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INTRODUCTION 

The Earth Science Laboratory has completed a preliminary study of oil and 

gas well temperatures gathered in routine well tests to examine their utility 

in geothermal exploration. It was not intended that accurate thermal maps be 

constructed, but rather that rapid comparisions of thermal data be made over 

large areas of the western United States. In the study regional trends were 

sought and also thermal irregularities that might directly indicate individual 

geothermal systems. In this regard, the primary aims were 1) to identify high 

temperatures in wells which in themselves are attractive as potential energy 

sources, and 2) to locate areas containing a preponderance of high thermal 

gradients which suggest the presence of geothermal systems even though they 

may lack temperature-depth values within the range of possible exploitation. 

These objectives require that all available temperatures and depths be examined, 

including discordant values. Temperature at shallow depths which might indicate 

energy sources for direct heat applications were sought as were areas with 

potential for electrical power generation. 

The data studied is necessarily confined to areas favorable for 

petroleum production. In the western United States most areas now recognized 

as having geothermal energy potential do not correspond with petroleum 

provinces (see Map 1, USGS Circ. 790, 1978). 
IS 

The reason for this ~ that 

in sedimentary basins, where the study data were gathered, surface evidence 

of geothermal systems is least likely to be present. The study of oil well 

temperatures is an inexpensive method of extending geothermal exploration into 

these basins. 
wesfef"n 

Higher than normal temperatures in oil wells of theAUnited States might 

be expected in the following situations: 

1) Where heat is transferred by the convective circulation of water or 

steam. 

2) Beneath layers of low thermal conductivity material. 
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3) Where there is an anomalous concentration of heat near the base of the 

crust (Diment and others, 1975). 

4) Above basement rocks that contain moderate or high concentrations of 

radioactive minerals (Combs and Simmons, 1973). 

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

Since temperatures normally increase with depth, geothermal gradients must be 

used to determine the presence of thermal anomalies. The principal variables 

affecting geothermal gradients are thermal conductivity and water movement 

(Birch, 1954) of the first two situations listed. The remaining situations also 

affect geothermal gradients but they are not always easily recognized from 

gradient alone. 

This study was initiated with well data appearing in a computer file 

prepared by Petroleum Information Corporation of Denver. This is their Well 

History Control System (WHCS) which includes data on more than 970,000 wells 

drilled in the United States. The well Information used in this study was 

limited tofue area shown in Figure 1 and to only those wells in which 

temperatures have been recorded. Temperatures were obtained in the following 

well test cycles: 1) Initial Potential tests, 2) Formation tests (drill stem 

tests), and 3) Productions tests. Descriptions of each well are included in the 

file together with geologic and production information and, where available, 

fluid recoveries and water analyses. 

In some parts of Utah, the Petroleum Information data were augmented with 

bottom-hole temperatures posted on geophysical logs. These were obtained from 

the Utah Division of Oil, Gas and Mining. 

With the well information being restricted to petroleum provinces)only 

portions of the following states are considered in this report: Colorado, 

Montana, New Mexico and Utah. Well temperature data from North Dakota and 

Wyoming are being evaluated by state groups. 



DATA QUALITY 

Temperatures measured in initial potential, formation and production 

tests are measured at or near the bottom of the well and are commonly termed 

bottom-hole temperatures (BHT1s) as are temperatures posted on geophysical 

logs. They are not, however, actual formation temperatures unless the well 

has been static long enough for the borehole and adjacent formation temperatures 

to stabilize. If taken immediately after drilling the measured temperature 

may differ from the true formation temperature by several tens of degrees 

(Pirson, 1963). The thermal disturbances responsible for this instability have 

a number of sources; the most important, in the depths considered here, is the 

effect of circulating drilling fluid which tends to cool the lower parts of the 

hole. 

