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THE MATURATION OF GEOTHERMICS AS A DISCIPLINE AND 

SOME UNRESOLVEO PROBLEMS 

A.E. BECK 

Department o/ Geophyslcs, Universlty o/ Wtsttrn Onturio, London, Canadu N6A 5B7. 

Some of the difficullies involved in lhe determination of heat flow density values 

{HFD) and of the associaded statistical estimate of their errors are reviewed. 

Particular attention is paid to the problems lhal arise when a local HFD, which may 
have narrow error bounds, is mistakenly accepted as a regional HFD, which may 

havc significantly larger error bounds, and used to downward continue the 

lemperature and heat ílow field to lithospheric dcpths. Two aspccts which are 

covercd in some detail are lhe errors in determining equilibrium temperalurc 

gradients in boreholes or lake and oceanic sediments, and Lhe errors which arise ln 
thermal conductivity measurements when lhe thermal contact resistance, cspecially 

for porous rocks saturated with a low conductivity fluid, is mistakcnly assumed to 
be negligible. 

Algumas das dificuldades envolvidas na determinação dos valores de densidade de 
fluxo térmico {HFD) e-das estimativas estalisticas de seus erros são revisadas. Uma 
atenção particular é dada ao problema que aparece quando um HFD local, que pode 

ter erro pequeno, f! erroneamente aceito como um HFD regional, que pode ler erro 

significantemente maior, e é usado para continuar o campo de temperatura e de flu­
xo de calor a profundidades litosféricas. Dois aspectos que são discutidos em detalhe 

são os erros na deter01inação dos gradientes de temperatura em equilíbrio em furos e 
sedimentos lacustres ou marinhos e os erros que aparecem nas medidas de condutivi­

dade térmica quando a resistência térmica de contato, especialmente para rochas po­

rosas saturadas com um fluido com baixa condutividade é erroneamente suposto co­
mo desprezivel. 

INTRODUCTION 

Knowledge of the distribution of heat sources and 

temperature within the carlh, both now and in lhe past, 
is a fundamental requirement for a beuer understanding 
of many geophysical, geochemical and geological 
phenomena. The origin and history of the development 
of the earth, the formation of mountain systems and 
ocean basins, the origin of earthquakes and volcanoes 
are ali intimately bound up with the availabiJity and 

distribution of ali forms of energy of which thermal 
enei;gy is lhe most importanl and, when that lhermal 

encrgy is near the surface it can be of greal oractical use. 

The Orceks were the firsl lo rccognize and record a 

connection between earthquakes and volcanoes; Lhís 
proQably makes them lhe first geothermicists or first 
seísmologists - certainly they werc the fírst 
geophysicists. From lhe time of Anaxímenes, 
Anaxagorus, Democritus and Aristotle there are written 

records of man's general interest in ali natural 

phenomena but particulary in anomalous geothermal 
areas, such as volcanoes and hot springs, that interesl 
beíng expressed in the form of theorlcs {often with 
religious overtones) put forward to account for the 
existence of those phenomena. It was only when mines 
reachcd significant depths in the 16th and 17th 

Centurics that people became aware of a general 

{Traduzido pela Revista) 

increase of tempcrature with dcplh {Mairan, 1749). Bitt 

it was not until the middlc of the 19th Century that an 

attempt was made to obtain information on terrestrial 
heat in a systematic manner when the British 
Association for thc Advancement of Science sct up a 
committee for this purpose under the chairmanship of 

J.D. Everetl. That commlttee produced a number of

reports until close to the cnd of lhe 19th Century when
interest dwindled until the I 930's; ln that decade

landmark papers were publishcd by Benfield {1939),

Bullard (1939) and Krige {1939) which mark the
beginning of the modcrn explosion of interest in ali
aspects of geotherrnics. lnitially, the interest was in the

basic aspects of terrestrial heat but in the lasl two
decades, probably starting with lhe first Unitcd Nations
Conference, Rome 1970, thcre has been ever increasing

interest in making use of lhe earth 's natural thermal

resources for space heating manufacturing processes
and electricity.

'file Need for Confldencc ln H.l<'D Values 

Now that attempts to fit the mcasured heat flow 
density {HFD} values to various hypothcscs dealing with 
such things as the therrnal history of thc carth, sea íloor 
spreading, plate tectonics, local and regional orogenic 
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activity, it is tlcccssary to t¿lkc il closcr look ¿rt cultctìl

lccltrtiqttcs s(t its l() bc surc th¿rt llrc v¿tlt¡cs wc ttsc ¿rrc itt

l'nct vllitl lìrr lllc tcgiott rvc sl¡l)p()sc tltcv rcplcst:trl atld

Iritvc ttot trccll r(:lt(l(:rcd ttsclt:ss try ¡rttr cly ltlcitl

pltr:ttorttcttlt. ()rrc lhirrg lackirrg irt ¡lcttcritl is a llrctltotl ol'

()btairtilrg rc:li¡blc trror llt¡t¡lttls ott tllt'tttc¿ttt v;rltlcs' It is

irrr¡'rrtttrtltl tltat lt trnivcrsltlly ltccc¡rfltlllt ttrcllttl<l ol'

r:ulct¡latiltf', ct't-or tly lt rclilrblc sl¡rtistic:tl tcclttrit¡ttt: bc

tltrvclo¡rctl lrt't:ltttsc rvllt:lt :r lll;l) virlrrc is ttst:tl to cltlcttl:t

t( l(:tttl)cttrlttttrrj ¡ttltl Illil) lrl lillltls¡rlrt:ric <lt:¡rllls' llttr

nìiilrncl r¡r $'lrit:lr lltc clI()ls (ìll ll('Íll sttrlltt:t'lì)(ìilritll(l-

lìlcllls ltl(ì l)lol)llf,ill(Ì(l rvlrotlltl ilccolìll)lllly srtt:ll t:ltlctlllt

Iions. 'l'ltrr t:tlrlclll ¡1t:ttt:t;tl tttclltotl ol it st'l ol lilt rv¿trtl

c:lrlr:rtl¿tliotts, ollcrr rvitll illlrrilivc llottrttls, ts llol stllli

!tùilt; lll(ì l¿lll¡1c ()l t:lt0ll; Itlttllrl [r1'stttllt lììclll(](l'i ¡¡¡¡¡v ltt'

nlrrcll ltltl sttt¿tll.

'l'l¡rr ll¡sis of ItI''l) Me¡rsurtr¡¡ttlltls

Âs is ut'll ktltrrvtl. rvltctt tt:lt:tcllt:c is lttlttlc to III;l)
vlrlrrr,:s o¡tly tltt'cottrltlclivLr (:()lììl)()llclll ol lcrtcslriltl hclrt

I t;tttsl ct is ilrr¡rlictl: t lri'; is llt:t:;ttlsc I ll(Ì v:llllLrs ;ll ('

rllll¿titrctl l,y tlrkirr¡i tlrt ¡ttotlttt:l ttl lt l(:lllpclllllllc

litit(lieltl ltlttl lr lllt'ttllltl t'rrlrtlrrt livilv'
Wc tlstttrlly Il y I() lll('ilsllI('lc¡lll)(Ìlíltlllc ¡irltrliclltl' irr

lr l,or,'ltolc l't,rttt rvltitlt;l (()lt) lllts tlt't:tt cxltllt'lttl ltlt

tllt:ttttltl ptt,¡lt'tlit's lll(:iìstllcllì(llìls i¡l tltt: lllllrltlt(011' l lrc

Ittil ¡ttotlctlì lìlcilstll('lìì('lìl\ rt.littl'llti:' lt:tltttit¡ttc rvt'tt'

rc¡rotlt:tl trv llt'lllicltl (l()ì()) lrrrrl llrrll;rltl (lt)1t)):rtttl rvt'rt

rrllrrlt, irr lrt,lc:. I lütl ¡rcttt:l t ¡ltt'tl lo ¡it t'ltl tlc¡rt lrs (gt eltlct

tluul ;t kilorrrctcr) :trrtl irr tc¡iitttrs llllll \vclc rclltlivt:lr

lrlì(:()¡llllli(ìirl('tl ¡1c0ltr¡irt::tll)'. llrlrriPrlrflll \\'íìs ltt'ltvv' ¡ttttl

uì('rt:ìtltcrttt'tìls lo()k rtttlt'lt litllt. Âltlrotr¡llr l:rlcr ()lì

cl lot ll; \\¡cl(' t¡l;ttlt' lo lirk(l iltlo il('t:()tllll ¡ro:;silllc

tttl lrtcltt:,:rt ttl lo¡rogt lr¡llty' t:vL'1 1' cl lot I rvlts lllll(l(' l(l

irv,ritl trìl'.¡t)lls rVltt:lt :;ttt).lttt lltt:c \\'ltlcl llorv" \1('l('

\ut,l)(:r:lc(1. Siltrillrlly, rvitlr occltt¡it ¡tt"t1 lltrrv tlltllt lltt'

crrr Iy trrr';tst¡t ulll('lìll, \vr:l (' vll v c;tt cl t¡lll' ¡lllttttlctl lo llc irr

rc¡,i()rrs rvllcrc r.l lt:t.ll; 0l st:tlirtrcrttilti()lt ltltcl lì()ll()lìl
Irurl)c¡irlt¡r( v,tli.tliott. rvclt rtt'¡iltgilrlc 'l lrtl t:ltll1'tcsttll I

Itt'tll ll()llt \'()lìlillcllls;ttttl tleeltlls \\'t:lc \() llll(:lt'\lilll'illl(l
vltltt;tblt lltltl t'ottsitlcllrlrlt: tlltttl \v¿tri l)lll itllo lll'
(lcv(.1()l)lilcnl ()l ttìotc lir¡ritl lttt:ltrrit¡rrt:s tll lllr'ilslll(:lììclll.
¡\trtl lrt:r( \vc ¡ttit-y lt,tr'c 1'tltrlt¡;tllY l;li¡r¡lctl i¡ttrr lt lotvct

t¡rr;rlrt y ol l icltl ¡riltttrritr¡1. Wr-' llr c ilt tl;t¡t|.tll of lor;iltlÌ :;illll l

ol lllc llttrl llt¿tt cvc¡t il lclrlrlrle, lrr¡',lr t¡rrirlity tlitllt:ltt:
rtrllttivcly lcrr' llt ¡ttllltlrt:t, lltt:y 'tlc ¡rtoltltlrly ttrott'

t'ltlttltlrlt: llttt¡t v:t:,1 t¡trittrlilit: trl ttltttlilrlrlc lorV r¡rrlrllll

rl¿r(lr, lti lllis c()lll(xl rvt tltrllllc:l lclr'llllr: lll;l) lts ottc

rvlrrclr lrlrs t'r'r'ol ll,ltt¡ttls, ttttl I 1¡11r 1r¡ rvi1l¡, rvlliclr lritvt'

lrt:cil tlclct.ilrrn(,(l l)y tr lÌt'lrt.tlrlly iìr'('(ìl)lcrl :lltlisliclrl

lrttirllsts;:r lrt¡lll t¡trltlily lllil) vltltlt is o¡tt tlillt lliìl¡i)\\
rcliitlrltt (Ìltol l)()tltl(ls Altcr tvtr llitvc ti¡iottttt';lv lt''iletl

t t:t lltilt rtlt:ltl; ¿ttt,l slttirllit'tl ()tllsclv(':ì llrlrl ilt il l)ltl lictlllll

rilrrtliorr ('l¡t llelìlli(ltlt:: l)l()(ltlcc il((lllillc;tlltl ltlli'tlrlt'

It"'tllls, llll(l(Ìl lrll lllc l)l(Ì:lìlllc:; ld ¡rttttltttt: l'tt¡lt

(llriutlil¡c:; ol rlltllt t¡trichlv wt: l¡ltvt'llrt'lt r"'illlotrl

sttlltcit:¡ll lltotr¡ilr tlllllslclrt'(l r)lll lct:ltttit¡trcs l()

riltrtliotls rvlrct,r itt l.tt'l :;tr¡tlt'lllrrt¡r Llrl ltrcttl 'iltt'ttltl lrt'

( l( )lì('.

ll is.ts s,tll ltr ¡roittt ottl llliìl ¡ll rctlrrtirr¡l lllil)
tltltt¡¡¡r¡t¡tlitrtts lo llre lllt.il:llti'lllclll ()l llrt'llll;tl

c()n(lu(ìttvtty atttl lcttt¡rcrlttttttl gracltt:lì1, tllt: irrr¡llicit

:rssttttt¡rlitttts ilt sttt:lt ir sirrr¡rlìliclrtiott atc tltnl Ilcltt

lr:r¡tslcr' lty Itlllss tll()vclll(:lll is rrc:gli¡¡iblc, thltt

t:¡rnlribrttirttt:i fr()lll ltcltl sillks ¿llì(l llcill sollrlrcs ilrc

rrcgligiblc, tllul lllc clc¡rtlr 0vcr rvlrit:lt llrc llr(:itstllctrtclìts

arc rrratl(: irrc tl(:fÌl¡gil)ly sllìÍlll colltl)itlc(l witll tllc radirrs

trl lhc cilrtlr, tlrut tlrr irrc;r tll ilrrcrr'st is ncgligillly srrtall

cortt¡rittctl willl lll('ctllv¡lllrc ol tlì(: sllrf-ltcc ol lllc citllll'
llurt tltc surfitc(: ()l lllLr cltlllt is rltvittilt¡ìl (tllltt is, it hlrs

rrot bcctt srll)i(:ctc(l to gctllogit:¡l l)roccisL:s), ¡tlrd lltitt lhc

lcnrl)(:l¿tltlrL: íll tltt: stlrlilc(: of' tlrc citrtlt is

IIrrc clcPtrtttlclll; itll Iltcsc lrs:;rtttt¡rlitl¡ls ;trc [rltst:rl tt¡rott

llrt: vicrv lllitl tlrc ¡trittt:r¡lltl [)itllllììctcr ol itìlcrcst is lìot

llrr: ltlr:¡tl lll l) llr¡t tltc tt:f,iottltl, ltttt¡l lt:tt¡r crlttilibritttlt
lllrl) rvlrit:lr ilt tttttt rct¡ttitcs lltt: ltsstttlt¡lliort tltltl lltc

tltt:t ttt¿tl tt:l'.rtlìt: ttl tltt: cilrtll i\ t¡ttirsi stelt<lv sllt{t: l'or

¡rctitttls ol tlrc ottlt:l rrl tlttr lilllc collslltttl lìrl tllc'ctllst

llr;rl is, lr lt:rv lrtnlill.t:rl tlrt,r¡sl¡rtl to ll lt:rv rttilliclrt ycltts.

It lr:t,;, ol ((ìrrt\(', llt't'tl kttorv¡t Iot Illltlly yc;rrs tltltl llrcsc

Irorttt<l:tty ct,tltliliolts lll(Ì lìol tltt:l itltcl it is trstl:rl lo lr¡l¡rly

rr¡r¡rro¡rti;tlt' c(ìll((:li()lls st:tiltlt¡l¡l il ctlotr¡ilt is kltorvtt

irbtrrrl llrt: rlc¡t;rrlrrrr. tll lllt' ltttc lrtlrt¡ttlltIy ctlrt<liliotts

Irrltil llto:;r'llrltl llltvI lrc(:ll:lsslllllctl' Stlttlc tll tlrc

t(.'clttti(ltl(s (l('v('l(rl)c(l lìlr lrlrrrtllirrg Iltc ctttI(:(:ll()¡ls lll(:

srttr.¡t:r:l lti tlrtcslirllt. li()t cXltttt¡rlc, l('(ì('lìl w{rl k llv l'tllvcll

r't lrl. (l9ll'/) ilrtlit:lrlcs lll;tt rvt: slrll ltltvt: lt ¡rrolrltttt itl

Irrtl,lrrcilrlÌ rcli:rblc coil(.('fi()tì\ lrtt ltt¡ro¡'t;t¡tlric clltlt:ls.

