remove dust. So that all the surfaces have the same albedo and to
avoidinterferencewiththemeasurements theywerepaintedblackwithspray
paint,suchthatpaint-crushing thickness waslimited. Thenthesampleswere
dried at 60-C until they reached a constant weight. Several hours before
starting the test, the samples were placed in the measurement room, so as to
keepthematthermalequilibriumunderdryconditions.

The samples were first placed on the TCS rail, at the beginning of the
measurements. A profile of thermal conductivity was then determinedalonga

zone 1 zone 1

zone 2
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scan line (line000), at each millimeter (point 1, point2, etc., to the mth point).
Later, with great accuracy, the samples were shifted 1 cm perpendicular to the
measurement axisand anew profile was created (line010). The measurement
sequence has been defined as follows (Fig. 3): 1ine000, line010, 1ine020,
1line030,etc. line001,line011,line021,line031,etc. 1line002,line012,line022,
line032,etc. 1ine003,line013,1ine023,line033,etc.

untilthesurfaceswerecompletelyscanned. Thissequence wasdevelopedtolimit
theheatingofthesample,whichcould
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Fig.2.(a) Analyzedsurfaceofthesandstonesample, blackdottedlineindicatesthesealed fault; (b)Measuredthermal conductivitymapoftheairsaturatedsandstone sample;(c)Measuredthermalconductivitymap

ofthewatersaturatedsandstonesample;(d) Computed porositymapofthesandstonesample.

black painted surface previously sawed

Fig.3.(a)Photographofagranitesamplepreparedformeasurement,(b) Schematicrepresentationofthesample’sscannedsurface, indicatingthepositionofthemth

measuredpointofthenthmeasuredline.

modifythethermalconductivity withanincreaseintemperature (e.g. Abdulagatova
etal., 2009). As aresult, each measured point is about 1 mm away from the other
measuredpointssurroundingit. Thesedataledtoa2Dthermalconductivitymapofair-
saturated samples(nlinexmpoint/line)witharesolutionofl mm.

After obtaining the first thermal conductivity map, the samples were water-
saturatedbysubmergingthemindistilledwaterinside asealedvacuumchamberfor48
h.Thethermalconductivitymaps forwater-saturatedsampleswerederivedsimilarly
totheprevious drytest. Theobjective wastoaccurately superposethe twomeasured

surfaces: lineXXX (under dry conditions) had to be in strictly the same position as
lineXXX’ (under water-saturated conditions). To limit the evaporation risk, each
sample except the measured surfaces was wrapped in plastic film. Weight
measurement tests, performed onwater-saturated samples before and after thermal
conductivitymeasurementsindicatedthatwaterlosswaslower than1%.

Thermalconductivitymapscouldbedrawnforeachsample, underair-andwater-
saturated conditions and a porosity map could be computed from these by
transformingEq.(2)inthefollowing way(Eq.(3)):

Foralli=1,...,nandj=1,....m
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where;; (-)istheporosityatthemthpointofmeasurementof thenthline, (sa)ij (Wm-

K- )isthethermalconductivityofthe
11

water-saturatedsampleatthemthpointofmeasurementofthe nthlineand(ary)ij (Wm-

K- )thethermalconductivityofthe
11

drysampleatthemthpointofmeasurementofthenthline.

Tablel

3.1.Granitesample

The three structural zones described in Fig. 1a were identified on thermal
conductivity maps of the sample under both airand water-saturated conditions
(Fig.1b,c). Thethermalconductivity values for zone 1 ranged from about 1.80—
3.60Wm-' K- for

the air-saturated sample and from about 2.00-4.25Wm-' K-! for

thewater-saturatedsample.Forzone2, thethermalconductivity values ranged from
about 3.60-5.00Wm-' K-'and from 3.75 to

Statistical dataofthermalconductivityandporosity forthetwostudiedsamples(std.:standarddeviation;m;: weightoftheairsaturatedsample; ma: weightofthewater saturatedsample;ms:weightofthesampleunder

hydrostaticcondition).

Sample Scannedsurface Thermalconductivitymap(Wm-'K-") Porositymap(%) Waterpor osity

(lengthxwidth)

(mm)

Saturation mean std. min, max mean std. min, mi (g) m2(g) ms (g) (%)
Granite 180%50 air 3.49+0.10 0.70 1.84 6.36 2.87+0.14 1.52 0.01 9.85 602.80  609.61  374.67 2.90+0.09
(K195-4777) water 3.8140.11 0.72 2.04 7.08
Sandstone air 4.12
- water
(EPS161) 181x61 4.283.13++0.130.090.180.232.533.59  4.93 9.274#0.46 198 0.72 16.22 1048.45  1092.44  649.08 9.92+0.30

