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TEMPERATURE LOGGING AS AN AID TO UNDERS1’kNDING
GROUNDWATER FLOW IN BOREHOLES

John Ccmmmy
LOS AJmsos National IAoratory

Ims Alamosj NM 87545

ABsnzAcr

Borchole temperatures erc afkctcd
v

a range of
physical phenomena, including drilling cn engineeti~
proccdur~ krmal rcahlivity of the rock surf- dl-
matic than cq local heat sources and sinlw free con-

kvcction of I e borchole fluid, #nd water flows iruide Ure
borchole. AS a rcaul~ kmpcmrurc logs provide uni uc

iinformation nol available from orher logs, On the 01 er
hand, because [he temperature log is scnshive [o a
variety of phenomena, one or more of LIWSC may
obscure [he effeti being studied.

In the case where groundwa[cr is entering rhc
tmrcholc at one dep[h nnd exiting st another depth or

!at [he surf~ce) [he wmpcraturc dish.rrbancc ruull ng
from this flow u likely to bc n prominen! feature of thc
[empra[urc profile of the boreholc. 130auac of thk
wa[er flows In boreholes are often c scwa of tloisc in
temperature low obscuring the fcatur?~ of interest.
Rcccndy, however, unusual groundwmcr behavior was
noted in several borcholcs ●t [he Nevad& Tcs[ SI[c
(Ml%), and temperature logs were run u part of a
program to study this phenomenon, In this caac “he

r
roundwatcr flow has ken Ihc fca[urc of Imcrcst in the
ogs, and (he logs have been useful as ●n aid in
undcrtlandlng the water flow in those borcholcs,

[NTRODUHION

A lcmpcra[urc log in R thermally s[ablc borcholc
through a uniform gcolo Ic formation would normally
show csscnliall a s[ralg t line, with lhc tempcra[urc

J;Incrcaslng do y wi[h dc th a[ a rate corrct ndlng tO
r’lhc local geothermal gra lent, Changes In I c dope Of

[his Iinc can result from many dlffcrcnt factors, includ-
ing Ihc following:

(1) Varici[ions in thcrmol resl ‘ivilv of [he rock wilh
depth along lhc boreholc’”.

(2) Surface cllrna[lc changes’.

(3) Thcrmnl effects of dr Illng and cnglncerlng procc-
1,0dures in lhc horcholl

(4) LOCIII hcnl nourccs, KUC1)ns radlonuclidco In the
rock or ccIIwm selling mlmidc cIIshIg, 01 IICII(

~r~h$c~.%tvoun~~cr movcrntii outside thc

(5) Diatufimcu of ,thc bcrrehole fluid, such as free
convccuon or flu KI flow hr t.hc brcholc””’.

(6) Dti[oflicrn of heat flow by mmplialcd geologic
s[ructurc=.

Al onc time or mmt.her, tcmpcralure IW have been

al~ rcvkwcd c,~rcw ‘=o~ ~nyof which arc
used [o study all of the a

a~,s given factor could
bc considered 10 be cit.hc; sign.al or noise depending on

Hl!l%l&CW%H&%LeY Hz%
[cmpcraturc lop arc not as raliablc as many of tic

Ul, be Wry Uscfuf U2’YK*”BPCWK%%K
gcophysial Ioggin 1

some cases cm provide unlquc and vafuablc infor-
msllon,

In the asc where groundwmlcr is cntcrirr Ihe
%borcholc m one dcpLh mnd exiting ●t amxhcr dep! or

L
Lal the surface the tempmturc dkturbancc result g

from this flow 11.ketyto be a promlncnt feature of she
[cmpcrature profile of the borchole. If the goal of she
survey is, say, to make haat flow csthnal~ Lhcn lhe
water flow carr be a serious source of noise. [f vmtfr
flows arc the subject of the Invcs.dgdom howver, dIc
“nuitcM &comes tie signal and tie problem dlsappcam,

Unusual groundwater bchavlor wu no[cd rccrnll

II
In some borcholcs at tic Nevada Teat Sl!e Ns% .
V/Me o[hcr standard geoph@cal logs ware o Iltt c
help in SIU Ing rhesc fl~ tcmpcra[urc logs proved ICI

?bc Very Usc Ill.

