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METHOD FOR DETERMINING TERRESTRIAL 
HEAT FLOW IN OIL FIELDS 

H U M B E R T O DA SILVA C A R V A L H O * AND V I C T O R V A C Q U I E R J 

A method of determining terrestrial heat flow in 
oil fields from bottom-hole temperatures, electric 
logs, and thermal conductivity of core samples 
has been tried in six Reconcavo Basin oil fields in 
Brazil. The average heat-flow value so determined 
for the Reconcavo Basin is 1.10 ± 0.15 micro-

calories/cm^'sec. The technique can be used for 
calculating heat flow in continental areas else­
where. A more significant outcome of our experi­
ment is that it demonstrates an inexpensive 
method of obtaining terrestrial heat-flow values in 
the sedimentary basins of the world. 

INTRODUCTION 

Geothermal heat in all likelihood provides the 
energy for the motion of crustal plates on the 
earth, causing spreading of the ocean floor and 
the building of mountains on the continents (Le 
Pichon et al, 1973; Bullard, 1975). It also provides 
the conditions necessary for the maturation of 
hydrocarbons in sediments. From compilations of 
heat-flow values in igneous terrains it was shown 
by Polyak and Smirnov (1968) that heat flow de­
creases with the age of the basement rocks from 
an average of 1.7 microcalories per cm*sec (HFU) 
in the Cenozoic to 0.9 HFU in the Precambrian. 
From analysis of surface igneous rocks, we know 
that the heat-producing radioactive elements in 
igneous rocks have been concentrated toward the 
surface, probably by selective crystallization, for 
if the rest of the earth's mantle contained the same 
concentration of them, our planet would have 
melted long ago. The decrease of heat flow with 
the age of the basement rocks is interpreted as 
caused by the erosion ofthe surface layers, which 
are more radioactive than the rocks below. Where 
the basement rocks lie too deep for sampling, the 
age of the basement can be crudely estimated 
from the value of the heat flow. 

Because of the slow speed of propagation of 
heat conduction, the present heat flow measured 
close to the earth's surface may reflect tectonic 

conditions in the geologic^past. It is conceivable 
that subduction zones no longer present might 
show up in the distribution of heat flow, similar to 
what we now see in the seas of Japan and Ok­
hotsk. This might be the case of the Borderland 
Province ofl" the coast of southern California, 
where according to the chronology of lineated 
magnetic anomalies subduction stopped about 20 
m.y. ago (Atwater and Menard, 1970), but where 
the heat flow is still high (Lee and Henyey, 1975). 

On a larger scale, we now have an adequate 
coverage of heat flow in the world oceans, but on 
land the distribution of values is irregular and the 
only regularity observed so far is the previously 
mentioned dependence of heat flow on the age of 
plutonic rocks. A better heat-flow coverage of 
areas of geologic interest could be had from oil 
field data. 

METHOD 

In connection with an attempi to measure heat 
flow in Bolivia, R. E. Warren (personal communi­
cation, 1969) suggested a method for determining 
heat flow withoul making special measuremenis 
in wells. Heat flow is the product of the temper­
ature gradient times the thermal conduciivity. The 
former can be obtained from the bottom-hole 
temperatures (BHT). In an oil field, BHT's are 
usually measured al sufficiently difl"erent depths, 
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FiG. 1. Reconcavo Basin in eastern Brazil. 

so lhat by averaging the measuremenis in, say, 
100 wells, and by making appropriate corrections 
the lemperalure gradient can be determined lo a 
precision of aboul 10 percent. Because ofthe cur­
rent interest in formation lemperature in con­
nection with the maturation of hydrocarbons 
(e.g., Tissol el al, 1971), methods for correcting 
BHT's for the disturbing effects of drilling have 
been devised (Evans and Coleman, 1974; Dowdle 
and Cobb, 1974). These corrections have nol been 
applied lo our dala. 

The thermal conductivity was obtained from 
electric logs and measuremenis on core samples, 
in the depth interval where the BHT's were ob­
tained. From well logs and inspection of the core 
samples, the specimens were classified inlo five 
categories: oil-saturated sandstone, water-satu­
rated sandstone, shale, siltstone, and limestone. 
Cylindrical specimens 48.0 mm in diameter and 
about 38.1 mm long were drilled out of lhe origi­
nal cores and impregnated under vacuum with oil 
or water at the core laboratory of Petrobras. 
Thermal conductivity of the samples was mea­
sured in a divided-bar apparatus which was cali­
brated with combinations of discs of fused and 
crystalline quartz of the same dimensions as the 
rock specimens. The average temperature of the 
warm and cold ends of the divided bar was ad­
justed to the room temperaiure of the air-condi­
tioned geophysical laboratory of applied geophys-
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lo temperature equilibrium to about 20 minutes. 
Measuremenis on the same samples could be re­
peated lo a few percent. The average Ihermal con­
ductivity for each category was calculated. Mea­
surements on specimens from all the fields were 
lumped together. It was assumed that the charac­
ter of the stratigraphy was sufficiently uniform in 
the Reconcavo Basin to use these average values 
for the calculation of the effective Ihermal con­
ductivity in the six oil fields for which we deter­
mined the temperature gradient. In each field, 
electric logs from a number of wells were selected 
for calculating the average Ihermal conduciivity. 
On the electric log, the rock-lype was obtained 
from the self-polential trace. The resistivity trace 
differentiated between oil- and water-saturated 
sandstone. Experience has shown that the petrol­
ogy of the measured specimens- should also be 
determined by laboratory methods. We deter­
mined the fraction of the total thickness of the 
interval covered by the BHT's in the field that is 
occupied by each category of rock. This value was 
then multiplied by the reciprocal of its average 
thermal conductivity. The reciprocal ofthe sum of 
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conaucuviiy oi ine neia was ooiainea oy averag­
ing the results obtained by this procedure for all 
of the chosen wells, from 8 to 20 per field. 

GEOLOGIC SETTING 

The geologic and generalized stratigraphy of 
the Reconcavo Basin are shown in Figures 1 and 
2. The oil fields we worked with are shown in 
Figure 1. The basin is located on the Atlantic 
coast near the city of Salvador in the state of 
Bahia. It is an intracratonic half-graben filled with 
Jurassic, Cretaceous, and Tertiary sediments (Fig­
ure 1). The geographic limits of the basin are 
placed arbitrarily at the Precambrian Apora 
salient on the north and al Itaparica Island to the 
south. On the west it is bounded by the Marago-
gipe fault system, and on the east by the Salvador 
horst block. The basin is characterized by a sys­
tem of faulted blocks, the main faults striking 
northeast and northwest. Basement rock on all 
sides of the basin is early Precambrian migmatite 
and granulite of sedimentary and igneous origin 
(Ghignone and de Andrade, 1970). 

DATA AND RESULTS 

Figures 3 through 8 present the BHT's plotted 
against depth. The points on these graphs are 
represented by the center of single-digit numbers 
indicating the number of wells yielding the plotted 
temperature at the same depth. Thus a "4" means 
four different wells gave the same temperature at 
the same depth at the center of the digit 4. Some 
wells had BHT's recorded at two or more differ­
ent depths, but in most wells only one temper­
ature was measured. The points on Figures 3-8 
scatter enough to produce lhe rather large stand­
ard deviations in the fourth column of Table I. In 
future work of this kind, an attempt should be 

uowaie ana CODD, iy/4; Bullard, 1^4/). Urilling 
tends to lower lhe measured lemperature in the 
deeper horizons, thus decreasing the measured 
lemperature gradient with respect to the true 
gradient. Therefore, in our dala, Ara9as, Fazenda 
Imbe, and Miraiiga, the fields where wells reach 
down to 3 km. should have given lower gradients 
than the other three fields. The numbers of the 
second column of Table I do not substantiate this 
expectation but seem unrelated lo the depth range. 

The thermal conductivity measurements on 
cores were carried out by the divided-bar thermal 
conductivity apparatus, as described previously 
under "Method". In Table 2, the third column 
gives the mean values for the conductivity of the 
five rock-types of the stratigraphic section. The 
measurements are much more accurate than the 
classification inlo rock-lypes, which is crude. Oc­
casionally the well log, the. mineral(5|Tcal exam­
ination with hand lens, and lhe conductivity value 
failed to agree and the sample had lo be dis­
carded. The small number of shale specimens is 
unfortunate, but that was all we could get. 

Returning now to Table I, lhe fifth column 
gives the mean conductivity calculated as pre­
viously explained under "Method" (above), from 
the average stratigraphy given by the number of 
well logs in column 6 and the conductivities of the 
third column of Table 2. The small spread of the 
numbers indicates that the lithology of the six 
fields is close to being the same. The standard 
deviation of these numbers (column 7) also shows 
good internal consistency but does nol give the 
accuracy of the conductivity determination be­
cause ofthe uncertainties of lhe values in Table 2. 
These uncertainties would thus affect lhe con­
ductivity values of column 5 by almost the same 
multiplying factor. 

Table I. Summary of gradient, conductivity, and heat flow in the Reconcavo Basin.' 

Field 

Ara^as 
Agua Grande 
Buracica 
Fazenda 

Imbe 
Miranga 
Taquipe 

Gradient, 
°C/km 

20.4 
19.6 
15.0 

21.3 
15.6 
21.4 

Standard 
No. of deviation, 
BHT °C/km 

149 
231 
138 

42 
235 
123 

3.0 
3.1 
3.1 

4.6 
3.2 
2.7 

Mean 
conductivi 
cal/cm sec 

5.94 X 10 
5.78 
5.81 

5.7! 
5.82 
5.86 

ty. 
"C 
-> 

No. of 
logs 

15 
20 
10 

8 
20 
8 

Standard 
deviation, 

cal/cm sec °C 

0.06 X 1 0 ' 
0.08 
0.06 

0.06 
0.08 
0.08 

Heat 
flow 

C£ 

1.21 X 10-
1.13 
0.87 

1.22 
0.91 
1.25 

Standard 
deviation 

il/cm' sec 

• 0.18X10-' 
0.18 
0.18 

0.26 
0.19 
0.15 

' Average heat flow: I.IO ± 0.15 microcal/cm' sec. 
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5.22 
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10- 20 
35 
20 
6 

1.83 X 10 
1.26 
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** 

* Estimated. 
** Range: 4.47 - 5.06 - 7.84 - 4.27 - 4.58 - 5.11. 
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The differences in the heal-flow values for the 
individual fields are mainly due lo the values of 
the temperaiure gradient, which may be related to 
the depth to the basement and to shale diapirs in 
Reconcavo Basin. The low value of heat flow we 
obtained for the Miranga field may be due lo a 
combination of bolh of these causes. The field is 
located on a thick shale diapir in a basement 
depression. Ghignone and de Andrade (1969) in 
their Figure 4 (giving isopach contours on the top 
of Lower Ilhas and Candeias formations) show 
Miranga field on the 2500 m contour, whereas 
the olher fields except Buracica lie between the 
1000 m and the 1500 m contours and, in general, 
have higher values of heal flow. U nfortunalely the 
value for Buracica is discordant. Presumably it 
should give the highest heal flow value because il 
lies wiihin the 500 m contour on lop ofthe Lower 
Ilhas and Candeias formalions. Actually, its value 
came oul the lowest of the six. The poor distribu­
tion of BHT's and depth for this, field (Figure 7) 
may be responsible for this discrepancy. 