Bullard (1947) recognized that when drilling fluid circulation ceases 

the temperature in the borehole. will gradually adjust to formation temperature 

exponentially with time. Lachenbruch and Brewer (1959) studied temperature 

data collected over six years in a well in arctic Alaska and approximated 

drilling disturbances with a constant line heat source in a uniform medium 

and found a solution for true formation temperature at a fixed depth as a 

function of time. This is a logarithmic relationship, similar to Bullard1s. 

If the time at which the drilling fluid ceases to circulate is known, a 

logarithmlc projection of multiple bottom hole temperature at a certain depth 

can be used to approximate the equilibrium temperature. Evans and Coleman 

(1974) and Timko and Fertl (1972) have used this technique to estimate 

equilibrium temperatures in oil wells for the calculation of thermal gradients. 

Other methods of approximating true formation temperatures from multiple BHT1s 

at fixed depths have been proposed by Albright (1975) and Middleton (1979). These 

are both based on the principle that the rate of temperature adjustment depends 

on the difference between the borehole temperature and the undisturbed rock 

temperature. 
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Bottom-hole temperatures appearing on geophysical logs are often repeated 

at a specific depth, together with the time since drilling fluid circulation 

ceased. This suggests that a solution for true formation temperature can be 

found. VJhere multiple temperatures appeared at fixed depths on geophysical 

logs studies, values were so erratic that equilibrium temperatures could not be 

approximated. This was due to measurement errors which cannot be distinguished 

from valid data in individual wells. Inaccuracies in measuring bottom-hole 

temperatures are common in oil well testing (Kehle and others, 1970) and the 

degree of error is impossible to establish. 

In an oil field BHT's are measured at enough different depths so that 

by averaging these measurements as reasonably reliable thermal gradient over 

certain stratigraphic intervals can be determined. In the Reconcav~ Basin of 

Brazin, Carvalho and Vacquier (1977) used uncorrected BHT's to arrive at average 

thermal gradients. With these gradients, and thermal conductivities, they 

calculated heat flow for various oil fields in the Basin. 

A comparison of Petroleum Information thermal data with accurate 

downhole temperature measurements is possible at the Elk Basin oil field 

of northwestern Wyoming. For this field Heasler (1978) has published temperatures 

measured after the wells had essentially attained thermal equilibrium. These 

measurements were taken at discrete intervals of 5 and 10m from the surface 

to a maximum depth of 1,772m in five oil wells. Heasler found (~78, p.8~) 

that least-squares thermal gradients of all Hata points in each well were in 

excellent agreement with gradients calculated using a surface temperature 

and "maximum depth" temperatures for each well. Average gradients for the 

five wells from these methods were 31.3 and 31.4 °C/km, respectively. The 

Petroleum Information file contains 23 \llell temperatures in the Elk Basin 

and an additional 20 in the nearby Silvertip and Silvertip South fields 

(figure 2). Figure 3 is a portion of the stratigraphic column showing 

positions where temperatures were recorded in the Petroleum Information file. 



A least-squares gradient of the Petroleum Information data over this 

interval cannot be expected to represent the true gradient because of the 

stratigraphic relief of the area. In the Elk Basin field, BHT's at the 

same stratigraphic position can be at depths differing by 600m. A stratigraphic 

position in the Silvertip field can be 1,800m deeper than the same one in the 

Elk Basin field. A method of comparing the Petroleum Information data with 

those of Heasler is to calculate a thermal gradient using a surface temperature 

and the average temperature-depth value of the 43 Petroleum Information data 

points. Figure 4 compares gradients calculated from Petroleum Information 

temperatures with data from v/ell EBET 173 tested by Heasler. This figure shows 

that the mean temperature of Petroleum Information values is considerably less -
than would be a corresponding temperature in well EBET 173. A lower average 

temperature is to be expected because of thermal disequilibrium at the times 

of measurement. As a result, the average gradient to surface is also reduced. 
3/. 'I QVeI"4.J.t!.. 
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mean temperature i s ~oC lower than the expected formati on temperature. 