SOME IDIL4LIZED TtlERMAL SIGNATURES

Some shn IIficd examples of what an ideal lempcra.Rturc log mlg t look Ilkc under varlow clrcuma[onccs
wIII help Illu$lra[c how [he [hcrmal effccu Ilstcd above
con rsffcct Ihc log, In {he Illuslratlons prcscn[cd In [1)1s
scc[ion, IIIC borcholc cnvlrmrlllcn[ h consldcrcd Idcnl
nnd [Ilrrlllnll s[nblc In every rcspcc[ cxccpI for the OIIC

icffccl Iwing Iuslril[cd 111cuch cnsc. III proctlcc, scvcr~ll

1
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of [hew cl fcc[s arc Iikcl to be prcscn[ in the same log,
Land in[crprc[a!ion nlay c difficult or impossible. The

illus[rfitions given here arc in[cndcd as a slarlin poinl
!in visualizing [hcsc cffcc[s ra[her [ban as a de ini[ivc

c~[alo Since some [hcrmal cfis[urbanccs, such as [hose
fcuusc by grc.unr-iwa[cr flow in [hc borchole, are limc-

dcpcndcn[, a piven illustration may or may ntit be
rcpresen[a[ivc Ina parlicularcasc.

In Figure 1, Curve a shows an ideal Icmpcralurc
suwcy [hrough a uniform forma[ion. There arc no
disturbances of any kind. ‘flit slope of the lempcralurc
log plo[[cd agains[ dcp[h depends on [he thermal
rcsis[ivi[y of [hc rock, and Cccrvcb shows a log lhrough
lhrcc dif[crcnl formations having three diffcrcn[
[hcrmal rcsis[ivi[ics. Curve c shows what the cffcc[ of a
warmin [rend on the surface of [hc ground might bc.
Curve 1 shows [he effect of [he cxo[hcrmic reaction
i.liolvcd in fresh ccmen[ sc[[ing behind [hc casing.

in Figure 2, Cume a shows how a permeable xonc
can appear in a [cmperaturc log in a borcholc after a
period of circulation of liquid colder than the rock in
[hat region. Curve b shows [he effect of liquid entering
the borehole in [he r,iiddlc region of [hc log and flowing

TEMPERATURE -

L

Flgurr I . CUNCa shows a lrmpcr~!ure survey in m{hcrmally Itnble

borcholc through ● uniform, homogeneous formation. Tlcc,e are
tm r.lls[urbmrcc!of mry kmcl. I.01 the idcat, Ilcady.Ilalc AIdon,
the slope of the Imc ([hcrm!il grndicnl) is propor!lorml IWh 10

fhcrrnal rcsmtwlty nnd 10 Ihc heat flow parallel 10 Itw borcholc.

(~urw b shows a log fhrough [hi cc cfifferen( lraraflcl, hcrmogcncoui

fu(ma[mns havmu fhrcc ddfcrenl tbcrmnl IcsIsIkrIlcL The brd

Irouncfancl arc incllcalcd try Ihc !wo urfuw~ In the ideal ca.w Or
crrnslirnt,uruform brat flow parrdlcl ICIthe bolchrdc and ncglIgddc
influence of the Iwrehulc, Ihc mc IsuMJ lcmpclmu~e grdtcnl Is
pruporlmrud 10 Ihc therm.d conductw~tyof the rnck (,hw r show

wllal Ill? cffccl crf ● wtrrnlIIH trcml on the mrfacc of Ilk ground
mlghl bc I)cpcndlng nn IIIC clcplh and Icmlwrmurc wale lhis
could Ix SCA301MI (pcncl IJli N# J fcw n~:lcrs) or a Iung.lmm
cllmnlic VOIInlIUIl (Iw[lslrullllg hundIerJs { r l!mu,MIlL3 of mr-lrtrn
Illltl IIIC Ertmnd), (’urw d *llt~ws the effect of Iilc CXu(hcr mlc