The mean value of the heat flow we got in the 
Reconcavo Basin is I.IO ± 0.15-IO'*caI/cm''sec. 
It is a reasonable value for the floor of the basin 
which must have subsided in the Jurassic when the 
Soulh Atlantic Ocean began lo form. A more 
significant outcome of our experiment is lhat it 
demonstrates an inexpensive meihod of obtaining 
terrestrial heat-flow values in the sedimentary ba­
sins of the world. 
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Heat flow in the Uinta Basin determined from 
bottom hole temperature (BHT) data 

David S. Chapman*, T. H. Keho*, Michael S. Bauer*, and 
M. Dane Picard* 

ABSTRACT 

The thermal resistance (or Bullard) method is used to 
judge the utility of petroleum well boltom-hole temper­
ature data in determining surface heat flow and subsur­
face temperature patterns in a sedimentary basin. Ther­
mal resistance, defined as the quotient of a depth pa­
rameter Az and thermal conductivity k, governs subsur­
face temperatures as follows: 

!(¥)• Ti = Ti + Qo 

where Tg is the temperature at depth z = B, TQ is the 
surface temperature, qg is surface heat flow, and the 
thermal resistance (Az/fc) is summed for all rock units 
between the surface and depth B. In practice, bottom-
hole and surface temperatures are combined with a 
measured or estimated thermal conductivity profile lo 
determine the surface heat flow qg which, in turn, is 
used for all consequent subsurface temperature compu­
tations. 

The method has been applied to the- Tertiary Uinta 
Basin, northeastern Ulah, a basin of intermediate geo­
logic complexity—simple structure but complex fades 
relationships—where considerable well data are avail­
able. Bottom-hole temperatures were obtained.for 97 
selected wells where multiple well logs permitted correc­
tion of temperatures for drilling efTects. Thermal con­

ductivity values, determined for 852 samples from 5 rep­
resentative wells varying in depth from 670 to 5180 m, 
together with available geologic data were used to pro­
duce conductivity maps for each formalion. These maps 
show intraformational variations across the basin lhat 
are associaied with lateral facies changes. Formalion 
thicknesses needed for the thermal resisiance summa­
tion were obtained by utilizing approximately 2000 
wells in the WEXPRO Petroleum Information file. 
Computations were facilitated by describing all forma­
tion contacts as fourth-order polynomial surfaces. 

Average geolhermal gradient and heal flow for the 
Uinta Basin are 25°C km" ' and 57 mW/m^ respec­
lively. Heal flow appears to decrease systematically 
from 65 to 40 mWm"^ from the Duchesne River north­
ward toward the south flank of the Uinta Mountains. 
This decrease may be the result of refraction of heat into 
the highly conductive quartzose Precambrian Uinta 
Mountain Group. More likely, however, it is related to 
groundwater recharge in late Paleozoic and Mesozoic 
sandstone and limestone beds lhat flank the south side 
of the Uintas. Heat flow values determined for the 
southeast portion of the basin show some scatter about 
a mean value of 64- mWm"^ but no systematic vari­
ation. 

INTRODUCTION 

Bottom-hole temperatures (BHT) obtained from routine geo­
physical logs of petroleum wells comprise, for good reasons, a 
lillle used data set in geothermal and heat flow studies. The 
boltom-hole temperature (and consequently the thermal gradi­
ent), and.lhe thermal conductivity profile, both required for 
heat flow determinations and reasonable interpretation of tem­

perature data, are unobtainable with confidence from routine 
geophysical logs of the wells taken soon after lhe completion of 
drilling. Even if accurate lemperature measuremenis are made 
(which generally is unnecessary in F>elroleum well logging), 
temperatures in and around wells are perturbed by the drilling 
process, principally by the circulation of mud at a lemperature 
lhat diflers from in-situ conditions. There is seldom sufficient 
information to make accurate corrections for the perturbation. 
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FtG. 1. Schematic representation of two methods for processing 
BHT data from oil and gas wells: (a) thermal resisiance method 
and (b) simple gradient meihod. Symbols: 7^ surface temper­
ature, Tg boltom-hole lemperature, ^o surface heat flow, z 
depth, k thermal conduciivity. 

Assigning thermal conduciivity values for any particular drill 
hole is more problematic. Thermal conductivities are not rou­
tinely measured and general predictive relationships between 
conductivity and parameters determined in routine geophysical 
logs are nol always reliable (Goss, 1974; Vacquier, 1981). Thus, 
spatial variations in ihermal gradients deduced from BHTs 
may be either spurious because of errors in the temperature 
data or, in the case of the gradients being fortuitously correct, 
the ambiguity in interpreting gradient patterns in terms of 
tectonic or hydrologic processes rather than conduciivity vari­
alions will be unresolved. 

Despite these diflicullies, it is possible, especially upon appli­
cation of temperature corrections and conductivity measure­
ments, to obtain useful information from BHT data in individ­
ual cases. Pertinent studies are Evans and Tammemagi (1974) 
on the Somalian Horn and Sudan; Evans and Coleman (1974) 
on North Sea oil fields; Carvalho and Vacquier (1977) on the 
Reconcavo Basin of Brazil; Carvalho et al (1980) on central 
Sumatra; Hodge et al (1980) on upper New York State; and 
Reiter and Tovar (1982) on norihern Chihuahua, Mexico. Un­
fortunately, the most comprehensive study of bottom-hole tem­
peratures in the coterminous USA (AAPG Geolhermal Survey 
of Norlh America, 1976) ignores thermal conductivity effects 
which makes their thermal gradient maps of limited use. 

In this paper we use the ihermal resistance method pioneered 
by Bullard (1939) to determine and evaluate lateral heat flow 

variations within a single basin and to produce subsurface 
temperaiure maps within the basin. Our method does not 
totally alleviate problems lhat arise from nonequilibrium tem­
perature logs and incomplete description of ihermal conduc­
tivity patterns, but il docs have as a basis corrected temperature 
data and measured thermal conductivity values. Furiher, we do 
nol restrict individual oil and gas fields to a homogenized single 
gradient and single conductivity function as was done by Car­
valho and Vacquier (1977), but instead we allow for lateral 
changes in several parameters including surface temperaiure, 
Ihermal conductivity, and heat flow. The eflrccts of porosity and 
temperature on the formation ihermal conduciivity and hence 
thermal resisiance are also included. The Tertiary Uinta Basin 
of northeastern Ulah is chosen to illustrate our Ihermal resist­
ance method because of its intermediate geologic complexity, 
i.e., simple structure but complex facies patterns, and the abun­
dance of petroleum well data. 

Thermal resistance method 

Thermal resistance is the quotient of a thickness Az and a 
characteristic thermal conductivity fc. In the case of negligible 
heat production and fluid movement, subsurface lemperaiures 
in horizontally layered, isotropic earlh are governed by the 
thermal resisiance of a stratigraphic section in the following 
way (Bullard, 1939; and Figure la): 

TB = To -I- qo k(j} (1) 

where Tg is the lemperature al depth z = B, 7^ is the surface 
lemperalure at z = 0, qo 'S surface heat flow, and the thermal 
resistance (Az/fc) is summed for all rock unils between the 
surface and depth B. This equation, or the integral form of it, is 
commonly used in heat flow dala reduclion, and heal flow {q )̂ 
is calculated as lhe slope of the plol of consecutive values of Tg 
versus the summed thermal resistance to the measurement 
depth. The method is especially suitable when boreholes inter­
sect discrete and horizontal rock unils. 

The Ihermal resisiance meihod, as we use il for analysis of 
heat flow and subsurface temperatures in a sedimentary basin, 
comprises several steps. First, a set of bottom-hole temper­
atures (Tg) are compiled and correcled, if possible, for drilling 
disturbances. The wells from which temperatures are taken 
should represent a wide geographic distribution throughout the 
basin. This is not always possible, however, since wells are 
drilled preferentially in favored localities. Second, Ihermal con­
ductivity values must be measured for all representative rocks 
in the basin: drill chips, core samples, and outcrop samples can 
be used. Laboratory results for conductivities must be modified 
for efTects of temperaiure, porosity, and possibly anisoiropy to 
simulate in-situ conditions. Temperalure-depth profiles and 
thermal conductivity-depth profiles are allowed to vary with 
lateral position in the basin. The third slep involves summing 
the thermal resistance at each well from the surface to the depth 
ofthe BHT observation and solving for the site heal flow using 
equation (I). 

Ideally, the thermal resisiance sum is calculated individually 
for each well using conductivities and thicknesses for all rock 
units intersected (Carvalho et al, 1980). This individual well 
treatment is cumbersome, however, for large numbers of wells. 
An automatic processing procedure is useful if the basin struc­
ture is sufficiently simple and well known so lhat contacts 
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between rock units and conductivity variations are describable 
by simple funclions. In the Uinta Basin, formation contact 
depths are adequately described in terms of low-order poly­
nomial surfaces. The modified form of equation (1) used to 
calculate individual site heat flow values is 

'/o(-v..V') = [T«.„,{.v.>')-'/-o(.x,y,/i)]/^ 
Az(x, y) 

,=0 fc(.v, y, z, <t), T) 

(2) 

() being lhe depth and lilhology dependent porosity. For each 
well the latitude and longitude (equivalently x and y), well 
collar elevation h, correcled boltom-hole temperature Tg ^ , 
atid corresponding depth z = B are stored in a data file. Surface 
temperature as a function of position, and elevation Tg(.x, y, h), 
rock unil thickness Az(x, y) as a function of position, and 
Ihcrmal conductivity k{x, y, z, (f), T) as a funclion of position 
and depth are calculated from einpirical funclions. Once sur­
face heal flow values are determined from equation (2) for the 
wells sampled, and the heat flow field is suitably smoothed, 
subsurface lemperature maps can be calculated by a direct 
application ofthe thermal resistance meihod. Principal features 
of this procedure as applied to the Unita Basin are given in 
Table 1; details are discussed later in the text: 

The simple gradient method (Klemme, 1975; Chaturvedi and 
Lory, 1980; Lam et al, 1982) is an alternative approach to 

analyzing Bl IT data. Thermal gradients are calculated either as 
two-point dilTerences using a single BHT and an estimate of the 
mean annual ground lemperalure or through regression tech­
niques on multiple boltom-hole lemperaiures al diflereni 
depths. This technique for treating BHT dala is shown sche­
matically in Figure Ib. The single advantage of the simple 
gradient meihod is its convenience: BHT information is com­
monly stored and available in data files. Scatter in uncorrected 
temperatures for a common depth in any petroleum field, how­
ever, is typically 10° to 20°C (Carvalho and Vacquier, 1977, 
Figures 3-8) which leads to large uncertainties in the computed 
gradient. Correction of data for drilling efTects reduces scatter 
but is often riot possible from information stored- in data files. 
Also, wilhoul Ihermal condiicliviiy information, the expla­
nation ofthe scatter is unclear. Our thermal resistance method 
requires the measurement or estimation of thermal conduc­
tivity values but, in return, provides an estimate of actual 
temperature errors and of lateral heal flow varialions. 

We now present our application of lhe thermal resisiance 
meihod tb the problem of heat fiow arid subsurface temper­
ature varialions within the Uinta Basin. The geologic setting of 
the basin and the basic information available from petroleum 
exploralion are described first. Analyses of lemperature and 
thermal conductivity data and corrections which may be ap­
plied to them are then discussed separately. Finally, the heal 
flow and subsurface tempwralure maps are presented. 

'"•.-. 
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Table 1. Applicaiion 

Equation.(2): qgix y) 

of thennal resistance method to 

= tTi. „ ( x , y ) - • To(x, y, h)-] 

Uinta Basin study. 

