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TEMPERATURE LOGGING AS AN AID TO UNDERSTANDING
GROUNDWATER FLOW IN BOREHOLES

John Conaway
Los Alamos Nationsl| Laboratory
Los Alamos, NM 87548

ABSTRACT

Borehole temperatures arc affected by a range of
physical phenomena, including drilling &nd engincering
procedures, thermal resistivity of the rock, surface cli-
matic changes, local heat sources and sinks, free con-
vection of the borehole fluid, and water flows inside the
borchole. As a result, temperature logs provide unique
information not available from other logs. On the other
hand, because the temperature log is scnsitive 10 a
variety of phenomena, onc or more of these may
obscure the effect being studied.

In the case where groundwater is cntering the
borchole at one depth and exiting at another depth {or
at the surfuce) the temperature disturbance resulting
from this flow i likely to be a prominen’ feature of the
temperature profile of the borchole. Because of this,
water flows in boreholes ere often & souice of aoise in
temperature logs, obscuring the features of interest.
Recently, however, unusual groundwater behavior was
noted in several boreholes at the Nevade Test Site
(NTS), and temperature logs were run as part of a
program to study this phenomenon. In this case the

roundwater flow has been the feature of interest in the
ogs, and the logs have been useful as an aid in
understanding the water flow in those boreholes.

INTRODUCTION

A temperature log in a thermally stable borehole
through a uniform gcoloﬁic formation would normally
show cusentially a straight line, with the temperature
increasing slowly with depth at a rate corresponding to
the local geothermal gradient. Changes in the slope of
this line can result from many diffcrent factors, includ-
ing the following:

(1) Variations in thermal resi *ivity of the rock with
depth along the borehole' .

(2) Surface climatic changes’.

(3) Thermal effects of dr]lling and engincering proce-
dures in the borehot: * ¢

(4) Local heat sources, such as radionuclides in the
rock or cement setting outside casing, or heat

sinks, such '1‘3 groundwater movement outside the
borehole™ " ™=,

(5) Disturbances of the borehole fluid, such as free
convection or fluid fiow in the borchole't”

(6) Distortion of heat flow by complicated geologic
structure®.

Al one time or another, temperature logs have been
used to study all of tue IBOVE factors, many of which are
also reviewed clsewhere®. Clearly, a given factor could
be considered to be cither signal or noise depending on
the goal of the temperature lumd in m&given log
scveral of these effects may be t. For resson,
temperature logs arc not as rellsbic as many of the

geophysical logging t ues. Still, temperature lo
can be very userur umvonblc condﬁlcom. and ngr:
some cases can provide unique and valuable infor-
mation,

In the case where groundwalcr s cntcringh the
borchole at one depth and exiting at another dep! irc:r
at the |urfnee{'lhc temperature disturbance resulting
from this flow is likely to be a prominent feature of the
temperature profile of the borehole. 1f the goal of the
survey is, say, to maks heat flow estimales, then the
water (low can be a serious source of noise. If watrr
flows are the subject of the investigation, however, the
“noisc" becomes the signal and the problem disappean.

Unusual groundwater behavior was noted recend
in some boreholes at the Nevada Test Site ?NTS.
While other standard geophysical logs were of little

help in ltudzlng these flows, temperature logs proved to
be very useful

SOME IDEALIZED THERMAL SIGNATURES

Some simplified examples of what an ideal tempera-
ture log might look like under various circumstances
will help itlustrate how the thermal effects listed above
can affect the log. In the lllustrations presented in this
scction, the borehole ¢nvironment is consldered Idenl
and thermally stable in cvery respect except for the one
clfect being illustrated in cach case. In practice, several



of these cffects are likely to be present in the same log,
and interpretation may be difficult or impossible. The
illustrations given here arc intended as a starting point
in visualizing these cffects rather than as a definitive
catalog. Since some thermal disturbances, such as thosc
caused by grcundwatcer flow in the borehole, are time-
dependent, a given iliustration may or may nct be
representative in a particular case. :

In Figurc 1, Curvc a shows an idcal temperaturc
survey through a uniform formation. There are no
disturbances of any kind. ‘The slopc of the temperaturc
log plotted against dcpth depends on the thermal
resistivity of the rock, and Curve b shows a log through
three diffcrent formations having three different
thermal resistivitics. Curve ¢ shows what the cffect of a
warming trend on the surface of the ground might be.
Curve 5 shows the effect of the exothermic reaction
iavolved in fresh cement sctting behind the casing.

