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llc;tt ll,trv tìì(Ìitr,tttrrncnls llrc usuillly rìril(lc in lrortlltllcs c(rnsi(lcrinÍl llutl tlrt: ltr:;rt
I'lorv Iiclrl is lrorrrtlllcrrr:ous lul¡:l lhc llrrx \c(ìt()t is vctlictrl. -l'lris is tìol lnt('in rt.giorrs
\vltctc lllcttììttl to¡t(lt¡rtlir,ilv lrnorrr¡rlic:; c\irjl. lrr llris l)itl)(.¡ \\r,strr(l\,(()nliltr¡t¿tliotìs
\vlticlt tìlir\/ tlislrrlh ltt'¿tl llrlrv (l(nsrty rlistribr¡liorr. A ¡trrr¡leliclrl ntclll()(l rs lls(ì(l l()
rrvcstlllirlc tlrc t\\() rlllrcnsloll;rl r'lllrrtrt:lcl ol lrt'¡rl llt'rv liclcl rrlrit,lr r:orrltl lrtl
Itssotilttctl rvilll tlllt:c siltttlio¡rs: rr llrycr ;rlurrrst vrÌrli(ìitl, tut incliltcrl l;rycr':rrrtl tt lity()t
siltllìlr'(l lrtlrvcctl ltvo tttcrlil tll tlrllì'¡crrl colr(lr¡clivitrcs. Vr:rlictrl trrrtl l¡orizrrrrt:rl llctrl
llotv tottt¡totìcttls iltc cltlcrtlitlt:tj itl(,nlÌ tllc srtttlrcc ol llì(ì r:lullt luttl lltrorrglr llrc
lt:¡litttt ott r;ltttl,¡. 'l ltt: ¡ci;ull:i itt,lir¡tlt lllirl llrc l¡e.rl llt¡rv is ¡irt.lrllv tlistullrctl lry
llrt:r'rr¡tl (ì()n(lu(t ivily ;rrr,rrrr;rlics.

As tttctlltltts tl<: llt¡ro tlr'e;tlol stìrt rr:,rt;tlrrtr.¡tlr.lcillts crn lr¡ro:; ('otìsi(l(ntntlo st.tlr¡c o
clt¡ltl)o tlc llttrtt li'¡ntitrl i'lrornot'cllt'o ('{) v(.lor llrlro t.\/1'tll(';tl lsl() nii(ì i vcrtlltrlc
tlrtr tr:¡ii,)i's tllttlt:;tlltllllltlilrs tlc llt¡xo lirnrti.'t) ('\r l(. Ncslc l¡lrlltllro t::tltrtllutros lrs
(:()illiliilr;rçt)c:' t¡rrt: ¡rorlt:rrr pt'llullr;u rr tlistrilrrriçrrro rlt.tlcnsitllrilc rlt'llrlro t(.r¡urco.
lJlll lìlill()(l() trttl¡lc'¡ieo t'trslrtlrl ¡rirlr irrvt'sti¡lrrl rr t':ur'rlt:r lrrllr¡¡c¡tsioturl tlo.'itrrr¡rrl tlr.
lltlrtt li'tlllrto tlt¡t'prltlc tsliu itss()('iittlt, r'r¡trr ltrs stllt,t\.()(,s: uln¡l t.lutnrilil (luilsc \/(.tlr
clll, t¡llìll t'.tttl¡ttl,l ¡tltl¡¡littl;t c unliì (;r¡r¡trl:t lliluil(lit trrllc tlois nì('i()s (ì()nt rlilr:lcl¡lcs
torltltllivitl,ttlt:l;. As ((rtììl)()tt('rll('¡ tlt'llttr,r li'¡nrit',r vcrlitltl c ltol'izorrlltl s¡r,r t.;rlcttllr
tllli sotrtc it stll)ct l ¡( ¡('tltt 'l t'l ¡ ir c;rlr.lvcs (ll rt:gritl t,trt (.stu(l(). ()s ¡csull¡rtlo: intlt,-:lurr
(lll(Ì () llttr() li'ttttico i'lìrllt:lttt:ttlt'¡rt'rlrrrtrlrtlo l)()¡ :ìrì()uìillilìs tlt colrtl¡tivitl;rrlt'li.l¡rric;r.