Siltt:t' lopollt¡lllllie col lt't'liolts lll(: lt'ltllt' irrst il

s¡rr:t:irtlizttl lotttt ol :;lrlllllll:tl cotl((lioll' ll lllilY ll¡lll
0il1 lll,tl lltt'lt'ts lll()lt'l() llc lt'ltrltl :tll()rll l:()llcell()ll\ l()t

ilr u( ltlt ¡tl t'l li:.'l:; ltl; rvt'll.
()lltt'l t'llct'l:; lo lrt: ll'rllr tll tllitttl ill' lll()s('()l'

(.t(),ii()tì lrnrl st.rlillrc¡rtlrliorr. I,ttr tNlutll,le, t'l():,i()ll litl('s

()l lilttlt l)('t yt'ill ()\'('l lll( l¡tr'l I ¡trillroll \¡(illr; \\ill rc:;rrlt

irr:r l0rl'ìr irtctclt';r',rl lllc lllil) vlrlrtt's l()t lllill(rllill ()l

ly¡rit::rl rlillrr:;itivit¡ ¡1¡'¡¡¡ 5 r' ()tt lllt' olllct llltlttl'
:,t'rlttllcl¡lltlt()tl lltlc:, ()l lllllll l)('l \clll (ì\/('l llìc silllì('

¡rt:riotl rvill rt:strlt i¡l lt l0'7rr tlcttt'lrst: ol lllil) villtlcs l(tt

nrrlt'tt;ìl ol llrt r'ltlllc rlillrrcitivitv, :tlttl'l0r,/rr ltrl

rrlirte¡iltlr; ol 0,.Ì r l0'¡ll's'', lt Vltlltt' lll'tl is t¡trilc

rclrso¡tltlrlt' lot s()lllc c()lìlilì(:lllill l¡ktls ll tllt'

:;('(linrcllltli()lì lill(' is ¡lltrticttlittly Illl)i(|, s¡ly l()

ilìrìt,rlcitt. ll¡c cl tol $'ottl(l lìlttorlllt t(ì l{(} l()(}0'ir 'l lrcst'

i-'slnrtitl('r; tlrr ¡tol lltkc irrlo lle(ìolll)l llrc cllecls lllltl lltcsc

l)r(rcc\s('\ lt¡ìvc otl 1l¡1'¡¡¡¡¡lrvltl illì(l il(l(lilitlll ol ltcltt

'iollrcr:;. Iiirrlrllv, c\cll il rvt' ltltvt' llo slltlclllt(' :tlttl tltt'

'lr¡lir(c rrl llt, (rillllì l:; il lr(Ìllccl ¡llltitt rrttt:;tllrit't'l lrr

;t:tlirttt:ttlltlltltt ot cr tlsitltt, rvt: k¡torr llr;tl lllc st¡l l;tt:'' ir'

rì()l rrl c()tìsliìtrl lctllp(Ìtlllrlrc; ¡l crl)(Ìlicrrccs tlltily, ycltllv

;tttrl lott¡'.t't ¡rt't iotl vltt illltolls.
'l l¡c tliset¡ss .rll t lre ¡rt t'lllt ltt ill c;ti $'ot¡ltl I c(ltlll c ll

llook. lltett:lott' tlist:tts:;iort ill lllll l)lll)cl rvill

('onccrtllitl('('ll llttlc¡tliltllv si¡'rrilit:;rlrl s()tll('(Ìs ol ctto¡'

rvlriclr rrllry lrt'illllrrclltitl¡i tlttt tlltllt Ittlt'lttlst'ol loo cltstt:ll

lr(ì(ìr:l)llrrrcc ol t:¡tlcli¿t t,l reli;rllilill ilt lrvo itl(:il:': ('t) llllll
il lr'l z ¡llol, or lr lltllllt¡tl ¡rlot, is lilrt':rr u'illlill

rtccc¡rlltlrlt' sllrtlslitlrl lirlrils (trsrlltll)' lt le$' ¡tt'r'ccttl)'

tllr.rr il rs lr:;sriltrt.tl llLrl tlr<.lt.lr¡rt,t'lrtt'lt lìo sr¡lrlilltlrrlt
('lI('(lsl()Ill('slc.l(lvsl:llt slllrstllIittr'Ilrt¡llt:tlIt'fiitllctltlt

MnI t tr¿I tott t tl qtxtI ltt:t ttt tr:s

Io Itt¡to1'l;t¡rltr,, \l t ll( l llI ('. stt¡ Ilttr"

r,;rrirtliort:'. ltt':tl :;rlt¡tc('\ iltì(l '¡llL.', ()l
lcilrl)cl itl l¡l (

lrvrlr lrtrlicrrlli



drivcn watcr l'lows, and (b) lhal thcrc arc tto crrors duc
l() c()nluct rcsistiutcc in thc clevide<l bar or stack oI dcsks

al)l)¿rrírtlrs n()t ¿lny indtrcctl co¡¡vcclitltt ilr tltc linc s()ltrcc

tccltltit¡trcs ttsc<l f or tttrconsolidutctl scdi¡ttt'ttts.

I'ROt¡t,I,.MS ASS(XllA',l ll¡) w'l'l II stIRl"A(ll':
I t,,MPFTRA't'tJRti VARIA',I IONS

Riglrt at tlrc hcginrrirrg of thc tltotlt:t¡t cr¿t tll' hc¿tl

I'low dcrrsill' tlclt'¡tllil¡;tli()lls, ll w¿l\ lcLr)li¡lilc(l (lìltl
strrf'¡rcc tcrrìpcrittt¡rc val iltlio¡ls tttigltl htrvc lt sigttif rcattt

inlluent:c orr thc rcsttlts (Atttlcrsolt, l1)14; ltcnlicltl,
1939). Llowt:vcl , it w¿ts citsy cltottglt to slltlrv tltl¡t tllc
clfccts ol llrc: ¡ttttttal tcttt¡rt'tirltrr(: v¿rti¡tliolts bcclt¡¡tc

insignilicarrt at dcptlrs of' 10 ì0rrl irr ty¡rit:al ltt¿tlcti¡tls :;rr
tlrrt t¡tcasutt:r¡tcltts bclow lltosc tlcptlts rvottltl tlot ttr:tltl
corrcctions f or tlris ¡tcrtttrtralitltr.'l ltc olrly olltcr ktlorvlt
tcrììl)cralurc v¡rri¿ltlort ttl coltccttl rvtts tltlrt ol tlrc lisc
nlld l'all ()l stillitct: tcttìl)ctitllrr('tltrrirtg tltc tclrcitl ittttl
¡rtlvancc ol icc sltccls, ()llr.: ol tlrtr llig tliltie rrltics rvitlr

tlris l:rttcr colrccliott is kttorvilt¡i lltc itttt¡rliltttlc rll lllt:
srrrfitcc t(:nll)cr¿rlt¡rc cltiurgc. llt llrc cirt ly tlitys
crlrrcctio¡ls rvcrr: itpplicil itt rt tlttltt:r'sittr¡rlrslit: Ilì¡ttltìcr,
lrig. l(a), ll wlts ¿tsstutrctl tlutl tllc tt:¡ttpctitttlt(' iìl llì(Ì
ll¡sc ol lltt: ir:c sltr:cl rvits lllc s¡tttlt: its tlt¡tt ol lltc l)tc;sttlc
r¡lcltirrtl ¡roittt ol icc ttlttlcr lltc ¡rtcsstrtcs t:xt:¡lcrl bv tlrt:
icc shct:l; th¡rt nrcílns llutl lor lr sltcct I ol 2 krrl lltir:k, tlrt:
rrrcllirrg ¡loirrl is tlc¡r'cssctl lo I or 2o(:. l lt(: ()tts(:l

lrrtl lr:tlcltt ol ir:t: sllccl ruc, gcologiclrlly s¡rt:ttkirt¡1,

sr¡rltlcrr so tlrl( lltc ctlttt:t:liotts wr'tc ttt:t<lc :tsstttttittg :ttt

inst¿rtrtlutcous cllrttgc ol tct¡tpcti¡ltllt' ltl llx. slltlitr'(:.
Srttt:c w(: lr¡tvc sontc itlcrr ttl tltt: rrrt:itlt stttItt,,'c
tcnrl)(:ritturc irt tlrc rv¡tnt ¡tcriorl, contlritttttg llris rvitlr

tlrc ussr¡ntctl rlclltcssctl rntrltirtg, t(Ìtttl)(:rittttr('it is ¡rossiblc
t(r obluin a v¿rlrrc lirr tlrc lrrr¡rlitrttlr: V, Iltlrvcvt:t , lltis
nì¡ty rìol bc c()r'rcct i¡r ¡rll c¿rscs sirtcr: cviclcttcc It()nl tlt Sl.
Llwrcr¡et: l,orvllrrtls in (littt¡rtlit ((ilirirr, l()(rli) srrggcsls

llrlt lllc lcr¡rl)crllr¡rc lt lltc tl<lllot¡l ol lltt: it:t: sltt:t:l

rlrrrirrg llrc l¿rsl ir:c lrgc lvas 4 or 5o lowL:l tluut llrc
l)r (ÌssÌr'(ì rlcllirrg ¡roittl, ;utcl tcttt¡rcrittttrcs of l .1"('
Irirvc llt'r:n t¡¡casr¡rctl itl lltc l)()ttortt ()l llt(: ( ilt:t:ttllt¡tcl ir:t:

slrcr:l (l lanscrr & l,lrrgway, l9(r(r).
'l ltt: lirlrcs lor lltc icc slrt:r:l L:on(:(ìlitllt lttt:, rll'

Lìouriir:, vcly lrtrtg ol lltc ortlcr ol scvctltl tltotlsltlttls ttl'
yt;rrs. 'l'lrt:rclìrrc, rrllltotr¡llr lltt: ¡tct lttl bittiotts lttltv ltltvc

¡-rt:rrctralccl dcc¡lly, ltoltt ()tìc lo st:vcr:tl kttt, llrc
¡rrr¡rlilrrrlcs ol lhc ¡'rcl lrrllllrlions urc lriglrly tlttrttIt'<l lt¡ril
clrols itt Illrl) ¿rrisirlg ltoltl iltet,tr('cl rrs:,cssrlrettt ol lllis
(';nr\c nr;ty nol irnìourìl l(ì nt(lr(' tll:t¡t .tO ì(){f¡ir, t'snt't itrllv
in rclutivcly sllullorv ltolcs rvltt:tr.: Iltt: ttt:l t:llct:l is tt

t(rrrl)cr¡rlrrr(Ì ollsct rvitlr litllc clurtt¡rc oll lltc [Ìnttliclll. As
irrtliratctl itt lfr¡1. I (ir) il rvrrs t¡stt¿tl ttt rtsstllltc lltitl
arrr¡rlitutlc ol clnut¡lc tlrtrirt¡l lttlvittttt' lttttl rclrt':tl ol lt

slrcct wlrs llrt: slrrrtc;llris sirrr¡rlilictl lltc ttutlltt'tttlttics lrtll
;rs liig,rrrc l(b)slrorvs, it is r¡rritc cirsy l() ntotlcl purcli(irllv
iuty surlttcc lcrtt¡rt't;rlttrt' t'luttt¡1c bv :t :;ttics ol :;lt¡l
cluttt¡1c:; (llcck, l()'/I¡). IIt llttl, lt:,irttt:'oitl:tl Iottll)ctirIlrtc
clurrrgc e oulrl llc r¡rotlcllctl lrv lttt ;tppro¡rt iltlc st't it s ol
stc¡r clrirngcs; irllt'nlrlivclv, liorrrrcr scr irs lctltttit¡ttls
clrtt llt' trst'rl lo rnotlcl '.rrtltlt n ,'ll:ulp('; lrt lt llr ott¡r ol
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harnlo¡lic changcs; thc rcason for choosrng onc over
¡urotlrcr is rrsually c<trrvcrricncc.
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lirgrr rr Nlo¡lclr ol :u¡lir,r' r(Ìrttl)cr.rlttrt: tluttt¡rl; :ttttl
llrctr :ulr:u¡lirr'c (ll(,.1r I(,'l r" lcrlll)(r;rll¡r(: rll
rlc¡rrlt,. 1,, ti ilt,;ttt iutl,tt, lr'¡tt|lr'l¡lllll(.,r I\
tlrt'rrrr;rl tlrllu:.rvrly, I (/) lrr nortrirl ¡Ìcollr,'trtritl
¡tr:rtlrt'rrl, ,',1 {z¡ r:; l)('rlurl):tlron t0 rt0lilrirl
lÌrir(lr( r)l

(lr) Srrn¡'lc;rtlvlure,'lrr(l rclrc:lt ol ir¡r itc sltrcl.
'll/) l{) I I(/) Avlcrl(2.''t/.l,rt,) crl(2,'r./.1't,¡l
Al (z) lAv,;(rrrrt,)' llcr¡r( r.',',lot,J (1,, t,)' rsp( t.',,,lot,ll
(lr) Nlorr'¡ ol¡¡¡llr nlorlr'l ol .rul l.tr'r'l('nrlìr'r¡rlur('r'lt;ttr¡'r',,
ltt) l,, r l (/) r L\r' , cr li (r. y .[rrr,,)

II
Al (/t L/\vr(rot¡r)' crl,( t't,lul,,)

llcrtl lilr¡w l)rnsilv Mr¡rsurrlrrc¡rls in lkrreholes

lrig.2 illrrstrl¡lt:s in gt:rrcrlrl lcrnrs wlìitt lra¡l¡rr:rrs
rvltctt lr sl(Ìlt(ly slalt: rr:fiiilrc. linc l, is pcrlr¡rllt:tl lry ilr¡
irtsllrt(iurt:ot¡s clurrrgc, lrrrtl ¿r la(cr rcc()vcry, of'
tcnrl)cnrlllrc ¡r llrc srrr t¡rt:c. Alf cr ir lorrg lirrrt: llrc'l-z ¡rlol
is r:t¡tvt'tl , littr.r (r. lrrtl llrc ¡irldicrrl is tlrcrclìrrc rr lr¡nclio¡t
ol rlcptlt. 'l ltc ctuvutrlrc irr tlrc ligrrrc is glcrrllv
crlggcnrlcrl ; irr ¡rrircl isc t l¡c cÌrrv¡tl u¡ (' rvor¡l<l t rcr¡rrcrrt ly
g,o rrrttlt:lcr:tctl lrnrl it is lrclc tlrll wc lr¡¡r irrlo tllc Iirst
¡rrolrlctrt. Wlurt rloc:; llris srrbtlc curvit(urc tlo lo oru
rlt'lt'r'lnilr:rliorr tll llrt' lt'rrr¡rt'r;rlrrrr' ¡1r:trlit'rrl ;urrl lo llrt'
trslittlrttr ol (r r()r irt llrc ¡lrittlrt:rtl'l

Iii¡t. .ì sltotvs u'l'z ¡rlot lirr lr ly¡riclrl l'rc('rtntlrrilrt¡
Slriclrl rc¡riorr rvlriclr lr;rs;r grirrlit'rrl ol l5 ruK/rrt; lrl:;o
slrtrrvlì iu( llr(' ,)O0,'o t'rr()r lì(ìun(l\ on llrr' l,rirtlic¡rt Illc
(t usl ts ltsrtt¡nt'tl lo ll1' 1:t¡¡¡¡¡¡11'(t'lV lrottto¡',t'¡tt'otls. ll lllis
lcnrllt'litlult. rc¡lirtrc lurs lrtt'n pcrturl)r(l tt'tt'tttlv, ttt lltt'
llrsl l,(XX) l,(XX) t'('iu s, lrl, llrc lìrlnt ol rÌtt lltr'r'
lctttlrcntltttt'clrttt¡tc, rtl:;o r,ltttrr,tl,ttt l'ill. l, tt'¡rt1"'1'¡¡¡¡ttl'

lllc lrlllc rrc lìlic (lìce k, l()77u)tlrt'rr llrt' I z plol olrlltint:rl
n('\\,w()ul(l lrt'¡rs slrorvrr lrt llrt'porrrls. ( ulvlrlurc ur llrt'
ill)l)( r I 5(l¡rt t ;ttl , ;t"il1 ltr' \('r'll :ttì(l rt ¡',t'rtrl ()l)\('t ! ('t
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lilßurc 2. Sclrr,.¡¡rirtic ol virrirrlio¡r ol l u ¡rrolilt's ¡ltcr rt

surl¡t(:(: lcrìtl)cr¡tlrrrt: r'h:trrgc ol lltc ty¡tc sltorvn
irr lri¡1rrrc l(ir). Â s¡rccilic rlc¡rtlr ¡cllc ir
rlclibt:rrtt:ly orììrll(:.1 lrt:t:¡rusr: llÌc cllccl\
illrrstr¿rtctl rrlr ¡rcrlì:ctly ¡rcrtt'rirl, tlrc !)nlv

rlil'lrrcnccs trcirr¡1 tltirt iri llrc linì(ì sinct' lltc slc¡t

r:lrirrgt: rrrtrc;rscs tlrc rlc¡rtlr sc;tlc rvrll irtc¡t:rsc.
Soorr irltcr llrc clrirrr¿ctl lt'rrr¡rt'nrtrrte llrr 'l' z

¡rlot is irs slrorvrr by lrnc li lltcr orr, rrs tlrc

¡rclltnlltliolrs l)r()l)irl'irlc illlo llre trlt'tlit¡tr lltrr

I z lllrrl rvorrltl.r¡l¡rc;rr r:; rr lrn,: L ll tllc
lclnl)cr.rlr¡rc r;r¡tltlcrrlv i¡rtrcrt:;c'; ;r¡lltin (in ;rt
¡(:(: irli(ì llì¡tl tìtclilì\ llìrrl llrc rcc ìlrccl rclrcirls),
llrcrr :;lrorlly ;rll(l llìirl r'lrrtt¡1 llre l r ¡tlot
Iooks sontr:tlrttr¡l lihc ll¡rc .l; litlct ott il \\',)ttlrl

;rl)l)c¡u ¡r\ lirrc 5. Âltcr .r vr'rv lorlt lrnc. llr,,'

¡rrolrlc rvorrltl look likc lirc tr.

w()ulrl l)r otrltllv- i¡lrtolc llris, itll(l lit it lcltsl l;(lt¡il¡c i

slriright linc tlrlorr¡ilr llttr p,lottlt ol l)oillts lrorlr 1.50 .l()0lrr

fo obt¡un ír grir(li(:nt ol ?0 nrK/nt wlt¿ì rì slítlisli(:¿tl
(()t: llrci('n( ()l vlr iiìli()n of .. l (l/0. I Iris tlivcs it litls(: scll¡;c
()l scuutit\ srl¡cc tltc g,rlttlit'trl i: ottl 100'ir ill clttrl
rcl¿rlivc to tlrc cr¡trilil)riunt \ltlttc. Si¡ttiltttly, rl rvc ltltvc:t
lrolt: lll¿rl $Írs 450nì tlt'c¡r rrrttl lakc tlrt'.1(X) .l50rr¡ sccli()l
wc licl u firl(licnl ()l l 7 rnK,/rtt ( I 0.(r(7u) ¡t l]{7o cl rot
irr tlrc ct¡rrililrrirrttt ¡.tnrtlicnl. Iiitl. .ì rt:lt:ls lo ìr c()tll)ltl(:lv
Itontogcncotrs nlittcliirl rvlrcrc syslct¡titlic cut virlurc cltll
trt: st'trr, ltor'"cvct , il llrcrc rrr(' vírriiìli()rls ol llrcnlutl
Í)r()pcr{ics rvitlr rlclrllr ol lltc tv¡rt' l()ll¡r(l in nirlur(', i.('.
s()nrc f1c()l()[ii(itl tttlrsc ls ir(l(lc(1, lllt'et¡tvillufc \v(lul(l l)(l

irrt¡rossilrlc lo ¡rir'k tt¡r cvcn s{)rttr rll tlrc t t¡t vitlulr' irr

tlrc rr¡r¡rcr l-50rrr rrrilllrl hc rlillierrlt lo st'c. (ìr¡rv;rtrrrc tlr¡t'
t() iurv (';nrsc nlirv lrc rllllicrrlt to rtlcn(ily cvcn rl llr('
gr;rtlrr'rrl r:. l)l()llc(l vs. tlc¡rllr rrsrn¡i (llrlir ()l)liunc(l wrllt
¡lt'rrl\ tlt'relo¡rt',1 lri¡llr It''r't';i(rrt -rrltlilttlotts lo¡l¡'irtlt
cttuifrurc¡rl (llcck, I 9tt2).

l igure .1. Stcrrrl! stlrlc l -z ¡rkrt, solirl lir¡c llrtottgh z (),

s'itlt puttlir:nt o1 l5 ttrX,znt ¡utrl ,100,4, rllor
lrorttrtls ( - -- ): l)ctIurllc(l by srtrIrrt:c

l( nr¡)r'tillut(' r'¡tti,tliott, :,lrorvn ,tr in\r'1, l(' ¡iivc
lì('r lurlìc(l 'l -z ¡rlrtt shorv¡ l')' lì(ìrrìl\ I (':rsl

rt¡rr;rrc'; ltriri¡1ltt Iirtc lil to ¡roirrt:r lìortr l5t)
ì(Xtrrr ¡,ivr: ir slol)(: ol l0 I ().l1rlî nrK,/nr.