in Figure 2, Curve a shows how a permcable zone
can appear in a temperature log in a borchole after a
period of circulation of liquid colder than the rock in
that region. Curve b shows the effect of liquid entering
the borehole in the riiddle region of the log and flowing
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Figure 1. Curve a shows a temperature survey in a thermally stable
borehole through a uniform, homogencous formation. The.e are
ho Jisturbances of any kind. l-or the ideal, stcady-state situation,
the slope of the line (thermal gradient) is proportional both to
thermal resistivity and 10 the heat flow parallel to the borehole.
Curve b shows a log through thiee different parallel, homogeneous
formations having three different thermal resistivities. The bed
boundaries are indicated by the two urrows. In the ideal cas of
constant, uniform heat Nlow parallel to the borchole and neghigibic
influence of the borehole, the measuicd temperswre gradient is
proportional to the thermal conductivity of the rock. Curve c shows
what rhe effect of a warming trend on the surface of the ground
might be,  Depending on the depth and temperature scale this
could be scasonal (penctiating a few nisters) or a long-term
chimatic vanation (penztrating hundreds «r thousands of meters
mto the ground).  Curve d shows the effect of the exothermic
tedction anvolved in fiesh cement setting behind  the caving.
Locating the top of the cement has been a routine application of
tempetature logs 1 the petroleum industiy for decades.

upward. Turve ¢ shows the effect of liquid entering the
borcholc in the middlc of the log and flowing
downward. Curve d shows the same condition as Curve
¢, but with the liquid flowing much faste:.

In Figurc 3, Curve a is ambiguous, showing either
warmer liquid entering the borehole at the bottom and
flowing slowly upward, exiting near the middle ot the
borchole, or cooler liquid entering the borehole at the
top and cxiting near the middle. rve b shows liquid
entering the borehole in the upper part of the hole and
flowing downward o cxit in the bottom part of the hole.
Curve ¢ shows what might haercn if the tool hanFs up
on the way down the hole, and then 4rops free after a
short period of time.

The temperature gradient profile of a borehole is the
first derivative of temperature with depth. Features
which are barely discernible in the temperature log
sland out clearly in the temperature gradicnt profile.
For example, the minor changes of slope of the temper-
ature log resulting from changes in thermal resistivity of
the formations along the borehole are obvious when
plotted as temperature gradients (Figure 4). The units
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Figure 2 - Curve a shows how a permeable zone can appear on a
temperature log 1n a borehole after a period of circulation of liquid
colder than the rock in that region. The permeable zone is
bracketed by the two arrows. The thermal gradient in the upper
portion of the borchole has be changed a great deal by the
citculating liquid, and the permeable zone where circulation was
lost stands out as an anomalous low-temperature reglon. If the
circalating ...quid had been warmer than the rock, the temperature
anomaly in the permeable zone would have been positive. Curve b
shows the effect of liquid entering the borehole at the arrow and
flowing upward. ‘The effect of ligule! jjuwing in the borehole can be
manifested in the temperature | )g in many ways depen-ting on flow
rate, flow direction, properties of the rock, and number and nature
of the zones of entry and exit of the liquid. Several other simple
situations wie iHustrated in Figure 2 ¢ and d and Figure 3 a and b,
Curve ¢ shows the effect of liquld entering the borehole at the
arcow and flowing downward. Curve d shows the same condidon as
Curve b, but with the liquid flowing much faster,  An actively
producing gas zone can also cause similar results, and also may
cause localized coaling,



shown on these axes are for purposes of illustration.
The offset in the temperature log resulting from flowing
water leaving the borchole becomes a prominent spike
in the temperature gradient profile (Figure 5). c
characteristic signature of water entering the borchole,
flowing aloag it, and ieaving the borchole at a lower
level produces positive and negative excursions in the
temperature gradicnt profile (Figure 6).
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Figure 3 - Curve a shows liquid entering the borehole at the
bottom and flowing upward, exiting at the arrow. Curve b shows
liquid enteiing the borehole at the upper arrow and flowing
downward to exit at the lower arrow. Cwve ¢ sthows what might
happen if the tool hangs up on the way down the hole, and then
drops free after a short period of time. The tool hangs up at the
upper arrow, but the shaft encoder continues to indicate increasing
depth for some time as cable is payed into the hole, even though
the tool has stopped. Of course. If the tool does not drop free the
situation will soon become obvic 's on the surface. in ihis example,
the tool drops free at the mom.nt (apparent depth) indicated by
the lower arrow.
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Flgure 4 - The temperature log shows three distance slopes due to
three geologic formations having different thermal resistivity. The
temperature gradient profile, on the right, is a much more sensitive
indicator of these changes in slope,
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Figure S - The temperature log shows the characteristic offset due
1o flowing water leaving the borehole. In the temperature gradient
profile this is manifested as a spike.
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Figure 6 - The temperature log shows water entering the borchole
in the upper part of the hole und flowing downward, leavir g in the
bottom part of the hole. In the temperature gradient profile this s
manifested as a positive and ncpative excursion, Under certain
(presumably unusual) conditions where watct mov.s ve tically
along cracks or joints before entering the borehole, this curve could
actually be indicating anomalously coo} water entering in the lower
pll‘l;}f the hole and flowing upward, exiting in the upper part of the
hole®*.