2.3.3.Watersaturationtest

For each sample, the mean porosity value obtained from thermal conductivity
measurements could be compared to the total porosity measured from the water
saturation test (Melnyk and Skeet, 1986). This value was obtained from an
experimental protocol based on the water saturation of a sample after vacuum
degassing. Initially,samplesweredriedat60-Cuntiltheirweightbecameconstant(m;
ing) and were later placed ina vacuum chamber for 24 h (after thermal conductivity
measurementswereperformed ondrysamples).Inthemeantime, distilledwaterwas
degassed and then used to fill the samples by capillarity. The level of water in the
samples was regularly adjusted according to the capillary fringe. Once they were
entirely submersed, the vacuum was brokenand the samplesretained inwaterfor24h
untiltheyreacha constantweight. Priortothermalconductivitymeasurements being
carried out on water-saturated samples, the samples were weighed twice: firstly,
under water-saturated conditions (m2 in g) and secondly, under hydrostatic
conditions(ms ing).Porosity( in%)wascalculatedasfollows(Eq.(4)):

= —m2=mix 100 (4) m2-m3

3.Results

Using TCS, bothair-and-watersaturated thermal conductivity 2D maps were
obtained for the granite and sandstone samples. From these maps, a porosity 2D
mapwascalculated. Histogramsof thermalconductivityandporositydistribution
wereplottedfrom thepreviousmaps,todefinearelationshipbetweenporosityand
mineralogy.

For the two samples analyzed, statistical data of thermal conductivity and
porosity are given in Table 1. Thermal conductivity and porosity maps for the
granite and sandstone samples are presented in Figs. 1 and 2, respectively.
Histograms of thermal conductivity and porosity distribution for the granite and
sandstone samples are given in Figs. 4 and 5 respectively. The distribution of
thermal conductivity depending on porosity is also given in Figs. 4 and 5,
respectively,forthegraniteandsandstonesamples.

5.25Wm-' K-! for the air- and water-saturated samples, respec-

tively. Thethermalconductivityvaluesforzone3rangedfrom about 3.60-4.90Wm-'
K-'and from about 3.75-5.50Wm-' K-!

forthesamesamples. Theporositymap(Fig. 1 d)indicatesthatthe valuesofzonel
ranged fromzero toten%, those ofzone2ranged betweenzeroand five% andthe
porosity values of zone 3 ranged from zero up to about eight%. Thus, the quartz
cementation in the matrix (zone 2) tended to increase the local thermal
conductivity and to decrease the local porosity, while conversely feldspar
alteration decreased the local thermal conductivity and increased the local
porosity(zonel).

Histograms of thermal conductivity distribution, under both airand water-
saturatedconditionsforthegranitesample(Fig.4a,b) presentedthesamebimodal
global trend, with two well-marked peaks of measured thermal conductivity
values.Intheair-saturated case (Fig. 4a), peaks were centered on 2.90 and
4.17Wm-"'K-!,

with a gap of about 1.27Wm-'K-!. In the water-saturated case

Fig. 4b), peaks were centered on 3.25 and 4.50Wm-! K-!, with
(Fig p

a gap of about 1.25Wm-'K-'. A comparison between thermal

conductivity histograms and maps suggested that forbothairand water-saturated
cases,thelowervaluepeakscorresponded tozone l,composedmainlyofmassive
feldspar associated with altered feldspar and some small secondary quartz
(theoretical thermal conductivity values: Quartz=7.8Wm-' K-', Feldspar-
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(theoretical thermal conductivity — values: Biotite=2.3Wm-' K-!,
air=0.02Wm-'K-',
K=2.3Wm-'K-!, Clauser and Huenges, 1995; Fjeldskaar et al., water=0.6Wm-'K-',ClauserandHuenges, 1995;Fjeldskaaretal.,

2009). Atthesametime, peaksofthehighervaluesofthermalconductivity, forboth 2009). Thehistogramofporositydistribution(Fig. 4c)showsaunimodal globaltrend

air-andwater-saturatedcases,corresponded toamixtureofzone2andzone3,both (Gaussian shape) withamaximum of calculated points foraporosity value ofabout
mainly composed of quartz. The gap between the theoretical and measured 2.60%. This behavior canbe explained by constant gaps between peaks of thermal
thermal conductivity inthese two zones canbe explained by the porosityandthe conductivity, whatever the saturation condition. The saturation of the sample by
presence of small amounts of feldspar and mica, which have lower thermal waterprovokedalinearincreaseinthermalconductivityinallthree structuralzonesof
conductivity values than quartz and can modify the contact between grains the sample. The distribution of thermal conductivity (air-saturated condition)
dependingontheporosity(Fig.4d)
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Fig. 4. Granite sample: (a), (b), distribution of measured thermal conductivity values, in the air and water saturated sample respectively (column width: 0.05Wm-'K-');