'I'lrt'r't'l olt' il rclilrlrlt' ltr'¡tl l lrlrv,lcttsity vitlltr's ¡tt c t()
bc <llrtrurrctl Ilorrr rclltlivr:ly slllllorv llorcltolc:s itl lltc
(ì()rìlirì(:nlirl (rlrs1, siìy l(X) 5(X)nl tlct:¡r, tlctirils ¿rl)()ul tllc
Io,. lrl cli¡luttit: torttlilions ov('r llì(: litsf st:vcr¡¡l ltt¡tt<ltctl lo
lr lc\\,tlrou\rurtl Vcrus nrusl [ìc krì(r\\'rì:tltc slutllrtrvct lltc
lrolclrolr: \vc lrsc tlrc urorc ilnpollrnl llrL'lltc t¡lorc
r('(cnl, iilr(l il)or(' l0t:l¡1, sril lltcc lcrìÌl)e r¡tlilr'(' viuiírlions.
I ltis lrrlrtls lo Ilì(' ¡rroblcrrr ol obttrinin¡i IIlil) lroru
nlcrtl;ulcnrcnl:; irr lltkc rt¡rrl r)l lslr()rc sc(lilll(:llls.

Iltul lilon' l)r'lrsilv Mt'usr¡r'c¡ncnls i¡l l,¡¡kc Sctli¡¡lcnls

'l'lrc irrl\'iurllr[',(':i ittt(l tli:;tttlr':tttl:tgc:t ()l lltr'
conlincnlrrl iln(l o( ('iuri( lltr:llttltls :tt(' sununiuizctl ilr

l trlllc l. lior tlrc rt'lrsotts sltrlrvrt, lrrrt ¡rlrrticrrlrrrly
llcr:lr¡st, ()l llìc rclrrlivt: tltc;t¡rttcss ;rnrl cirsc rvitll rvlriclr
\)ltc !.Ut rÌì.tkt lllillr! rllr'.1 ;llle llle lìl\ r)\('t .t $itlc ttll.titltt
usinlt lLrllrl rvt'lv rrltrrllotv l)0ttcl r irl inlt ¡rr otrcs, t lrcl c ltitvt:
bct'tr ;t nrttrlr('r ()l itllcrtìl)ls itr llrt'lltsl rlt't:¡rtlc ()r s() {() usr'

lltt' otrt'lutir: lct:l¡tntlttc irr llrt' sctlinr('rìls ()l conlirtcltt¡rl
llrlcs. ll ivits tcrrr¡',ttizt:tl ill tlrc or¡lst:l llr,tt llrr'
lcrrl)('ltlttlt' r'rtti:tlirln\ itl llrc lrollolrr ol rt .l¡tkc rvrlttlrl bt'

iltuelr lil()tr: st¡inilierrrrl llritil lcrrr¡rcrlrlur(' \,iililrliorr:, lrl
llrt'[¡oltonr ol ()ec:urs in lllt',\lrvssrrl I'lltirrs. Iirulv
er¡rctitttcttls rtt¿rrlt' ust' 0l l¡rkt' lroltÙ¡tr t('ilrl)cr¿rlurc\
nttirsttrctl i¡t snurll llrkcs lulrl itl)l)lic(l tltcttt lo litr'¡¡t'(Il;trt
,t \tcirtluul, 1965), nrcruì r'lrlut's ltoltt tt r¡t(rlrl) (ìl l;¡kcs



A.n. Bt,ck

wclc al)l)lic(l lo irrrlividull lakcs (llucncl cl ll., l1)74), sitc
tntlililot tt:t:ottls rvltir:lt lt¡tttt:tl ottl l() l)(' t()() slttttl rvcrt:

nraclc (.Allis & (ìurlltlrtl . 197(r. l()71); llcck. l9li()) l;rtct,
vcry crtrt'lttl ltntl tlr:trulcrl nrcilsurcnlcrìls rr .,()rr('

lirrlo¡rcurt llkcs (l.irrclt¡vist, l1)¡'14; Irrr¡ckl¡, l1)li l) rvt'tc
rnaclc ovcr scvct¿rl yc:rt s lt'rrclitt¡i t() ¡n()r c c()nlirlcnùc in
Ilrc to¡rcr:litlrt:; llutf ltlttl lo Irc rr¡r¡rlir:tl I'ttl cvL'¡l ltr'tt: tl

irl)l)('ius llrlrt si¡lrrilir:rutl t'u()ri.i (irn;tri:'r: il rvt: rlo tlt¡l It¡ty
lrltcrrtiolt to llrc tlcluils lurtl lukc lrll irtllu,'ncts, i¡lcltrtlrrrtl
slt U( lilr(', i¡tltl .tcttlil¡tl.

lirblc I Ârlvarrl:rgrs rrrrtl tlis;rtlv;uttrtgc: ()l tortltnt'rtt¡tl ittttl
or r';rrric ltr'.rI lìr'*, tct lrltit¡ttr'..
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I otl' ltr:l,l col,ls lcltll lo
po:,rihility ol nuurv
Itorr\ur('1il(:lrl., itt lr sttt;rll rcgiorr

'I ltrtlltrl rlr:;ttltllutr:r: tlttc t¡r
td( lilt¡(lll(: is ¡,'lirlivt'ly slrr¡rll.

Slr;rllr¡rv p('rtlr irli()l

l'or,:iillll llir¡ricl¡l r:llt'r:tr rlt¡r:

lo I('(:('tìl llìr'ilnltl (ìV('il1s.

I)rxr¡ rlct;nl ,ll À ill(l I z lo¡ls.

'l o i:;olrrlc Ilrr' t'r ror .; Ilurt ;rr r:;t' lr(r¡ìì uni cr lirirÌlicl; rr
llollotu l( rììl)(Ìrirlt¡rr' vitr i¡rliorr:; (ll'l V ) :r lt';rl Irollont
l('ilrlr('r;tlurc viili¡tti()il i:l :r¡r¡rlrt',1 l() rt tottr¡rlr:lt'11,

Itolilol,,r'ncol¡s ltt'(ltuut. I lrc :;ctr('s ()l lc¡ulìetirlÌlc:; \v:ts

olrttrirtctl rr .r slulll()\\' (lrlrotrf .ì()nl tleelr) rlirrritlit llrkt'
(l,itrtlt¡r"isl, lt)S.l). /\ l()ull lc¡nr slclrtly slirlc l ¡'Irolilt'i:;
:;lì()\vn irr lri¡1..1; tlrc Pt'lturl)e(l prolilt' tlrrr't,r tllt'livt:
vt:ll; ol ll I V rs slr()\\'n hv :;,llttl ('r( lr'li; r.(', Il \\('
ilt('it:,ur,'tl lctrr¡rt:r itf ilr (:s vs. tlt'¡rl lt ;rl I lrt' rrttlrr'lrlr'tl lrtilrtl
i¡r lllt'littl,: s,'rit's, rvt'srrttlrl olrllti¡¡ lt ¡rtolilt'llutl ¡lrsst's
tlrrorrlilr tlrc. ¡roirrtl.. lrr ollrcr rvortls, il rvc ll;rvc tlrc
((rntl)lclc llrìrc.lcilc'r ()l rilc;rsur('ilrcrìl:; ilil(l lrs('rl l(l
rtl)l)ly \:oilt'L l¡t¡tts ltl lltt' Iu()iìslu()(l rlltl;r rvt: tt,,lilltl
r('(()\/(:r lirrc I. II rvr' lurtl ortly Ilrt: l;rst ì yt:lu; ol'
ilrcil:,urr'ilr('ills ¡trrl usr.tl llrr'¡¡r l0 ;r¡r¡r11, c0rrt'tlt'rl
¡lrcil),urrnrcnls l'c sor¡ltl olrlrrirr llrt ¡roinl:, i¡rtliclrlctl lrv
l|ilil1.lr,lrs iill(l lrlliilll ir rilr;ri¡, lrl lirrt: lo llrr: l()wcr'lcrv
llì('l('l s rvottlrl lir¡t' tvlr¡tl lllrlsl t)llst'l yt't s r*rtttltl :lt t't'¡ll it:'

ir llrr'r'rric virlile lì)r llrc leilrlrcrirlÌilc lÌrlrtlicilt lrul it is

lir'¡ir irr c¡r()r rt:lrti\,(: t() tlrc tlc:;irt'tl cr¡rrililrrirrrn
gr;ì(li(Ìnl. ll .l y(ilr:; ttl rl;tlr¡ \\,r:rr'irv:rilirl)lt:, llrc t'ortr:t:lcrl
r¡;rlttt' wot¡ltl lrr' L lor,t'¡ lo llrt'tlcsirt',1 rltlttt' lrttl rtllltott¡,lr
I lrt'r t is :r :,lirt rst ir':rlly r'lrlt ul;rlt:rl t oL'l l icit'nt ()l \':r rirt i()n
ol lt'ss tlt:rr ltlir llre lilttlit'nl is ut lttr'l l0rr,'iì ur ('r()r .

li0r lt ()tt' l trtrt' ¡rt ()llt' nlt'ltstil ('ilt('il1 l ltt ttil¡r()t llttlt t'

ol lllvirrl, lort¡l ¡t't:ottl:, rll l)()ll()nr l('nr¡)('ritlur('
vlrrilrlio¡¡:; (ilnn()l lrt'rrvt¡t'rrr¡rllr:,izr'rl: llrrs rrttlrlit". ttuutv
v( 1r.. ()l Itt'linlur;u y rvot k t¡tltilot ittI lt'ttr¡rt'r itlut( \ irl
lllt':;t'rliltttill \\'lrl('t inlt'l lltr't'lttttl llrt't('iil('n() ,lì()rl r'l¡fl,
It:; lltt' ¡rt'¡,1 cr:trn¡rlc l lttltr':;.

ilMr (Yr 
^rì)

liigrtrt { lilt;rtlr,:t;rtt l z ¡rrolrlt rr lrrkc st'rlrut'rrl:;, lrnt
l, pIrItttI'trl lry i yIlrrr {rl lr(rllr)ilt l(iltlr('titll[('
,,':l t:llrol: (lÌ I \/), rll;ct. lrr ¡irr c ¡rer lrrrllcrl I ;
¡rt ol ilr' ,,ltos n lr\, tr,¡,, 

', 
lrretlrrrr t tl lrl l iltf

sltrltvtr lt1,:tllorr'. ll . ltt('(ott('r'l((l tt.,ttìli r)llv
I ytirr:, r¡r .l vtir¡r; ol lll V ¡errll:; rv¡rrrltl lrt ;r:;

rllrrrv¡r lrv A.rlrl I r(sl)('(rlr\(l\'.

()n lt ttt¡iltlrt'l ol otc;tsirlns llr('lc ilt('no t(:('r)t(ls ()l'
lrolloln lcnll)cllrlr¡rc vlui¡rtioll;,rl .rll lrrrt llrt'rt' r¡nrv l,r.
tccottls, l)('tllitIs t'ltt:llt'ttl tt'tortls, t,l lrir lrntl lilorrrrtl
l(rtttl)( t,tlt¡tt: v.rtiirliot¡s Il0lr¡ lt llc;t¡lr\' nt('l((ìttrl(lliieirl
sl¡tli(}tl. ('lctrr ly, lÌrc ilil l('ilrllcr;rllilc Vlil i¡rtitrrrs st'r'clitl
lc¡rs ol kilorrrclt'r's lt\\¡ly, or'('vr'n ('l()s(Ì lo lllc lltkt, rvill
rrrrl lrt: rrlt:il1ir'l¡l rvilll Iltr: lt'ril¡rt'ritlilt('viilr;tti0rrs ltl lltc
l)otlorn ol llrt: llrkc lllcrc rvill Irt: tlillclcnet's ilr lrotlr
ltrr¡rlilrrtlc trrrrl ¡rlursr'. 

'l llclclorc, it rtrigllt llc :rlgrrt'tl,
(l;[tttcltclcltu cl lll, l9t].1 )if rvt: lrilvc ('llrvirlurc ilr or¡r I'z
Plrrl in llrt' sctlitttt'nls ltttrl rto vilritìli()rì rrr llrt'rnlrl
l)ropcr'lics, llrtll iury ( urvlttur(: ¡s r';rrrst'tl lrt' li I V rvllrcl¡
('ltlìlr(:(()rr('('l(Ì(i llvltssttttttrr¡1 Illrl Iltc I'zprolilusltor¡ltl
lrr li¡tr:ltt ltr¡tl it is llrcrclìrrc.irrstililrlrlc l(ì usc I lri¿rl lurtl
ctrrtt lceltttit¡trc lo lrtljrrsl llrc lrru¡rlrtrrtlc luì(l l)llt;c until
lllc I z l)l()l l)cr'oilrc:; lillc;il rVtlltill lr¡¡ ilr'(:( l)litl)l(' cil('l
lirrrit.'llttr ¡ltttlrlt:trts rtttr illu:,llrlt:tl irr ljigtrrt 5 rvlliclr
sltows, tlrttlctl l¡rtt:, llrt slcit\ly slillc I z ¡rrolilt: rtt ¡t

Itotttr¡¡'¡'¡¡¡1r,'s lrrlI s¡xrct', Ilrc ¡lr,rrlicrrt lrci¡r!.llì lnK,,/nr.
ll tltt'sctlrtttcnl sut ll(:('lr:l; lrt:t:tt r;r¡lilt:r:lt'tl Io ll I \ ol lltc
tyl)c iur(l tlrr¡¡rlrort slr()\vr) lry irrst:t (lr) rlrt'''l'z ¡rlolile
tlt'lcl¡¡til¡t'tl itl crt(l ol lltc:,ctics rvoulrl lrt rts:rltt'rvtt llv
lirt'l ol (lr). llos't'vcr , il tlrcr ü iuc n() lllV rt'r'o¡tl:;, ltll
tlr,rt is krrorvil lr0ril lllt ellrvrrlur('ollittr'.ìi:. llutl llrt'
';l('il(lv \lrtl('¡trolilc llt'; l,t't'lt l)('tlt¡tl)cil. lil¡)tll ()lll(l
rl;tllt, t'.r1. rtl('l('()r()l()p,t(:rl r((()ttls, tl ttti¡llrl l,t'l.tlort'tt, ot

littt's:,r'tl, lllrl llrc rlor¡rit¡lrttl ¡rt'tIrrtl,ittll Pt'li,rtl i:',t¡l¡ttlltl
(l' I vt';rr) lrtrl s,t'l,lr('\\:rl;ur rrtìl)lillt(l('(I K ilt tllt'
lìr('.;r'il1 t'rltilr¡rl,'), llv trirrl :rtlri t'tI(rl \':llt'ilr¡l ol Iltt'
;rttt¡rlilrtrlt' ;ttttl ¡rllrs, ;ttttl ;t¡r¡'11¡¡¡1r lltL'trl rt' (()tt,'( lr{}r.'
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to thc obscrvcd düta, it rtrity bc possiblc to "li¡tr:arizc"
line 2; two soluti()r'rs, c¡llclrl¿rlcd firr ly¡rical dcpth ¡loints,
arc sltrlw¡l lry tltc crosscs ¿rttl ¿¡stctishs ol'lrig. .5.'l'o llrc
lstcrisks, obtairìc(l l'r'oln un ruìr¡)litu(lc A , ().llK ¡rrr<l

phasc o1 240 tlays, a lclsl squlrcs slrîiglrt Iirrc ol 2.1

rrrK,/rn t:?.5tt/t¡ r:trrr lrc littcrl , tlrtr slrl¡rt'[rcirr¡i ovcl l(X)'Ìir
in cuo¡ rcl¿llivc tt¡ lltt: rlcsrrctl ct¡rrilillrirr¡rr lllil). ()r¡ tllt:
olltcl ltllrtl tl¡c r:losctl cilt:lr's, otrllrinctl llo¡rr A I lh,
ph;rsr: = 20() clays, ¡q,ivc u lcust \(¡r¡rrcs slo¡lc ol 48

nlK/nr t 0.30/0, whiclt irr l¿rct is lhc righl rcsrrlf (olcr:r
tlil'l'crcrrt tlr:ptlr rartgt:) lrt¡t willtot¡l u ¡rt ior i kttowlt:tl¡r.c
l¡(}w is ot¡c lo clt()osc lllt: r:oll'ccl lcsull, (ìsl)(:(:ially irs

olhcr rcasonablc struighl lir¡cs cor¡kl prohablv hr: lìrurtrl ;

furthcr¡lrorc, thc t'inal acct:¡.rt:rblc rcsull is r:lcarly'clcpth
clcpcrttlr:rtl sirrr:r: it tltr: llloLlr: lrlcl ¡lcrtctratt:rl ortly 7rìr.wc
rvottlcl ntll r.:vr:n lutvrt lltrr clìolr,:tr ol ll¡r: sr:cottrl rcsttlt.