INSTRUMENTAL CONSIDERATIONS

Accuracy Is gencrally not a prime consideration
when it comes to many applications of temperature
logs. Onc notable exception to this s the study of
vertical heat flow in e earth,  For most purpcses an
accurncy of u few tenths Celsius is adequate. The
aceuracy specification for the work at tha NS is +/- 1 C.
‘The calibration is currently peiformed before each log,
using a bucket of water and n mercury thermometer as
the standard of comparison. Although accurnte enough



for engineering purposcs, this crude calibration has
caused somne problems in detailed comparisons of logs
run in the same hole on diffcrent dates.

The more important specifications of a temperature
logging system for the purposes described in this paper
are uscful precision and the thermal time constant of
the scnsor. The useful precision of a given system is
dctermined by the actual output precision (the number
of dccimal degrees available in the recorded
temperature rea inﬁv,) and by the thermal-equivalent
electrical noise level of the logging system in decimal
degrees. A uscful precision of 0.001 C is a good tarﬁ;:l
for precise work, and an even higher precision may be
useful in some cases. This figure sometimes generates
controversy in the logging community, but the only reaj
criterion for what is useful precision should be the
magnitude of the thermal signal compared with the
thermal noise !cvel in the borehole. Assuming that the
sample interval in the borchole is 0.1 m, and the
%cmhcrmal gradient through a given formation is

0 C/Km, the average temperature increment between
readings is 0.00) C. Since thermal noise levels at least
as low as 0.0001 C have been documented in a borehole
under good conditions®, it is clear that a precision of
0.001 éor better may indeed be useful in some cases’.

The time constant of the thermal sensor is impor-
tant because it degrades (smooths) the signal re
electrical noise is added. us, the signal strengt is
reduccd by the sensor time constant while the noise is
not affected (except for thermal noise in the borehole).
From this it is apparent that a sensor having a short
time constant will give the best log, all else being equal.
Time constants on the order of 1 s are achievable und
this is a good target. Occasionally, the thermal sensor
will gick up a glob of grcasc or mud on the way down
the borchole and the sensor's thermal response time
will be greatly increased; this can sometimes be recog-
nized by the unusually sluggish behavior of the resulting

log.

Under some conditions, accurate “stabilized"
icmperature data can also be extracted from the contin-
uous or dynarnic temperature log (that is, a log made
with the tool constantry moving) at any desired depth by
aﬁplicalicn of a simple inverse filte. to remove the
clfcct of the sensor time constant®. Suggested logging
techniques are given in Appendix A), and a suitable
filter for _an exponential response has been given
elsewhere?,

QUANTITATIVE INTERPRETATION

Historically, as ncw logging techniques are devel-
oped they tend to be qualitative in nature. Only after a
great deal of effort has been expended on development
of interpretation theory do reliable quantitative results
begin to emerge. In the case of temperature logs, the
process of making them quantitatively useful has met
with mixed success depending on the epplication, and in
pencral a qualitative interpretation is the most that can
¢ expected.

In the case of fluid flows in the borchole, attempts
to derive flow rates from the temperature log tend to be
based on assumptions the validity of which is gencrally
unknown. For this reason, no effortis being expended

at present to derive flow rates from the temperature
logs rccorded at the NTS. Some discussion of the
problem of extracting quantitative information regar-
ding flow rates and similar phenomena from tempera-
ture logs may be found cisewhere !

A CASE HISTORY

A borchole designated U4t Satellite Hole #1 (U4t-
S1) was drilled at the NTS in carly 1986; total depth
( was reaciied at 639.5 m on May 1, 1984 On June
4, was tagged at 619 m and the water level in the
hole was taggcd at 321.3 m, well above the supposed
water table in that region. The hole was blown dry and
the water level was tagged on a number of occasions,
documenting a steady rise in the water in the borehole
over a period of weeks.