IN t'ROt,ll("t't()N

t ir.tllclttlly lltc clclclllti¡l¿rlltirrs ()l l(,¡tcstritrl lrcul
Ilorv lrrc nut(lc on Ilrt::rssrrrrr¡rlrrlll Iltrt llctrt Irurrslì:l olrlv
litkcs plact'by ctl¡ttlttt:liott, in lllr vctticirl tlirccliorr iurrl
ttt ¿t stt'itrly slillc tc¡lintc. llr llrcsc rìon(ltti()ils tlt(:
lrorizortllrl llrrx rvill trc ¿crtt.

'Ilrc cxislcrrcc ol gcologicirl rrrlrorltl¡iclrr:ilrcs ol tlrc
(ìtilst rcsrrlls irr l()c¡rl lrcltl Ilrlrv viUiitli0lls tlrrt: to c0ltlr'¡rsl
itt lllcrrrrirl ttlrrtlrrr:livilics. lrr lllt.st' t.:rst',;, :rlthr'rr¡['lr
slc;t<ly ' lilitlc tc¡nll('ftllrrrc is c()ntinuous (fv(.tyrvltt:rc,
llttlt: ;rrc rliscolrlirrrritics ilr lhr: llrcrrrutl t:olrrlutlivily,
itltrl stl tlrc lrc;rt llorv is rro lorrgt:r'¡t \ìotìlinu()us lurrclioll
:t¡¡tl llrc lr()rizrllll:rl ('(ìnìl)(ìtì(,nl rll lllr.ltt.ltl llr¡r t;rn l;rkt.
r:oltsitlcurbltr vltlr¡t:s. l¡r lllt:st'citscs \\ic s¿tv llltl lrc¡rl llorv
is lcl rirclt:rl.

l o olrtlrirr Ilrc rirlrrc ol tlrc ltclrl Ilorv i¡r llrcst.rc¡iiorrs
\\'(' ('illl'l tt\(' llt(' ntt'l¡t ol lltt. r¡r'rlir'trl lrClrt ll¡ry v:tl¡¡,
ol)litinc(l in tlrt rc¡-iirrrr. ll rs llcccssuly lo rrrirkt: ir

t'orrccliolt trl rlrc t,llt'r:t ol tcltilrlion. Iltis t:ltt:ct
tlc¡tcrrtls ()n tlt(Ì tlrct t¡tltl cottrluclrvilics t't'nllltsl. on ll¡t.
t orrlj¡'1¡¡ rtliorr ol lltc lrrrorrr;rlour, rnctliu¡n rtr¡rl t,tt tlrc
tlislittrcc ltr lllc rctli()il ()l ('onl;t(l 0l lUlrtcritrls t|illt
tliI lt'¡ t'rrt ( ()rìrluct ivllit s

I lrellcrrlrl rrell ñ I\llrr:.lrtrll ( I,)(r(r) I)l ('scnl(.(l iur
.ttl;rlvlir'slrrtlV 0l llrt'lrc:tl ltorv lt.lllttliotr ¡¡,;,,,.'¡.,,,'tl rrlllt
rornc sirrt¡rlt. p(:()iltcltit;tl e(}ltligul.ltli()tìs. I r()¡¡¡ Ilrcll olt
r('\'clirl rlilrlics lltNc lrccn l)t('s('ilf(.(l loct¡siltli ()rì