ICAIIOI1 Illvl)lvcd Ill IIcsh Lclllclll wlllllg Iuhlnd Ihc Ca!llln,

l,(KJtlllg IIIC 1o11(If tll~ CCIIICIII Ilil!+ IICCI) n roullllc al)~)llc~llllll ,If

lcmlwtOlllIr IIIH$II) Ilw lwl Itllrtl In lIItllt IIIy f(li drcmlr!,

upward. Curve c shows the crfcct of liquid entering the
borcholc in [hc middle of the log and flowing
downward. Curve d shows the same condition as Curve
c, bu[ wi[h [hc liquid flowing much f~[ci.

In Figure 3, Curve a is ambiguous, showing ci[hcr
warmer Ilquid en[crin

f
the borcholc at the bottom and

flowing slowly upwar , exiting near lhc middle of the
borcholc, or cocdcr liquid cntr.rin the borchcdc at the
[crp and cxi[ing near the middle. h IWCb shows liquid
en[cring [he borcholc in the upper part of the hulc and
flowing downward 10 cxi[ in the bottom part of the hole.
Curve c shows what might hap n if the tool han s up

r Fon lhc way down the hole, an then drops f(ee a t:r a
shor[ period of [imc.

The Iempemfum gmdient ptwjik of a brcholc is the
first derivative of temperature with depth. Features
which arc barely discernible in tic tern

r
ralurc log

sland out clearly in the tcmpcraturc gra icnt profile.
For example, the minor changes of slope of the temper-
ature log rcsultin from changes in thermal resistivi of

‘i 1the formations a ong the borehole arc obvious w cn
plotted as Icmperaturc gradients (Figure 4). llsc units

,

TEMPERATURE _

(4
d

k’lgurr2- Curw a thow how a pcrme~blezorwcan●ppear on I
tcmpcrn!ure log m I burehole rifler a pcdd of circulation of Ilquld
culdm Ihan Ihc rock In that region, The ~rmcablc zone h
blacketedby the two ●um llu ttwmal gradient hr ttrc upper
porlion of Ihc borcholc has be changed a Srcal deal by tbc
chculuIIng liquid, and the perme~ble zorK where circulation WIM
Inst Mirnds oul as an ●mmaloun Iow.tempcrmcre region. If the
circdlaltng .,.@l had been warmer *hM NW rock, the fcmpcrsturc
nnurnrdyin Ihc pcrmcd]le zone would have been poshk Ccuvcb
showsthe cffcc! of Ilqulrl cnfcrlng Ihc Lrcrreholcal the arrow and
fluwmb upwtird. IIIC effect of Iiquld Iluwln: h fhe borcholc can hc
mnnl(rslcd I!l lhc Icmpcrrilure I jg In mfiny ways dcpcn:tlng on flow
ralc, flow dircclkm, prupcrllcs of the rock, and numlwr m-l na[urc
nf tlw 7,111Mwuf r!nlry mld exit of the Ilqtcld, ,Scvcral other simple
wtuafinn! IIIC lllusfr~tcd ~nl:l~wre 2 c and d and I:lgurc 3 a mndfr
(’IMW c shnw:, Ihe cfhxl of Ikluld entcrlng IIK burchulc al fhc
nlr!~w tind llIIwlnM downward, (imv d Ihwwsthe anrrrcomdillwt n!
(’Imvr h, hut wirh lhr Iklnkl tlnwinfl much fnslcr, An n~rlvrly
~11(),111(111~~;II 7,tlllr (1111als(j CJI15Csitllil~r Icsul(s, nml nlu) nl:ly

{Jllu llr44111/r(l ((),lll,lp,

2
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shown on Ihese axes arc for purposes of illustration.
The offsc[ in the lempera[urc log resulting from flowing
water Ieavine the borcholc becomes a rmomincm s~ikc
in [he lcmp&ature gradien[ profile (~igurc 5). ‘Tk
characteristic signature of water entering the borehole,
flowing along it, and leaving the borcholc at a lower
Icvcl produces positive and nefja[ivc excursions in [hc
rcmperalure gradicn[ profile (Figure 6).

