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TNTRODUCTION
Stibsurface temperature data recorded in ths rovtine testing of wells

drilled for petroleum can bz used to:dentify areas which mav contain notential

geotnermal resources.

The Earth Science Laboratory is enganed in a systematic studv of gil and
qas well temperatures ahtained from a file nrenared by Petroleum Information
Corporation of NDenver. Temneratures annearing in this file are those ahtained
in the following well test cycles: (1) Initial Potential tests, (2) Formation
tests {drill stem tests), and {3) Production tests, The file lists
tamparatures recorded in stich tests in the western !nited States since
Necember 31, 1954. Fiaure 1 shnws the area covered by the search. Thermal
measiraments are not on file from several of the states. MHearly 7,090 wells

with temneratures and associated depth anpear in the file as 1isted in Table

1.



Tahle 1

dells ratriayad i1 the Datrnlerm Informatinon Snraarating tharmal gparch

by states,

state "o, of Hells  State Yo, nf Mells
Alaska 9 Harth Daltnta 500
Ariznna 1s Nysnnn L
Falifarnia d St Nakata 71
Colarada 1,na7 Texas 247
Tdahn ? It ah 101
“Inntana 1,053 dashinaton n
Hoyada 19 Heeminn 2,163



The Petroleum Information file contains only a small percentage of the
we]]'@moeratures available. In the conterminous western states and Alaska
there are approximately 159,000 wells comnleted since 19A4 in which bottom
hole temneratures have been recorded in geophysical loqqing. In Utah over
1,100 temnmeratures from geophysical logs have been added to the Petroleunm

Information values. This is a five-fold increase in data points here.

This investigation was undertaken to evaluate the possibility of
discovering clues to the location of unidentified geothermal systems by
examining thermal data from oil wells. It is probably that many geothermal
systems have remained undiscovered because of lack of obvious surface
evidence. Renner and others (1975) believe this to be the case with

water-dominated systems.

Higher than normal temperatures in 0il wells might be exnected in the
following situations:

1) Where faults extend to depth and provide routes for the ascent of
fluides heated in the geothermal gradient.

2) Where there is an anomalous concentration of heat at the base of
the crust (Diment and others, 1975).

3) Beneath layers of low thermal conductivity material.

4) Above basement rocks that contain moderate or high concentrations
of radioactive minerals (Combs and Simmons, 1973).

5) In the presence of hiqgh level magma chambers (Smith and Shaw 1975).

6) In geopressurized areas.

7) VWhere exothermic chemical reactions are takina nlace in the earth (Ebpj



{2222).

Neep circulation along faults may produce large thermal anomalies
relatively near the surface which could b detected in nil wells., Whers heat
is transferred solely hy conduction, thermal anomalies related itn radionanic

heat, magma chambers, and sources near the hase nf the crust, tharmal

anomalies may be more subtie, and it has heen usual to rely unnn more accnrate

temnerature measurenants to detect them.

01 and aas welts are dArilled in porous rock nf sedimentarv hasins where
hvdrology is bound to be a significant factor in hottom hole temneratures and,
with the aid fo water in heat transoort, thermal anomalies may be found

considerable distances from ths heat source.

Temneratures are taken aver a wide range of denths in petroleun
explorations wells and it is the usual nractice to nresent such data as
gradients; each gradient beinag calculated over the interval from the surface
to the point of measurament., As emnhasized by Birch {19474}, the nrincinal
variables affecting tamnerature gradient in the outer:alvers of the crust are
thermal conductivity and water movament. Hence a aradisnt man rdoes not
arovide much information ahout the fundamental auantity, heat flow, This is
not a serious disadvantaage if the targets souaght are water-dominated
hydrothermal convection svstems. Also, elevated temneraturss resulting from a
hiagh thermal conductivity insulating Jayver mav arovide the extra margin

necessary for enesrqy extraction,



BHT's in THERMAL STUDIES

A1l temneratures in the Petroleum Information file are listed as BHT's
{bottom hnle temveratures) although they ars not alsways taken at the bottom
of the hole. Termneraturss ohtained from geophvysical 1oags are also called
BHT's. These are measured with maximum-reading thermometars in lonqing tools
and are assumad to be the temmerature at the bottom of the Tngqed interval

which may or mav not he at the hottom of the hole.