rlillt'rr'nl il\l)('ctr. ol tlris l)r()l)l(.nr ((icr¡lsrtrlr, l97l; Lt.t.
.t llcttvt'v, l')'/-1; It'r', l()75; lo¡¡1'., ¡ ()\lìl¡!'lt, l()7()'
.lortcs & S\rlo¡¡r, l(/li0). Irr tlrc ¡lcscrrl ¡tit:t:r.ol rvork wc
strrtly tlrt: t'llt'tt olt tlrc ltclrt llorv ol tr slo¡rirr¡l lrrycr rvitlr
ir llì('r¡rtitl corrtlrrctivity irrlcrior t() llt(. olrc ol llrc
srrrlorrrrtlrrr¡1 rut.tlir¡llr \\'t' slrtrll cvlrlu;ttc tllc llcirl l'lou,
rtn lltc rilttl:rcc iuì(l llìt.oulÌlt llrc rvl¡olc ltrctlir¡nr r¡ntlt:r
sl t¡rly.

l'1il,, NtJMl,,Rt(:Al. Mt,,iltot) ANt) t,^lt^Mt,:'t t,:Rs
t Js t,.t )

Il rrc to¡lsitlt,t .t l\v() rlinlcllsiolrlrl tclit()n in tlìc \
Z ¡rllrrrt:, lr¡rtl il \vc itsslltì(: llrt.rc urc conslíl¡tl llc¿tt

\()ur('('s lu¡rl llurt slcirtlt, sllrtc contlili()ns ('\isl, llt('
Itt.rl tonrluclioil r.r¡il;rtiorr t:.

tliv (K g¡;rtl I ) r\ (l)

rrltc¡c,\ is llrt'lrc,tt Irotlutlior¡ l)r \()utrt.:, ñ rs llrt,
tltcrlrr:rl .orrrlut lrrilY lr¡ttl I is Ilrt. t(.illlx.t.tlUtr..

'l lri:. tt¡rlrliorr i:, :.olvctl I't' liinilt' l)ill(,r('n(,cs
I\lellrrrtl; llrc rlor¡ntitr rvllcrt. llrt. t.t¡rr:rliorr rs .,olvcri is
\'()\(t((l lr\ l "¡¡tr'slr l)(,¡nl",r¡rtl llrc litl,rr.rlir¡l¡ i\tcllrotl
is ctttplovt'tl lo solvr,'lrlritc tlilf r.r('tì(('('(luitlt()n:; u:,c(l lo
lcl)rr'still ( |). Illt' rlirlrt'nsit)|r:t ol lltt. r¡totlr..l\ $,r,rt'
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rrst¡blislrc<l orl lltc asstllìtl)lioll llrlt ltt:al lltrx ilr tllt:

vcrtic¡l arì(l [)ollorll botllttlltrit:s is orrly vct licitl 1l,.ig. l).
'l llc sizc ot tltc rltcslr cltrttt¡1cr rvillr fhc illt'littlllio¡l of tltc
litycr. Wc huvc lOtJ5 ¡lttittts lttt tlrc litycr ¿tlrttost vt¡ tic¡tl,

1240 ¡roirrts lìrr rt lltltll tvillt rttt itltlittltlioll 60' atrtl lì()5

¡roirtts lttt lt litycl rvilll lt ittt:li¡llliott rfJ".'l'llc tttcsll

¡l<lintr; rtrc :;c¡tutllr:tl I()0lrr.'l'lltl grirl is \(ltllìr('
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l igurc I (ir'¡¡nrllrit'r¡l tttt'tlcl lìr¡ llt,'tirlt'tll;llirlll ol ltc:tl lel¡ltcliotl
(:llìrtls. l ltt'ltti,l (lrlll('rl:ii(tll ii l(O tlntct:

'I'o rlllllti¡r llt(: tcttll)clltltttc ill v(:llicltl botltltlitlit:s
\vc nlirkc iul iuritlyli(ìill llìl('glillioll ol lllc lì(:lìl ('()lì(lllcti()ll
(:(luírlioil iD () Z tlirtctitttt, ;trlstttttirtll lllitl stll lltt:c ltc¡tt

lltlrv rs t)0 trWrtt' lttttl lllt: ltt:itl ¡ltoclttt:tiort [ry tlttl

luiliouc{ivtt solllccl' is l.(17 ¡lWtll'. As illl rlrililtl
t:onclitiorl rvtr ttotls¡tlct llrltt llrc lclììl)(Ìlitltlrcl' ilt tllc
irrlc|ior ()l llrtl ltìcslì illc c(ltllll l(' llì('((:llll)cillltllc ill
vcrtic;rl troutttl¡t itts. 'l ltc littl llttc ol tlttr cltr.llt (lo¡r trl tltc
ntÙìll) is ililtttlltiltt:tl ltl il ('olì:;tillll lclllllL:lilllll() llll(l ll

ullrlì)nìr lrt:¡tl llrtx itlltl tltc bollotll ol lllr'l ll¡(rsll is

rrssr¡rtttrrl. l'uttltcr¡ltotc. il is ¡tssttlllccl llr,r( tltc¡t: is lltr
ltclrt llrr.r ¿t('t()\s llrc sitlc lrot¡tltlitlit:r of'llrc rlrt'slr (llcltl

l lrrx crclrrsivcly vt:t ticirl).

M()l)l,,l,S

lrt lltc ntotlcl ttst:tl tvt: collsi(lcrc(l ittt iltttt¡siolt tll'lt
slo¡rirrg liryt:r' rvitlr llrcrrllltl (ì()ll(ltlclivilv irrlì:lior ltl lllt:
strrrotrrttltrt¡q rttc(ltttttl. I llc: lrci¡t lltlrv ltt tlrc stll l'ltcc rvlts

c:rlcrrlutctl tol lityt:ts lvitlr tlillcrclrt illr.:littltliorrs ltlrblc I).
lrr f;ig. 2 rvc slr1¡rv tIt: c¡rrligrrr¡rti9¡t Ol tltt: llt::rt llow lt
llrc srlrfrcc cottsitlct ittg it l:tycr rvillt lrtt irrclirlittitlll '15"
'l lrtr r:o¡rlr.;r:;l ()l llrcrtttal c()ll(ltl(:llvlllcs rs l.l5 (l'111. lll)
lrnrl I 5li (l'i¡¡.2b).'l'ltcrt rt l:rytr rvillt ¿ttl irtt'lirrirliorl (t0"

rvlrs t:,lnsitlt'rt'tl. l¡t ¡notlcl .ì rvc cort:;itlctctl tt l;tycr rvillt
rur inclirìlrli()rt ol rtlroul 60" lot:ltlctl lrc¡11'1'r'',, lrrtl lllctlilt
ttl tlillclctll cr)tì(ltlr'livrl¡c'i. 'l llc (()lìllllsl l.l-\ lrlttl l.5l"i

irl)llcilr lo¡it'tltct ltt lltc sitrtr( ttlotlt'1.

Rl,lst]¡,'l s

'Illc vitlttt's ()f (ltt' vclllcltl crtttt¡rtttlcttl dl lllt' Ilt':tl

liigrrrc 2 l,:rvcl rvillt lllr:l¡tlltl t:o¡¡tltlt:livrlY lo\\',,1 l'llitll llte iìl¡rlollll
rlirr¡t rrrctlttttn.
ir) Vltlir';rl ltt:rtl llorv lt{ ll¡c 5llll:tcxt'lìrr it 'llrrlitttrl rvilll
lhtr¡¡l.rlc0¡trlLtctivitl K,littttrlrlll)(llor lolllt'lltcllllillc()ll
rlu,'liritv rll tltc lrtvtr Kl.
lr) l ltt :;:ttttt ;lt; lttrtttr', 1'ìll lll('llì('l tttltl t'trlltltlt llvllv ¡rl lltr'
nìtrliurn ir l.5ll lirrrcsstr¡rctittt lolltelltc¡tltitl ctlrtrlttr'lir'ilv
ol llrt' l;rrcr, li¡.
c) lVlorlcl