The 

ReconcavID Basin study shows that averaging methods can be used for determining 

approximate geothermal gradients over certain stratigraphic intervals enough 

data points are available. The Elk Basin comparison indicates that average 

gradients to the surface will generally be less than true gradients because 

BHT's have not adjusted to formation temperature. In this study, averaging 

of gradients to the surface will be used to outline are as of high gradient 

wells but all well temperatures are individually considered in an effort to 

discover local anomalies. Temperatures are uncorrected values and errors are 

sure to exist bu~in the immediate vicinity of geothermal areas, thermal gradients 

are high enough that sUbstantial errors can be tolerated. 



DATA HANDLING 

Thermal gradients to the surface were calculated for all bottom-hole 

temperatures using as surface temperatures the climatic division averages 
" 

published by the National Oceanic and Atmospheric Administration (1978). In 

this investigation no corrections for thermal disequilibrium were made nor 

was considerations given errors which may exist in the measurement. Other 
. are, 

thermal effects which were also ¢gnored ~ those related to topography, 

climatic changes, glaciation, isostatic uplift, and erosion. 

Areas having a preponderance of high 'gradients were outlined as areas of 

special geothermal interest. For the states of Colorado, t1lontana, New Mexico, 
"'eglo I? S 

and Utah comparisons 'r'Jere made between gigh gradient ~ and areas considered 

generally favorable for the recovery of thermal waters as outlined by Sammel (l978). 



DISCUSSION 

Thermal gradients calculated to the surface from bottom-hole temperatures 

were found to be dependent upon the depth to the point of temperature measure­

ment. Figure 5, compiled from well temperatures in Utah, illustrates this. In 

this figure thermal gradients to the surface, averaged over 100m intervals, are 

plotted against depth. The high gradients noted at shallow depths could result 
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The introduction of heat into a borehole by drilling fluids will have an 

effect on the thermal gradient calculated from the surface. The temperature 

of introduced drilling fluid is more likely to be related to the seasonal 

temperature than to the mean annual temperature. Seventy-three thermal gradients 

in Utah to depths of less than 500 meters were compared with the seasons in which 

they were measured. There is a correlation between seasons and average gradients 

as shown on Figure 6 but average gradients, even for the coldest months, 

are anomalously high. Heat generated by the friction of drilling and the 

deformation of drill rod is generally insignificant (~achenbruch and Brewer, 1959). 

In Figure 5, thermal gradients appear to have stabilized at a uniform value 

of about 22oC/km near 1,800 meters. In Utah, if only temperatures from depths 

greater than 1,800 meters were utilized, half of the data points would be 

eliminated and an important part of this study is the'identification of 

anomalously warm waters at shallow depths which might be useful as lm'/ 

temperature energy resources. 

Thermal gradients exceeding 3SoC/km are considered anomalously high 

regardless of the depths of the BHrs from which they were calculated. 

Thus "anomalousll gradients of shallow wells must be viewed differently from 

those of deep wells. The 28 high gradient areas appearing on Figures 7 

through 1'0 have average thermal gradients ranging from 36.00 C/km to 86.7oC/km. 

In eight of these areas, gradients are predominantly from temperatures at 
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depths of less than lkm. Althoug~ gradients are likely to be exaggerated 

in these areas, all suggest potential for geothermal resources. 

The high gradient areas of Figures 7 through 10 are clearly anomalous 

compared with much lower average background gradients. A number have associations 

which sugges~ geologic or hydrologic origins; others require further study 

before serious speculation can be made into their causes. In the follo\'Jing 

sections some of the high gradient areas will be discussed. They are all 

summarized in Table 1. 



HIGH GRADIENT AREAS· ) e C (; 
ASSOCIATED WITH KNOWN THERt~AL WATERS lo«J'" 4 e. 

The Rico area (12) in Colorado and the Chaco Mesa area (24) in New Mexico 

(Figures 7 and 9) are two high gradient areas which correspond with areas 

considered generally favorable for the recovery of thermal waters (Sammel, 1978). 