TEMPERATURE +

L

Ftmme 3 . Cruw a shows Iiauid cnterina the borehde -t the
bo;tom nnd ffowing upward, ~[in# ●t the ‘mm. CumS b Aowi
Ilquid enwl ing Ihc borehcrlc at the up~r mow and ll~ng
downward 10 cxif m the lower arrow. CUWCc shm what might
happen if he foal hangs up on the W8Y down tb hale, d fhcn
drops free afrer a short perlad of firm. The Iod ~ up m [he
upper mow, but IIw shaff encoder continua 10Indlcatcincrcdng
dcpfh for some !ime u cable Is paycd into the hole, even though
[he mot hu stopped. Of COUM, If the tad dma rmt drop free the
si(ualion will soon become obvic .s on the surfxe. in M csamplc,
fhc Iool drops free S( the mom:nt (appsrent depth) Indkafcd by
lhc lower arrow,

TEMPERATuRE(c) T, ORmNT (C/Km)

Figure 4. ‘IINJ lcmpera[urc IOEshow three dhtnnce dopes due IU
III;CC Ecologic forniallrms havkg dlffcrcnt lhcrmd rcdsilviry llw
lcinpernlulc grndlctll ptofllc. 1111Ihc rlgtn, h n much more scndllvc
Hl(lkllor of Ihmc clliulgcs III dope

TEMPERATWIE (CJ 1. ORAOENT (C/Kml

Fisure S . The tcmpxanrrc log b the clumtcristic of Mdue
[O flowing water Icaving the borchdc. In the tCOC~aNrCUsdkn!
proftlc lhla Is manlhmfed us tpike.

TEMPIERATLRE (C) T. GRAO&T (C/Km)

Flgura 6. T?K Iemperaturc Icg ~ water entering tlw borehole
In the upper part of tlw hole mnd ftcwi~ domward, ksvlrs In the
bottom part of the hole, [n Ihc Icmperarure @lent protlte Ihk h
mmdfeslcd as # posltlve mld nc~atlw acursion. Urrdei cmtaln
(presumably unusual) condltiom where water m~x vc tlcally
atong crwks or joints &fore cntcrirtg the lmrehole, M CUWecould
&xudly Lw Indldng nnomdously cool waler enter-1~ in the lower
part of the hole mid flowing upward, csidlw In the upper part of the
holc22.

IN,STRUMI?NTAL CONSIDEWTIONS

Accuracy Is gencrolly not a prime consideration
when i[ comes [o mnny applkntioim of [emperalurc
logs, f)nc rrotnble cxccption to this Li ?hc study Of
Vctlicnl IICII( flow ill illc enrlh, For most purpcwr an
nccurucj of u fcw Icmhs Celsius is ode uatcc

1
Illc

nccurzrw spccificntiorr for [IIC work nf thm N“ S is +/. 1 c.
“IIIc crrlll)rnticrn is currcnlly pc;for’med behm ench log,
using o huckcl of wn[cr nnd n mcrcuiy Il!crnmncter ris
the stnl~(l;lr~l of cfmll)nrison, Although nccurn[e enmq.jb



for engineering ptirposcs, [his crude calibration has
caused some problems in de[ailcd comparisons of logs
run in [he same hole on different da[es.

The more importan[ spccifica[ions of a temperature
logging sys[cm for the pur oscs described in this paper

rlare useful precision and [ s [hcrmal time constan[ of
[he sensor, The useful precision of a given system IS
dcternlincd by the actual OUI U( precision (the number
of decimal dc rces faval able
tcmpcraturc rea in ) and by the thermal-equivalent

f f f“ ‘; ‘he “ ‘cm~’dclcclrical noise [er,e of the 10 mg s tcm m declmcrl
degrees. A useful precision of .001 is a good tar et

%for recisc work and an even higher precision may c
1’use UI in some eases. This figure sometimes generates

conlrovcrs in lhc logging community, but the only real
?criterion or what is useful prccislon should bc the

magnitude of the thermal signal eomparcd with the
thermal noise !cvel in the borchole. Assuming that the
sample interval in the borchole is 0.1 m, and the

f
co[hermal gradient through a given formation is
O CYKrn, [he tiverage tempcraurrc increment between

readings is 0.001 C. Since thermal noise levels at least
as low as 0.0001 C have been documented in a borchole
under ood condi[ions~, it is clear that a precision of

80.001 or be[ter may indeed be useful in some e.ases3.