The BHT's measured jn initial potential, formation, and oroduction tests,
as well as those recovered in geophvsical logqina, are nnt actual formation
temperatures unless the well has heen static Tong enouqgh for the borehole and
adjacant formation temperatures to stablilize, If taken immediately after
drillinn, the measured temmerature may differ from the actual formation
temneratura by as much as 4500 (Timkon and Fertl, 1972). YHowever, an
exnonential femnerature adjustment heains with the cecessfion of drillina fluid
circulation, and the time renuired to Tower testing eauinment into the hole
allows for an annreciable adjustment, narticularly if the temnerature is taken
at the hottom point nf the hole. The thermal disturbances responsihle for
this instability have a number of sources; the most important, over the ranne
nf denths considered here, is the effect of circulating drillina fluid which
tends to cool the lower narts of the hole. Lachenbruch and Breweyr (1959)
annroximated these disturbances with a constant line heat source in a uniform
infinite medium and found a solution for true formation temnerature at a fixed
denth as a function of time. A nmumber of investiqators have used this
relationship ta correct 84T's for calculating genthermal aqradients (Evans and

Coleman, 1974; Dowdle and Cohb, 1874 Srisafi and others, 1974; Timko and



Fertl, 1972},

In the Reconcavo Rasin in 8razil, Carvalho and Vacquier {1977) used
uncorrected BHT's from electric Toas to calcutate gradients and heat flow.
They recommend that in future wark of this Xind an attemnt should he marde to
correct BHT's far disequilihrium conditions using time considerations. Thay
sungqgest that the heat flow difference Fhev calculated for various 0il fields

o . .
in the Basin are related to the denth a hasament producing radionenic heat and

the npresence of shale diapins,

Schoeppel and Gilarranz (1966) used temperatures from electric logs to
pranare a qradiant map of Oklahoma. They state that, hv judicious selection
of data from logs, temnerature measurements can hs exnected to he within R
nercent of the formation tempnerature. They oicked temneratures taken as lona
as nossihle after the circnlation of drilling fluids had ceased and tnok the

last recorded BHT's of very deep wells in which multinle loqs hard hean run,

In 1975, the American Association of Petrolaum fenlogists, in conjunction
with the ). S. Geoloaical Survey, published a Geothermal aradient man of North
America. This man was constructed from temnerature data in over 25,000 wells
after the rejection of discordant values and usinng standard filterina and
smonthing procedures., This is a regional man from which 1ocal anomalies were

intentionatiy eliminated, Xehle and aothers (1970},

Data of the present study, hoth from Petroleun Information and
teonhysical logs, do not include information necessary to correct BHT's with

time factors as outlined by Lachenbruch and Rrawer {1859) nor is it nossihle



to select temneratures which have closely apnroached equiblibrium as did
Schoeppel and Gilarranz (1966}, A1l temneratures considered in his
investinqation are uncorrected values. Discordant data have not heen
eliminated since discovering local anomalies is one of the major obiectives of
this study. Siqgnificant errors are sure to exist, not only due to thermal
disequilibrium but to poor ojl-field measuring techniques as well, but

substantial uncertainties can be tolerated in the ssarch for Toarqe tocal

anomalies.

ELK BASIN COMPARISOM

HeasTer {1978) has nublished some reliable downhole temperatures from the
Elk Basin oi) field in northwestern Wyomina. These temnerature measurements
were made after the wells had essentially attained thermal equilibrium. They
were taken at discrete intervals of 5 and 10 meters, from the surface to a
maximun depth of 1,772 meters, in five 01 wells. A stratigranhic interval
from the Upnar Cretaceous (laggett Formation to the unper part of the

Mississinnian Madison Formatinn was covered,

The Petrolewn Information file contains 23 femneratures in the £1% Rasin .
field and an additional 20 in the nearhy Silvertip and Silvertin South fields,
Figqure 2 shows the oil fields which nrovided the Petrolemm Information data

and the locations of wells tested by Heasler,

Figure 3 shows a nart of the stratigraphic column at th £1k Basin field

and the stratigqranhic tocations at which the 43 Petroleum Information

tempertures were recorded. 1n some cases drill stem teost intervals overlaaned /

formation boundaries as shown in the fiqure.