The Rico area lies just west of the Dunton-Rico Hot Springs in Dolores County 

where spring waters from 280 C to 460 C come from deep circulation in faults 

(Sammel, 1978). The Chaco ~1esa area (24) corresponds closely with a location 

where waters of 320 C and 48°C are encountered in two wells at 304 and 306m, 

respectively. These warm waters are also due to deep circulation (Sammel, 1978). 

In the Rico and Chaco Mesa areas it is probable that the oil well temperatures 

were measured at points in or near the fault zones which provide routes for the 

deep circulation. 

The Havre high gradient area (14) in Montana (Figure 8) may be rela~ed to 

thermal springs in the Little Rocky Mountains several miles to the east. These 

springs issue from rocks of the r'~adison Group (Sammel, 1978). Thermal 

gradients in the Havre Area are from bottom-hole temperatures in Cretaceous sediments 

which may contain warm waters transported upward along faults from the Madison 

Group. Tertiary intrusive and extrusive rocks are present here, which may 

reflect an independent source of heat unrelated to thermal waters of the 

Little Rockies. Although well temperatures are from shallow depths here, 

some of the BHT's are attractively high. 

" 
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Known Thermal Waters Not Associated 
With High Gradient Areas 

Some regions regarded as having geothermal energy potential are not 

represented by high gradients even though they are in areas of good well 

distribution. These included an area in the Uinta Basin of northeastern Utah 

and two areas in the San Juan Basin of northwestern New Mexico. In the 

Uinta Basin (Figure 10) thermal waters are attributed to deep circulation in the 

Duchesne fault zone. Waters considered in outlining this favorable area are found 

in wells at depths of less than 400 meters with a maximum temperature of 560C 

(Sammel, 1978). All of the BHT's examined in this study are at depths much 

greater than this (up to 5,000 meters) and, although none produced gradients of 

350 C/km or higher, temperatures up to 1200 C were recorded. This is probably a 

situation in which the waters have received heat related to a normal geothermal 

gradient and have moved upward by convection along a fault zone. In favorable 

thermal areas of the San Juan Basin, where high gradient areas do not appear 

(Figure 9), Petroleum Information data are from deeper points than the reported 

thermal waters, although depth differences are not as great as those in the 

Uinta Basin. The absence of high gradients in these cases illustrates that 

the vertical positions of BHT's can be as important as their horizontal 

distributions in the exploration for geothermal systems. 
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High Gradient Areas Associated With 
Low Thermal Conductivity Rocks 

A low thermal conductivity insulating layer occurring above pOints of 

subsurface temperature measurement is one of the major causes of elevated 

geothermal gradients over the interval between these points and the surface 

~). It is probable that this situation at least contributes to 

many of the high gradients found in this study. Low thermal conductivity 

shale is present in most of the high gradient areas of Figures 7 through 10. 

In the Great Plains of Colorado and Montana nearly all BHT's are from points 

beneath thick Cretaceous shale units. The pattern of high gradients here, 

however, does not appear to be related to the thickness of overlying shale. 

The outline of the Cheyenne Co. high gradient area (13, Figure 7) corresponds 

very closely with outcropping Pierre Shale. In the Colorado Plateau, exposed 

Mancos Shale occupies most of the Rangely (2, Figure 7) and Grand Co. 

(28, Figure 10) high gradient areas. 



High Gradients Areas Associated With Doming 

In several cases high gradient areas are associated with doming. A 

striking example of this is the Malta Area (15) in Montana which occurs centrally 

over the Bowdoin Dome. Other areas associated with doming are the Havre (14), 

Wolf Point (15), and Laurel (23) areas of Montana. Heasler (personal communication) 

has found elevated BHT's associated with anticlines in the Big Horn and Powder 
The!.e 

River Basins of vJyoming. The¥ appear to be due to warm waters which have 

received heat related to a Dormal geothermal gradient rising in aquifers up 

the flanks of the anticlines. He has further noted that on the steep flank 

of asymmetric anticlines, where convection is more rapid, higher BHT's occur. 