It-IIPt RATUIIL, (DTG C)

¡rcliilts (x) ítIc (:()r t(:(:l(:(l lor thc coltìl)lctc 6 ycar lililc
scl ies ol ll'l'V arrd, irssrrrrritr¡g colrslarrt lhrrr¡¡ral

¡rrtl¡lrrtic.s ilt tlrr: scrlirrrcnts, tllc L:()r rcctc(l '¡'-z (l¿¡f¿t ß¡vc
llrc: olrc:n circlcs. Ilrlu't:vcr, tlrc cornpk:tc picturc is cvcn
rrrorc corn¡rlit:¿rtcd sillcc il tlrc corrductivity slructurc i,s

lakcrì irìto ¿r(ìcorrnl corrccting thc ¡nclrsrrrctl'l'-z points

¡lircs tlrc ¡rlu.s ( t) ¡loirt{s. lly lrral rtttrl clror wc I'i¡rd a

stcil(ly stíltc lllìl) valuc ol l09 r¡rWzrrr' lits thc corrcctctl
( I)(lírlír ¡roirrls rrsccl tronl 2 9rtt lllc solicl linc 2 bcin¡1

thc st(rlr(ly stlt(r'l'-z ¡rlotilr:, ln l'igrrrc firrnr thcrc rlocs

n()l irl)l)cirr to bc urr¡clr ilil lclcrrcc bctrvcc¡r tlrc (o) ¡ntl (-t-)
I)oinls: lhc rlil lcrcrtccri c¡ur bc ¡ttorc: clr:arly scc¡l by
lclcrr irrg to 'l'¡rblc 2; ¿rll v¡rlr¡cs bcing fìrr thc situatiort

¡lriol ttl lrìy a(l(lilro¡lll r.:tltrcrrtio¡ls lìr sctli¡ucnl¿rliotì,
lo¡rogr;r¡rlry, ctc. is llrc or iginal valuc:. (ll) slrows thc
llltl) t'trlrrinc<l lr'<.r¡¡r a llrrll¡rrd ¡rlol rrsilrg mcan
corrdrrctivity rlowlt to lltr: ltl¡rxilltu¡¡¡ 111:¡rflt sltowtt; lltc
¡rt:rrrrllirrrirlc toluntn is thc lrcut llorv valuc tltat wottltl
rr:srrlt, ltrttl llrt: litsl colturnt shows thc coclficicttl of
vlrriutiorr, ovr:r tllr.: rlc¡rllr ntrtgt:s ittclicalt:rl, 5-9nr t<tr

rlirccl corrr¡rirrisorl rvitlr (rr) urrcl (c), l-9lrr lor alon!, protrt:
¡ur<l l-4r¡r f o¡ ¡r slrorl ¡rlollc. ll is clc¿rr tlutt u sltort ¡rtotrc
rvtttrltl [Ìivr: vr:ry rltllr:lt:nl lcsults thiut rvrlttlcl bc olllittttctl
usrrrg lon¡'.cr' ¡rlobt:, :tlllrotr¡r.lr lltlrtt lllc cttcllicicttt ol
virri¡rtiorr this rrright rtot llc:;rrs¡rcctctl . (c) is sirnilar to (ll)
cxcc¡rl llr:rl rrorv rrllorvirnccs lravc bcc¡t ¡¡tadc for lltc

lìrhk l ljllì:ot t'l r:otttlrrclivily slruc:ltn(r orr llFI) vult¡cs

f ront lukrrs.

(rr) ()r i¡¡irrlrl vltluc rrssturutg pcrltttbrtliott llottt
lì'l V ol lriß. 7(lr) rs rrr:gli¡',itrlt: ovt'r li ()rtt

rrrrrl willl ¿r (()ilsliilrt .:otttlttr:livily (:(ltlul l()
llrc ltliltlt()ttir: r¡lr:lUl ()l tltc 0llsclvctl e()lr-

tlrrr:tivilit:s (ljrg /c) lo llìt grcalost tlc¡rlh
irr tlrc rlc¡rllr r:trrgtt.

(b) Altcr r:()r!cclinp, lrrr lìlV urttl wi(lt suttttr

Irssrrrrrpliorrs lrlrortt colrtlr¡clivity us rrr (u)
rurrtl usrrr¡1 llt¡lll¡tl ( l().1()) plof s ('f, 'lì, t
ll ) (Az/À,,,.,,,, ).

(c: ) Âltrr rÌon('ctlnß lor li'l V rrsrng llrc cortr-

Plt:lr: c:it¡ttlt¡clivtly slltlcllttt: ol liig. 7lt lttttl
lJr¡lllrtl plols ('l',., '1 ,, I ll ) (Az/Àr).

ll .rrrl crllo¡ vllrrt:s irr [llrckt:ls rlrc rcsult:; whiclr
woultl llc ollllrillrtl iI lrlrrrrto¡tic ttttn¡t cor¡tluclr-
vity tll wlrolt: ()l¡r st:t:tiorr is t¡:it:tl.

l)cpllt r;rrrgr: À Il
(nr) (W nr'lK-r ) rrrW ln 2

(lot:llii,it:lr t ol
vlnatiorr (r/í,)

+.9 5.1 5.3
L-___ r .

ir'-l

I

LL
J..)

.__1

I lill ,ì't 
^lì)

c!

.4.

I

I. (f)

t--
a)
LÙ
O

I

û)

!l¡urc 5 litc¿r(l\ st¡rtc 'l z ¡rrolilc (,.,,, ) ßivirtg it

ßr'¡r(licrìl r¡l 4lì nlK,/rn ¡rcrtrrrbcd hytt six ycitrs

ol ll l V slrorrr¡ ¿r,, i¡tst:( (it) l() g¡vc ir ¡ttc¡tst¡lctl
'l z ¡rrolilc ot (-.-.-.). ll lltc ¡rcrlttttrctl ¡rrolilc
is eorrcclcrl try ltir¡l t¡tttl ctr{)r vttrilttiotl {)l

¡rltitst' ntt<l rtttt¡rlittrtlc tttrl il littr:it¡ sclllll(ìtll s :lÍ(:

obtni¡rctl, lwo solulio¡ts (rhorvlt ittscl) wottltl

¡,¡ivc 'l z protilcs showrt by (') lrrtl x wltit h

gilc gratlicrtts ol ,ll t 0.19/o tltK./llt
rcs¡xctivcly (altcr Wung ct ll, l9tl6),

So l'ar tltc cxattìl)lcs h¿tvc bcclt dcsignctl to illtlstr¿ttc
lhc ¡.rroblcnts of llTV llotìc. .l'o 

¡lltrslr¿rtc tltc ptotrlctlts

llral nray arisc il thcrt¡lal propcrtics stlttclttl'c is i¡lrtttrctl,
t rcûl casc lì'orrl l,ac l.c¡ltart is takcn (ltinckh, t9tìl), lìit.l.

6. I;inckh arBt¡(Ì(1, as nì()st wtttrld argttc, tltal siltcc tlrc
Iowcst 4 ¡r¡ -5 poittts sh()w re¿ls()nablt: lirtclrl'ity ¿llì(l tlìc

uppcr points xrc clcûl ly ¡)crlllrhcd tcttt¡rct itltrrcs, it
rxould bc si¡tisl'¡lctory tt¡ Iit a sltaiSlìl lirrc tltrtltrglr ortly
those points, and usc it ttìcatt cott(lttclivity fi\)r¡¡ tllc
slructt¡rc t<l arrive at a rnc¿l¡t Hlrl) valr¡e of 55 nlW/ltl¡.
Howcver, ¿rs can bc seen fronr (b), thcrc is consitlcrablc
powcr in thc loltg period spectnrnr arld if thc ¡lìrast¡rcd
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tlcttrils ol tltc lltcrnlttl l)t()¡)(.tlics stlrrclrrrc lrllrt:r,jrrsl
itssrrrrrilrg it nr('iut vtrltrc lìrr tllc rvll0lt: s(:(lUcilc(r. 'l()
itl)prccr¿rl(' tlrtr cllcr:l ol igrrorirrg slru(ìltilc, vtrlrrcs 0vcr.
tllc s¡urrc tlr:plIr t:utltcs in (b) lrrrtl (c) slrorrlrl lrt:
co¡ttl)itrcrl . Ilr olltcl ,'vor<ls, t:vr.:rr il llrcl'c is cr'¡ltlllt:lt:
colttrol of lì'l'V, crrors ol 20(1fu curr luisc il rlrtr tlt'llils ol'
lhc varr¡rliorrs ol tlìctrrurl ¡rro¡tcrlics rvitlr tlc¡rtlr ulc rrot
takcn irrtrl it( (:()unt.

'l'¡blr .Ì

l)itttt¡tctlirittitt¡ltirl..tcl.cttlitll.(lt)Rci:otilt'tlrvrttelll.l\'(lr)Ârrr¡rlttrrtlc:,¡rt:rtrrrrrroltlrt.
lì'lV in (e) (nrcsrì tcntlxr¡ttr¡rc, i.c., c()nsta't hias hns bctrr renrovctl). (c),,r,'¡xrints
show ¡ncasuretl concluctivity valtres; dnslrctttl linc is thc corrductivrty nrodel uscd in
calcululi.ns, (d) ori¡irrul ulrd ¡cculeulnrcd profilcs. (rosscs (x) src rhc nleasured
lenrlxr¡llures ut rlcplhs showlr, I)uslretl lirrc (-.-,----) is thc ori¡¡irrûl steudy stste
prolìlc, giving ¡ hcû( fLrw vlhrc t>l 55 nrwnr '. "o" rc¡rrcscrrt corrcctcd tcnrpcratr¡rcs
tls¡¡t8 ù collstü¡¡t eorrductility ¡¡¡orlr:l wlrcrc À 1.4ó W rrr ' K ' is tllc lrnnlorric rncûn ol
thc ohscrve<l corrtluctivity vulucs t'vcr ()-gnr ¡rs slrowrr irr (c). " I " rcprcscnf c()rrccte(l
lclllptrüturc d¡tlu trsitttt thr: firttt laycr rrrtttlcl in (c) and tlrc st¡rft(e lcntl)cfuturc recorrt
tn (a). 'fhc "trcst l'it" rtcudv slittc lcrììl)cr'¡rlr¡rc ¡rlrlfrlc lrorn l-9r¡t with thc contltrctivity
r¡trxlel ur (c) is showrr hy thc solitl lirrr urrcl 6ivcs u hrat llow v¡rlue of 109 lrrwrn-¡. 'lhc
Hullard phrl ¡ives Il.l .r .ìu,0.

A ¡tstcrtori Ill:l) :uttl '1 ,, ttll(lrinr:d by' joirrt irlvclsiorr ()l lw() 'l' z ¡rlols st.¡rllllctl irr tirrrc lry (rr l)
¡¡tottllts.'f'llc in¡ttrl ¿t l)ri()ri vulucs ol lllfl) ¡rrrrl'1., irrc 90 t l(X) rrrV nì '¡rrrrl 4.-5 :! 0.5,'(i, r't:s¡rt:r:tivcll', irr
all cascs; íl ¡)ri()Ii ll'l'V is \ct t() zcro ¡t¡rtl itll thr: othcl [);rr;uììclcrs llc accunrtcly krrpw¡. 1'rr¡c v¡lr¡r:s 1¡l'
Illrl) and I'., arc ó0r¡rWrrr'' ¿rntl 4.119"(ì r'cs¡rcctivcly.

l l¡crclìrrc, to ()l)titin u rcli¿rblc Illil) r,ulr¡c fl.onr ¿r

tlrrc tirrrc srrrglc sif c sct ol lrrcitstu cnt(lnt, scvcrll yc:rr s ol
lì'l'V nrc¿rsr¡r'cr¡tcnls ¡lrc ltcc(l(.(1.

'l'lrrs ¡rarticrrllrr ¡rroblcrrr rrriry Irc ()vcrconlc wit h u

Ir:r'lulitlr¡c tlurt nrirkcs t¡sc ol ¡lorc th¡rr orrc 'l ,z prolilc
Ironr u singlc sitc, sc¡ritlatctl irr tir¡rc bf' lz'4 lo L/2 ol lhe
¡lcriocl of' llrc ¡rr itri:i¡lirl lÌ'l'V. 'l'hcsc ¡rrof ilcs arr: joirrtly
invcrtetl usitì!Ì know¡r ir ¡rliori v¿tlt¡(.¡i ()l tlrc vanor¡s
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l'l¡ure 7

l)¡uírnr(:tei togcllìcr r.¡itlr tlrcil vurilrrrccs, llr¡tlc il tltcy lttc
¡roolly krrou'¡l (t:.g. llrc lllrl)) rrrrtl srrr:rll il llrcy rrtc rvcll
krtrlrvtt (r'.p, llr(Ì lcrìrl)critlurcs), l() olll¿tirt ¡rt'slt't iot i

nrirxinrrrnr lrkclilrootl vlrltrcs lttttl vrtt iltttt't:s ttl lltrrst'

Í)uriullclcls lulcl llrc prcviorrsly unkn{rwn irtttl
rrrrucrrsrrrctl Il'l V. 'l lrc tcclrrrrt¡uc i¡; still bci¡rtl tlcvclo¡rctl
(W;rrrg.t llt:ek li)l'|7) lrrrt is illrrstlrrlcrl lrsinÍt ir sirrr¡rlc

rrrotlt:l in l,itls. T,rrtrl llrlrlt' I. ll t:lut l)('s('(Ìrì ltottt lltt:
llrlrlc llllrt lllc :,lrurtllrrtl tlr'virr{iort ()n llrc I Ilrl) stc;rtlily
rlccrcru;cs rullil rrlrortl .ì n¡ortllts sc:plrnrliott ol lrvrt

¡rrol ilt'i lrlft:r rvllit ll l l lJl) r,rtlrrt: ir; t lo:;t' lo lltc lr trc vrtlt¡c
llr¡l llrc r:rlcllit:rt'¡rt ol v¿lnirli()n is rrbou( 2()(71 llllrorr¡r,lr
r(:its()nirl)lv slirl)l(: l;rorrt liig. 7 il crt¡t lrt: rct'rt lll:tl tltc
sla¡ltlulrl tlcvilrlron lor llrt: clrrly yclus is llrllc trrrt tlrlrl it
tlcclcrllcs cottsirlc¡lrbly lot (lrc lrtosl il¡t¡¡tr:ililrtc ycir'. ll'
lrlr ¡no¡t: tlct;ril is lcr¡rrirctl lirl tllc cilrly yclrrs llrt'rr nlolr:
scls ()l ilrclr\ur('ilrcrìts scl)¡ilÎlc(l by gIr:ltlt:r lirrrt's ttrc
rt:t¡rrrrctl; rl ilr()¡e rlct¡ril is [c(lulrc(l ()l tlrc lll V (}vcl llrc
ycxr i¡Ìulrc(liutt:ly flccctlirrll tl¡c lust r¡rcnsrrrcnrcrtl lllcn
nrorc tlr¿ut two'l'.:e ¡rrolilcs rlrrrirrg tltc ¡rrcccdittg scvclal
¡no¡rllls ítrc rc(luirc(1 .

Snltcc:s (l()(:s tì()l l)ct I¡til iut it¡tiì\\'('t l() lltc tw'o

frrrthcr irrr¡rorlurrt c¡rrcstiorrs "l:vcrt rl rvr: Il¿tvc lut

Iì'l'V (solirl linc) ¡rnrl stlurrlarcl clcvi¡rtiolls (dtrslrul lirrcs) tlcrircd by joint invcrsiott of lwo'f z prrrlìlcs scpnrutcd by

st¡rf¡tccrcntlxr¡ttl¡tc()l 4.t19"(1, lllrl), fl)rnW/1il',colrclrrclivily 0tl Wlrr''k-',¡xrturbctl hyóyc¡rrsof ll'fVshownat
1( ) l).

'l rl¡lc 4 -

Iloek

Igrrcorrs

Se tl urtt:rr t;u t ¡

lrihn
'l ltit krtcr:

?t¡-trrr )

'lypir:rrl lhcrnr¡rl r(Ìsisti¡n(ì(:\ ol (ìoDtit()t fllr¡1, À in
Wr¡r IK l, ll, i,r l0 5 Kw I t'.u,rpur., witlr l(ln
lhick frcsh qunrtzitc(À 7.1) ol lt - l4l.