Fimire 4 is a depth plot of the file femneratures in Flk Basin, Silvertip
and Sitverti South oil fields, Selected temperatures from three wells tasted
by Heasler are also shown here, The least squares fit of 43 Petroleum
Information temperature-denth values has a slope of 21.10C/km. The denth
ranne tested by Heasler covers very little of the denth reqion of Petroleum .
Information temperatures but, from Figqure 3, it annears that reqression
analvsis nrovides a fair approximation of the true qradient over this

interval. At the time of measurement, the Petroleum Informatinn temneratures

had not eauilibrateiand are thus Tower than thase nf Heasler,

DATA HANDLING

Gradients to surface were calculated for all wells usina as surface
temnertures the climatic division averages nuhlished by the Mational Oceanic
and Atmospheric Administration 91974). Such surface temneratires can nroduce
reasonahly nood gradients to the surface if the points of femperature

measurement are at aponreciable depths (Heasler, 1978, n.89) hut, for shallow

3

tamperatures, aradients are ususallv excessivaly high., Fioure &) comniled
from well temeratures in Utah, illustrates this. In this fiqure temnerature
qradients, averaged over 100m intervals, are plotted against denth., The hiqgh
gradients noted at shallow denths could result from usina surface temneratnreas
too Tow in value. It mav be that the average atmosnheric temperatures are
Tower than the averaas qround surface temnertures. This is sneculative, hut \\\ Li
H
an insulating laver of spow in winter, for examnle, would cause the around to j

£
-

be substantially warmer than the air.

The intraduction of heat into a borehole by drillinn fluids will have an

effect on the thermal aradient calculated from the surface. The temnaratures



of drilling fluid is mare 1ikely tn be related to the seasonal surface
tamperature than to the mean annual temperature. Seventy-three thermal
gradients in ttah to denths of Tess than 500 meters were comnared with ths
seasons in which they were measured. There is & correlation hetween seasons
and averane gradients as §hown ot Finure ééhut averane qradiants, even for the
coldest months, are all anomalously high. Heat generated by the friction of
drilling and the daformation of drill rod is generallv insianificant (Bullard,
1947, and tachenbruch and Brewer, 1959).

4
In Figure #, thermal gradients appear to have stabilized at a uniform

valua of ahont 220C/kn near 1,800 meters. In Htah, if only temperatures from
depths greater than 1,800 meters were utilized, half of the data points would
ha eliminated and an important nart nf this study is the identification of

anomalonusty warm waters at shallow denths wnich miaht be useful as low

temneraturea enerqy resourcas.

In nresenting the results, hiqh aradient areas produced by a predominance

of shallow temperatures are notad.

RESULTS

The Petroleum Information file 1ists a numdber of individual well
temperatures in the western states which are hiah enounh, and at suitable
depths, to be attractive as notential agsothermal ensray resources, though
water availihility in these wells is not known. In an anreement hetween
Petrolenm Information Corporation and the £arth Science Laboratary,
infoermation on individual wells cannot he released, but no such restriction

amnlies to geonhysical lon data collected from state agencies,

~)
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Within major 011 fields, the Petroleum Information file nrovides a hinh
flensity of data noints but, in surrounding areas, they are nften so 1imjted
that reaional trends are difficut to establish. Also, in areas not nofted for
ni1l porduction, such as the Basin and Ranqge Provinde, very few data noints
anpear. In Table 1, the number of wells retrieved in the Petrglenm
Information Cornoration thermal search are listed hy state. Wtih the addition
of data points in litah from another source, six states have reqions where well
densities ara high ennugh to outline concentrations of anomalous aradients.
Thase are: f(olorado, Montana, Mew Mexico, Morth Nakota, fltah, and Hvominq.

well tomneraturz data in Morth Nakota and Yyoming are being evaluated hy state

arauns. The remaining four states will he discussed here,

I d o FEE
Y of £

Fiqures:;, ?;;R‘and:é.are mans of Cnloradn, Montana, Mew “exido, and
litah, respectively on which comnarisons are made hetween areas of nhinh tharmal
aradients and areas considered qenerally favorable for the recoverv of thermal
waters as outlined bv Sammel (1978). High aqradient areas apoearina on these
mans are those in which a laraqe parcentane of qradients exceed 3R0L/km, A1)
gradients were calculated to the surface using the mean annual atmospheric
tamparature. As explained earlier, gradients calculated from shallow denths
- I
are Vikely to be exanagerated. Ansmalous arsas nf Fianresré throunh & are

lTisted in Tahle 2.