The high gradients area associated with ~oming in Montana may similarly be the 

result of hydrothermal convection. 
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The Grand' County, Utah, Hi gh 
Gradient Area - Thermal Data From 

The Utah Division of Oil, Gas and Mining 

In an agreement between Petroleum Information Corporation and the Earth 

Science Laboratory, information on individual wells of the WHCS file cannot 

be released, but no such restriction applies to bottom-hole temperatures 

which are available from state agencies. These appear on many geophysical logs. 

They are measured with maximum-reading thermometers and are assumed to be the 

temperatures at the bottom of the logged interval. Although less convenient to 

use than the Petroleum Information File state agency files contain many more 

bottom-hole temperatures. 

Approximately 1,100 bottom-hole temperatures were obtained in eastern Utah 

from the files of the Utah Division of Oil, Gas and Mining. It was from 

these data that the Grand County high gradient area (28, Figures 10 and 11) was 

discovered. This high gradient area lies over a portion of the Uncompahgre 

Uplift and corresponds closely to outcropping Mancos Shale. The Uncompahgre 

Uplift is a tectonic and physiographic high that extends northwestward from 

the San Juan Mountains in southwestern Colorado to the Uinta Basin in Utah. 

Precambrian rocks that form the core of the Uplift a:re =~ujiUitm.=f gneissic 

granodiorite which was intruded in Precambrian time by monzonite and biotite­

muscovite granite (Hedge and others, 1968). Bounding the Uncompahgre high on the 

southwest is steep faulting with large vertical displacement. From a gravity 

survey, Case and Joesting (1972) estimate the totaJ relief of the Precambrian 

surface to be of the order of 19,000 feet which may indicate the vertical 

extent of faulting. To the southwest is the Paradox Basin whose subsidance 

was complementary to the uplift of the Uncompaghre (Stokes, 1956). The 

Uncompahgre high extends northwest into the Uinta Basin as shown on Figure 11. 

In the high gradient area near the town of Cisco, Utah, Precambrian granite 

rocks are at a depth of about 2,400 feet and are overlain by the Tri,assic 
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Chinle Formation. At the surface is ..ai\500 feet ~ of Mancos Shale. Most 

BHT's in the high gradient area were measured in the Jurassic Morrison 

Formation and the Cretaceous Dakota Sandstone which, near Cisco are at depths 

of less than 1,500 feet (457m). The depths to the Morrison and Dakota 

Formations increase to the north and the amount of overlying Mancos Shale also 

increases in this direction up to its total thickness of about 3,500 feet 

(l,067m). 

The association of the Grand County high gradient area with Mancos Shale is 

a strong indication that the low thermal conductivity of the shale has elevated 

the BHT's in underlying strata. To investigate this possibility, the 
.:U 

lithologic logs of ., wells in east-central Utah were examined and thermal 

conductivities were estimated on the basis of rock types overlying the 

points of temperature measurement. In estimating thermal conductivities 

rock types were assigned the following values: 

Rock Type 

Sandstone 

Shale and siltstone 

Limestone and dolomite 

Salt and anhydrite 

Ther~al Conducti~ity 
(10- cal/cm sec C) 

10 

4 

7 

10 

These are subjective values based on ones published by Clark (1966). 

Figure 12 is a plot of estimated thermal conductivities versus 

thermal gradients calculated to the surface for 21 wells in east-central 

Utah. Although there is a considerable scatter of pOints, this plot suggests 

an inverse relationship between thermal conductivities and thermal gradients. 

Points A, B, and C on the plot are typical values from three wells in contrast­

ing environments. Their positions are shown on Figure 11 and a brief description 

of the wells appears in Table. 1. 
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Table 1 

In general, the three environments of table 1 are characterized by the 

thermal gradients listed. Gradients in the Paradox Basin are consistantly low. 