/.?. 
Az(x, y) 

k(x, y, z. 4), T) 

Symbol 

' B , a t 

To{x,y,h) 

Az(x, y) 

k(x, y, z, 4), T) 

Parameter 

Bottom-hole temperature at equilibrium 
(i.e., infinite elapsed time) 

Surface ground temperature 

Unil thickness 

Thermal conductivity 

Porosity 

Thermal conductivity of waler 

Thermal conductivity of solid matrix 

Procedure/corrections 

Correct for drilling disturbance 

Ti(^) = Tĝ at + ^ log I M 
Correct for elevation and air lapse rate 
Ti(x,y,/i) = 22.4-0.0067/1 

where h is elevation in meters, TJ, in °C 

Describe formalion thicknesses in terms 
of diflerences between fourth-order 
polynominal surfaces 

AZF„ = zj{x, y) - z,.(x, >-) 
where z,-, Zj are depths to lops of 
formations i andy, respectively; Zj 
may be depth to measurement point. 

Correct lab measurement of solid 
component fc, al room lemperature to 
in-situ condilions of variable porosity 
and temperature fc, = fc* fci'"*' 

<t) = 0.25 exp (-z/3.0) 
where z is depth in kilometers 

fc„ = 0.56 -I- 0 .0037°*"; 0 < T ^ 6 r C 
fc„ = 0.481 -1- 0.942 In T; r > 63°C 

• '-"1^273-fr; 
where fc, 20 's laboratory result and T is 
formation temperaiure in °C 
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Geologic .setting uf Uinta Basin 

Chapman et al. 

The Unita Basin is an intraplate sedimentary basin within 
the northern Colorado Plateau (Figure 2). The geographic 
basin is bounded on the south by the Book ClilTs, on the west 
by the southern and central Wasatch Mountains, on the north 
by the Uinta Mountains, and on the east by the Douglas Creek 
arch. The basin is roughly elliptical, stretching 210 km along its 
major east-west axis and 160 km in a north-south direction. It 

occupies an area of approximately 20,000 km^ (Picard and 
High, 1972). 

The pre-Tcrliary stratigraphic history of the Uinta Basin is 
one of regularity and stability (Preston, 1957; Untermann and 
Untermann, 1964). Rock formations range in age from Precam­
brian through Tertiary, but Mississippian beds uncomformably 
overlie Cambrian beds. Periods of marine and continental de­
position occurred wilh nonmarine deposition dominant after 
the Permian (Bruhn et al, 1983). Total thickness of beds ranges 
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FIG. 2. Location map for lhe Uinta Basin, northeastern Utah. Shaded area indicates Tertiary outcrops. Rectangle is study area for 
reference in Figures 7, 10, and 11. Lower left inset shows conventional stratigraphic column for Upper Cretaceous (K,3), 
Cretaceous-Tertiary (TK), and Tertiary (Tl through T4) formalions shown on the map and discussed in the text. 
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from about 13.7 km in the eastern part of the basin lo about 
19.2 km in the weslern part. Approximately 4.5 km of the 
stratigraphic sequence is Tertiary in age. 

The Tertiary system of the Uinla Basin (Figure 3) (Bradley, 
1931; Picard, 1957; Preston, 1957; Murany, 1964; Untermann 
and Untermann, 1964; Ryder ct al, 1976) began with with­
drawal of the Cretaceous sea related lo uplift on the west and 
north. As a result, marine claystone and siltstone grades lat­
erally and is interbedded with nonmarine sandstone, shale, 
siltstone, and coal seams of channel floodplain and lagoonal 
character. The final phase of Cretaceous deposition and the 
first phase of Tertiary deposition are represented by continental 
facies of claslic rocks. The Cretaceous-Tertiary boundary is 
difficult to place wilh certainty. 

Coalescing of small freshwater lakes in the western part of 
the basin brought an end to widespread fluvial deposition 
(Wasatch formalion and equivalents—Norlh Horn, lacustrine 
FlagslalT, Colton) of lhe early Tertiary. Two major periods of 
lacustrine deposition then followed, and the Flagstaff limestone 
and Green River formation were deposited. Of these, the Green 
River formalion, deposited in Lake Uinta, is more extensive in 
the Uinla Basin. The complex interfingering of fluvial and 
deltaic beds with those of lacustrine origin indicates lhat Lake 
Uinta, which was probably stable for long periods and is esti­
mated (Picard and High, 1972) to have existed for about 13 
million years, underwent many fluctuations as il transgressed 
across its broad flood plain. In later stages, the lake increased in 
salinity and gave way to an interfingering of fluvial and lacus­
trine sediment (Uinta formation of late Eocene age) as it with­
drew lo the west-central part ofthe basin. 

Deposition of the fluvial Duchesne River formalion (prob­
ably latest Eocene but perhaps Oligocene for the uppermost 
member) followed as downwarping ceased and the basin filled 
with fluvial beds as streams were again the major agents of 
deposition (Andersen and Picard, 1974). 

Along the northern edge of the basin, against the south flank 

of the Uinla Mountains, Tertiary formations progressively 
overlap the upturned and eroded edges of pre-Tertiary forma­
tions. There, maximum warping has produced the Uinla Basin 
syncline where dips vary from 10 to 35 degrees on the norlh 
limb, but flatten to 2 lo 4 degrees on the soulh limb (Figure 3). 

Structure of the basin is relalively simple. Formalion con­
tacts form simple concave upward surfaces that can be- de­
scribed by two-dimensional low-order polynomial surfaces 
wilh no more than a hundred meters or so misfit lo identified 
contacts across the basin. The interfingering of deltaic, fluvial, 
and lacustrine deposils from several source areas, in contrast, 
has resulted in complex lateral facies changes wiihin Tertiary 
formations with consequent complications for deriving thermal 
conductivity profiles. 

ANALYSIS 

Data 

The basic data sel consists of information from approxi­
mately 2000 wells in the area defined by latitudes 39.77°N to 
•J0.50°N and longitudes 109.00°W to 110.75°W which were 
made available from the WEXPRO Petroleum Information 
file. The quality and completeness of data in the master file is 
variable. We required, for instance, knowledge of formation 
thicknesses for our thermal resisiance calculation, and found in 
the entire dala set only 1200 wells wilh the top of the Green 
River formalion entered, 1000 wilh the top of the Wasatch 
formation, and 70 with the lop of the Uinta formation. In 
contrast, surface elevations are included for all wells. Bottom-
hole temperatures are available for most of the wells, but the 
correction for drilling disturbances requires multiple BHT 
measuremenis at successive limes in order to extrapolate to an 
equilibrium temperaiure. This requirement eliminates most'of 
the wells and limits the dala set of wells with correctable 
temperatures to approximately 5 percent of all wells in the 
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i! 

FIG. 3. Schematic north-south cross-section through the Uinta Basin. Section follows profile DD' of Figure 2. Length of the profile 
is 120 km. Maximum thickness ofthe Tertiary sequence (Duchesne River through Wasatch Formalions) shown is about 4300 m. 
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(0) BOTTOM HOLE TEMPERATURE 
CORRECTIONS 
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I c 'e 
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where Ij. 'Circulation lime 

le = elapsed time 

T„ = equilibrium lemperalure 
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J\ME ELAPSED SINCE CIRCULATION (hrs) 

FiG. 4. (a) An example of a BHT correction. Multiple log 
readings 9; 16, and 32 hours after circulation ceased are used to 
extrapolate lo the equilibrium temperature T„. (b) Magnitude 
of bottom-hole correction, expressed as a percentage of the 
observed value in "C, as a funclion of elapsed time afler circu­
lalion, for 97 wells wilh multiple BHT values recorded. 
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FIG. 5. Corrected bottom-hole lemperaiures versus depth for 97 
wells distributed over the Uinta Basin. Wells are coded with 
respect lo the producing fields. 

basin. Few wells drilled prior to I960 meet this requirement. 
From the more recent wells with multiple measurements we 
eliminated tho.se that had identical lemperaiures recorded for 
several log runs, believing lhat a temperaiure was measured on 
one log run only and simply recorded on later logs. By carefully 
searching well logs from the 2000 wells in the Unita Basin, we 
identified 97 wells for which we could calculate a credible, 
corrected, boltom-hole lemperature. 

Five wells were sampled for thermal conductivity measure­
ments. These wells were chosen from those available at the core 
library of the Utah Geological and Mineral Survey on the basis 
of having continuous samples from near the surface to below 
the Wasatch formation. The shallow Cottonwood Springs well 
was chosen lo obtain additional samples from the Duchesne 
River formalion. The wells were also chosen lo be as close as 
jjossible lo areas with concentrations of BHT data while also 
sampling difTerent areas of the basin. Hindsight suggests lhat 
we undersampled the basin in a lateral sense. 

Temperatures 

Detailed lemperalure dala were taken from well logs. Be­
cause of several factPrs, primarily, fluid circulation before log­
ging, bottom-hole lemperaiures from well logs are lower than 
sialic formation temperatures. The Horner technique (Dowdle 
and Cobb, 1975; for discussion see Table 1, Lachenbruch and 
Brewer, 1959) is a method commonly used to correct Ihese 
temperatures. The technique involves plotting the bottom-hole 
temperaiure in a given well versus time according to the equa­
tion 

TB{t) = Tg,^-\-A\og m (3) 

where t̂  is Ihe circulalion tirae, t, is Ihc lime elapsed since 
circulalion, and Tg(t) is the time-dependent BHT. By plotting 
log [(fc + t JA J against T, one can estimate Tg „,. the true 
formalion temperature, as the ordinate intercept as shown in 
Figure 4a. When the circulalion time thai corresponds to a 
BHT measurement was unknown, a standard circulation lime 
of 4 hours was used. 

Ninety-seven wells were found in which the bottom-hole 
lemperalure was recorded accurately more Ihan once, thus 
allowing for a determination ofthe constant A and application 
ofthe Horner technique. The determination of A and Tg „ was 
done by lini;ar regression. The majority of the wells are located 
in the Allamont-Bliiebell-Cedar Rirti Irend in Duchesne 
Couniy norlh and northeast of Duchesne. Mosl of the olhers 
are in the Natural Buttes field of Uinla Couniy flanking the 
White River. Bottom-hole temperatures were measured al 
depths ranging from 1500 m in Natural Buttes to 5500 m in 
Altamohl-Bluebell. These, depths correspond to the lower 
Green River and upper Wasatch formalions. Corrected temper-
alures from the wells are plotted versus depth in Figure 5. The 
wide scatter indicates that the geothermal gradient is nonuni­
form throughout the basin. The mean geothermal gradient for 
the basin from these data is 25°C km" ' . 