There exist isolatod high-oradient wells with attractive B84T's which
cannot he conveniently placed in anomalnus areas. Nthers ara sure to be found

in the examination of data fron state 0il and gas anencies.

Calnradn



Colorado wells in the Petroleum Information file are most abundant in the
Great Plains, particularly in the Denver Basin. There are no wells at all
lying within areas considered generally favorable for the recovery of thermal

waters as outlined by Sammel (1978).

The Rico anomalous area (5) Ties just west of the Dunton-Rico Hot Sprinas
in D@lores County. These spring waters, ranging from 280C to 450C are
believed to come from deen circulation in faults‘{Sammel, 1978). The ghigh
geothermal qgradients here arise from BHT's taken in Mississipnian and
Pennsylvanian rocks.

there are 13 areas of anomalous qradients shown in Colorado. Twn of
these, the Akron and Wray areas and contiquous, but are listed as separate
areas because of the marked difference in the denths and formations from which
BHT's were obtained. The anomalous area nearest to a major population center

is Berthoud (7), six miles south of Loveland.

Montana

A1l of the Petroleum Information wells in Montana are east of the

Continental Divide and none lie within areas considered generally favorahle

for the recovery of thermal waters. Ten anomalous areas are classified, three

of which arise from BHT's at very shallow depths; the Havre (1), Malta (2),

and Laurel (10) areas. The last is near the population center of Billinas.

The Havre high qgradient are (1) is near the Little Rocky mountains where

thermal springs issue from rocks of the Madison Groun in three major areas

(Sammel, 1978). High gradients from Petroleum Information data here nearly

//



all arise from shallow denths (one less than 100 meters} in Cretacenus racks.
Many BHT's are higher than the maximum teaperaturs measured in tha sarinas of

tha Little Rockies, The nutline of the area considered generally favnrah?p

LR

for the recoverv of thermal waters midght he justifiably extended tn cover ﬁ&@h

of the anomalous gradient area.

Mew MPX1CU

In Hew Mexico, gond data density from the Petroleum Information file
exists only in the San Juan Basin in tha northwest and the Nelaware Basin in
the southeast. Three areas, considered generally favorahle for the recovery
of thermal waters, lie in the San Juan Basin but only one is Aassociated with a
high qradient area. Here water of 32920 and 489C are encountered in two wells
at 3N4 and 686 meters, respectively. These waters are found in Farly Tertiary
sedimentary rocks and are balieved to he due to deen circualtion (Samel,
1978Y.  BHT's in the anomalnus Chaco Mesa area are from unper Jurassic and

Lower Cretaceous racks and nroduce qrardients up to 4192C/km,

The Nelaware Basin contains a large numnher of wells bhut very few
anomalons gradients.
ttah
The Petroleum Information file lists 191 wells in Utah., An additional
1,100 temneratures have heen added from geonhvsical logs obhtained from !Utah
State agencies. This is not a conmnlete assemblage of well temperatures in

e
Utah. Several thousand additional data voints are available frem nublic

records,

Minaty-four nercent of the Aata noints in Ytah 1i2 in the Coloradn

o



Plateau. As a result, in eastern !tah there is a hetter distribution of

thermal nradient values than in most nther areas nf comnarable size.