The [imc constant of the Ihcrmal sensor is impor-
[an[ bc~use it degrades smooths) the signal m
electrical noise is added. L Yus, [he signal stren~t is
reduced by the sensor time constant whdc the noise is
not affec[ed (except for [hermal noise in the borehole).
From this it is apparent lha[ a sensor having a short
[ime constant will give lhc best log, all CISCbcm equal.

tTime constants on the order of 1 s arc achicva Ie and
[his is a good tar cl. Occasionally, the lhcrmal sensor

iwill ick up a glo of grease or mud on the way down
1![he orcholc and the sensor’s thermal response time

will be greatly increased; [his can sometimes bc rceog-
nizcd by [he unusually sluggish behavior of [hc resulting
log.

Under some conditions, accurate “stabilized”
tcmpcraturc data ean also bc extracted from the condn-
uoru or dynamic tcm crature log (that is, a 10 made

f’ twi[h the tool constant y moving) at any desired epth by
a Iica[icn of a simple inverse filtc, to remove the

Wc cct of [hc sensor time constant ‘. Suggested lowing
lcchni ucs arc given in Appcndi.x A), and a su~table

?filter or an exponential response has been given
clscwherez’,

QUANTIT.ATIVE INTERPRETATION

Ilistorically, m ncw logging techniques arc dcvcl-
opcd they Icnd 10 be qualikrtivc in mrturc. On] aflcr a

/grc;lt deal of effort has been expended on dcvc opmcnt
U( intcrprc[ation [hco do reliable quantitative results

7hcgin 10 cmcr ~c, [n t c cmc of tcm crature logs, the
h rprocess of mil ing !hcrn quanlitulivc y useful has mel

wi(ll n)ixcd succcssdepending on the rpplieation, rrnd in

f
Icllcrirl n qunli[u[ivc In[crprctn[iorr is the most thn[ crin
K Cxpcclcd,

Ill the cmc of fluid flows in the borcholc, ot[cmpts
[{) derive flow r:l[cs froltl [hc Icnrpcrn[urc log tend [O hc
l~:lwd t)il :ls~ulllplions Illc vnlidil t)f Which IS gcncrnlly
ul)kllowl], /l:(~r this rcmx)n, no c for[ is hcing cx[mndcd

a[ present to dc(ivc flow rates from the lcmpcraturc
logs rccordcd a[ the NTS Some discussion of the
problcm of extracting quantitative information regar-
ding flow ra[es and slmllar phenomena from tcmpcra-
[urc logs may bc found ckcwhcre’OJ’-.

A CASE HISTORY

A boreholc dcsi natcd U41 Satellite Hole #l U4t-
{ iS1 was drilled at t c NTIS in early 1986; total cpth

A$& was rcatilcd at 639.5 m on May 1, 19Wi. On June
was tagged at 619 m and the water Icvcl h the

hole was tagged at 321.3 m, well above USCsu posed
water [able m that region. llc hole was blown & and
the water Icvcl was ta~cd on a number of oasions,
documenting a steady rrsc in the water in the borcholc
over a period of wccfrs.

Bc~ausc of the rescnec of unusual amounts of
fwatc~ in the borcho c, a study of the loaf hydrology

was begun, ine!tldin packer tes~ traecr ctswe~ and
tcmpcraturc logs. # cmpcrature 10 were run by the

F&
f~;Y;;l~lglt%&?;~~ratb2+?~;;fi
in Figure , Crxvcs a, b, and c, rc+cctlvc y; Curvca d
and e are from borchole UC44 located some 200 m
away from U4t-S 1, and will bc diseusacd Inter. T’hc stc

r
tcm raturc than c seen in all three runs from U4t-S

J
f

at a out 320 m in ieatcs the water Icvcl in the boreholc.
An additional tcmpcraturc 10 was run in that hole on

iJuly 9 by another contractor, ut the noise Ievcl of that
tool is [00 Iargc 10 permit detailed analysis of the log.