Since the vast majority (aboul 95 percent) of wells in the 
Uinla Basin do nol have suflicient data for correction by Ihe 
Horner technique, it is appropriate to investigate the likely 
error involved if raw uncorrected temperaiure data were to be 
used and also the possibility of reducing this error by applying 
sonie empirical corrections to lhe raw lemperature data. For 
this purpose we performed a test using the 97 wells with multi-
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pic temperature measurements for which we were able to com­
pute an estimate for the equilibrium temperature (i.e., Tg „,). 
The difference between this computed equilibrium temperaiure 
(T(). oo) 2nd any measured temperature (Tg) can be regarded as 
the correction necessary for thai measurement. The percentage 
corrections for all measurements arc plotted in Figure 4b 
against lime elapsed since circulalion when the measurement 
was made. Three observations can be made. First, all the cor­
rections are positive for this data set, indicating that drilling at 
these depths produced a cooling efiect. Second, errors up to 25 
percent may exist in individual measurements made soon afler 
drilling; the correction limit decreases to about 12 perceni afler 
18 hours of elapsed lime. Third, a typical correction for this 
dala set (shown as a solid line in Figure 4b) has the form 
Tg JO = Tg(l.ll —0.026 In i,) which amounts to a 7 percent 
correction for an elapsed liriie of 4 hours, falling lo. 3 perceni 
afler 20 hours, allhough there is considerable scatter in the 
dala. The magnitude of this correction agrees with corrections 
proposed by others. Schoeppel and Gilarranz (1966) suggested 
that maximum logged lemperaiures of deep wells are wiihin 5 
percent of true static formation temperatures. Carvalho and 
Vacquier (1977) staled that for elapsed times greater Ihan 10-
12 hours the BHTs are accurate to within 8 percent of the true 
static formation temperatures. For the test data shown in 
Figure 4b, 80 perceni of the data points fall within ± 5 percent 
of the mean correction based on elapsed time only. This is a 
tolerable uncertainty for treating new uncorrected temperature 
data as long as little significance is placed on isolated temper­
ature anomalies which may simply be part of the population 
outside these limits. Olher empirical correction factors based 
on depth alone (AAPG, 1972) or by depth, circulation time, 
measurement time, and regional geothermal gradient (Scott, 
1982) may provide further improvements in reducing uncer­
tainties in BHT data. Alternative approaches and refinements 
recently suggested by Middleton (1979, 1982), Leblanc et al 
(1981), and Lee (1982) for thermal stabilization ofa drill hole 
can also be used where knowledge of thermal properties of 
drilling mud and wall rock are known. However, in this study 
we defer further discussion of using uncorrected BHT data and 
restrict our analysis to the 97 wells where equilibrium temper­
atures were calculated. 

Thermal conductivity 

All thermal conductivity values were determined using the 
modified divided bar designed by Blackwell (Roy el al, 1968) 
and similar in operation to that described by Sass el al (1971b). 
The bar was calibrated wilh standards of fused silica and 
crystalline quartz using temperature-dependent conduciivity 
given by Ratclifle (1959) and a procedure given by Chapman 
(1976) which accounts for lateral heat losses and sample contact 
resistance. Reproducibility of Ihermal conductivity determi­
nation is typically better than 2 perceni and interlaboratory 
agreement between measuremenis on identical samples is better 
than 5 perceni (Chapman, 1976). For drill cuttings we used the 
cell techniqueofSassetal(1971a). 

Five wells in the Uinta Basin were sampled for detailed 
Ihermal conductivity measuremenis: Rock Creek, Fisher, Cot­
tonwood Springs, Red Wash, and Soulh Ouray. We initially 
sampled the wells at 30 m intervals, which gave between 10 and 
20 samples per formation per well. The sample interval was 
decreased to 15 m when erratic behavior in the conductivity 
profile was observed. The increased sample densily correspond­
ed lo a plan of characterizing basin thermal conductivity in 
terms of members of formations rather than by entire forma­
lions. Subsequent analysis indicates that for the Uinta Basin 
this is misguided sampling. It would have been preferable to 
sample a greater number of wells having a broader geographic 
distribution with fewer samples per formation. 

Thermal conduciivity results for the five wells are shown in 
Figure 6. In each figure we have plotted the individual results 
for all samples measured, together with a histogram repre­
senting each formation. Numbers of samples, conductivity, and 
standard deviation are given in Table 2. 

The variety in the Ihermal conductivity results, both in the 
formation means between wells and in the distribution of values 
in a single well, reflects primarily the complex depositional 
history of the Tertiary Uinta Basin formalions. For the South 
Ouray well (Figure 6) conductivities of all formations are well 
constrained, as indicated by tight distributions and standard 
deviations between 0.3 and 0.5 W m " ' K " ' . In other wells cer­
tain formalion conductivities are poorly constrained, as for 
example in the Duchesne River formation in the Fisher well 

Table 2. Thermal conductivity results for the Uinta Basin. 

Well 

Rock Creek 
Fisher 
Cottonwood 

Springs 
Red Wash 
Soulh Ouray 
(Mean) 

Formalions 

Duchesne River Uinta Green River Wasatch Mesaverde 

A/- s.d. N s.d. N s.d. N s.d. N s.d. 

28 
23 

4.80 
4.81 

1.65 
0.35 

51 4.80 

41 
77 
17 

15 
49 

199 

4.37 
2.78 
4.37 

2.44 
2.12 
3.22 

0.94 
0.59 
0.78 

0.41 
0.41 

135 
106 

58 
53 

352 

3.13 
3.15 

3.70 
2.22 
3.05 

0.80 
0.86 

1.55 
0.48 

75 2.57 0.30 

37 
59 

171 

2.89 
2.29 
2.58 

0.40 
0.38 

32 
47 
79 

2.80 
2.79 
2.80 

0.79 
0.31 

Notes: N is number of samples; fc is mean ihermal conductivity in Wm"' K"'; s.d. is standard deviation in Wm"' K"'. Measurements were made 
on drill chip samples in the laboratory at 20°C and represent the solid matrix conductivity at that temperature. Actual formation thermal 
conductivity must be corrected for fluid, porosity, and temperature effects as described in text and Table 1. 
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FIG. 6. Thermal conduciivity results for five wells in the Uinta Basin. Well locations are shown in Figures 7, 10, and 11. Left side of 
the figures shows results for individual samples; right side shows histograms of results for each formation in each well. Measure­
ments were made on drill chip samples in the laboratory at 20°C and represent the solid matrix conductivity at that temperature. 
Actual formalion thermal conduciivity must be correcled for fluid, porosity, and lemperature efTects as described in the text and 
Table 1. 
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(Figure 6) and in Ihc Green River formalion in Ihc Red Wash 
well (Figure 6) where standard deviations arc 1.5 to 1.7 
Wm" 'K~ ' . In the latter ca.ses the distribution is bimodal be­
cause of interbedded sandstone-claystone intervals where the 
coarser components are characterized by conductivities of 5-7 
Wm~ 'K" ' , in contrast lo claystonc-rich beds having conduc­
tivities of 1.5-3 W m " ' K " ' . 

Average thermal conductivities given in Table 2 are consis­
tent with values reported in previous studies. Reiter el al (1979) 
reported a mean conduciivity for the Evacuation Creek and 
upper Parachute Creek members of the Green River formalion 
in the Red Wash field of 2.32 (s.d. 0.25) W m - ' K " ' . For the 
same interval in the Red Wash well, the mean for our measure­
ments is 2.50 (s.d. 0.95) W m " ' K " ' . A second comparison can 
be made in lhe Soulh Ouray field. The mean value for the Uinta 
formation of 2.14 (s.d. 0.45) W m " ' K ~ ' determined in well 
W-EX-I by Sass and Munroe (1974) agrees closely with our 
value of 2.12 (s.d. 0.41) Wm" ' K " ' (see Table 2). 

A less welcome feature of lhe thermal conductivity results is 
the variation from well lo well in any given formalion. The 
Uinta formation, for example, has a conductivity greater than 4 
W m " ' K " ' in the Rock Creek and Cottonwood Springs wells, 
2.78 W m - ' K " ' in the Fisher well, 2.44 W m - ' K " ' al Red 
Wash, and only 2.12 W m " ' K " ' al South Ouray. The Green 
River formation exhibits similar variations. While such pat­

terns are consistent with Ihe facies changes—Ihe high Green 
River formation conduciivity al Red Wash, for example, coin­
cides with an extensive depositional tongue characterized by 
high sandstone content—the patterns complicate the pro­
cessing of data on a basin scale. 

The common assumption of conslani ihermal conductivity 
within a formation, which is reliable for Ihe Mesozoic sedimen­
lary rocks ofthe central Colorado Plateau on the south (Bodell 
and Chapman, 1982), is clearly in error in the Uinla Basin. As a 
consequence, we have developed maps of lateral thermal con­
ductivity varialions within the basin. 

For each formation we assembled facies rnaps, cross-sections, 
available stratigraphic columns, and estimates of sand/clay 
ratios. By combining this information with the correlation be­
tween Ihermal conductivity and rock type available from our 
measurements on the 852 samples, we developed the thermal 
conduciivity maps shown in Figure 7 for the Uinta, Green 
River, Wasatch, and Mesaverde formations. We had insuffi­
cient information to discern any systematic variations within 
the Duchesne River formalion other Ihan Ihe decrease in con­
glomerate clast size eastward across the basin and the decrease 
in grain size from north to soulh. The pailern in each formalion 
strongly reflects depositional environment; open lacustrine 
rocks, for example, generally contain a higher clay fraction and 
thus a lower conduciivity. Although difTerences of a much 
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FiG. 8. Porosity depth functions for some typical rock types: (a) 
Jurassic-Cretaceous shale (Caucasus), (b) Pennsylvanian-
Permian sandstone (Texas Okalahoma), (c) Jurassic-
Cretaceous sandstone (Caucasus), (d) Jurassic-Cretaceous 
quarlz sandstone, (e) Quaternary sand (Louisiana), (f) Carbon­
iferous silly sandstone. Modified afler Jonas and McBride 
(1977). UB indicates function adopted for the Uinta Basin. 

greater magnitude may exist locally, typical conductivity 
changes across a formation on these smoothed maps are 30 
percent. The northwest high-conductivity trend persists 
through the Uinta and Wasatch formations and may partly 
explain the lower thermal gradients observed in lhat part ofthe 
basin. For computational purposes, the variations shown in 
Figure 7 were all expressed in terms of low-order polynomial 
surfaces by least-squares fitting. 

So far the discussion ofthermal conductivity values has been 
based on laboratory measurements ofthe solid component k, al 
room lemperature, nominally 20''C. Several corrections must 
be applied to adjust for in-situ Ihermal conductivity of porous 
rocks at elevated temperatures. 

For rocks with a porosity <}), the water-saturated rock con­
ductivity fc,, appropriate for in-situ conditions, may be calcu­
lated as the geometric mean from the pure phase conductivities, 
weighted according to their fractional volumes 

L - L i u t - * ) 
"•r — ' ^w ' l - i I (4) 

where fc„ is the conduciivity of water. [See Robertson and Peck 
(1974) for a discussion of Ihis and olher possible models for 
porous rocks and further references.] For a conductivity range 
of 1.5 to 3.5 Wm-'K"' , for example, a 10 percent porosity 
adjusts the measured conductivity by 9-16 perceni and a 20 

percent porosity, by 17-30 percent. It was impossible to mea­
sure porosities for individual .samples, and porosities from well 
logs are useful only as general indicators. We Iherefore chose a 
generalized porosity-deplh function lo characterize lhe basin. 
Figure 8 shows a variety of porosity-depth functions varying 
from linearly decreasing curves suitable for well-sorted sand­
stone lo exponentially decreasing curves more appropriate for 
silty and shaly rocks. The distribution chosen for the Uinta 
Basin based on reports for porosity at specific horizons and 
concensus of personal communications is 

4) = 0.25 exp (-z/3.0) (5) 

where z is depth in kilometers. This relation yields a porosity of 
25 perceni at the surface and 5 percent at 4.8 km depth. 

Temperature dependences for water conductivity fc„, as­
suming that the pores are filled with water, and matrix conduc­
tivity fcj are also needed for the conductivity correction. Waler 
has a conductivity of 0.56 Wm "' K " ' al 0°C, but it increases lo 
0.68 Wm" 'K" ' at 100°C. We have approximated temperature-
conductivity data for water given by Kappelmeyer and Haenel 
(1974) by the following functions: 

(6) fc„ = 0.56-I-0.0037-°'"; 0 ^ T ^ 63°C 

fc„ = 0.481 -f 0.942 In T; T > 63°C. (7) 

These equations were then used to adjust fc„ for in-situ con­
ditions in the basin. We have further assumed that the solid 
matrix conduciiviiy fc, is proportional to the reciprocal of the 
absolute temperature. Thus 

fc. = fcjo[293/{T-f273)], (8) 

where fcjo is conductivity determined in the laboratory al 20''C. 
This correction is significant. For a sample with measured 
conductivity (20°C) of 3.0 Wm"'K- ' the in-situ matrix.con­
ductivity varies between 3.1 at the surface (10°C) and 2.2 
(135°C) al 5 km depth. No attempt is made lo make anisotropy 
corrections because ofthe complexity ofthe problem, consider­
ing only drill chips were available for measurement and the 
relatively small efTecl il is believed the corrections would have 
in Ihis situation. However, possible systematic errors intro­
duced by neglecting anisotropy and by making chip measure­
ments on claystones which may have undergone irreversible 
changes upon drying should not be ignored in the interpreta­
tion of results. Blackwell et al (1981) and Sass and Galanis 
(1983) gave examples of the problem of determining thermal 
conductivity of shales. 