Onty ong area in Ytah, considered qgenerally favorable for the recavery of
thermal waters by the USGS, lies in a "renion of hest well density” on Fiaure
™. This one area lies in the Uinta Rasin in northeastern Utah. Thermal
waters here are attreibuted to deen circuiation in the Duchesne fanlt zone,
Thermal waters considered in outlining this favorahle area are found in well
at depths of less than 400 meﬁers with a maximum temnerature of 5500 (Sammel,
1978). A1) of the RHT's examined in this study are at deonths much greater
than this (un to ﬁ,ﬂﬂﬁmeters) and, although none nroduced anomalnus gradients,
temoeratures uo to 12000 were recorded. This is a situation in which the
waters are heated in a normal neothermal gradient and have moved unward hv
convection along a fault zone. The absence of an anomalous qradient
ilttustrates now the vertical positions of data noints in oil wells can be as

important as their horizontal distributions in locatinn therma! waters,

Ther Price anomalous area (?) is near a3 moderate sized ponulation center,
but BHT's here are from shallow denths and the maximum temmerature recorded is

only 400C., This temnerature miaht be useful under favorahle conditions of

water suppiv and location.

Anomalous nradients in Grand founty {4) have a close snatial relatinnship
to nutcronning Mancos shale where it crosses the Uncompahqgre !Unlift (see
]
Fiqure ). Tt is possible that the low thermal conductivity of the Mancos

Shale contributes to the anomalous aradients. The absence of an anomaly over

Hancos on the west miant ba explained by coolina dua to groundwater introduced



from the hiah plateaus of central Utah and from the Gresn River,

Precambrian rocks which form the core of the 'Incomnahare Inlift are
composed of qneissic aranodiorite which was intruded in Precambrian time by
auartz monzonite and a biotite-muscovite granite (Herdae and others, 19A%).
Boundina the Uplift on the southwest is a steen fanlt of large vertical
disnolacement., from a gravity survey, Case and Joesting {1972) astimate the
total re1ief‘0f the Precambrian surface to be of the order of 19,000 fapt,
The anomalous gradients could reflect the nresence of thermal waters ascenting
along this fault., Ansther possihle cause af the anomalous gqradients is
radiogenic heat from tha granitic rocks of the !ncompnahare Complex. If this
true, a heat flow high shoudl occur here., No nublished heat flow values are
avaitable but the geologic situation is somewhat similar to that of the Zuni

Uplift in Mew Mexico., There, high heat flow has heen reported by Reiter and

others {1975} to which radiogenic heat from Precambrian may he a simmificant

contributor {Brooking, 197813,



CONCLUSIONS

Areas of anomaoulsy high thermal aqradients can be identified from hottom
hole temperatures in oil wells even though these temperatures have not
equilibrated with adjacent formation temneratures and are not, in themselves,
very precise. In Colorado, Montan and Mew Mexico hiqh aqradients appear to be
associated with areas generally considered favorable for the recovery of
thermal waters. These are the Rico, Havre, and Chaco Mesa anomalous areas
which appear in Table 2. Some other reqions regarded as having geothermal
enerqy potentials are not renresented by anomalous qgradients. A reason for
this may be that bottom hole temperatures were measured at denths or in
formations which are not closely elated to the source of thermal waters. An
example of this is an area in the Uinta Basin of Utah where normal qeothermal
gradients were calculated from deep temneratures, while known thermal waters
are found at shallow depths. The conclusin here is that deep circulation in a
fault zone has allowed meteoric waters to be heated in a normal geothermal Phx;///

aradient. Had the temneratures here heen measured at shallow depths this

thermal area might well have been found.

The identificaiton of a notential aeothermal resource from oil well
temperatures denends upon the fortuitous location of BHT's in both the
horizontal and vertical dimension. The density of data noints, are hence the
likelihood of finding a promising thermal area, can he increased by collectina

more values from the vast store of BHT's filed with state aaencies.

In the anomalous areas listed in Table 2, there are often BHT's which are

especially attractive and which, if a suitable water supply exists, are
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nossible candidates for enerqyv productinn., A number of isolated wells have

this same apparent nntential. Anomalnus areas may be indicative of thermal

!‘l ;6

reqgions and wmay heln direct exnloration nrograms hutAthe individunal high
gradient well that provides the best direct clue to a notential geathermal
enerqy source. It is recomnended that geothermal exnloration based on oi)
well temperatures be initially directerd toward the finding of individual wells

with exceptionally nromising thermal characteristics.
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