(c)distributionofthecalculatedporosity values(columnwidth:0.1%);(d)relationshipbetweencalculated porosity valuesandmeasuredthermal conductivity valuesofthe airsaturatedsample.
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Fig. 5. Sandstone sample: (a), (b), distribution of measured thermal conductivity values, in the air and water saturated sample respectively (column width: 0.05Wm-'K-");

(c)distributionofthecalculatedporosity values(columnwidth:0.25%);(d)relationshipbetweencalculated porosity valuesandmeasuredthermal conductivity valuesof

theairsaturatedsample.

indicated a global but not well-marked decrease of thermal conductivity, while the
porosityincreased (simplelinearregression: ThetwopeaksobservedinFig.4aandb

=—-0.14"®+3.9).
conductivityanda porosityincrease. Thus,mineralogicaldistributionthroughoutthe
sample plays a major role in the thermal conductivity, whereas the porosity is less
sensitivetomineralogicaldistribution.

werealso denoted by apoorly-marked decrease ofthermal

Themeanporosity (Table 1) calculated from thermal conductivity mapsis2.87 +

0.14%,closetothewaterporosityvalueof 2.90+0.09%.

3.2.Sandstonesample

ThetwozonesdescribedinFig.2acouldbeidentifiedon thethermalconductivity
mapofthedrysample(Fig.2b).Zone lindicatedthermalconductivityvaluesranging
between3.20 and 4.00Wm-' K-! whereas zone 2 showed thermal conductivity

values ranging from 2.60 to 3.50Wm-'K-'. The thermal conduc-

tivity map ofthe water-saturated sample (Fig. 2c)appearedmore homogeneousthan
thatofthe dry sample. Inzone 1, thethermal conductivity values ranged between
4.10 and 5.00Wm-'K-!

whereas in zone 2 values were comprised between 3.75 and 4.80Wm-' K-'. The
porosity map (Fig. 2d) displayed two main

zones located atthe level of the main structures (Fig. 2a). Zone 1 had porosity values
ranging betweentwo and ten% whereas the porosity values were comprised between
nine and fifteen% for zone 2. However, the small fault does not appear on thermal
conductivity andporosity maps. Thus, the decreaseinthe grainsize (fromzone 2to
zonel)resultedinanincreaseinthethermalconductivity associatedwithadecreasein
thelocalporosity.

For the sandstone sample, histograms of thermal conductivity distribution
under both air- and water-saturated conditions (Fig. 5a, b) presented the same
unimodalglobaltrend, withone peakofmeasuredthermalconductivityvalues.In
theair-saturated case (Fig. 5a), the peak showed a maximum at 2.9Wm-'K-!,
while

inthe water-saturated case (Fig. 5b), the equivalent was about 4.25Wm-' K-'. The
comparison between thermal conductivity

histogramsandmapsinair-saturationconditions,suggestedthat thelowervalues
ofthermal conductivityinthepeakscorresponded tozone2,composedmainly of
mediumgrains, whereasthehigher valuesofthermalconductivity corresponded
tozone 1,composed mainlyoffinegrains. Thesametrendwasless-markedunder
water-saturation conditions. The histogram of porosity distribution (Fig. 5¢)
showed a unimodal global trend, with a maximum of calculated points for a
porosity value of about 10.40%. The lower values in the peak of porosity
corresponded to zone 1, whereas the higher values corresponded to zone 2. The
global high values of porosity inthe sample and the presence ofa clayed coating
could explain the low thermal conductivity measured under dry conditions
(theoretical thermal conductivity values for Illite grains=1.9Wm-' K-,



Clauser and Huenges, 1995; Fjeldskaar etal.,2009) and the increase of thermal
conductivity values under water-saturated conditions (The gap between the
maximumthermalconductivityunderairor water-saturated conditions is about
1.35Wm-'K-"). The distri-

bution of thermal conductivity (air-saturated condition) depending on the
porosity (Fig. 5d) indicated a global decrease of thermal conductivity with the
porosity increase (simple linear regression: Thus, the grain size variation in

=—0.095"®+4). laminae, associated with mineralogical small
variations, led to a modification in the thermal conductivity and porosity
distributionatthe millimeterscale. These variationsseemtobe continuousatthe
core scale.

Themeanporosity(Tablel)deducedfromthermalconductivity mapsis9.27+

0.46%, close to the porosity value obtained from mass weight during a water

saturationtest:9.92+0.30%.