Surface heat flow 

This section describes procedures for processing large data 
sets of BHTs lo obtain heal flow palterns and subsurface 
temperaiure maps. If, for each well, a corrected BHT is avail­
able, and if the rock lypes are known and can be converted into 
a thermal conduciivity profile, Ihe computation of heal flow is 
relatively simple. In reality the data set is incomplete and 
approximate techniques must be adopted. 

We approximate in some instances the posilions of forma­
tion contacts by fourth-order polynomial surfaces. The surfaces 
were generated from pertinent well information; the top ofthe 
Uinta formalion was available in 70 well records and the Green 
River and Wasatch formations in about 1000 records each. The 
choice of fourth-order polynomials to represent the formations 
was made on the basis of a plot of rms residual (dilTerence 
between recorded formation position and calculated position 

-1 
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using the polynomial surface) versus polynomial order. Figure 
9 shows that formation contacts arc adequately expressed as 
fourth-order surfaces (second order for Wasalch and Green 
River) and ihal little benefit is gained by adding higher orders. 

One filtering process required for the Uinta Basin concerned 
raw data where formation lops identified on well logs departed 
from the polynomial surfaces by several hundred meters. In 
such a case ihe data points were eliminated and the surface 
coefiicients were recalculated. This process led lo a reduction of 
5 perceni in the Wasalch formation records, 10 percent in the 
Greeri River formation records, and 10 percent in the Uinta 
formation records. The discrepancy lies parlly in the difficulty 
of identifying formalion boundaries, but also in systematic 
difTerences between the stratigraphic conventions adopted by 
difTerent companies. The average rms misfit for each formation 
after filtering the data is: Uinta formalion, lop 81 m; Green 
River formation, top 70 m; and Wasatch formalion, top 70 m. 

From these polynomial surfaces, depths to formalions were 
obtained for wells in which any formation lop was missing, and 
formation thickness was calculated for use in the Ihermal resist­
ance calculation. A subroutine was developed lo compute 
porosity-corrected ihermal conductivity for each formation at 
any location. This subroutine computes the average conduc­
tivity of water fc„ as a functiori of lemperalure, the conductivity 
of Ihe solid component fc, as funclion of temperature, thi: 
average porosity, and Ihe porosity-corrected ihermal conduc­
tivity for each formation according to the relalions described 
previously. Because the formations are at difTerent depths in 
difTerent parts of the basin, the porosity and temperature cor-

300 -
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FIG. 9. Root mean square (rms) residuals between position of 
formation top recorded on well log and position compuled 
from the polynomial surface approximation. 

rections cause the ihermal conduciiviiy ol each formation- to 
vary laterally in patterns somewhal dilTerent from those gov­
erned by facies changes shown in Figure 7. Once Ihe conduc­
tivities were calculated, all Ihe information was available for the 
coiTiputation of surface heal flow from the thermal resistance 
equation. 

Surface heat flow in the Uinta Basin is shown in Figure 10. 
After rejecting three anomalous values Using the Chauvenet 
rejection crileria (Beei-s, 1957, p. 23), Ihe mean heal flow for the 
94 wells is 57 mWm"^ with a standard deviation of 11 
mWm"^. Heal flow varies from 65 to 40 mWm"^ on a profile 
running north from Duchesne. The area to the southeast bord­
ering the White River exhibits no trend in heatrflow and illus-
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FIG. 10. Surface heat flow for 97 wells (solid dots) in the Uinta Basin computed by the thermal resisiance meihod. Open circles with 
crosses indicate wells used for thermal conductivity sampling. Triangles give sites of Iwo conventional heat flbw determinations 
wilh corresponding heat flow values in square brackets. 
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trates ihc scatter which can be expected using this method. The 
range in heat flow computed for 20 wells is 58-73 mWm"^, 
with a mean and standard deviation of 64 and 4 mWm"^, 
respectively. We attach no significance to short-range fluctu­
ations of order +5 mWm"^, but believe the smooth varialions 
are real. 

A test of this treatment of BHT data lo produce a heal flow 
map involves comparing these results with values determined 
previously in the same area by more conventional heat flow 
techniques. In this part of the Uinta Basin, only two sites are 
available for comparison. As shown in Figure 10, the value of 
63 mWm"^ determined by Sass et al (1971b) al South Ouray 
over a dcplh range 61 lo 907 m is surrounded by our values of 
63,60,64,61, and 63 mWm ' .̂ At the eastern boundary (Figure 
10) the value of65mWm" igiven by Reiter el al (1979) for Red 
Wash departs considerably from our 42 mWm"^ on the north, 
but is closer lo lhe two nearest values on the west of 51 and 59 
mWm"^. The lower value from our method in Red Wash may 
result from our smoothed conductivity assumption within for­
mations, whereas, in fact, formalions undergo rapid facies 
changes in this region. More likely il is a proper reminder that 
little significance should be attached to isolated values. A less 
direel comparison can be made with heat flow determined from 
conventional heat flow sites lo the soulh ofthe Uinta Basin. In 
this sense the Uinta Basin values of 55-65 mWm"^ (south of 
Duschesne and White Rivers, Figure 10) are consistent with the 
northcentral Colorado plateau values (Table 4 and Figure 8 of 

Bodell and Chapman, 1982) and in particular with the mean 
value of 58 mWm"^ (31 sites, standard deviation 8 mWm"^) 
considered representative of the Colorado Plateau interior 
(Table 5 of Bodell and Chapman, 1982). 

Once the surface heal flow pattern is determined, subsurface 
temperatures at any depth can be calculated by a direct appli­
cation of lhe thermal resisiance method. An example of temper­
atures al 1 km depth is shown in Figure 11. The temperature 
pattern will generally be similar to the heat flow pattern, except 
where lateral facies variations cause thermal conductivity con­
trasts. Mean subsurface temperatures in the Uinla Basin are 
22 ± 4"C al 500 m depth, 35 ± 7°C al IOOO m, 59 ± 10°C al 
2000 m, and 74 ± 12°C at 3000 m. 

Error analysis 

Throughout lhe calculation, error propagation was com­
puled using lhe general formula of Bevington (1969). Since all 
the errors encountered in formalion depths, thermal conduc­
tivities, and temperatures were uncorrelated, the covariance 
lerms are all zero. In computations, the average rms errors of 
the polynomial surfaces were used as the errors of the forma­
tion depths whether the depths used were picked formation 
tops or polynomial computed lops. Accuracy of picked forma­
tion tops in the Petroleum Information file is not less than 
about 50 m (personal communication, J. M. Hummel and C. N. 
Tripp, 1981). These errors in formation depths result in an 
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average error of 5.6 percent in surface heat flow. An error of 
2''C in surface temperature results in an error of about I per­
cent in surface heat flow. The standard deviation in formalion 
ihermal conductivity, which ranges from 8 to 40 percent, results 
in a 14 percent error in surface heal flow. The cumulation of 
ihe.se errors results in a lolal error of about 15 perceni in 
surface heal flow values. Because the errors are uncorrelated, 
the larger error in thermal conductivity dominates the error 
propagation. If the error in surface heat flow lhat is solely the 
result of conductivity could be reduced from 14 to 10 percent, 
the cumulative error in surface heal flow would drop to 11 
perceni. Reducing the error due to conductivity to 5 percent 
would reduce the cumulation error to 8 percent. These errors 
may underestimate actual errors if our ihermal conduciivity 
measuremenis on claystones are systematically high, but this 
elTect is difficult lo assess. 

DISCUSSION 

The thermal resisiance method described here (see Table 1) 
ind applied lo Ihe Uinla Basin is generally applicable lo well 
Ihermal dala in sedimentary basins. The meihod makes few 
assumptions of unifprmity concerning thermal gradients, ther­
mal conductivity, or homogeneity within the basin. Instead, 
boltom-hole lemperalure dala are treated individually, logeth­
er with a besl estimate of the vertical thermal conduciivity 
profile at the well site, to produce a local heal flow value. Maps 
of Surface heat flow and subsurface lemperaiures al arbitrary 
depths are products ofthe method. 

For Ihe Uinta Basin, we restricted our investigation to 97 
wells where BHTs could be corrected for drilling elTects. These 
wells comprise only 5 percent of the wells in the Uinta Basin. 
The magnitude of lemperalure corrections for these wells sug­
gests that uncorrected BHTs may difTer from equilibrium tem­
peratures by as much as 25 percent, and for the Uinta Basin 
they are systematically low on Ihe average by 7 to 3 percent 
depending upon time elapsed after circulation. An empirical 
mean correction for raw BHT data was developed for Ihe 97 
welis in the Uinta Basin such lhat 80 percent of the computed 
corrections fall within '± 5 percent of the mean correction. Use 
of this correction would provide access to a much larger data 
sel (the remaining 95 percent of wells in the Uinta Basin) at an 
acceptable uncertainty level, provided little significance is at­
tached to isolated temperature anomalies. 

The heat flow map (Fig. 10) exhibits local coherency between 
values and yields a mean value of 57 mWm"' , consistent wilh 
heat flow determined by conventional heat flow methods in Ihe 
Uinta Basin and neighboring areas. Discrepancies of ± 5 
mWm"^ between adjacent wells are considered lo be in the 
noise. 

An interesting feature of the heat flow map, if real, is the 
pronounced decrease of heat flow within the basin from about 
65 to 40 mWm"^ as the Uinla Mountains are approached 
(compare Figures 10 and 2). Although we believe this Irend lo 
be real, there remains a possibility lhat Ihe laboratory measure­
ments ofthermal conductivity of claystones and mudstones are 
systematically in error, or that our BHT correction has a 
systematic depth-dependent error and Ihal these errors have an 
efTect on our heat flow map. The thermal conductivity expla­
nation is suggested, in part, by the spatial similarity in conduc­
tivity maps for the Uinta, Green River, and Wasatch forma­

tions in the area north of Duchesne (Figure 7) and the heat flow 
trend as shown in Figure 10. If the conductivity pattern is 
interpreted to indicate an increasing clay fraction in a southeast 
direction toward Duchesne, and if our measured conductivities 
are systematically high, then heat flow values will be corre­
spondingly overestimated across this trend. However, the same 
argument should hold true for the Soulh Ouray region where 
similar gradients are seen in the thermal conductivity maps 
(Figure 7), but no trend is seen in the surface heat flow (Figure 
10). The possibility ofa depth-dependent bias was checked by 
plotting surface heat flow against well depth. Whereas heat flow 
greater than 60 mWm"^ is restricted to wells less than 3900 m 
depth, heat flow less than 50 mWm"^ is found for wells varying 
in dcplh from 1800 m lo 5500 m. Although there is a general 
trend toward lower heat flow determined in deeper wells, il is 
diflicult to distinguish between systematic error and a physical 
process controlled by the basin geometry. 