The tcmpcralurc logs in U4t+l were run while
Iowcring [hc tool into the borcholc to minimize the
cxlcnt to which lhc bGrcholc thermal environment was
disusrbcd by the loot. Imggin speed was a slow 3

c?rn/min. The logs WC{C intcn cd to be run without
stopping, but run 1 was erroneously inier wptcd for
stationary tcmpcraturc mcasurcmcnts and ‘,ome 30 m
of data arc missing bctwccn 565 and 595 m, and run 2
was interrupted brlcfl at about 4-M m duc to technical

Jdifficulties. As an ad ilional difkrrl[y, the tcmpcraturc
calibrations for the three runs,

E
rformcd on-site with a

mercury thcrmomclcr as dcscri d erwlier, are different
and not precisely known.

On June 6, bottom was ta cd to dctcrminc ‘ID, and
Yan induction log was run; bot of thae procedures took

place before the tcmpcraturc log was run. llm~ run 1 is
quite noisy duc to disturbance of the water In the
tsoreholc.

Runs 2 and 3 arc better logs than run 1, and some
conclusions ean bc drawn boscd on them, Looking at
run 2 first (Fi wrc 7b), groundwatcr seems to bc enter.

?
$in ths borcho c at or near the bottom, The lower 50 m

o the borcholc is rou hly isothermal, with irrc~ulnr
!tcmperu[urc chnngcs wit I dcplh duc perhaps to msxing

of inflowing water with water already in the boreholc.
“IIIc water ilppci)rs to bc flowing u the borcholc anrl

rIcnving the borcholc at a numlrcr o Icvcls, hrdieatcd by
o~scts in the [cmfmrnturc profile, These Prc rcsum-
uhly rcl:l[ivcly pcrnlcilhlc zones, including { ut not
rcslrictcd to faults unr.1fructurcs An illustration of this
wn[cl movcnlcnt is shown in I:igurc 8.

4
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TEMPERATURE (C)

FIsure 7- Temperature logs from U4!.S1 snd Ue4t, Curia Q b, and c are rum 1, Z and 3, rcspcctwcly, In
u4r :1. CU/WJd Ud#UCnlN 1 urd Lrc5pccrlvcfy, hrlJc4t.

..—.— —-—
Run 3 shows many of the same temperature offsets

as run 2 al the same de w arnfiiing that thcac
Jfeatures are related to ~IXe depths in the borehole (l.c.

probably geological featura) rather than nolx features
such as equipment problems or convection CCIIS.

Some of the offsets men in rum 2 and 3 have Icw
obv~ous counterparts in run 1, once again indicating
thtrl Ihesc ar: not noise or transient disturbances. The
bot[orn 50 m of run I is partially obscured due to
missing data, but some sign of the

l%’
ssible water Inflow

wi[h mixing can Ix seen in the rtom 20 m, That
fcti[urc is no longer wsiblc in run 3; some caving had
t~kcn lace in the hole bctwccn runs 2 and 3, and [he

rra[c o watt; inflow niay have been rcduccd by [he cx[ra
mutcridl ut [hc bo[torn of the hole,

fixploraticn borchrrlc Uc~: was driltc(l after U41-SI
10 help undcrstarrd the groundwatcr behavior In [hc
nrcir. UC4[ is located roughly 200 m south of U~[-S 1,
‘IWO tcmpcrnturc logs were run In Ihc hr)lc by the prime
10 ili contractor, on February 19 and March 13, 1987,

4P ,yllm 1 ogs np cnr to be good logs (l-’i~ure 7 Curves d
iIIId e). Sirll nr of fsc[s to !hosc seen In the l~~gsfrom
[J41-S ! nre SCCII ill [hose f’rom lJc4t, nnd the cxplon:l -
!ilm lt~r these is undo~lhlcdly the snmc in both t’nscs.