¡¡l¡51r1¡¡lr.:11 rt:liltrlt' I lljl) vttlrtc fltlltl ¡t l()rrr scctiolt ttl'
sctlilncrrts, u'lurl clocs il rrrc:urr'l ()vcr llow lrtrgc ir rcgiorr
is it v¡¡lirl lo rvillrirr, srry, 109î'1 "

il I t,lRM /\ t, ( :( )N l)l J( :'l'l v I'l'Y I'llolll,liMs

,\lllrrrrr¡1lr llrcrt lurvc lrt:t'n lr lc\r'lrltclnl)ls l()
tlt'r,t'loll tut:tlltltls lìrr ¡¡rctt¡,r¡r rnli llrr:nnlrl cotrrjrrr'livrly ilr
silt¡ in bolrlrolcs (lìcck ct ll., l9-56; Ilcck ct al., 197 l;
\¡lllirlllel, l()t'i.ll. lltt lt¡ttl ir\\,ir\,lltc tnor;l ttst:<l ltrt:lrrtrt¡ut:s
;trc fllr' r;lc;trly r;t;rle tlilirlt il lr;l ol rtt,tt:l trl tlises
urcllrorls (llr:nliclrl, l() l(); llr¡t:lt ,! ('ltrrk, l().1(), llcck,
l ')5 ,t) lirr t ort'rl r ock:l iultl tlrt. llrnsicrrl cyli¡rrlr iclrl
("rrt'crllt"') ¡rrolltr lr:tlrrrit¡rrc lìrr rnrcorrsolitllrlccl occirnir:
¿uttl lrt ktr rrrtlir¡rtrrts (\'on Ilcr¿err .!. I\1¡rrrvcll, l1)59). ll
llrc uorrulo¡lly rrscrl tcelrrrir¡rrcs tlrcrc ;rrc tilill l)olcnliitl
sollt(Ì(:s t)l sVst('nritli(ì (ìr'r()r' tvllit:lr nt:r:rl ltilllltr
cottsitlt'ritti()n rl rt'litrlrlt: IIlrl)'s iuc l() lr(ì r()ulinc.

r\s rs rvt:ll h rrorvrr, ilr ¡ Iypie al lalror ltor y

cxl)cr irrcnl lol rlr:lcr ntirrirt¡i llrc tlrcrr nral corrduclivity ol
rr s¡rccirrrcrr ol'rock, r'clutivcly srrurll s¡rc:cirncns lì¿lvc t()
hc uscrl iurtl ¿r lllcrrl;rl co¡rltrt:l tcsistlut(:(: ls irrlrorlr¡cctl
Irt:lrrt:t:rr llrt' srr¡ llrr:t:s ol llrt: spt:t:i¡l¡ctr ltttcl lltc sorrrcc tlf'
lrt:ltl (tr rtrl I ltt: (t'rtr¡rt:r irl r¡ I t: scl¡silrg clcvict:s); t ltis I lrcrrlrirl
rtsislurrcc cln l)c sigrrilicirrrt. Wlrat is rrrll so r:lclrly
r('co¡lnizc(l i:; llrr: ltrt:l tlltl llrc ctlrrllrcl rcsistlrrrcc rcally
ctlllsisl:; ()l lw() (()lìtl)onc¡lll;; tltc llrst Is tlttc to lllc
ttt;tclost'o¡rir: rrrrslil ol tlrc: sru Iuccs ol llrc s¡.¡çj¡¡lclì íuì(l
írl)l)iurlus, l;ilÌ. tl(;r), urrrl tlrc otllcl is ir grirrrrrllrr conlit(ìl
tcsisliurcc cltrrst'rl by Ilrc ilrl¡orltrt'litlrt ol lr nutcl()s(()l)i('
surllrcc wrtlr it l:rrgt: ritrlrrrs ol r:trrvtrltrrt.(l llirl srrrlucc
lrcirrg ol i¡rlrrritt. r:rrlirrs) (()ntl)iut:tl rvillr tlrc rtrtlii of' ll¡c
gutins (ltig,. ll(tr)), WIrcrr s¡rccirrrcrrs :rrc ¡rlc¡rirlctl,
¡lttlitrrllrrly ¡ir;rrrrrllrr tyl)cs lllirl irrt' rvc¡rklv rvcltlt.tl,
tvltolc ¡lnrr¡ts lurtl t'vcn cluslcrs ol gltrrts ( iut l)(, kttrlr'kt.tl
()ttt ()l lllc:;rr¡lrrt't'lcirvirrg lrolt's flllt ntusl l)('lillctl llv tlrrr
srtlttt:tlitt¡i :ur(l ('()lrl¡t('l llur(1.
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Íil

Slcady St¡rte (l,incrr) Mttho<ls

I;ig. g rilrows v¿rrious tvfrcs ol cqut¡rrttcltt tltal lìitvc
trccrr trscrl . 'l lrc ¡rrirrci¡rlc ol all ol'tltcltt is tlrc sarrtc

narrrcly, l() r)ì(ÌÍtsltr(: fhc ltcltt I'lowirtg tlrrottglt thc

s¡rccinrcrr at tltc sltnlc titttc ¿ts lltc lcttr¡tcrlttttrt: tlilft'rcltcc
;lcr()ss ¡r s¡-rccinrctt ol kttou'tt tltickrrcss is tlclt:rttti¡1,.:tl .

r\¡t¡ltntltts (lr) is ir grr:rltlritr¡l ty-¡rc ol ltlrpltrlrttts, lllc
¡llirrci¡lal it(lvlltlitg( rll rvlticlr is tlrirt o¡lc cittl tolclttlc
tlri¡rs rrr thc cclgcs ol tltc s¡lccitrttrtrs if tlrcy'(),-'ctlt (ittt tll¿

nrrlìiu;rlr()tì (lr) ;tlttl (ll) :tl(r kltotvtl il\ ( (]llsl,l¡ìl

lcnrl')ctlrturc rlil lcr cttcr' ly¡lt:s of ill]pltritl tl\, (llc clttls ol
Iltc ll¿trs bcirtg ttutitrlltiltctl ttt Irl'tt tlillclcrrl Icllllìclitltllc\
rvitll tlrr lrl)l)cr itt tlrc lriglrcr t('tttl)ctltlt¡tt', ll¡c t:lct'll ic¿tl

Irrurlogt, i:; lt cottsllttrt v(ìllít!,c tlt,titllltillt'rl il( l o\\ :l

vrrri;tl¡lc tcsisl:tttcc, so lltut llttt ct¡tlclll (lleitt llorv) vltrics
rvllcr¡ ll¡t' tt:sisl¿tltcc (:;¡rctrittrctt) cltltttgt s. A¡r¡rarlrlrrs (c)

is ¿r co¡lslrUrl llcltl soltlt:t: ly¡rc 0l itl)f)itlitltl\, lltt: t'lt't:tt icitl

;rtlrlogY bci¡r tll:tt tllc et¡ttcttl {ltt:,tl llorv) i:. !t)ll:;lilllf \(r

tllrl ¡r; llr tt:sislrutcc clltrt¡ics lltt vtrlt:t¡t:;tcloss lltt c:ltds

ol tlrc ;rppltutttrs t'lrrttuÌcs.

(t ,)

1i¡rrr-' tl. (ir) ('r)llllì( t ltsi:l;tltte tlllr lo ll)l\lil (rl l\\'()

Itt:ttlorcoltit rlll l:ltcs (l)) !'ollfilrl lcri:l¡ttltt rltt" ltr
( \lr ;l v()l(ls (tt¡lslt¡ttlt'tl .llc;lr) ( l('¡ilc(i rrllt ll ttl litr t'

ol litt¡',r'¡lttlitts lll (lllvilltllc l! irlllrr(ltl(e(l llll{ì;l

ll,ctlttlllt I trrttitiltillfi ¡'tilttts trl ¡l¡¡.rll r,rtlirr' "l
(trlvilll¡r, (,rll(l llcc[, l()'/lr).

r\ll otlrc¡ llrirr¡rs lrt'irrg ct¡ttltl, lllt: rÌlilglìiltttlc ol lltt'

¡,tlrttttl,tt r()lll.t!l ¡tsisl.t¡¡r:t: r"ill tlc¡rctrtl tll)()lì llìc A::lill
slt;rpt rt: rvt:ll rts gr,rirr sizc. lrl lrig. l't(lr) tlrc tliitr¡¡trlt'r ttl'
llrt's¡rlrttit;tl Inriltr; ol tllc (()l) s¡tt:r:ittl.'tt i:;,-'tltt;tl lo lll.'
r;itlclcrt¡ltlr ol lttt' lottttttctl etrlrt' ¡r.t¡lills ill lltc lrollollt
:¡rleitttctt .trltl tllt tl,tt Lt llttl (llr'(l) 'll()ìlll(l lllt' Itolrc 'l¡ltl
itl llt(: sltt lirc( l('l)t(:s('lll lllt' tlrll:t rt¡itlr; .:tt';tlctl rvlrlcll.

tltrt: lrt lltc gtltrtttlltt tt,rlttt(' ()l lll(' lllillcl iltl' llt't'tllltt' lltc
c()ntircl rt'sisl;tltrt'. Itlr:lrllv, ()lì('\v()ll¡(l likc lo lrt'lll)l(r lo
sliec tllrottlllr llt gtltittr so tlttt{ lltc st¡¡l,ttt¡.r: \llt)\\'l.ll
lltr'ltt¡r ol lroÍlt lyl)r's ol lllittctiltl rvotrltl titrl llltvc lllc
c.rt r u vt,itlr, t'lruscrl lr1 ¡'.r ltirr ¡rltrt'kirrg; lìr¡ ilit¡cotts ;ttttl
nl('liurt()r¡rltic tock; lltc s¡rltctcs ltlltl ('lll'c:; l)i!llll('(l ll\
gtitttts ettttltl I('lr'(':,clìl ctysllt!s t,l Iltt'"¡ttitttt:, It¡tttel.tlr
rrttrl ltr'rltttrtllv rl is ¡ros:illle lo';litc llttottllltl lllt'¡lt:;rr
llutt llrt sttl llttt's ltlt ltss ¡lillt',1 tltlttt ltl lllt t.tst rrl

sctlir¡tcttlitty r¡rt'titttcrt:,, r'1'. it't' l)t)ll1)lll :;llr lilr'('\ ol

sl)(,'1ilil('tl\. l rrl llttl lcil\()ll, ¡ll( ({)lll;ltl lt'i:;l.ttttcs Iot

i¡',ttcrttts tt'r'ks ¡tlt' ¡lt'ttt'tltllv lt'ss lltlttr lltt";t' lo¡ ;oll
st'tlintcrllru y t ot L-r,
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llrltc lrlt,¡( lyl)r'5 r'l rlr'¡tri! "t¡tle torlrlt¡Llirilv r¡'¡r'tt"ltt:'
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Wc c¡lt <lt:lcl llti¡tc tlrt: ltcltl tltlrvlt tltc stlck l)y

rrrcitsttrittg tllc l(:llìl)crilttttc gtlttlicltt al0ttg llrc ltltl, ot'

:rcross lt rlisk, ol kltorvtl colltlttt lrvilv ll will('f is ttst:tl lts

¿r colttttcl flrritl tlrt: c()tltllcl tt:sisl¿rttcc lrt:lrvcc¡t lllc

stirttrlltrtls ittttl tllc (ìol)l)cl ¡llltlt:s colttltittitt¡¡ tllc

l(:rììl)crllr,lr(: sctìsors is rtstl;tlly i¡r'ltott'tl; ilt tltittlv tlítsts

tlris rltlct; ttot lt:lttl lo:lcttriìrlc ('rr()r, lrtll itl rrlltt'l t'ltst':' lltt:

crr or rìirrì bc si¡rrilicirrrl.
llt ltll cttscs it is ltotttrltl lo t¿tkc tltc tlottt¡llcx

ßc()rìlctt y ()l il rcltl c()lìlil(:l srtt lltct: ¡trrtl itlclrlizc il
it(!ìor'(lin¡l to l;ig. l0; it is t;r)tltt lott¡ttl (llltt llrt'('(ìtrlil('l
rcsislltltcc Ítpl)citls lo tlc¡rt:tttl ()lì tllc colì(ltl(:livily ()l tll(:

cotttltr:tiltg sttrlltccs. 'l lrc Icit\()lì ltlr tlris (¿lll l'c

(lt:nlott:;tnr(t:tl by rclcrr irlp, to lii¡1. I l. A¡l irrtirritcsirrrirlly

llrirr scelitrtt ol tlìt: r:otlt;tcl Iiltrt rt:giott il; lt tlrsk, Iltclitts l,
irr ¡luritllcl rvltlr lrrt lulnrrlus ol llì(Ì ('oiltlr(t Ilt¡itl ol tttllc¡

lrrrlirts lt itlltl llrc clli:t'lrvc tllcltltitl t:otttlttctivtly, À,, ol'

lhc sccliott is givcrr bY

r:l<lsc Io {}, ltrttl l), tcs¡tcclivtlly tlllrt wc cllrì igttorc lltc
tlil'tcrcncr:. or rvt: lt¿tvc lo trt itlllc trl tttltkc illl itllowil¡ì(c
lìrr lllc dil'l-r:lt:ltt:tr. Asstttttiltg llt¡tt lhcrc ltlL: Ilo llll('titl
Irclrr lrtr;scs, ct¡tttttitllt (7) b¡rsctl tll)olì llìc cotttc¡rl ol'

st:ricl; rt'sisl itltr:cs, lloltls

Ql (l) I lf )/'À r¡,t, (lf /Àt) t ll/^l

rvlrt:rc À.,,,,, is lltc it¡t¡rltrcltl (ì()ll(ltlclivitv,,\, lllc lltrc
tontlr¡ellvily ol f ltt: s¡lccttttctt.

ll is irrt¡lorltllll lo llotc lltltl lltt: lltcttltltl t:oltl¡tct

rcsrslrrnt:t: l(ìr'rlr crt¡r Irc ipttttrctl orrly i1 21,'À' is l;lttlrll rvillt

rt:s¡rt'cl to t:illtr:t l) t 2?,/À.,,,,, tlt l )''1, ot , sittt:t: ttstrltlly

t) '.'f t Irc cprrrl¡li¡¡s þccçlrtc¡ ).! i 
^l 

'..' I)z',ì,,,,,, .,1

l) Àr l¡r nrosl ol lllt: lt¡r¡rlielttiolts ol iltlctcsl. llttlst:

.,,,rilili,,,tt tlo irltlct'rl lloltl :'ittcc tllc tltcl rtlltl
erinrlrtctivily ol lltt' ttllrtcrilrl irr trsrrirlly lotltttl rvilll rt'¿tlcr

ls lltt: llttrtl ilt tltt'¡totcs, lrttcl ttltllllt'l tcgiotl, lrt:t:ltttsc

llnrl rs lrorv il t'risl'; itì lìilllll('.'l llt'tottilttt:livilv ol ttltltlr
is ¡clutivtly lriulr (lr¡r¡rrorittl;tlt'lv lrltll llrltt ol lttsctl

silir'l) ruttl clltc llìc tlrit:kltcss ol llrc t:t¡tlivitlLìlll c()lll¡ìcl

lilrn crrn l,c ¡rrrtlc t¡ttilt: sttl:tll lttltl lllctclolc rrc¡'li¡"rbltr.
'l lìc rll('tlìlill l)r()lìcllics ol lltt' ¡ro¡()lls slìt't'lllì('tl ltlstl

tlc¡tctttl tllì()lì llrt' rcl;rlivc lll()l)()lliolls ll)' v'rltttttt ol lllc
¡r¡tlrix irttrl l)()rr'lltrirl. lt is orrl¡ il l lrt:totttcs tclltlrvt:ly
lirt¡lt (irs ttr:ty ltlt¡r¡tctt itl :l vctl' c()lllsc gt;tittctl ¡rtrotly
rveltlctl l;t:<lirttcrtt) ol l, Irecolttt:s stttltll (lrs irr llrr'tltst'trl ;t

lliilicr)ul. crtlllil('l) lllltt tllc ctlttltillttliolt ol lllr-r lltt:rttl:tl
('()ntircl tcsistitltr:t: is lr srllrliliclllìl l)ill l ol lltc tolltl

rt'sislrtnt:c lt is lrll l()() t'ilsv lo lllilrk lltltt ll,'t'ltttst';t liltll
is llri¡r, il i: ttttittr¡t.rll,llì1,,l¡l(l lltt¡c ltt('lllll()lttlll.llcly
nriur\¡ t'tltttt¡rlcs Irl llrt' lilt'lltltttc rvlrt'tt: r;ij,llliltt:ltttt
cortttilrtllirllt'- lttltll lt c()lll:l(l I'ilttt ll:tvt'lrcttt il'.tlttlt'tl

so llutl lllt: clc¡¡lctttltl
st:t:liott is

I ltt:tt:lorc tltt: ttltlrl lltt:tl¡l,tl tcsistlt¡¡tr.:, ll,
rr'l¡olc: lilnlt' tll tlttck¡tcss f is ¡iivcrr bv

(2) tlll tlyz'À,. l,r','(À, À,)lrll ¡'lx' t il'{À,."11,

(l) itìÀ(. \'À,

(ì) lt it'z(1, À,) y0

(1) l{ ' llf n(À,2À,)l,i(^' À,)