There are al least two heal transfer mechanisms lhat could 
produce lhe lateral heal flow gradient seen in Figure 10. The 
first mechanism is lateral refraction of heat flow into the very 
conductive quartzite of Precambrian age which comprises 
much of the Uinta Mountains on the north. The thermal con­
ductivity contrast between younger Uinta Basin sedimentary 
rocks and the Precambrian Uinta Mountain Group (quartzare-
nite, subarkose) may attain a ratio of 1 : 2. Such a contrast 
would produce a similar 1 : 2 discontinuity in siirface heat flow 
across the contact with basinward values being lower. Ob­
served variations in the heat flow field of 40 to greaier than 60 
mWm"^ are consistent with slightly lesser conductivity con-
slrasts. Theoretical considerations of such a conduclive heat 
transfer problem (see, e.g., Carslaw and Jaeger, 1959, sec. 16.4), 
however, reveal lhat for the case of an ellipsoid-shaped basin, 
heal flow is uniformly lowered across the basin. Thus, the lateral 
surface heat flow gradient within the boundaries' of Ihe basin 
can only be produced by refraction if departures from an ellip­
tical shape are large or if Ihe conductivity field has a more 
complicated structure Ihan we have assumed. 

Another explanation of the heat flow field relies on convec­
tive heat transport accompanying the circulation of groundwa­
ter. The heat flow pattem in the Uinta Basin (Figure 10) is 
qualitatively consistent with groundwater recharge at the south 
flank of the Uinta Mountains, probably localized in the steeply 
dipping sandstone and limestone beds of late Paleozoic and 
Mesozoic age, and groundwater discharge or updip water flow 
south of the east-west basin axis. Although each flow regime 
needs to be modeled in delail, the general modeling results of 
Smith and Chapman (1983) on thermal effects of regional-scale 
groundwater flow systems indicate that the heal flow pattern 
observed in Figure 10 is consistent wilh a groundwater flow 
explanation. 

Once the surface heal flow field has been established, subsur­
face temperatures can be readily calculated for any location in 
the basin. DifTerences between temperatures computed by Ihe 
simple gradient method and those computed by the thermal 
resisiance meihod, for Ihe Uinta Basin on Ihe average, are 
smaller Ihan we initially expected. There are almost identical 
porosity correcled Ihermal conductivities for the Green River 
and Uinla formalions except for thermal conductivities in Ihe 
fine-grained, carbonate-rich Parachute Creek member of the 
Green River formalion. The Duchesne River and Wasatch 
formalions have significantly difTerent conductivites, but the 
Duchesne River formation is absent over two-thirds of Ihe 
study area and is Ihin compared wilh Ihe deplhs of the BHTs 
where the Duchesne River formalion is present. A belter lest of 
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this meihod would be provided by a basin where sharp con-
irasls exist in the Ihermal conductivity of diflereni units. 

Subsurface temperature maps for the Uinta Basin show simi­
lar spatial variations lo the surface heat flow map. Such lateral 
varialions may be overlooked unless heal flow values are com­
puled for individual wells and the heal flow field is mapped. 
The lateral lemperalure difTerences predicted for greaier depths 
within the Uinla Basin have important implications for re­
gional differences in hydrocarbon maturat ion within the basin. 
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Continuation of heat flow data: A method to construct 
isotherms in geothermal areas 

Charles A. Brott*, David D. Blackwellt, and Paul Morgan§ 

ABSTRACT 

A continuation technique for conductive heal flow in a 
homogeneous isotropic medium is presented which utilizes 
observed surface heat flow data. The technique uses 
equivalent point sources and is developed for transient 
or steady-stale conductive heat flow problems for a homo­
geneous half-space with plane surface and a surface with 
topographic relief. The technique is demonstrated by com­
parison with a sieady-slule fault model and the terrain cor­
rection problem; it is also compared to observed heat flow 
data in Iwo geothermal areas (Marysville, Montana and 
Easi Mesa, Imperial Valley, Caiifomia). Calculated sub­
surface lemperalure distributions are compared lo analytical 
models and the resulis of geophysical sludies in deep 
drillholes in geothennal systems. Even in geolhermal sys­
tems, where convection is involved in the heal transfer, 
the boundaries ofthe "reservoir" associaied wilh lhe con­
vective system can be treated as a boundary condition and 
the depih and shape of lhis boundary can be calculaied, 
since many geothennal systems are controlled by permea­
bilily barriers. These barriers may either be due to the 
natural development of a trap or to self-sealing. Conlinua-
lion of surface heat flow dala is a useful technique in the 
iniliai evaluation of geothermal resources as well as an 
additional lool in the interpretation of regional heat-flow 
data. 

INTRODUCTION 

Heat llow anomalies al Ihc earth's surface can be caused by 
one or morc of the following: (I) conira.st of thermal conduciivity 
and Ihe resulting refraction of heal; (2) contrasi in the sources 
of heat produclion; (3) local lemperalure differences caused by 
the intrusions of hoi (or cold) maicrial; and (4) conveclion of 
groundwalcr. Al.so, Birch (1950) and mosl recently Blackwell 
cl al (1980) pointed out that apparenl anomalies will arise from 
topographic features. Numerical models showing the effect of 
Ihcrmal conduciiviiy conlrasls were reported by Simmons (1965) 
and other authors. Wc develop a simple continuation meihod for 

conductive heat flow in a homogeneous isotropic media, which 
utilizes surface heat-flow data, and use it to put spatial and tem­
poral limits on the sources or temperatures associated with heal 
flow anomalies. If lhe source of the anomaly is a distribution of 
temperature, then the source configuration can be directly cal­
culated. If the source of lhe anomaly is related to heal generation 
variations, then the interpretation is more complicated. 

The continuation of surface heat flow data lo determine sub­
surface temperaiure distributions is a useful method for inves­
tigaling the subsurface in some geolhermal areas. Consirucled 
isotherms will converge around the anomaly sources and have a 
direct relationship to the location of the sources. For example, 
a geothennal anomaly which is caused by hot circularing fluid 
in a "simple reservoir" is considered. The term simple reservoir 
is used lo describe a volume consisting of highly permeable rocks 
wilh fluid circulalion wiihin the volume or reservoir, surrounded 
by effeclively impermeable rocks. The circulaling fluid lends lo 
keep the lemperature uniform in lhe reservoir; hence, the boundary 
of the reservoir is approximately an isotherm. Outside the reser­
voir, the heal transfer mechanism is only conduction since the 
rocks are impermeable. Utilizing the surface geothermal gradient 
in a continuation meihod, one can construct an isothermal sur- ; 
face which is the same lemperalure as the reservoir. The isother- ; 
mal surface can then be used to investigate the relalionship of 
the possible reservoir lo geologic or other geophysical informa-
lion and in resource analysis. 

The major problem in the calculation of subsurface temperature 
dislribuiions is the spatial diffusion of heat. Since the flow of 
heal is nol restricied to the vertical direction, the estimation of 
subsurface temperatures by extrapolation of surface gradients is 
erroneous. The correct solution of this problem involves a down­
ward or sourccward continuation which accounts for spreading 
of heal in all directions. The spatial distribution of heat may be 
time-dependent, as in the case of a source which has been "turned 
on" for a short period of time (e.g., a recent emplacement of an 
inlrusive body). For such cases the correct solulion must also 
account for the time dependency of the lemperalure distribution. 
Continuation techniques have been described for gravity and 
magnetics by Grant and West (1965, chapter 8) and many other 
authors. Allhough the equations describing steady-stale heal 
flow, gravity, and magnetics are very similar, mosl gravity and 
magnetic continuation techniques cannot be applied usefully to 

1 

•'St 

Manu.script received by the Editor December 21, 1979; revised manuscript received May 18, 1981. 
•Phillips Petroleum Company, Research and Development, Banlesville. OK 74004. 
t Departmem of Geological Sciences, Southem Mcihodisi Univcrsiiy. Dallas, TX 75275. 
§ Lunar and Planetary Institute, 3303 NASA Road One, Houston. TX 77058. 
0016-8033/81/1201 —1732503.00. © 1981 Society of Exploralion Geophysicists. All rights reserved. 

1732 



Continuation of Heat Flow Oata 1733 

lioai-llow dala. A problem arises fmiii ihc basic difference bc­
iween gravity and magnetic data sets compared lo heal tlow 
il;ita sets measured on ihc surface of ihc canh. Gravity and 
niagnetic data coiiipri.sc :i set of potential gradient (lield strength) 
vaiucs spatially distributed iin a plane whose potential al.w has 
a lateral variation. 

Heat llow data comprise a set of field strength values, but the 
vaiucs arc spatially distributed on a plane of essentially uniforni 
|H)iential (Ihc surface lemperature). Thus when continuing heat 
Mow data, image sources must be considered. The heal-flow 
data can be continued by similar techniques as gravity and 
magnetic fields. However, lo compute the subsurface tempera­
tures (an essential parameter in any geolhermal investigation), 
a very complex inlegralion over the continuation path is required 
(Bodvarsson, 1973). 

In Ihe first part of this paper, wc present a technique for the 
sourceward continuation of heal flow dala obtained on a plane 
surface by which subsurface temperatures can be directly esli-
niated for either the steady-stale or time-dependent case. The 
technique consists of constructing equivalent point sources, 
similar to the meihod of Dampncy (1969) for modeling gravity 
data. 

In a second part, the basic continuation method developed for 
a plane surface is extended to a form lhat can be used to obtain 
terrain corrections. The nalure of the terrain corrcciion problem 
allows il 10 be identified as the "spaceward" (away from Ihe 
source) continuation problem where lhe lopographic relief with 
the nonuniform surface temperature distribution can be repre­
sented by a source distribution located on or above the surface 
(Birch, 1950; Blackwell ct al, 1980). 

CONTINUATION TECHNIQUE 

The continuation meihod described here is based on a funda­
mental potential field property: Outside the boundaries of a vol­
ume coniaining sources, the field, once defined, is unique. Even 
though there is always a family of source solutions which will 
generale the same field, any source solution which satisfies the 
surface field strength values can be used lo calculate lhe field 
parameiers al any point outside the volume coniaining the sources. 
The source solutions used in this continuation meihod are an 
array of line or point sources for lhe two-dimensional (2-D) or 
three-dimensional (3-D) ca.se, respectively. By solving simul­
taneous equations, lhe source strengths are determined from 
known surface heal-flow dala or geothermal gradients. 

The assumptions for obtaining the source strengths are (1) the 
heal transfer mechanism is by conduction alone; (2) a homo­
geneous isotropic medium in which no heat is generated occupies 
Ihc space between Ihe sources and surface; and (3) the sources 
are continuous in lime and have conslani heal generalion wilh 
time. Once the source solulion is known, the subsurface tem­
perature can be calculaied dircclly. 

The differential equation for the conduction of heat in a homo­
geneous isotropic medium in which no heat is generated is 

V^T = {l/K)ar/dt, (1) 

where T is lemperalure, K is diffusivity, t is time, and V^ is the 
Laplacian (V^ = d^/dx'^ -t- d'^/dy'^ -f d^/dz^). The geothennal 
gradient g is the negalive of the partial derivative of lhe tem­
perature T along the vertical direction z, 

g = -dT/dz. (2) 

The differential equation for the conduction of heal degenerates 
inlo lhe Laplace equation 

V^T = 0 (3) 

for the steady-stale ca.se. 
The in(initc-nicdium .solutions for llic slcady-slatc and time-

dependent temperature and gradient for point and line heal sources 
of conslant heat generation are listed in Table I (from Carslaw 
and Jaeger. 1959, chaptyrs 10 and 14). The solutions are written 
in two parts: a source term S and a distance term (D for tempera­
tures and G for gradients). Individual solutions for single sources 
can be superimposed since Ihcy arc the .solutions of second-order 
linear differential equations. This property is csscnlial because it 
allows a complex field lo be constructed by summing the effects 
of many simple sources. Also, this property can be exploited 
through the method of images to obtain a uniform surface tem­
perature. The use of the image sources and the basic ideas of lhe 
conlinuation meihod are discussed below. 