Figure 9 shows the–~~ion of runs 2 and 3 in U4t-Sl
between 400 ●nd 550 m (Curves a and b, ri’s
and the same depth

-#
rt,on of runs * and ~iil$~~;

(Cuwcs c and d). is expanded view helps pick out
the details, and some of the offsets Indicating water
Icuving ‘.hc borcholc have been marked by arrows In
this fi urc. Incidentally, a depth error bctwccn Curves
a and % is also apparent. Tcmpcraturc gradients give a
still more scrrsmvc tool for dclailcd inter rctation.

Y’Fi urc 10 shows two temperature gradient pro Ilcs from
%U t$l; Curves a and b correspond to runs 2 and 3,

respcclivcly, as shown in Figure 9 (Curves a and b).
‘:l]csc gradient profiles hrrvc been gcncra[cd by
numeriud differentiation of [hc corresponding
tcmpcraturc logs, and have been smcrdhcd with a
cosine bell filter cxtcndln over about 1 m of d~p[h.

%CUrvc b has been depth.o Ihcd to remove the depth
error mentioned above, Peaks in the tcm craturc

J
rgrndicrrt profile (blacked in indicate zones w Icrc lhc

tcrrrpcralurc incrcascs rapi Iy with depth over a shurt
dc th Irrlcmd, Many of the prominent caks seem to

f fiin icatc CXII zones for the groundwvrtcr owing up the
hole. Slmilnr tcmpcrnturc gradient profiles nrc given
for hr)rcholc Uc4t In N urc 11; Curves a rrmf h

!corrcspomf to runs I rrm 2, rrs shown ill Fiflulc 9
(( ’llwcs r Ilmf d), In this cnsc, wwnc of the cxil 7.(mcs
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Figure S . Skctcl, of the wmtiow d-nrafion whkh we nrq be
seclng In U41-S I snd Uc4t. Wucr fromanwcrprcsmxedaquifer Is
enfcrlng the borchotc at one oi more levels In tlw bottom, fl~
upwsrd, snd Icsdng the borcbole M many -Is where IM
formation h permeable,

seen in CUNC–ti ‘-o have tto
ly

d taking waler by
lhc time run 2 was made (Curve , “ficsc zones may
have bccomc plugged wi[h silt.

The suspcc[cd zones of exit of water from the
borcholc seen in the tcm cra[urc logs and tcmpera[urc
grndicn[ profiles

-1-l!
t’cncra Iy correspond with electrical

Icsislivi[y lows. is seems rcason~ble, Penetration of
liquid in[o u dry or partially sa[uralcd forma[ion would
bc cxpcctcd kr Iowcr [hc electrical rcsls[ivity of the
nlcditln~, “Ilc cxif zones often correlate with hole
di)liit~~tl)~i)ls M indicn[c(t by the caliper log, ns WCII.
‘Illis ;IISO is cxpccIcrf, sirrcc zones of cnhrmccd pcrmc.
ill)lli[y O(ICII nrc wxocirrtcd with faults, frnc[urcs, frinblc
/.tJncs und p[mrly consolida[cd mntcrinls, nll of which
;Irc ICSS ~(~lllpclcll[ [I)iitl nt)rrn:d undis[urbcd rock IIIId
:IIC Illclcft)lc susc.cplihlfi f{) cnviog or wiisbo(ll,

D1SCUSS1ON A.ND CONCLUSIONS

Temperature logs arc irrftucnccd by many factors,
including W,errnal rcsistivi~ of the rock cologic struc-

%ture, free convection of [hc borcholc flui , groundwater
flows, and heat sources and sinks. Bccausc of their
sensitivity to many factors, tcm~eramrc logs arc not
always useful in a

f
ivcn applwrtion. In studying

groundwatcr flows, owcvcr, [cm rature logs can
Yindicate zcrncsof entrance and exit o the waler.