\')À,

llrr:lnr¡tl tt:sisllttlt't'. tll(, ol lllt

À,)ll

ol llte

tlyz'(r' i ll')

rvltt:rt: tl' lr'À,,"(,i, l,)
Iot lt l,itntlltlltc st¡l lltt:t: xr 'llrY lr¡¡tl 1;r¡ lll Âl (,( )ll IA(.1:ì

I
¡urrl tltc cllccltvt: t:otltlttt:l¡vily l¡ ol llrc corttlttl Iilrrt is

(5) Àt (ì, À,)z f lrr 0,/^ì)

l'ol it eotticttl ¡rtltrtl ctlttlltt:l

(6) Àr. (1, À,)z'A l:ttl 'r\

rvlrt'r'cA' (À, I,)/^,.

l;rll it s¡tltctic:tl sttl litt:t: lttltl û':':.lt lllt: ¡cstrlt Is lltc

síuìlc lrs Irtt it ¡lltritltitlic sttl l;tct,
lly rulrkttr¡i ttt(llslllcllìclllli ()ll il :,itlgle s¡rcrittt,.'tt

srrtrurttctl lv¡11¡ ilill¡:rcttt llrritls it is pttssilllc lo lcsl \vllicll
is llrr: rttosl likt:ly slt;r¡tc ol trottlltcl stlt lltcci ttrt¡rrrlrlislrctl

rcsrrlts slltlu' llrltl lltt: ¡roiltl c()lìl(:ill colllilcl is lltt' t:ltlscsl

srrrrplc slt:rl)(' ll) tt'ltlllv.
Âssttttt itt¡i Ir()\v I ltitl \\ c lt;tvc t t'¡rlltt t'tl I lrc

ronr¡rlit'rtlcrl f',('otììclt y ttl lltt' (()lllil(rl tc¡'.it'tt, l:itl. I0(.t),

rvilll tlrr.'srrrr¡rlilit'tl sctics tttllllllÌ('lllt'lll ol liig. l()(lr)' il

t:ril lrc scctt lltitl rvt'lcltllv llcL:(l lo tlt'lt'tttlittt'{}' lrtttl {), lo
lintl Â,1, \\'lrct('il'i itr ¡tlltt'li('('\\'c (illl ottlt'tlt'lt'ltttitlt' 1,

Irrrtl'1,. Sottt'ltotv rtt'lt¡trt'tilllct lo t¡tltkt' 1, ltlltl l', :;<r

ligrrr| 10. (;t) lìiltt'tlt¿tlrt ¡l I('irl olll'l(l "rlllrttt" 
(lr)

lrlt ¡tllu t rl r't¡tttr;tlcttf rrl (lt)

'w,):,.
I

(lr) lt)t-At l,/f f ) ooN lA(.rlÍì

llI

\l

ll
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rlrscrrssitllr rvill bc t:rllrlllrt:tl ltl trvo rr()nll)()ncnt nì()(lcls.
'l'hc ¡rlrysit:;rl ¡)i(Ìtut(: is illrrstrltr:d ill lrig. l2 ¡ntl 'l atrlt:
(5) lrrr<l slrrlrvs sonìr rll tltr. rrurrry lníttlì(.nìitli(.ul lrrorlcls
rlt'rivt:tl to r¡urtcll tlrc silturtiorr in lrig. l?.

('r)
I ( rl ll(),.,,rrì I llr|
\,',lrl (lr\.'rr:, ìllì r,

ldv

(¡ir l),'.lf I I '/,,1 ll,'^r,, 1,,/,,,1

llgurc ll. Sr'lrclntrtrc lot rlcrivrrr¡¡ rclltlio¡r,.:,ltrrrvirr¡i rrlry tlltlllt.rl
r'0rìl:r( l trsil,liiltr'r' rlc¡r,tilrls 0rr c0lttlrrelivilit.\ ol (tonl¡t(:litìti
:;rr¡ lirecl; ;rs rvcll irs cr¡lrrlrrrlivilv tll r olrtirtl lilrrr.

()l grctrtcst itrr¡rorllrrrtc is tlre cllcct ()l lltc !:()nlitel
t('tìi:ìl:t¡r(ì(: rvlrt:lt tlil lcrcllt l\'l)(.ti i)l (:()tìl,t(l llr¡i.l.rre rrsetl.
'l ltt:st' ocltsiotrs lu is(' wltcll llì(' llrt'nlllrl corrtltrrtivrtv ol lr

tlti,¡rotou,;:.¡rt:tirttcrr rs rt.t¡rrirc.tl. llri:; rr:;rr;rllY lrt('irnr. llr.tl
tlìc r()nll(l llrrirl is lrir rvlliclr lt:rs it (()tì(lu(tivlty llutl is

¡tlrotrt.l trrtlr'r¡ rrl litirlilliltrtlt: lt:: llr.r¡r ll¡.rl ol lusr'tl
silit:lr. 'l lt,' f()tllltrl lc:;isllttttc lltt.lcl,rrc lrceo¡¡lr's vL,rv
irtt¡rorllrnf t'r,clr rvlrt'lt I is srlrlrll sirrec lf,',{, rrr¡rv lr,..llrrl,,..
Âttotltr'¡ ( {)ltnt()n silr¡lrliorr lu irir':i \vlì(.n f lrr. ¡l¡¡¡ ¡¡¡ ,¡
t,'rrrlutlivllt,ir, rct¡rrirtrl ol ¡ul o¡l lrt.;rtirr¡':;t.tlitrtt'til lrt lt:
rlirlrrlirl \litlr', \vtllr ()il ilt llrr.¡r1¡¡t.s llrt.rc tli lt l('tì(1,.il(y l()
ust'oil .lr; lll( r'(ìnlit( l llr¡itl. I lrclt' ir; lrl:.o lr l(.1(l(.ntv l()
tlrirtL t lrrrt lit¡rrirls lr;rvt. llirll¡ ( ()n(lrrr,t ivit it.r,; rvlrlr. it i,;

lrtrt llt;rt tlrt'r, rrt'rillrrilit:rrrtlr iri¡,lrt'r tlr;ll lol 1,lt:.(,:,, tl
lv¡ritlrl oil l¡lrs il r'()tì(lur'liritv tlt;rl i,;;r¡l olrlr.l ol
tr;u,rilrrtlt lt'.,r, tlrllr tlrrt ol lrrir,tl r,ili, lr. Ilrlrlr. .l slrorr:
tottt( l\llir':rl trtlrrts ol ( ()¡ìlil{ l lc:;l,llrnr'r' lor lr;trrl ;uttl
5()ll lrlt'[,:,. I lltlt.lort., ¡¡l lltr.st. i]tltritlton:; lllc
Cr¡tt'rirIt'rrl;tl ililiiltlir.r¡ttnl ¡iltt,;l llL.t:ttt.ltIll\ t.rlrnrrnt'rl
lrr lllr ¡ror-ilrililr ol \\st( lniìlit ..ttol\ r..ul:.r'(l lrv
i¡'rtotitr¡l tltt':;t'lltt.ltìtitl r(ìt¡lit(l t(..,¡';lillt!.(';..rt¡rl lltt litrll
\l('l) r:i l() llrrtl ¡r rvl|\,()l tlt.lr.ililtillill' lllt, llrrt kllt.ss 0l lllt.
c(lui\';ll('nt lilllr tluckr¡cs:, l. lrir,.t tt¡rr;rlirrrr (7t t\ teull:,t
i¡tto tllt' lolrr¡

I i¡irrrc ll. lìL lr, t¡r.rlli I lurtl.rtilrr lrlr:;rllzt.tl
ill l,l¡llÌ('lll( ¡ll:, rtl I oiltP,rilt nl\ lil il
lrtttl'lr'¡rtttl,.rttt ttl :¡rt., ¡lr,.tr .,r.r. ttlirr
Irrlr , '

lwo t:orn¡r,rrt( Ìll ill()(l!'ls ttsttl ltlr rl()lltl)uliltli
t:olrtlut:livil¡cs. r/r l)rol){)tlirrrr (lry volrrrrrt') ril
(lrsL:ortlilill()lls l)ltitsc ( pot():;tly lr'r ¡¡,,,,rr,.;
rocks), r c0rrtlUr:llvtty ()l (ìonl¡illl()lts J)ltits(:
(n¡rtlIIx)¡t:orrtlut:livily rrl tliscotrlilrrrrirrs pllrst:
(vortls) À(/Àv,X (.lr t l).Y tr I).

(';rlt rrl;tl t'tl ( ì)nrlltL I tvtl v
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rvltt'tt'lltc;tllr:;criltl tt Icl('t;t lo lltt: l)luluncl(:ts s,llt.n llrt'
l)rìt()us ;¡rttinrctr iri :.llulrlt.tl rvillr llrritl n (t..g. rr ;ul,
(ìr \\,,11('t, ()t ()il (.1(.) wlritlr is;rlso lts(:(l jl.i il (()nlit(l
lltrrtl, ,{,, i:, lltl t:ontluclivitl,ol llrrirl ll, l) rs llrt.sl)(.r't¡ucn
lllickrtr':.s, ,{,,,, l:, olr,cl verl (lrlt|;rr(Ìnl)('()n(lu(ti\tl\,()l tlì(
s¡r,'f irrrcrr, ;uttl À,,, ilt llut, t:tl¡rltrtlivity ol llrc sPcclnlt:ll.
ll *,t corrltl l)tt'rslrt' l irtrlt.¡rcrrtlt.nllv it rr,orrltl, i,lt'rrllv,
lre scrrsiblv tllt sltnrt.rvlricllcvcl llrriri (rr) is u:,t,tl,
llot,,,,-'1,1'¡, llris t':trlrrol lre tlonc ;urtl il lr:rs lo lrt. lor¡rlrl
irlrlirt't'tly, lior lltis \\,¡ ¡cc(l ¡ tìt()(l(.1 lltitt \\,tll lrll6ry llrc
f(ìllll)ltlitlrt'll tll il r'()tì(lilr'livitV ol :,1ì(.1ìnt(.il lronl il.,
kttor,'rr torrr¡ro:;if iort; llrt.n f tltn l,c tlctclrrrirtcrl :;irrt't,il is

lltt'onl\ rr¡tklloryn irr (li). ll rrsin¡l lrvo rlillt'rt'nt llrritls
¡iitc:; lltt' .,trnrt, t(,\ull li)l I tllcrr rvt. lt:rvr. ltlrson;rlrl,,.
ttrrlttlt'¡rcc iil tltr' vlrlr¡c lor Iilr Iltcr l¡lc¡tsrrrr.iltcill:,.

I cltrr lrc forlttl il lllt lrllplr¡r.ltl llt('trrr.rl to¡lrlrrr.livilv
i:; tlt'lc¡ntiltt'tl rvltlt trr',r tlillelcnl lluitls:ts:ìittut;r¡llr:urtl
r'()ttlitr'l nt( (lllI lrul lr vtrlltl nrorlt'l nrrr:tl lrt' trsr.tl lor
t:tltulrrlin¡l lllc llrt'r¡nlrl .orrtlrrt.lirllt ol it Iì()¡(ìtl,
t¡t;rlt'n¡tl lront lt ltto* lt'tlqt'ol ilr tonr¡'osllit,¡1, Siltr.t. irt.
Itlt tlt'lrlirr¡'uillr lr l)r)t(,u\ ¡r,t.l r:rlullrlt'tl s,illt llrritl.
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Alllrouglr rrrrrclr rrscd, tlrc wciglrtt:tl ¡¡r:otttctt ic tttc:ttt

cr¡ultiott utr¡sl [lc tlisc¡trclccl sirtcc il ltas Itt, ¡lltysicltl
b¿rsis, is ¡rrrrc:ly crrt¡ritieal, ¡t¡rtl givcs tcrtsottalrlc Icsttlls
orrly ovcr u lirrritctl nttt¡1e ol Ø ittttl r. ltt f':tct, ovct tltc
llrttgc <tt'l ¿utd Ø for rvlticlr Ilrc rvciglrtt:tl l'.(:()tll(ÌlI ¡(' lllcil¡l
ct¡rrlliort lroltls, ltry tll thc tllltcr llrrcc will gltvt: t:t¡ttltlly

¡',oocl rcsrrlls, lrs cart bc sccn Itort Ititl. l-ì(¿r), rvltctc t 5

it fyl)i(ì¿rl r¿rlro l()r rock ltttcl rvulcl, ltrlrvt:vt'r, rvllc¡t I

I15, liitl. I3(b), tlrc "gcottrt'lt ic" Ittotlcl givt's vt'ty
clillcrc¡rt tcsults Irottr lltt olllcts. l x¡rctictlt:c llits slttlw¡l
tllat lhi: llr¡rrlstortl uttcl lvlu.¡ot lrtr ttrotlilictl lvltrxrvcll)
¡trttl tltc Atllcl cl ¿tl ntotlcls Itoltl tlr(:t Íì v(:l y rvirlt t:tllllc
rvillr lr sli¡ilrt rìrlviìttlrtp,c lo llrc trrotlilictl lvlrtrrvcll.

'l lrc l¡r¡lltr:itliotr ol this il¡r¡lttrat:lt cilll bc

dcnrortstr'ittctl trsirrg, tl¿tlrt of' Ilobcr tsolt & l'cck ( 1974)

ivlrrr rrrc¿rsrttctl lltt: t:orrtlttctilitics trl tlvcl ó0 s¡rt'eitrtcrrs

ol :r sirr¡'.lc r csicttl¿tt b¡ts¡tlt; t'aclt spccitltclì w¿ls

tll¿rr;rt:tcli¿ctl trtittr:rtlogicllly ¡¡rtl ¡tolositics rartgctl
Ironr () 02 to 0.911. Willt it ¡rorosily ol' orrly 0.02 atltl
l'illctl rvitlr w.rlt't , e lc.ttly rvc e¡tt Ittttl it gotltl v;tlttt lor
llrc nurlrix corttlt¡r.'livity trsinp ittty tttotlcl. Rotlt:ttsotl &.

I)ct:k t:onuttt'ltlctl olt llre clil litrrlly ol g,t:llilrg lllc rvcl attcl

tlry vlrlLrr:s lo ¡ltitkc licttsc tt() tltittlcr rvlrit:ll lltotlcl rv¿ts

rrsctl. Ilorvcvct, il rvc itsstltttc l si¡lrlilicarrt lltcll¡¡;tl
(:()rìlit(ìl It:sisllrncc l()l tlrc tlt ¡ slitlt atrtl ¡¡o lltrtlrrglr tlrt:
l)roc('(lut('\ llr('lìlitlttctl t'ltrlit't. lllc ltvrl stl(s ol tcsttlls lttc
irr ¡loocl lrl',r('clrrclrl il tlrt: tllicktrcss ol tlrc t:(ltliv¿ll('llt
('(ìil1.t(l lrllil ls "lo¡rrrr.

As'l'irlll,: (r sltorr's, lltc ctlttivltlr'trl lilrlrt: tlrickltcss is

rt()n:itslr'nl ;¡¡ |() lirtt lrtlttt s¡rceitttc¡¡ lo l;llccillÌ(llt tll) lo
¡rorosilics ol ì5'10'l/0. Norv, (ltis llrir:krtcss is sttcl¡ lltitt
l()l Ilr(: \r/iìl(:r' Itllctl eolrlttt:t Ill(Ì :ll)l)illclll tltc¡tttal
coltrlrrclivily ol lr 11,¡riclrl r;¡rccitttcttl w()ttl{l tlol bc

sigrrilicrrttlly tliltì'rcnl, itl lltc 5(r;o rttt¡tlccisiott lcvel,
l r ortl lllt: lrrrt' tlrct nritl cotttlttt livity ttl lltc s¡tct itttctt, scc
'lrrlrltr .'l; Itott,t'vcr', lor ltlt oil Iillt:tl s¡recilrlt:tt lt¡ltl
c()nl;r(ls, tltt'r'c tvottltl lrc l si¡lrrilicltttt tlillì:retlc('ill lllc
I5'7o lcvt'l luttl lr lriglrll sigrriliclrrtl tlillcrcltct: lot
s¡rt:t'inrt'rrs lncirsurcrl irr tllt rlt y :tl:ttc.

'l'i¡hlt:6 Ilrickrrcss (ll) ol cr¡uivllclrl lìlrrr ol ¡t vcsictllrtt'

b¡rslrll. Mcrtstttctl contltlct¡vity lrlrtl potostly tllttlt

trrkr:rr lrortt l{olrcllsolt atttl Pt,ck (l')7'l).4,
potosily', À*,, lll(:il\tlILì(l cotttlttctrvily wltt:lt
s¡rccirrtt:rr i\ sirtttlrt(Ì(l willt rvltlcr, À,,, tltrtivtrtl

ilLrlrrx e0nrlt¡c:trvtty ttr;iltll llt{r(lcl (r(ltl:lllot¡I rll
'lrrhlt. .5, À.,,, nrtlrsult'tl corrtlttc:tivity wltt'rt
s¡rrcirttt'rr r;rrlttr:lltrtl willr ;rir. À,,1 cotttptttt:tl
( trrrrr) uir iult¡llr(t:tl c:orrtlutrlivily ttsirt¡{ À,,., rrrrl

ttt,rtlcl ct¡tr.ttiott. ('olttlttclivitrcs irr W rrt t K l.
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problcnr it is sonlctinlcs ttrtt ¡'rossihlc to tlo tl¡is bccausc

ol a lack ol sul'l iciclrt lttalcri¡tl.