Ilrlr rvc¡c cvltlt¡tìlr'(l Iol ;tll lltoclcls. 'I lttl vltlttc ol lltr-: llr,:ltl

llorv :rt ottc ¡roirtl is tlltl:tirrctl lry rrrlrkirrg lltt: Itrtrlli¡rliclt
tio¡r ol tlrr: llrcrtttul t:o¡ttlttctivity lry lllt: tlillcrclrcc
l)(Ìl\\'c('n lltt: tcttt¡rctltllll(:s tVillllillctl ltlrove llll(l l¡lÌ(lcl'

Ilrt: ¡roittt in r¡ttcsliott. l'lrc: ltcltl llorv vltlttt:s illLl ll()l-
r¡rrrlizctl lo li¡t: vitlttc Ilr;tl rvottlcl trc tltlllti¡tt:tl ¿tl lltc sltl¡lc

tlc¡r(lr rl lltt:tc rvclc tl() c()llllilsls tll lltclltrltl cotttlttt:livily.
Irr l'ip,.2 rvc slttlrv Iltt: vcllicltl l¡t:¡tl Ilorv ¿rl Illc

surll(ì(Ì lrrt ;t lityct witl¡ tttt itlclitt¡tliorr 4-5". Wt: ¡lollcc ílll
ir¡clcirsc rrl tltrr lrc;tl I'lotv lrs w(: lll)l)l()ílcll lltc lt¡ttllllltlotts
nrcrlirrnr trv tltt'lt:ltsitlc, ltrrcl wc tcitclì lllc t¡t¿txillltttlt M.
Wc lirrtl tlrc r¡init¡¡uttr rrl irìsi(lc lltt: ilrcli¡lt:tl l:lyt'r brrt

ilciu llr(f b0utttlltty, ltl tll(: ri¡llrl sitlc.

l l tlrc tlrcr ¡tt¿tl r'orttltlctif ill' ¡:otlll llst is l.l-5 (lritl. 2a)

tltc rrr;rrilltr¡¡r lrt.;rl ll6ry rlrl¡c is L{),'l (tvl) iut(l tltc

nrininnuìì 0,7tì (ttt). ll tltt t:o¡tlritst is l.-5t'l (lritl. 2b) tlrcrr

llrc r¡rrrxir¡rrrrrr rvill lrc l.()5 (l\4) itltrl llrc Irlillilllt¡lll 0.51.)

(rrr). I lris c,r¡tli!,ttl¡tliott trl lltc vcllir'lll llc¡tl llorv .rt tltc
rttrl;tt t' tt'lrl;titls tvllt'tl rvt t'ltlttl¡'1' lltt' iltt:li¡l¡tlitltt rlt lltc
lryt'r, lrttl rlrc vrtlttcs ()l'lltitlt'(l tttlty bc tlillc¡t:rll (lirblc l)'

ln lrig. .ì rvc slrorv isolincs ol lllt' vr:ttit'rrl ltcrrl llow,
rorrsrrlcrirr¡', lr lrrycr u,itlt rrtl inclilnrliolt (r0",'l'lrc lllct¡ttitl
t orrrlrrt'tir,ilv ( ()nlrlsl rs L.)5 IIr tlrc lclt sirlt' 'vt st:t' lt

rc¡'.rorr ol lrilÌlt v¡rlr¡t'r (ttrtritttttttt 1.0-l);rrrtl ottc rcgiolt ol
Iorvcl vlrlut's lrl Illr' riplrt sirlt' (ttrinrtttttttt 0.76), ill tlrc
fil\l l5() nrclcls. ,\t lirtlrlt'r rlt'¡rllts \\'r'n()li('r',t lctlt¡t'lit,n
ol Illt lrt';tl llorr' irr ;rll tlt,' ;utottrtlorr\ rt'¡ri¡¡¡¡. Âl ¡t