Because of the presence of unusual amounts of
water in the borehole, a study of the local hydrology
was begun, inclnding packer tests, tracer surveys, and
temperature logs. Temperature logs were run by the
qrima? Ioggin% contractcr at the on June 6, June

8, and July 2, 1986. These temperature logs are shown
in Figure 7, Curves a, b, and ¢, respectively; Curves d
and e are from borehole Uedt, located some 200 m
away from U4t-51, and will be discussed later. The ste
teruperature change seen in all three runs from Uét-S
at about 320 m indicates the water level in the borehole.
An additional temperature log was run in that hole on
July 9 by another contractor, but the roise level of that
tool is too large to permit detailed analysis of the log.

The temperature logs in Udt-S1 were run while
lowering the tool into the borehole to minimize the
cxtent to which the borehole thermal environment was
disturbed by the tool. Logging spced was a slow 3
m/min. The logs were intended to be run without
stopping, but run 1 was erroncously inier-upted for
stationary temperature measurements and “ome 30 m
of data are missing between 565 and 595 ni, and run 2
was interrupted briefly at about 420 m due to technical
difficulties. As an additional difficulty, the temperature
calibrations for the three runs, performed on-site with a
mercury thermomeler as described earlier, are different
and not precisely known.

On June 6, bottom was tagged to determine TD, and
an induction log was run; both of these procedures took
place before the temperaturc log was run. Thus, run 1 is
quite noisy due to disturbance of thc water in the
borehole.

Runs 2 and 3 arc better logs than run 1, and somne
conclusions can be drawn based nn them. Looking at
run 2 first (Figure 7b), groundwater seems to be enter-
i“f th= borehole at or near the bottom. The lower 50 m
of the borchole is roughly isothermal, with irregular
tempcerature changes with depth due perhaps to mixing
of infllowing water with water already in the borehole.
‘The water appears to be flowing up the borehole and
leaving the borchole at a number of levels, indicated by
of"ets in the temperaturc profile. These ere presum-
ably relatively permcable zones, including but not
restricted to faults and fractures  An illustration of this
water movement is shown in Figure 8.
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Figure 7 - Temperature logs from U4t-S\ and Uedt. Curves a, b, and ¢ are rumil. 2. and 3, respectively, in
U4t 1. Curves d and e are runs 1 and 2, respectively, in Uedt.

Run 3 shows many of the same temperature offsets
as run 2 at the same depths, confirming that these
features are related to (ixed depths in the borehole (i.e.
probably geological features) rather than noise features
such as equipment problems or convection cells.

Some of the offsets teen in runs 2 and 3 have less
obvious counterparts in run 1, once again indicating
that these arz not noise or transient disturbances. The
bottom 50 m of run 1 is partially obscured due¢ to
missing data, but some sign of the possible vater infiow
with mixing can bc secn in the bottom 20 m. That
feature is no longer visible in run 3; some caving had
taken place in the hole between runs 2 and 3, and the
rate of wates inlow may havz becn reduced Ly the extra
mutcrial at the bottom of the hole.

Exploraticn borchole Ue”: was drilled after Udt-S1
to help understand the groundwater behavior in the
arca. Ucedt is located roughly 200 m south of U4t-S1.
‘Two tempcerature logs were run in the hole by the prime
logginig contractor, on February 19 and March 13, 1987,
Both fogs mppear to be good logs (Figure 7 Curves o
and ). Similar offsets to those seen tn the logs from
U41-S1 are scen in those from Uedt, and the explana-
tion for thesc is undoubtedly the seme in both cases.

Figure 9 shows the portion of runs 2 and 3 in U4t-S1
between 400 and 550 m (Curves a and b, rusgcctlvely).
and the same depth portion of runs 1 and 2 in Uedt
(Curves ¢ and d). is expanded view helps pick out:
the details, and some of the offsets indicating water
leaving “he borehole have been marked by arrows in
this ﬁg’;nc. Incidentally, a depth error between Curves
a and b is also apparent. Temperature gradicnts give a
still more sensitive tool for detailed interpretation.
Figure 10 shows two temperature gradient profiles from
U4t-S1; Curves a and b correspond to runs 2 and 3,
respectively, as shown in Figure 9 (Curves a and b).
"hese gradient profiles have been gencrated by
numerical differentiation of the corresponding
temperature logs, and have been smoothed with a
cosine bell filter extending over about 1 m of depth.
Curve b has been depth-shifted to remove the depth
crror mentioned above. Peaks in the temperature
gradient profile (blacked in) indicate zones where the
temperature increases rapidly with depth over a short
depth interval. Many of the prominent peaks scem to
indicate exit zones for the groundwater flowing up the
hole. Similar temperaturc gradient profiles are given
for borcholc Uedt in Figure 11; Curves a and b
correspond o runs 1 and 2, as shown In Figuie 9
(Curves ¢ nand d). In this case, some of the exit zones
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Figure 8 - Sketcl. of the waterflow situation which we may be
seeing in U4t-S1 and Uedt. Water from an overpreasured aquifer is
entering the borehole at one o1 more levels in the bottom, flowing
upward, and leaving the borehole st many levels where the
formation is permeable.

seen in Curveé a seem to have uog d taking water by
the time run 2 was made (Curve {c’l“hesc zones may
have become plugged with silt.