I'rrnslenl (Nctrtlltr Prol¡t) Mclhr¡tls

Wc ttow t:x¿trnilrc s()rìì(' s()urccs ol- crror i¡l thc

"ncctllc l)t()l)(:" tccltttit¡ttc ç,ltirll ;trt: likclt, to ttccttr il'
thc cxpcrirttcrtts arc Iutstily rlcsiFltctl . As is rvr:ll krtrlrvlt,
lor a ¡lcrlcctly cttrtrlrrctin¡4 protrc rvillt lrcat su¡l¡llictl ltt ¡
fâtc of'() ¡rcl rrrril lcngltt ¡rcl rut¡f lintc urtd assrrrrring rro

axial lrr:0t losscs, llìc lcilìl)crntrrrt: risc f)(t) lrf'tt:r' tirrrt: I ir;

givr:n by

(9) 0(t) =, (()/4nr){2h' (2h- lì)/(21ìr) t ll ((ll l)/lll¡)ltn I)r ì . .}

whcrc h t/(a{lr) rs a ditttcttsiortlcss co¡ttrtct rcsist;lncc

¡litr:tnrctcr, y - (rt /¿r' is ¡t dintcnr;ionlcss lirtrc ¡r;u¡rrrctcr,
ll (ç{ i),,,.,., ¡n¡/(OCl)pr..bt., l) , 'lu ia' cxp(g), a

¡rrrrltt: nrtlttrs, g, 0.517?, lrrrtl i; Irul(:r's c()r¡sliln(, o

lhcnrurl clif lrrsitivy, À , lht:rlr:rl collrluctivity, t'u
thcr¡¡r¡rl co¡rtlr¡cl:rncc ¡lcl rrrril lcrrgtlr tll Íhc conlirt:l lirycr
ût I it.

lior sttllicrc¡ttly lrrlgt: y, rvlriclr csscrrliully nrclns
lhitl ¡rr ': " rl, tlrc lri¡1lrcr ()r'(lcr tcrrìrs ('iuì lì(: rgrrtlrr:tl
lntl, ¡lt oviclctl l ltc cx¡rct itttcrtl ll t inlc i:; irlso lur ¡ic t'ttorrlilt
Io¡ lr ltr lrc i¡tllt¡retl, tlrc torrrlrrtlirilv is ¡riverr tr¡ Ilrc
lrrrurlilrr lurc sorutc ('(lr¡írlr()rì
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tlt:¡rllt ol l)ctìclrali()rì ol'hc¿tt i¡lto 1l¡c ¡¡rctlir¡llr is a

lunction ol ti¡Ìrc, irs wcll ¿ìs tlìc llrclnral pro¡tcrlrcs ol ir

srrrall eylrndcr ot' tlìc rttcrliurtt; l'or a slrolt tctrn
cxpcrinrcnl, onc is cssclltiully tncasrrrin¡¡ tl¡c thcr¡¡t¡l
prol)crtics ()f llrc Iìr¿tlcri¿tl cl<lsc ttr tht: l-r'trhc trourrtlary.
Il'tlrc c.x¡rcl'inr(:rtt is lurì li)t ¡t l()rìp, titlc, tlrc ¡rarticrrltrr
rr¡tlrrrc of'lltc Ittatcriul ¡lcltt thc lrouttclarics bcco¡llcs lt:ss

¿ur(l lcss irrr¡rorliurt slrrcc it is avcragccl in with iuì cvL.t

irrr:r'clrs¡lrËi volr¡nr(' tlf tlrc rrraf crial :rt lar'¡qcr ra(lii. lt cln
crsily lrc ¡;l¡1rrvrr, tlr¡t lol a ty¡rir:ll r:xl)clinrcnt Iaslirrg
llrrcr' ¡¡linrrlcs, tllc tcnìl)cr¿rlrrrc risc al lt rlclial distalrr:r:
ol trvir:c lhc ¡rrollc rir(lir¡s is ¿rborrl lì(){¡/o ol llìill ílt llrc
surlitrì(: ol tlre l)rol)c rvlrcltr¿rs Írt a ra(lial <lrslancc o1 ,50

¡rrtlbc rarlii llrc tcnrl)cllltrrc lrsr: is only ltTo ol tlrr:

lclìrl)crirIrr c risc ¿rt lllc ¡rr obc srrr l¿re c. lrr f'ae l, lìrr r .-.

5()a, thc ¡lralt:r'ilrl t:oul<l llc íl l)cll'c('l t:orrrlr¡clor'¡uì(l still
n()l ltlvc:r sigrtilir.:lrttt cllì:r,:l ()rì tlìc lcsrrlls. lt is

inr¡lorlarrt to rr:co[ilrizc tlrat cx¡rcrirrtclttal (irttcs tltal arr:
Ioo rlror I givc orrly nciu l)rt¡lrc llrcr rrral ¡rro¡rcr ticr; lar¡1cr

cx¡rcr irrrcntal tirrrt:s lvcragt: f lrt: lhcrrn¿rl ¡rro¡rcrlics rrvcr

it litr¡1r,r voltrnrc.
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rvltctc S (t.)¡'.lr¡/)(llr t lrrl)). l lris t't¡rurliorr lroltls lìrr'
¿rll lrrnc ¡lrovrtlc<l lll:rl llrc ltgirrrc is ¡rrrrcly tonrlrrr:livt:
¿tllrl lltitl tto Ilrt bor¡lttlr¡ty cllctls otr:tr.

'l lrc lirst ¡rrolrlcrrr is tlrar , contrlry to u rrrrrrrlrer ol
lniscottcc¡rt iotts, [rlollc ¡ll(rirsut cnt(r¡tls lrlso inl loclr¡cc lr

tlrcnttal c()¡lllct rcsisllrtre c lrl tlrc trourtrl;rr y bclrvccrr llrc
¡rlolrc trrrtl llrt' nrirlcri¡rl (r;cc I'ig. 1). Irr l¡rct, il
consirlcritblt: r.'irrt::rntl tlrorr¡:,lrt is ¡rol t:xr:¡t:iscrl tlrrt: ol tlrc
¡,tt':tl ilrlvrrnl;r¿ics ol lllc nt:t'rllt: llrolit: lct:lrrrit¡rrt: rrtlry lt:rrtl
l(r ¡¡ s1¡¡¡¡¡'1' ol ri¡irtil'it:lnt crror'.'['l¡t: trcctllc prolrt:
lccltrtit¡rrc i:; rrscrl *'itlcly lor nrc:rsrrrirt¡l lltc tltclnurl
corrrlrrclrvrly ol s(Ì(luu(ìnls rtrrrl rls brg;rrlv:rrrlrrg(Ì rs llì:lt
rtsr¡l(s t'lr¡r Irr: ollflrint:tl r¡rrilt: t¡trit:lly -in lrvrl or tlrrt:t'
¡ltiltulcs rrntlt:¡ plol)cr c,\l)clinlr:rrllrl colttliliolls -. so

llurl nllul\ nìc:lr,;urcnìcnls t::ur llc rtr:rrlc rrlorrg tlrc lcrrgtlr
tll ;¡tt ot:t:¡tnlt: tlr l¡tkt' brllltlln (:()t(. ln ß(ìnctill, llìrl
slrtirlltrr llrc lrriiul; ol lllc ¡rrollt:, lllt: slltl¡tt:r llrc lirrrc
rtlttiretl trr rrnivc lrl llrc rc¡Ìi,rrr ol llrt'lo¡iruilltrrtic'
¿¡syrttpt()tc ar¡d lrt:¡lcc tlrc r¡ltlrc r¡rricklv llrc sr:t ol'
lllcir:iilrrÌrìr(:rìls (Ìiilr l)(: 0lll¿ti¡tt:rl. lrig. l.l sltrlrv:; ¿t ly¡rit:itl
lcnrl)critlurt' tirrrc ¡riot lìrr tr l:rr¡lc lrtlir¡s (l-5 crlr)

¡ltolrc; lor rr rrcr:tllc prolrc (nrtlitrs ().-5 I rrrrrr) llrc li¡rrt'
tlllil:; rvorrltl clrrrrt¡ic lronr ntinrrlcs (o sccotttls. I Iorvt'vcr',
il cvc¡ slrorlt'l li¡lt:¡ of nrcirsllrcnrcnl rrre :;orr¡llrl lrv
tlt:ctcltsitt¡i ll¡t'urtlius rtl lltc ¡rrolrt', sittlrlionr; rììir\,.ui,('
rvltctc lllt'r:rrlrrrs ol lltt'grrirts ol lltc s(ì(lirìl(ìnlilv
lllltlt'nlrl t:, so llrr,,.('(()nrl)itt'tl lo lltt't.trlius tll lltr'¡rtolrt
llrrrl llrr'¡rrirr,.i¡rrrl , o¡rlrilrrrliorr lo llrl lt'sull tonrls lronr
llrt' llrc¡rrr:rl ¡rrrlllt'rlr ol llrt',;lrlrulrlin¡Ì lrrrrl'.()nlir!l
lll('(lnun. I ltis is lrt'.ltrr:,r' ir:, ,t lt,rtr,iclll ¡¡rcllrotl. lllt'

TlMf (ntittutrrs)

I igrile l.l. I r ¡rì1,( r,rlilr{ lllll( (,}ll ,l li)! .,r,ll( ) ¡rlrit lrit ;l l)¡()l)('
c\l)r'ilil1('nl, ¡rtttltc t,ttlttt:; I l clil: l,r .t tlt|tllt p¡olr'
(rirtlrrrs (),) lntrtt) littt, :r irlr' r'ltirtt¡i|r. l() :,r'('(lrt(lr

'f 'lrc sccrr¡rr.l Irrol)lcnr uriscs lr onr llrc llrr:t tlttt tltt'
"rrr:t:tllc ¡rrobc" tcclrnr<¡rrr: rs rvrrlclv rrscrl (rn

lilì(ì()ns()li(lillc(l s(:(liilìcills, (Ìril)(Ì(ìilrlly ()r:t:¿tttit: iilì(l litkc
lrotlrln.sctlir¡tcrtts, rvlriclr ¡r¡lv llrvt: ¡rolosilir:s its ltililt rts

0.7. Witlr srrclr lrilllr ¡rorosilics il is irrcvitublc tlnrl lritllr
¡rcr rrrcirbilitit's ¡¡lst' ()(ì(:ur ¿ur(l lllt:rc is :r vcry rcirl tllrrr¡lcr
ol c:tlrìvrrrliort lrt:irt¡1 intluttt:tl itr lltc t:x¡rt:ri¡¡rt:¡ll trrlcs:;

llrclt (iuc is llrkcrr ill llrt't'xpcrirncnllrl tlt'sr¡¡tr.
ll lollorvs ltonr lllc liltc';ot¡tttt'(:(lÌtilllolì tlrlrt il \\c

iìl('0ll lll('ltsyllìl)l()lir- ll(}tliotl ol llrc l)l()l lllclr t:(lrl;rll('lr
l() t:irrr bt' rcrvrittcrr to rcirtl

(ll) i,,, ({.),',ln)lfrr(1,,, ¡,/t,,)lz'lll,,, ¡ llr,l

n'ltctt'(l),,, ¡ l),,) is llrc ittttt'tttt'lll:tl l{'llll)('lltltllc tir,t'
()\'('r tlrt'linrc irrclctttett Al ltoltl lilìlc lr' ll tlrc

t't¡lt'r ittrcnl:tl r'ontliliott:; l¡t;tlr'lt lltt' lrottltrlltl v tolltlilio¡l:,
rr'r¡ttrtt'rl lrt' llrt'tltV llt('rr ll¡t' r':tlttt t'l lltt' lllt'tttl:tl
r'()n(lu(tivill' slrtlultl lrc itrtlc|etttltttl ol fltllt. ( )tt llrt'
oflrc'r llutrl, il lltc ;r¡r¡rt(ì\irrrilltotr l¡ i¡¡¡¡'¡tr,el, cilltt'l

_1_
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bt:r:lrtst s<'nlc ol lltc tcr¡rls rvlrittlt ltitvt: bcclt igtlttrccl lttc
irr llcl sigrrif it:arrt (c.g. tlrt'tc is it cottlitcl ttlsisl¡t¡tct') ot

llcear¡st' sontt: oll¡t:t lì¡¡ttts ol lrc.rl tr.tttl,le t ttt:t:ttt (c.g.

corrvcctiorr), lltt'rt tltc iìl)l)¿ìr'ctll tltcrttt;tl cotttltrt:tivily rvill

bc a Iurrclio¡r ol tirttc.
lrivtrn tltrrttglr lltc lcttt¡tclttltttc tist itl tt lillc sotll(c

cx¡rctitttcrtt Itnrl trt: ottly it lì'rv tlegtce:,, lltc fc:tllpt:t,tlt¡tt:
guttlicttl rìcirt tlttt ¡ltolrtt is oll(: ol l',vo ottltls ol
rrr:rgrrilrrtlc lri¡llrcr tluul lltt: ¡lr ittlit:rtt clscrvltclt: ltrvltY

l'r'onl llrc ¡rIobc,0r llllut llrc ¡,1littlicttl ilctoss il clisk i¡l lr

ly¡lrtlrl rlilirlt:tl bru cx¡rctittrcttl. ll llt(:t(:lì,lt: lìrllotvs ll¡¿tl

lllclc is rì tttrtt:lt lriglrcr'¡rtolr;rtrly llrlrl tlt(r l(rtlll)cliìll¡lc
¡irirtlicttt u'ill trx,'ct'rl llrc crilit:;rl r1r¡ttlit'ltl ttcttt lllt: ¡lr'ol'tl
srrrl'¡rcc ;rncl irrrlr¡r:c rì()tì\'ccl i()rt irt ;t ¡rt obc cx¡rct itttcttt.

Itt gt'ttt:t¿tl, cotl\ccll()tt (tlcL:tlls rvltctt lllt: lltttlyitttt y

ltrrct:s txt:trt:tl llrt: plavil;rtit'tutl lorccs llttt tltc lltt:ott:lit:¡tl
rclltliottsltr¡rs lun()ttll tllt'vitlitltll; l):ttittttclct,'; lllvtllvctl
rlr:¡rcttrls ()n I lrc ¡'r:otttcl t 1 rll t ltc sysl(Ìltl bcirr¡1

trrvt:slr¡1;tlcrl. Ilrc colttl rlronr, lot ()rts(:l tll ltlt'
(()n\i (:(:litllt irr lt lrort:ltolr: lttc rvcll kttorvtt (l Ilrlcs, lt).ì7),
c:;s(|r¡liirlly ¡r orrc rlrrtrt:nsionltl ¡rr0lrlt:nt. 

'l llcY lt¡c ltl:;tr

rvcll krrorvrr Ior .r iirtt' sour'tt' i¡ltttt'r'rt'tl itt rr Ilrritl
((ietrt:t:li, I980);ìn\l lor lt I,crlttc.tlrle rtctlitlrtt ol rlllr¡ttlt'
lll('lrl ('xl(:ttt (llltlr'r', lt)(r5, l()6/: l.ltprvootl, li).ltì;
\Àootlin¡t, 195'/). llotrt:r,t'r , liltlt: is kttrrtl'tt ol llrc
ct,nrlitiotts n('cc\siu -y lìl torlr ('('l ir)rt lr) lrt' ittil r:ttt:tl lty :t

cl liurlric;rl s(rurL:c itt,t ¡rcltttcittrlt: ¡¡tt:tliut¡t.
lrrtrritivcly, it clrrr lrc st'ctr lll¡tl tltctc rs rt rlr:pctttlr:rttt'

on llì(ì llrcnlr¡rl t:rr¡rrcily (qr(')¡, volrrrrtc cocllicrcttl ol'
(ÌÀl)iu¡siorì, /1, irnrl krnr:nr:rlit: r,iscosily, r), ol tltc ¡lorc
llr¡itl; olt tlre irrlrittsic ¡rrrttttt:lrlrility, k, llttr lltt'rrll;tl
corrtlr¡ctivity, À*, rrrttl "cl lr'ctrvc" l ltcr trutl tlil l u:,itivitv,
,,. ( À,,/(¡(')¡ (liltlt:r', l9(r5), ol lltt' ¡rclrrrcltltlc ntctlitt¡n:
illl(l ()n llrt ¡itorrrctry trl tlrc rrrclrsrrlirr¡l sy\lcnl rvllrclr rvill
i¡lr:lutlt: lltrr ltcr¡l llrrx ¡lt:r'ttnil lcrrgtlr, (-), rurtl llrc lsl)c(:l
llrlio¡t, A" ( lcrt¡1llt lrl tlilnrclt:t rirti()), ()l lltt'¡ltrtl't'
rrrrtl tllc lirirvil.ltiolrirl ;rctt'lcllrliort, 1i. I lowcvrrt, llltr
llrcor cl¡crrl r cllrliotrslri¡r .ur()nl', lltc,c ¡r;rt iuucl( r s lìrr llrt'
onsr't ol' (:()nv(:cli()n ir tlill'rcrrlt lo tlclcrrrrirtc.

Irr lr scri,'s ol tr.rpt'tinlt'¡tll;, lotlotttcst Jù llt:ck (I!)tì,1)

lrlrvc irrvcsl i¡iirtc(l t llc cotttlil ittrts tr ¡lrlttt rvltit:lt (ì()tl\/c( l i()tì
(';il1 0( ('ilt ;iltrl tlt'riVt'tl illl r'rtt¡tiIit'ltl ('(ìlì\ ('( l i()ll

l)lüiililul(Ìr rvlriclr llrt:y lr¡tlpor;ctl :;lrtltrltl trc t¡:,ctl itl llrt:

rlt'si¡ltt tll ¡rt 0trt' cxl)(:r it¡t('tìls lo itvoitl ilrtltrcctl
t:¡¡r,ccl i1¡lr t:r,c¡ i rr lri¡',lr ly ¡rcr r¡citlrlt: ltutl r:l iltllt.