4.Discussion

e Mapconstruction

Thethermal conductivity and porosity maps were obtained from successive
measurements, throughthescanningofasamplesaturated withbothairand water.
TheTCSallowsmeasurementsof thethermalconductivityprofiletobemade,ata
densityofone pointpermillimeter. Fromaprofilecarried outateachmillimeter,
thecalculationofaporosity valueforeachmillimetersquareof asamplesurfaceis
madepossible. Foreachsample analyzed, relatively similarporosity valueshave
beendeterminedfromboth thermalconductivityandwatersaturationtests(Table
1). Nevertheless, variations are observed and these can be explained by the
following three parameters: the first is the result of the difference between the
volumes investigated by the two methods. The entire volume of a sample is
analyzed during water porosity measurements, whereas amore limited volume
underthescanningsurfaceisanalyzedbythethermal conductivitymeasurements
(Popov, 1997), where the volume investigated is 2.5 cm maximum thick. The
second involves the modification of the contact resistance between the different
componentsofarocksampleresulting fromwatersaturationand couldthusalter
thethermal conductivity characteristics (e.g. Farouki, 1981). Thethirdisinduced
bya relativelysignificantgapbetweenthethermalconductivityofthe standards
andthatofthesample:alarger gap wouldtriggeramore extensivemistakeofthe
thermalconductivity value.Indeed, forthe granitesample,thermalconductivity
variations between the airand water- saturated conditions are low and induce no
changein standardswhentheexperimentalvaluesremainclosetostandard ones.
For the sandstone sample, the relative high porosity of the material implies a
change in standards between the air- and watersaturated conditions. Standards
used for the air-saturated sample measurements have a relatively low thermal
conductivity value for the water-saturated sample measurements. This gap
induces the underestimation of the porosity from the thermal conductivity
measurements.

¢ Informationaboutsamples

The granite and sandstone samples are both mainly composed of quartzand
feldspar. However, the thermal conductivity maps and histograms of thermal
conductivitydistributionaredifferent, withabimodaldistributionforthegranite
and aunimodal distribution for the sandstone. These feature can be explained by
the well-markeddifferenceofthermalconductivitybetweenquartz andfeldspar,
associatedwiththesizeofthegrainsinthesamples: coarseinthegraniteandfineto
medium in the sandstone, and by the fact that the TCS cannot individualize fine
grainproperties (lowertoafew-millimetersinscale).

In granite and sandstone samples, the porosity distribution is quite
heterogeneous, i.e. there are variations in the localization of the most (and the
lesser) porouszones,althoughthedistribution oftheporosityisunimodalinboth
cases. In the granite sample, the porosity is controlled by structural
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heterogeneities:theporosityis mainlylocatednearthefaultalonggrainbordersin
analteredzone wherehydrothermal fluidshavepartially dissolved the grains. In
the sandstone sample, the porosity is controlled by sedimentological
heterogeneities: the porosityappearsaccordingtoalayered organization.Inside
eachlayer, the porosity isquitehomogeneous. Theporosity variesinfunctionof
the facies distribution and is controlled by grains size inside each band. Thus,
porosity variations, inside both samples, are not extremely ‘cut’, there is
progressive transitionbetweenthemostandthelessporouszones,atthescale of
thesample.

In the granite sample, constant gaps between peaks of thermal conductivity
distribution, whateverthe saturationcondition, were observed. Thesaturationofthe
samplebywaterprovokesalinearincreaseinthethermalconductivityinthestructural
zonesof thesample. Thus,thepercentageincreaseinthermalconductivity inducedby
wateris higher forthe peak correspondingto the lower thermal conductivity, i.e. the
feldspar-richzone, thanthe one correspondingtothe higherthermal conductivity,i.e.
thequartz-rich zone.

Thethermal conductivity and porosity mapspresentvaluesthat areinagreement
withotherclassicalmeasurementsperformedon equivalentmaterials,usingthesame
or other techniques (Vernoux etal., 1995; Sizun, 1995; Surma and Géraud, 2003;
Haffen,2012). Nevertheless, the mapping ofthese physical properties brings more
information, notably concerning the location of the most, or less, porous and
conductivezonesinsamples. Thesezonescanbelinked tostructuralandpetrographic
featuresandsoleadtotheimprovementoftheknowledgeoffluidandheatexchangesin
reservoirs.

5.Conclusion

Fromthermalconductivity andporositymaps,wehaveput forwardtheimpactof
petrophysical heterogeneities commonly present in a granite and sandstone
geothermal reservoirs, i.e. fault zone and permeable layers respectively. The maps
allow the study of thermal conductivity and porosity variation, at millimetric
resolution and at core scale. From two scans of a sample surface, in air-saturated
conditions on the one hand, and in water-saturated conditions on the other hand,
porosity maps can be established. These allow precise quantification and
determination of the size of thermal conductivity and porosity heterogeneities
inducedbyrock heterogeneities.
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