rl¡rltr¡r,c ol .l00 rrLlcrs (lto¡¡zonllrll\) Irotrt lltt' ir¡t li¡rctl
llr\,'t rrc tlo ttr,l llllrtitl lttty lrr' tl llrlrr' ¡t¡rolltltlr'.
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Mtxinru¡l arrd l¡rilrunul¡l vttlucs rtl llrc vcrticul ltcat ilow ut

surftcc ro¡rsi<lcring n luycr wilh nn inclin¡ttion.
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ln liig. 4 wc sllow sorÌrc l)r()lilct ol tct¡¡l)craturc a¡¡rl
rnc¡ilt values ol'thcrr¡till gradicr¡t cv¿rluirtcd hctwcc¡r tw()
points ol'thc r¡rcsl¡. corrcsp()nLlin¡¿ to points Â, lì and (l
in Fig. 3. Thc grildicnt incrcasc in prolilt:s lÌ ¡rncl (l
corrcsponds t() lhc dc¡rths wlìcrc wc t'itì(l lhc nlatcrial
with l<lwer thcrnr¿rl cotì(luctivity.

ln lritl. 5 wc st'c urtrl irtclilrcrl luycl rvitlr low thclrrrul
colrdr¡ctlvity loc¡1¡r-¡ trclwccrr trvo rr¡ctli¡ ol dillcrcnt
conductivitics.'l'lrc isolirrcs ol llrc vcrlic¡tl lrcal l'lorv
slrorv ¿r lììorc conrl)lic¿rtcrl sifu¿ttirlrr, rvitlr il slI()ng,

c()rìccrìlritti()n ol is()li¡lcs rìclu (hc tlortlcr ol lllc incliltccl
lityr:r. I¡r tltcsc zrlttcs, tlrc ltrlrizo¡rtal hcat l'low bt:eorncs
cortsitlcrablc atlli¡rint{ vllucs of'190/o ol llrc vcrtic¿rl lrc¿rt

l'low irr thc irrclincd lirycr, irucl ll()0/o ol lhc lcrtic¿rl heat
f low irr thc cxlcrn¿rl zonc. 'l ltc vuluc ol tllc r'cllicral llclt
llrtw itl lhc sr¡r'lacr: rr(r inl(:rior to tlrc vulr¡cs of thc
Íc¿ii()¡r. l¡¡ 1l¡1:¡lcr rcgirltts wc t:lur scc lr ¡'rositivc ¿ur()nraly
ol llrc llr:al l'low af tl¡c lcl't sidr:. ln thc illclillcrl laycl wt'
troticc iur i¡tcrcasc ol thc hcat f'low ¿rs thc dcplh !irows.

I¡RAO f ('t./Km)
¿¡0 100 12, ]{n r

600 l.(,
l- >

liigrrn' .1- Llycl rvitlr iur irtclin¡rlrn ({)" :¡nd llrcrrrr;rl colrrlrrclrvily K¡
lowcr tlr¡rl tlrc¡r¡r¡tl eonth¡ctirity ol llrc surrtruntlirr¡4 rrrc

tliurrr (K,,'K¡ 1.25). Vcrlicul hc¡rt llow.

'l lrc prol'ilcs ol tcr¡tpcrûturc lnd valr¡cs of' ¡¡rc¡¡n

tltcrr¡ral gradicnf (lrig. ó), corrcs¡'ronclin¡q lo points A, Iì
lnrl ( (lri¡1. 5), show ¡rronor¡rì(:c(l charìges. Irr ¡rrofile A
wc scc ¡rrì írbrul)t increasc ol' grarlicnt af -l()0nì depth,
t:orrcs¡rttrtrllrìg to tllc rcgion whcrc wc l'r¡rd il poriitivc
alr()t¡rlly ol hcat f'low (lìi¡¿. .5). ln prol'ilcs ll ancl (l wc see

lhat tlrc rrrol c pr()noulìcc(l gr¡tdicnt con cs¡roncl to
<lcptlrs whcre wc l'intl nratcrial with irrlcrior lhcrnìal
cotì(lr¡cfivily.
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