('()ilv((li()il ()!ru's il)r)sl rc,rrlily rrllc¡l lllt'
grrvrlitliorrirl lolccl; (:rrrrl llrc lrtroy;tncy lt'tt:t:s :trttl

llrr'tt lìrrt' lltt' lt'n¡|tritlut(Ì p,r'ít(lir:ttl) ltlc ¡r;ttitllcl ltl tllttlll
ollrt'r; rvlr,,'rr llr(' l('n¡l)r'ritllr(Ì [',rtrlitrltt is ()r tltolÌ1)tlitl l()
tlrc ¡itirvit,rtio¡r¡rl fieltl llttr¡ lltr: ottst'l trl r.()ll\'Lrl¡('ll l:
:;iltrrilic,rrrtly irrlribitc,l. Sirrcc i¡r llrc ¡rtotrl (:xl)( ritrtctll
tlrt' t('nrl)('rirtur(' lirttlit:ttl i:r Irrtlirrl, il llrt'rt' :tlt'
((ìn\/('(liott t'llt't ls ¡rtcscrtl lltt'tt';tltoulrl lrr: tlillt'tette,,'s ill
tlrc t'r¡rr.'rinrt'rtl¡rl rt'srrlts;tucottlitr¡i lo rvltt'lltt:t lltt: lt,ri:' trl
lltt t xlct llttt'ltl il; ltol i¿,r¡llttl ()t \'('t li,.ltl. llrt rt'lt'tt' ollt'
vlrrilrlrl,'irtlrt,tltrtt'tl i¡tlrr lltt't'r¡lttitrttrtlrtl tlt'silttt t,ll, lltt'
()ti('nliltiolt rrl lltt :trr:r ol ¡rtrltt'.

'Io rrrlrn¡/t' lllr' rttunll,'t rtl v¡¡¡ ltlllt'; ut :;ttr'lt lt

\'(ìnrl)l('\ t't¡rr'rirlt'rtl, rtrrili.i:rl nì('(lt:t \,\'(lt'ttt'ltlr',1 t¡';it'l'
1Ìllt,;' lrt'lrrl., ol tlrlltt('tìl (ll:rnt,'l(t: lrttl rll lll(':litltr('

t:orrr¡rosiliorr; lrrlllrcrttttttc, tltcsc wct(: l)it(ìk('(l irr si¡rril:rr
llrslriorr so tlr¿rt .tll lncclilt lrltl tltc slt¡¡t(r l)()t osilv.
I lorvt:r'r:¡ , hcc:rru;c ol' tlrc clil l'crcrrt tlilttltr:tttts lltt:
irrtrirrsir: ¡rt:rrrrt:.rbililics r';rrtgctl lrtr¡tt 9x10"^ to 2xl0'
cr¡r'. 1'lrt¡s lll rrrctlirt lt¿trl llrt: s¿urtc rtt¡rllix corttlrrclivity,
Ilrc slurc polosily, trttl rlil l'tr¡ t-'ttl lì(t ttl(ral)ilrlics.

PIAN VITW

M,t I t u,ìl t ut t tl Qtt t I llt't t t t ìt::.

((

.ll

.4.
| .t.
l)'

t,,,,,f

llr:,rlr,¡ I'r¡rlrl

wrllr

l:r,r lr,rl lh|íilt,1il,

))

sìtcIt0N

lì rrlr,rl l1 rr¡r

(llrf¡r¡.lrìr',)

l'l,r', 1,r',i(lr

lt.)

l'iprrrr l5 :i( lt( illtt1( |l ;urirllll( lll( lìl lltl llì(lll("(l
,:p, rilrr, rlr ltì tì((tll( l)tolì( ll)ll;llilltl'i

( (ì lvC, l l(lll

'llrt'cx¡rctintcnlrrl :,cl tt¡r is sltorvt¡ irr lrig. 15. lrr
,trl,lilitl¡r l() llrc rr:;rr;rl lcnrl)c¡illu¡c .;L:nsor itl llrc

l,,c()nrcl¡ir'.t'rrl¡t ol llrr: ttr:t:tllr: ¡ttoltt:, tiglrt otlrcr :,clts()ts

lu c lor¡tlctl ltl 5nrttt iurtl I0r¡lt¡t rltilii orr tllllttlgolt;tl
tli,rnrctcrs (l"iIrrc l5(;r)) tlrrorr¡1lt tltc ('cntrirl ¡rllttrrr, (lri¡'.
I 5(tr)), tlrtst: ,rru ¡rl,rt.ctl lllerr: lt¡ ttt,rke llte tlitc:rlit)tl ol'
llrt'o¡tst'l ol to¡lvt't, liort eltsir:t . ll llrt:r't: is tttl crlttvccliott
llrr lcnìl)cnrlruc riscs ort rrll llrt'scrts()rs itl t 5lllttt
r;llorrlrl llc irlcnlit:irl, but lou,cr tlr;ut llrc ¡rtolrt:
l(inrl)('r irl l¡t (' I rst:, ;tlrl I lrl lt:nt¡lt:t irl ur (: I iscr lìrl .rll
,\cns()r's irl r l0nl¡rr slrottltl itlso lrc irlt'ltlit¿tl, lrtlt lcs:;

lh,t¡r llrrlsrt ltl I 5ltrnr.1 lrrlllrcnltr)t'c, llrc l('lnl)cr itlll('
tlillt'r'0rrr'r'1, l)('l\\('(ìn lltt'¡lltirs ()l \('nsor:i rtl r' 5¡tr¡¡t lttltl
r l()ntrì ()n ()n(' ltrli¡tl slrrrulrl llr: tirc ;ttlrtc ;ts llte
tlilfcrcnuc:, ott ,tll olltt't t;trliltls, ll ttl¡tvt't liott {)cùt¡ls

l lt,,'tr llrt r e ryill lrc rlr¡'¡r¡ tur es I rr¡n l ltt:l;t' t'tltttlilitttts.
lii1l. l(r :;lr()\\1:j :;()nl(' Iy¡ritltl tt'sttll:' l()¡ \\':ll(l

l;lrtrrrrlt'tl nrr'\lril, llrc lt'rn¡rt'rirlurt. rstl;:rlttl tlrllt'tcltce:;
ltt'illr ttot¡¡t;tlizttl lo lltt' ¡r1r1tr¡'t itt¡rttl. ll t;tll lr(' li('('ll
ltotn (ltl, (ll) lrnrl (( ) llrirt tvltt'rt lltt'¡ttolrt ;t¡ir ts rt'tlir';tl
;tt¡tl lltt' lil\lilll l('llll)('lilllll('l'llttllt'lll i' lllt tt lolt ltlrr';t\:'
or(lrr,j'0rr;tl lo llrr' t,lir\'rl:rll()lllll llr'ltl, lltt'tt' l:ì ll()

ilrrlit,rli()n (ìl r'r)il\'r'tliot¡ Ilrr'.t¡r1r;tlt'lll toll(lllr'livll\,
r'r¡tt:rliott I l, ir r',rl¡ 'l;trtl llotlt ltl lo I,OO(t ',,'t ¡trrl"
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at(horrgh attcl l,()ül sccon<ls thc apparcttt concltrctivity

clccrcascs beci¡t¡sc ol Ial borrnclary cll'ccls. 'fl¡c

"spikcncss" ol tltc appirrcttt t:t-llt<ltrctivily ctlrvc ts <lt¡c l<r

tl¡c lact that st¡c:ccssivc tctttpcralt¡rcs arc ttscd lo
calculatc tlrc a¡)p¡tlcrll corldrrctivity a¡trl c¡lrl bc

srnootltccl trv I'itting it ¡rolyllottti;tl cttrvc to tltc ditta; lltc

larg,c spikc in (c) is tlttc to o¡l(ì l)ot)r tcltt¡rcralttrc valttc.

ln (c) thc crlrvcs shotrl<l bc idcrrtical lor c¡tclt ¡rair ol'

scrtsors (Cl), AI], [ì1", (;ll) btrt sltlall crrors i¡r

positiotrirrg lltc sctrsors ît -51ìl¡¡ì ¿tlld [0ttttll la<lii lc:rcl ttr

systcrttal ic cl i f f'crcrlccs.

Whc¡r tltc ¡rtobc ¿rxis is lrorizontal, all otltc¡'

cort<litio¡ts bcing thc saltìc Íls in thc vcrtical axis casc, tltc
ortscl ol (ì()ttvccliott cittt bc scclt ilt (tl) alrtl (f') by tltc
snrall tlc¡lartttrt: ol tltc lcl¡tl)cratt¡rc ¿rnd clil'l'cl crttce ¡rlots
brrt thc ctlcct olì al)l)¡lrctlt corttltrctivity is sr¡rall sirlcc lhc

rì l)l)iu crìt co¡ltlttc:l ivit y-f i ttlc ¡rlot csscrrt iitl l y fìrllt¡ws t llal

rrr (b),
l'ig. l7 slrorvs tllc tcsttlts rvltctl tltc ¡ttcrlittrlt is

salrrnrtcrl rvillt irir, allolhcl ctltlclitiolts lrcing tltc sAlìtc ¿lri

Ior lrig. 16.'l'lrt: c:trlv ¡rart ol tllc cttrvcs in l7(h) lrnd (c)

illusrlalcs llrc ¡lltllllcnr ol llt(Ì lllcllììal cotltltct lcsistallcc

;rt tlrc ¡r'obc botttttlat y. 'l'lrc ltlrv colttlttt:livity ol tlìc air

fillirrg thrr t:xtla voitls, Iriptrrc l'l(b), trrcalt:tl bv tlttr
irrlr'oclrrctiott ol llìc ¡rrotrc ittttl tltc I¡tcclittttl slows tltc

corrtlr¡clio¡t ol'llc¿rl iltto lltt: tltc<lttt¡u so tlìal thc

corrtribr¡liorl of tltc ¡rtotrc, ¡lr¿tclc ol lììíìtcrial or rclativcly

lri¡¡h crlrrtltrtrivily, to tlt(: l()lal ¡lictttrc ¡rcl'si(tis lor a

rrrtrch lorrgcr tirilc tlr¿ilr irr tltc c¡tsc rvltcll tltc tttCclit¡llr itttcl

c()ntlL:l rcgitllt lttc satl¡líllc(l rvitlr higlrcr coll(ltl(ìllvlly
\\¿rtcr. I l<lrvcvcr, {ltc lt¡r¡rarcrtl ctlrltlirt:tivity ol tht:

rrrcrlirrrtt rs rì()ttsl:tttl lrtl¡rr l0() to l,(XX) st:coltcls ltlttl

crlrrvrrr:lio¡t tltlcs Ittll <lccttl rvltctltct lltc ¡rtollc it,ris is
Irorizorttal ot vcl licltl.

(a)

(b)
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l"igrrrt 19. Sllroolllttllt(()l(l:i(;r)liglll"ll'(ct'¡tlrr)lttttl(lr)lr¡¡rtrcllr(c)

l"igrrrrlll. l'ritttt¡llclotvcty:i¡ittilttil¡ll(tìlì\((lrollttittt¡1rrltrrltolrt'rt
lltirtl itl rtt( (llllllì ol Ìtltlltltt rliirtltt lct ¡llltr: lrcltrl::

tttìl)t(\( ( s\('(l t( l')l(l\

I itl, Ill sllorvs ltlt c\t¡t'tll('tltsc ol c()llv(l(ìll()lì ll\lllli
.rlcolrol rrs llrt' llrlitl, :rrrtl lt ltr¡lltt'r ¡rorvct itt¡rttf ttr;t llt¡'ltlv

¡rct tttt'lttrlc lltt'tlit¡ttt; Iri¡1. l() r;ltttrr':; tlrc ¡rttlt'trotttiltl
r'ilr \/cs lltl((l to lltt lt¡l¡l;ttcttl tolltlttt livily ¡rlot t'l l ill..

ur
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lljurc 10. S¡¡rrxrthcd rcc()rds showint¡ tlillclcrtccs bclwccn ltoriz.ottlal

und vcrlictll ¡lxis eirscs, iür(l cllc(ls oI incrc¡rsi¡rg
pcrnrcahilitv (lrolr lclt lo right) a¡rd incrcrsing
tcnrÍxrrtturc tr¡rdlcnt (¡rowcr itt¡rut), llrr lilrBrsl 8rû(l¡ctìl
bcing nssocintctl with top crrrvc, whcrc scp¡¡r¡rblc, in thc
suitc ol llrrcc.

ls

I

l0

L0Nvt.il|{ ¡,^rì^MI Illì :l

l8(b) and ljig. l6(c). tiig. 2() sttttìt¡ì¡lrizcs thc siltratiotl
for watcr saturatc(l ¡lrcdi¿ì using l¡ltnl, l,5tttnt ittttl 3nttn
dianletc¡ ¡1lass bcads (i.c. variablc irrt¡ irrsie ¡)crtr¡çil1)ility)
and trsittg 1,2 arrrl 3 walt in¡rtrts lo thc hcatcr I'tlr thc
horiz.ontal an(l vcrticirl axis cascs. As cart bc sccn, whcn
tl¡c axis is vcrtical lltr: ¿rlll;arcrtt eolr(luctivity is consta¡tt
in nrost c¿lscs f'rorn l0-1,fin sccon(ls; tltc oltsct ol'
c()nvccti()n can bc sccn in Fig. 20(c) a¡td (i). I;or tltc casc

wlrc¡r thc axis is horizonlal, thal is lhc cortclitions for tltc
o¡lsct ol'convtrctio¡l ¿rrc nlaxirni¿c(t, it ciìrì lrc sccn that
tor I watt input thcrc is t¡tll ir signilicartt f)roblcnt t)ut
I'or 2 and 3 watts in¡rut thcrc is a si¡lnificanl prohlcrn
whcn thc ¡)robc sxis is hori¿orrtal. (lottvection could n()t

bc. induccd undcr any rcas()¡ì¿rblc con(tilions for air
seluratcd mcdia.

lrrorn thcsc &rìcl ntrnìerous olhcr pxpcrirncnts, ¡rtt

cnlpirical tlin¡c¡¡sio¡rlcss ¡)ilrarìrclcr Ô, cq¡rttion (I2), carr

be dcrivcd frorn lhc work ol' Iìltlcr (1967), whiclt will
allow us lo s¡recify ¿rhcatl ol' tirlrc thc cxpcrirnctltitl
co¡rditi()ns rrccdc(l (o crìsurc tlrat tlrc r.:ritical tìr¡rdicnl rs

not cxcccclccl ¡rnd that indr¡cctl c()nvccti()tì is i¡voitlctl .

( I 2) O k/ìg{)A'5oiv(ç{ l)¡

whcrc thc paritrnctcrs a¡c us tlt:lirtctl callier.
(lsin¡1 all thc cx¡rcrirncrrt¡rl (lrta to citlt r¡littr: vitlucs

()f'll¡c corìvcction l)aranrclcr, tþ ls plttttctl vcrsus tltc lo[Ì
()f tlìc Iati() ol ¿r¡)parctìl corrcltrclivity l(ì lrtlc
cortduclivily t() ()l)lairt l'i8. 21. 'l wo e litic¡tl v¿tltrcs of tlr

can hc sccn slrclr llritl ¡ltovttlctl rvt: cltrltlst: t'x¡tctittlctllitl
conrlilions l() c¡lsutc tllal tl¡ tlocs rtrll cttcctl ltllrltll 9(X) itt

lllc cirst'fìr llrc ¡ttolrc rtxis ltoti¿oltlal ltlltl rtlrorl l5(X)

lìrr rltr ¡rtolrt' ;tris vcrlit¡tl, r'()tl\'('r'li()tt rrill ltot ltt'

ltttluccd.'lo llc pcrlcr:lly sal'c O should trc less tl¡an 9(X)

ur¡dcr aily r:o¡rdition. ln ¡rracticc thc only pararnctcr that
can bc varicd is thc p()wcr input bccausc (QC)¡, p and v

arc thc propertics of'thc s¡rtrrrating f luid, K, o. and Àu are
thc pro¡rcrtics ol thc saturlltcd ¡ncdiu¡¡r and c¡rnnot be

charrgcd if ihc l¿rboratory nlcasurcnlc¡lts arc tcl givc thc
pr()l)crtics ()l' a sl)ccir¡rcrì of ¡ìatural ¡r¡aterial; the A'
rìrust bc largc cnough to gui¡fturlcc o¡ìc radial heat flow
ovcr thc ccntral scctiorl of thc cylindrical systcrn, and g

c¿r¡l¡lot bc changcd.
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l'l0l ol a¡r¡r¡rr:il1 (oil(1il(li\¡ly,'lrilc t0tt,lu(tivilv ttrll()
\'('rsl|i (,)nvcflrorì l)ir':rrrìclcr (o), {)n lr l09 'rrtlc; scc

cquulitlr (ll) r¡r¡rl lcÀl N()lc clitiei¡l vulucs ()l O rt rb<x¡l
t)50 (lrorrzrrrrl:rl irrrr) rrrrtl lll(l) (rcrtrcrrl rtxir) itlrorc wllieh
(r'tì\,.(li('il \cl\ il \\tllì \t¡{(ltrìlr\ilc\:. tttttcitsitt¡ willt
i¡t, t r'¡rrirl¡i 'lr
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lrclticvctl.
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