In the Uinta Basin they are somewhat larger but rarely equal those of the Grand 

County high gradient area. The differences in gradients in these three environments 

are ~delJ' related to contrasting thermal conductivities. The absences of high 

gradients over Mancos Shale west of the high gradient area might be explained 

by cooling due to groundwater introduced from the high plateaus of central 

Utah and from the Green River. 
h~J J, 

Despite the strong evi dence that COfltNSts'....:Hl thermal conducti viti es are 
folt<! 

the~cause of the Grand County anomaly, there still exists the possibility of 

other contributing factors. It may reflect the presence of thermal waters 

that have ascended along the deep faulting on the southwest flank of the 

Uncompahgre Uplift o~ it may be due, in part, to radioactive heat generated in 

granitic rocks of the Uncompahgre Complex. Some indication of an association of 

high gradients more with the Uncompahgre Uplift than with the r1ancos Shale 

resulted from an arithmetic exercise designed to diminish the effects of the 

unusually high thermal gradients produced by BHT's at shallow depths. This was 

accomplished by selecting an artificially high surface temperature in calculating 

gradients. In Figure 13, well temperatures in east central Utah, averaged over 

100m intervals, are plotted against depth. The regression line of these 

averages has a surface intercept of 24.20 C. This is clearly much higher 

than the actual value but,if used for a surface temperature,gradients from 

temperatures at shallow depths will be depressed to a greater degree than those 

from deep temperatures. Figure 14 is a map of the same area as Figure 11 on 

which high gradient areas resulting from a surface temperature of 24.20 C are 

outlined. All gradients are reduced in this calculation and the high gradient 

areas shown are those averaging more than 250 C/km. More high gradient areas 

appear in the Uinta Basin than resulted from conventional calculations. These 

Ie.. 



are generally confined to the northwest extension of the Uncomphagre Uplift 

and suggest that the high gradients and the uplift may be related. This technique 

produced no high gradients in the Paradox Basin, probably because of high 

thermal conductivity evaporite units present here. 
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CONCLUS IONS 

Two high thermal gradient areas have been found which have close spatial 

relationships with areas containing known thermal waters. It is believed that 

they are produced by high bottom-hole temperatures measured within, or very 

near, their respective convection systems. Other high gradient areas which 

suggest temperature measurements within hydrothermal systems are those related 

to doming. Extremely high gradients in individual wells are clearly brought about 

by non-conductive processes and are prime targets for additional study. 

The effects of low thermal conductivity materials are sure to be at 

least contributing causes to many of the high gradient areas but the extent of 

these contributions is not known. Thermal gradient patterns, however, do 

not consistantly follow lithologic distributions and other factors are if:t- mvolved-

~. In sedimentary basins these are probably hydrologic in nature and may 

either supply heat to"f;;:~rt it away';:O-V 

Three areas where 10Vl-temperature geothermal waters are known to occur 

are not represented by high thermal gradients, although the horizontal distri-

bution of data points in these areas is reasonably good. The thermal waters 

here have acquired their heat by upward convection in a normal geothermal 

gradient. This normal gradient is reflected by the bottom-hole temperatures 

which are from pOints appreciably deeper than the thermal waters. Had they 

been measured at shallower depths, the thermal waters would have been identified. 

This illustrates that discovering geothermal systems by examining well 

temperatures depends upon the fortuitous location of BHT's in the vertical 

dimension just as chance plays a part in discovering them from horizontal 

distributions. 

This study of well temperatures in geothermal exploraion will have proven 

its worth if any of the high gradient areas are found to contain exploitable 

geothermal systems. There is no doubt that hydrothermal convection systems 

have been located, although additional study will be required to determine 

their utilities. These systems are obvious from ~ extremely high temperatures 

I~ 



measured in some individual wells. Data on single wells in the Petroleum 

Information file cannot be released, but those wishing to identify especially 

attractive bottom-hole temperatures can find them in the files of state agencies. 

Also, because of the large number of geophysical logs containing BHT's on 

file with these agencies, the present study can be greatly expanded in all 

respects. 
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Figure 1. Retrieval area covered in the Petroleum Information Corporation, 
file of bottom hole temperatures. 
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