Consider lhe 2-D model in Figure la. The surface geothermal 
gradients gi, i = I, N, at the points Pj , i = \, N (located on 
lhe reference plane z = 0) are known. Also, the surface lem­
peralure of the reference plane is a conslant 7"., which is known. 
By using the linear properties of the line source solution for the 
gradient from Table I, the contribution lo the surface gradient 
gij at the point f,- from the source Qj and its image Qj can be 
expressed by 

gij - SjGy -4- SjC'iJ, (4a) 

where Sj and Sj are source terms which are functions of their 
respective ccftistanl source strengths Qj and Qj, and Cy and 
G'ij are gradient dislancc terms (see Figure la and Table 1). 
Since Sj is lhe image source lenm of Sj, Sj = —Sj, and since 
Pi is an equal distance from Sj and Sj biil in a different vertical 
direction, GJy = ~Cy-. Therefore equation (4a) may be wriilen as 

g1j = 2SjGij. (4b) 

By superposition of all the A' set of sources and images, the lolal 
gradient gf al lhe point Pi is 

N 

g T = 2 2 SjGij. (5) 

Similar expressions can be wriiten for the total gradicnl at each 
Ith point, /• = 1, yV. The parameters defining the distance terms 
Gy are known, but the individual source slrenglhs Qj are nol 
known. Since ihere are N equations and N sets of sources and 
images, the source lerms can be calculated by solving the sel of 
simultaneous equations. 

The temperature 7* at any arbitary poinl P^ below lhe surface 
and above lhe source plane depth can be calculated using the 
following expression (see Table I and Figure Ib) 

N 

Tk = T , + 2 SjiDiy - Dy), (6) 
y '= 1 

where 5} are the source lerms obiained by solving lhe simultaneous 
equations, 7*, is a known constant surface temperature, and the 
parameters defining the Icmperature-dislance lerms Dy and D'y 
arc known. 

If lhe time when the sources were emplaeed (turned on) is 
known, the time-depcndertt form of the source equation may be 
used and the method of obtaining the solution would be similar. 

In three dimensions, point sources are used on a plane z = a 
and images on a plane z = —a. The poinl source and disiance 
lerms are given in Table 1. The only addilional complexity is 
another summation needed lo account for the third dimension. 
For poinl sources on an /» x m grid, the surface gradient gy is 
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FIG. la. Geometry for the continuation model. Sources Q,--i, Q,, and C-+i arc on lhe plane z = a. with image sources QJ- i ; 
2,', and Q'i+i, on the plane z = —a. The surface gardienls arc known al points P,-_i. Pi, and Pz+i on the plane z = 0. The distance 
term between any particular source image point Qj. or Qj, is Ry{=R'y). 

FlO. lb. Geometry for lhe conlinuation model used to compute the subsurface lemperalure at point Pi, which is between the planes -ff^t 
z = 0 and z = o at depth zo. 

i -

FlC. Ic. Geometry for the terrain correction model. Line doublcls o,- _ i . o,-, and a,- + j are on a reference plane. The surface lemperaiures 
and the elevaiion differences of lhe points P, _ i , P,-, and P,-+ j are known. The vertical disiance from the reference plane to point P* 
and the gradient at P), are known. 
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Table 1. .Soluliiins fur iiinstanl and continuiius point and line .siuirccs (Cur.slaw und Jac|i;er, IV.S9|. 

rcnipcralurc (T). 7 = 5 - 0 
Poinl source 
Line source 

Source Icrm 

S = C/4-rrK 
5 = Q/ATK 

rimc-dciK-ndcnl 
di.siance lerm 

D = ( l / « ) c r f c ( « / \ / 4 ^ ) 
D = -t";(-«'V4K/) where 

-Eii-.v) .x(e-'/u)du 

Slcady-siale 
disiance lerni 

D = I//? 

O = - 2 HR) 

Geolhermal gradicnl (,i;), g — S • C 
Poinl .source 

Line source 

S = (2/41IK 

S = Q/4-nK 

G = [(z - - . ' i /R ' ]* 
[ { 2 R / V ^ l ) exp(-fiV4Kf) -t-
cHciR/VAiai] 

G = [2(.- - 2')/R'^]* 
exp(-«''=/4K/) 

( x - j ' ) ^ + ( y - y'V + (z for lhe poinl source and 
R' ' = {x - x')'' -*- (z - z')'-' for the line source, where (.t, y, z) is lhe field point and (.c', y', : ' ) is the source poinl. 

G = (z - z')lR^ 

G = 2(z - 2')//?^ 

Q is source strength. / is lime, K is diffusiviiy, and R is lhe distance from lhe source lo the field point. 

! 

expressed at a point P y by 

«y - 2 2y • Z, Sk tGyu , 
* - 1 t - l 

(7) 

and temperaiure Ty is expressed at a point Py by 

7-y- = S Z 5*/ • (Dy-« - Dyki ) + T,. (8) 
* = 1 /= 1 

If the models have a known uniform-background geolhermal 
gradient go , it can be introduced in the gradient equations [equa­
tions (5) and (7)1 by adding it to the right-hand side of the 
equations, and to lhe temperaiure equations [cqualions (6) and 
(8)] by adding the product (goz) of a uniform background gradient 
and the vertical distance lo the reference plane to the right side 
of Ihe equations. 

TERRAIN CORRECTION TECHNIQUE 

The terrain correction involves a spaceward (away from the 
source) continuation. Since the surface lemperalure is a boundary, 
the lopographic relief and nonuniform surface lempcralures are 
modeled by the use of vertical line or poinl doublets (tempera­

ture dipwies). The use of dipoles to model variable surface poten­
tial is a well-known technique (see Grant and West 1965; Carslaw 
and Jaeger, 1959). The same fundamental potential field propier-
lies, assumptions, and restrictions which apply to lhe continualion 
meihod discussed above also apply lo lhis lerrain correction 
technique. 

The solutions for the vertical line and point doublets arc listed 
in Table'2 (from Carslaw and Jaeger, 1959, chapters 10 and 14). 
The solutions are wriiten in two parts, a source lerm a and a dis­
tance term (A for lemperalure and P for gradients). Again, indi­
vidual doublets can be superimposed since ihey are also solutions 
for a second-order linear differential equation (I) or equation (3). 
This superposition property is essential because it allows a com­
plex temperaiure distribution on an irregular surface to be repre­
sented by the sum of the effects of many doublets. The use of 
the doublets and the basics of the lerrain correction method are 
discussed below. 

Consider the 2-D model in Figure Ic. The lopographic relief 
is shown by a line and surface temperatures Tj, i = 1, A' are 
known al points P,-, i = 1, N, respectively. The observed gra­
dient g is known al poinl P N + I - Using the line doublet solutions 
for the lemperature from Table 2, a general equation for lhe 

Table 2. Solulions for constant and continuous point and line doublets (Carslaw and Jaegar, 1959). 

Temperature (T), T = a 
Point doublet 
Line doublet 

Gradient (g), g = a • V 
Point doublet 
Line doublet 

Source lerm 

(T = Q/4-nK 
a = Q/4TrK 

o- = e/4-itK 
a = C/4-ITK 

Steady-state 
distance term 

^ = ( z - z ' ) iR ' 
A = 2(z - z')//?^ 

r = [1 - 3tz - z')''lR'^yR^ 
r = 2[l - 2(z - zf/R'^VR'^ 

Q is the source strength, K is diffusivity, and R is Ihe disiance from the source to the field poinl. 
/f^ = (.r • 

R^ = (.r 
x') -*• (.V - y') -t- (z - r')"* for poinl doublets and 
x')^ -•• (z - z')^ for line doublets, where (J:, y, z) is the field point and {x', y', z') is lhe source point. 

MDIl 
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temperature T; :it P,- can be written as 
n 

I'i = Z (oyA,y) -1- :,-a. (9) 

where the dipole source icmis ITJ arc a funclion of their respective 
source strengths, the temperature dislancc terms Ay arc functions 
of the distance from their respective .sources to lhe poinl P,-, z,- is 
the distance from the reference plane to the point P,, and a is the 
undisturbed regional gradient (Figure Ic and Table 2). Using 
the doublet solutions for the gradient from Table 2, the gradient 

g al P,v 4- 1 can be written as 
iV 

i' = Z (VJ\'N I.J ) -f- a . (10) 

where Ihc source terms are Ihc same as above, the gradient dis­
tance terms F/v + i j arc a function of Ihe distance from their 
respective source lo Ihe point P/v + i , and a is the .same undisturbed 
gradient as above. 

Since the parameters defining the lemperalure and gradient 
distance terms Ay and P̂ v + i.y are known, these lerms can be cal-

4 0 0 r SURFACE GEOTHERMAL GRADIENT (°C/KM) 

3 0 0 

2 0 0 

i 
^ IOO 

-o of 

SURFACE TEMPERATURE IS'C ISOTHERMS IN °C 
0.0 

X 
I -
CL 
UJ 

o 
0.5 

0 
-\ KILOMETERS 

FlO. 2. A sieady-slale 2-D fault model with surface geothermal gradient shown above the model. The fault has a conslani lemperature 
of IOO°C whicii is inlerpreied as circulalion of hoi fluid along and in lhe fault zone dipping 45 degrees to the left. The numerical 
model isotherms are shown by solid lines and the continued isotherms are shown by dashed lines where they diverge from the 
numerical model isotherms. A conslant background gradient of 54°C/km and a uniform surface lemperature of I5°C are used in 
this model. 
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culaicd (Tabic 2). Since there arc N -t- I equations, the A' source 
icniis Itj and the undisturbed gradient a can be found by solving 
the equations siiiiullancously. 

The purpiisc of a terrain correction is usually to find the un­
disturbed gradient a. but if the subsurface lempcralures are needed, 
ihey can be calculalcd by using the source terms O] and Ihc un­
disturbed gradient as shown in equation (II), By using the linear 
properties ofthe solutions in Tabic 2, the temperature 7"* al poiM 
I'l, in Figure Ic can be calculated by 

N 

Tk= X <rjî iy -<- :*a. (H) 
J - 1 

where the temperature disiance terms A(,j- arc a function of dis­
tance from their respective .source to the point P*. The source 
terms Uj and the undisturbed gradient a arc obtained from the 
simultaneous solution of equations (10). The parameters defin­
ing the temperaiure distance temis A*y and z '̂, and the distance 
from the reference plane z = 0 to P;^, arc known. Equation (II) 
can now be solved directly. 

In three dimensions, Ihc point doublet solulions for the lem­
peralure and gradient from Table 1 are used, and the only addi­
tional complexity is the summation of the third dimension. The 
temfieralure Ty at a point Py due to poinl doublcls on an n x m 
grid is expressed by 

Ty = zya -f S • S OjyA i i i ' l ' 

and the gradient gy at a point Py is expressed by 

n m 

Sy = a -t- 2 2 ffyFy*/. 

(12) 

(13) 
/ = 1 

The source and dipole solulions discussed in this and the pre­
vious section can be combined and a modified equation derived 
to find subsurface lemp>cralures when a gradient distribution (due 
to subsurface lateral varialions in heal flow) is known on a sur­
face wilh topographic relief. The equations are easily derived 
from lhe equalions presented for the separate solulions; they are 
not included here. 