The suspected zones of exit of water from the
borchole secn in the temperature logs and temperaturc
gradient profiles generally correspond with electrical
resistivity lows. This scems rcasoneble. Penetration of
liquid into o dry or partially saturated formation would
be expected to lower the electrical resistivity of the
mcdium.  ‘The exit zones often rorrelate with holc
culargements as indicated by the caliper log, as well.
This also is expected, since zones of enhanced perme-
ability often are associated with faults, fractures, frinble
sones and poorly consolidated materials, all of which
are less competent than normal undisturbed rock and
s therefore susceptible to caving or washout,

DISCUSSION AND CONCLUSIONS

Temperature logs are influenced by many factors,
including thermal resistivity of the rock, geologic struc-
ture, free convection of the borehole fluid, groundwater
flows, and heat sources and sinks. Because of their
sensitivity to many factors, temperature logs are not
always useful in a given application. In studying
groundwater flows, however, temperature logs can
indicate zones of entrance and exit of the water.

The temperature logs run in Uedt and U4t-S1 were
run (o test whether the logs would be useful in studying
groundwater flow in this area. From the results

resented in this paper, that is clearly the case.

ptimum procedure was not followed in running these
logs, and the interpretations given here pre necessarily
limited in scope. For more definitive results in studying
a given hole, a study program should be set up before
the hole is complated. ¢ program would include
temperature logs run usinf fropcr procedure
(Appendix A) at regular intervals of time after the hole
is completed. Frequent water level tags can also be
useful. For more intensive study, the temperature logs
can be used to augment and help plan packer and tracer
surveys.
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APPENDIX A
OPTIMUM LOGGING TECHNIQUES

FOR HIGH-RESOLUTION TEMPERATURE LOGS

delicate and casily disrupted.
bz run properly to minimize the effect of the

The cquilibrium thermal regime in a borehole is
emperature lo%,s must
o

gging

process on the In situ temperatures. A few observations
about temperature logs and some guidelines to follow

in

2. If true formation tem

6. Runnin

running the logs are given in this appendix.

1. In general, smaller diameter boreholes will give
better temperatur2 logs than larger diameter
boreholes. Smaller boreholes are less prone to
frec convection, and the disturbing effects of the
drilling process on the borehole temperature
regime do not last as long. Also, for a given
temperature regime, the more viscous *he fluid,
the larger the borehole must Le before frec
convection sets in.

ratures are desired, the
temperature log should generally be run as late as
possible after drilling to minimize errors due to
the circulation of drilling fluid. Obviously, if the
fluid is pum?ed out and replaced or circulated
after the drilling is finished the hole will require
some time o reach equilibrium temperature.

3. The temperature log should be the first log run on

a given day.

4. The log should be run down the hole rather than up

so that the thermal sensor is entering undisturbed
fluid.

5. The log should be run in a singlc continuous pass.

The tooi should not be stopped in the borehole
until the entire downward run is complcted.

ng the log slowly helps improve precision,
espccially if the scnsor time constant is rclatively
long.

7. Accurate "cquilibrium” tempcraturc data can be

extracted from the dynamic temperature log in
somc cascs by application of a simple inverse filter
1o remove the elfect of the sensor time constant.
Tempcerature readings obtained in this manncer arc
less susceptible to crrors resulting from the ther-
mal mass of the tool thun are stationary readings.

8. F'or best results, more than onc log should be ruvn,

especially if the logs are run shortly after drilling
is complcted (within o fzw days, weeks, or months



depending on the drilling method). This allows
the analyst to discriminate more effectively
between noise and desired information. The hole
should be allowed to stabilize at least overnight
after a log before ruuning additional temperature
logs.

9. If high-resolution temperature gradients are to be

computed from a temperature log, the thermal
sensor must have ve hiEh precision and low
noise. A precision of .001 C with a noise level at
or below that figure makes a good target when
specifying temperature logging equipment.