llrc temperature 10 s run in Uc4t and U4t-Sl were
frun to test whether the O$Swould bc useful in studying

groundwatcr flow in this area. From the results
rcscntcd in ibis paper,

6
[hat is clearly the case,

ptimum roccdurc was not followed in running these
{logs, and t e inter retations given here ~rc nccewarily

limited in scope. { or more dcfrnitivc results in stud ing
{a given hole, a study pro ram should bc set up be orc

the hole is complctcd. h c Program would include
ternpcraturc logs run usin

f!
roper proccdl~rc

(Appendix A) at regular intcrvas o time after the hole
is completed. Frequent water Icvel tags can also bc
useful. For more intensive study, the !cmpcraturc logs
can bc used to augment and help plan packer and tracer
surveys.
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Figure 10 . A por[lon af the tcmpmaruregrsdirntprofiles from
U4t-Sl. The curve on the Iefl is rmi 2, and the curve on he righf Is
run 3. The peaks (blacked In) corrupond 10 Itrc Iempcrmwe
offscls seenin figure 9.
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Ffgum 11 - A portion of tk tempcmrurcgmdlerrt protlka from
Uc4t. Tlw cuwc on Ibc lift Is run 1, and W curve on the right is
nrn 2. The peaks (Wcked In) axmsporrd to fhc tempcmture
offscls -n In figure 9.
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APPENDIX A

OFHMUM LOGGING TECHNIQUES
FOR HIGH-RESOLUTION TEMPERATURE LOGS

l%c equilibrium thermal re ime in a bcsrchole is
delicate and easily disrupted. +

r
em raturc 10

Y
must

12srun properly to minimize the e ccl of the o~ing
process on the m situ temperatures. A few obsemzmons
about temperature logs and some guidelines to follow
in running the logs are given in this appendix.

1.

2.

In general, smaller diameter f%srcholcs will give
better temperature logs than Iar er diameter

!borcholcs. Smaller boreholcs are ess prone to
free convection, and the disturbin effects of the
drilling

(t’
Frecess on the borcho e temperature

regime o not laN as long. Also, for a ivcn
8temperature regime, the more vitcous !he uid,

[he larger the boreholc must be before free
convection sets in.

If true formation temperatures are desired, the
[empcrature 10 should generally be run as Iatc as

i #jpossible after rdlin to minimize errors duc to
[hc circulation of drl Iing fluid. Obviously, if the
fluid is pum cd out and replaced or circ!Jlatcd

7af[er [he dril ing is finished the hole will require
some time [o reach equilibrium temperature.

3. The, temperature log should be the first log run on
a gwen day,

4. llc log should be run down the hole rather than up
so that the [hcrmal sensor is entering undisturbed
fluid.

5. The log should be run in a single continuous ass.
[me 100i should not be stoDDed in the bore OIC

6.

7.

until [he entire downward rum”is completed.

Runnin
!

[hc log slowly helps improve precision,
cspccm Iy if the sensor time constant is relatively
long.

Accurate “cquilibriurn” tcmpcraturc dtitn can bc
cxtrirclcd from the dynan]ic temperature 10

?
ill

some Cilscsby’ ap Iicntion of a simple inverse Il[cr
f10 remove the c feet of the sensor [imrc cons[an[,

‘I”cnlpcrislurc readings obloincd in [his milnncr irrc
Icss susceptible to errors resulting from Ihc thcr-
nl:Il mnss of the [001 [htin are sta[ionnt-y readings.

I:or bcsl results, more thsrrronc log should bc rlln,
cspc~iillly I( the ION urc run shortly nftcr drilling
is complc[cd (wilhln o few dirys, weeks, or months



d~p~ndin~ ‘o=d;illin~ method). This allows
the analys[ to discriminate more effectively
between noise and desired information. 71’Ie hole
should be allowed to stabilize at least ovemigh[
after a log before ru,ming additional temperature
logs.

9. If high-resolution temperature gradients are to be
computed from a tempcr~turc Io& the thermal

~~~r ~’$~~n ~~!i~hw~~?z.~r$~~~

or below that figure makes a good target when
specifying temperature logging equipment.

!)