Dipoles are chosen lo match the surface lemperalure, which 
varies as a funclion of position on the boundary surface (also 
is a function of position) because ihey can be used lo define a 
specific temperaiure more readily ihan sources. Birch (1950) 
similarly used a dipole distribution lo derive his lime-dependent 
terrain correction. 

UTILIZATION OF THE CONTINUATION METHOD 

The conllnualion meihod discussed here requires that the sur­
face heat flow dala be digiiized on a grid, ll is convenienl to use 
equal grid spacing. An inlcrpolation polynomial can be used 
to obtain the data values al other than measured poinls (Carnahan 
et al, 1969, chapter I; and many olher authors). Altematively, a 
least-square polynomial or a Fourier series may be fitted to the 
data and lhe value at each dala pwint obtained from evaluation 
of the resulting polynomial or series (Claerboul, 1976, chapter 6; 
Henderson and Cordell, 1971). 

Sharp irtcgularilies or variations in the surface heat flow data 
vvhich may be due to shallow anomalies (Simmons, 1967) or 
erroneous dala can cause serious problems when applying the 
continuation meihod. Ku el al (1971) pointed oul, wilh reference 
to sourceward conllnualion of gravity dala, that lhe Gibbs phe­
nomenon, or high-amplitude oscillations, occur at places of sharp 
variation in surface dala and lhat a low-pass filter could be used 
to reduce or eliminate these oscillations. Thus smoothing of the 

surface dala. which reduces these shaqi varialions. can be used 
as a low-pass filler, allowing continuation of the lemperalure 
to greater depths than would be possible with the unsmoothcd 
dala, A very simple way of applying a low-pass (iltcr to discrete 
dala is lo increa,se Ihe grid spacing, since lhe wavclcnglh of Ihc 
anomaly is dircclly relaled lo the depth of lhe source (Ku et al, 
1971). The sampling rate of the surface dala is crilical because, 
for large grid spacing, aliasing of short-wavelength anomalies 
can occur. Since short-wavelength anomalies are Ihe result of 
shallow .sources, increased grid spacing or low-pass filtering 
allows continuation to greater depths withoul oscillations; how­
ever, detailed infomiaiion contained in lhe daia is lost. 

The depth of the plane of point or line sources below the sur­
face can be csiinialed in a manner similar to finding the depths 
lo the center of bodies producing gravitational anomalies. Sim­
mons (1967) developed methods for estimating the depth of 
theoretical surface heal flow anomalies, and ihese methods can 
be used to approximale the depth of the source plane. The height 
of the image .source plane above the surface is equal to the depth 
of the source plane below the surface. 

The solution of the large number of simultaneous cqualions 
needed to determine the source lerms can be performed using 
matrix meihods. The size of the matrix becomes very large for 
lhe 3-D case and requires a large amount of compuier storage. 
Fulure work is planned lo use the continuation method lo deter­
mine filler coefficients so lhat sourceward conlinuation can be 
done by use of the Fourier transform. Sourceward continua­
lion of gravity data using lhe Fourier iransform, coupled wilh 
filter coefficienls, is described by Odegard and Berg (1965), 
Kanasewich and Agarwal (1970), and olhers. By using the 
Fo"urier transform, less compuier storage would be needed and 
an analog for fast Fourier transformation (Cooley and Tukey, 
1965) could be used to reduce lhe computing lime. Because of 
the sparse dala sets usually available for geothermal interpreta­
tion, use of lhe more formal data analysis techniques may nol 
be justified. 

STEADY-STATE FAULT MODEL 

Figure 2 shows a 2-D steady-stale model of 100°C waler 
circulaling along a faull dipping al 45 degrees (crosshatch pat­
tern). The model has a conslani background gradient of 54°C/km 
and a uniform surface lemperalure of I5°C. The subsurface model 
isotherms (.solid lines) were computed by a finite-difference 
numerical technique. The calculated surface geolhermal gradienl 
profile is shown above the model. 

Subsurface isotherms were calculated using lhe continualion 
meihod discussed above, given lhe surface gradienl from the 
finite-difference solution and using steady-stale line sources. The 
terms, constants, and equations used in lhe conlinuation meihod 
are as follows: The source S and lhe disiance (C, D) terms for 
the gradient and temperatures used for steady-slate line sources 
were of the form shown in Table I. The depth lo lhe line sources 
and height lo the image sources were chosen to be 0.8 km, and 
the gradient profile was first sampled al horizontal intervals 
of 0.4 km (open circles in Figure 2). The depth of 0.8 km was 
chosen to show thai constructed isotherms will converge around 
the fault. 

The simultaneous equations used lo evaluale ihc source terms 
were derived using the 2-D surface gradicnl equation [equa­
tion (5)1. The subsurface temperatures were calculated using 
lhe 2-D lemperature equation [equation (6)|. Isothenns were 
constructed from these lemperaiures. Al deplhs greaier than 0.3 
km, the isotherms showed oscillations below the sharp peak of 
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the surface gradient. In order lo calculate temperatures below 
0.3 km. the surface gradient data were smoothed by increasing 
the interval (grid spacing) of the surface gradienl to 0.8 km 
(effeclively applying a low-pass filler to the surface dala). The 
oscillations below the surface gradient peak were reduced, and 
eontinuated temperatures were computed to a depth of 0.6 km. 
The calculated temperatures below 0.3 km are the average of 
first dropping the even numbered sample grid spaces, then the 
odd numbered grid spaces. 

The constructed 25°, 50°, and 75°C isotherms calculated by 
the continualion technique closely follow the isotherms calculated 
by the finite-difference technique (Figure 2). On the left side of 
the model the I00°C isotherm corresponds lo the left side of the 
fault, but the right side (dashed line) diverges from the fault, as 
do calculalcd isotherms greater than I00°C. By continualion of 
the potential field (surface gradienl) below the circulating I00°C 
water al the lip of the fault (0.2 km), one of the basic continua­
tion premises was violated. 

The circulating 1(X)°C water along the faull is the actual source 
which causes lhe observed surface gradienl; iherefore, solulions 
obiained by conlinuation below the actual source depth are not 
valid. By smoothing the surface field dala, the depth lo the source 
in the real case appeared deeper, and continualion below the 
actual source depth was accomplished. Isotherms that fold under 

ihem.selves as shown in the model only occur below the circulat­
ing I0(1°C water (the actual source). Similarly shaped isotherms 
cannot be obtained by a continualion technique using a gen­
eralized source distribution. 

The above 2-D model demonstrates that conlinuation of the 
surface data is useful in defining spatial limits to a simple re­
servoir which is a combined problem of conveclion and con­
duction. The shape and size of lhe upper part of the simple 
reservoir (circulating 1(X)°C waler along lhe faull) is delineaied 
by the 100°C isothenn. The source solution obtained is not 
unique becau.se any of the constmcted isotherms could be used 
to define the upper part of a corresfionding simple reservoir with 
lhat temperature. In order to determine reliably which isotherm 
defines the actual reservoir, knowledge of the temperaiure or 
depth of the reservoir is essential. 

The maximum possible depth to the reservoir can be estimated 
by applying the half-width mle to the surface gradient profile. 
Using the depth obtained from lhe half-widlh mle (0.25 km), the 
corresponding temperature would be 100°-125° C. 

TERRAIN MODEL 

Figure 3 shows a 2-D terrain model from Birch (1967). The 
lemperalure T at any point can be calculated by 
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FIG. 3. 2-D terrain model from Birch (1967). The model has a uniform surface temperaiure of IO°C, and the undislurbed gradient: 
al depth is IOO°C/km. Dois on Ihe suiface of the model show lhe sampling locations of surface lemperalure. Model isotherms arej 
shown as solid lines. The dashed lines show localions where lhe isotherms constmcted by the conllnualion lechnique deviated from; 
the model isotherms. The dolled vertical line shows the location of the gradient-depth curve lo the right of lhe model. The solidi 
iriangles on lhe model and on the gradient-depth curve show the location of the known gradienl used in lhe illuslration of the tcrrainj 
correclion lechnique. 
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T(x. :) = T,, -l- u(z - l i e ' ' " cos fcv). (14) 

n-hcrc 2 is the dcplh. positive downward; .v distance. I'o surface 
lemperalure, k wavclcnglh, and a the undisturbed vertical gradient. 
The surface (z) varies ncariy sinusoidally with .v and is defined by 

ae~ cos t r . (15) 

where ae~ is the amplitude. The vertical gradient anywhere 
in the model can be calculated by 

— = a( l -f kae " cos fcr). 
Sz 

(16) 

The values of the parameters used in the model shown in Figure 
3 are o = 17.5 m. fc = 2-77/300 m " ' . TQ = IO°C. and a = 
lO0°C/km. Model isotherms arc shown as solid lines, and a 
niodel gradient-depth curve at a horizontal position of 325 m 
(dashed line) is shown to Ihe left of the model. 

The terrain cortection method developed above was applied to 
the niodel to find ihe undislurbed gradient and to constmct sub­
surface isotherms. The terms, constants, and equations used are 
as follows: The doublet sources o and the distance F and A for the 

gradients and temperatures arc of the fonn shown in Tabic 2. 
The reference plane for the source is 25 m above the aciual sur­
face. The surface temperature was sampled every 25 m hori­
zontally (shown as .solid circles in Figure 3). The gradient was 
sampled at a depth of approximately 82 m below the surface 
and at a horizontal displacement of 325 m as shown by the solid 
triangle. The simultaneous equations used lo evaluate the source 
lerms were derived from the 2-D lemperature and gradient equa­
tions [equations (9) and (10)]. The subsurface temperatures and 
gradients are calculaied al intervals of 25 m for several depths. 

The isotherms constmcted from the terrain correclion meihod 
closely follow the model isotherms (Figure 3). The calculated 
undisturbed gradicnl is l00.6°C/km. whereas the undisturbed 
model gradient is IOO°C/km (0.6 percent error). The vertical 
gradient-depth curve for 325-m horizontal displacement is al.so 
shown in Figure 3. The constructed gradient-depth curve very 
closely follows the model gradient-depth curve. The model used 
to test the terrain correclion technique is very simple but illus­
trates that the lechnique can be used to calculate cortected geo­
thermal gradients from wells located in areas of topographic 
relief. The terrain correction problem is very complex, and this 
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(a) 
FIG. 4a. Marysville surface heat flow and geolhermal gradienl map (Blaekwell et al, 1975). The location of the deep geothermal well 
(MGE # 1) is shown as the circle wilh the cross, and the localions of olher wells available for gradient and heal flow sludies are shown as 
solid circles. The upper number of each pair is the terrain correcled geolhermal gradienl in "C/km. fhe lower figure is the lerrain correcled 
surface heal flow value in (Acal/cm^ sec. Gradient values which are shown in parentheses have been adjusted for thennal conductivity 
variation (sec Blackwell et al, 1975). The crosses are section comers. 
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discussion is not intended as a complete discussion of Ihc problem 
(.sec Blackwell cl al. 1980). 

A difficulty with lining the surface temperatures ol'len occurs 
in the valleys because the surface there is relatively far front Ihc 
plane of dipoles, yet it has very abmpt changes in lemperalure 
due to microclimatic effects. The technique described above can 
be modified so that the dipoles arc spaced a fixed disiance above 
the topography (say IOO m), and the surface of dipoles thus mimics 
the topography. As long as the location of each dipole is specilied 
so that the distance term is known, the .solution proceeds exactly 
as discussed above. Wc have used this feature to calculate de­
tailed terrain corrections involving very complicated surface 
temperature varialions. 

THE APPLICATION OF THE HEAT FLOW CONTINUATION 
METHOD r o GEOTHERMAL AREAS 

Marysville, Montana 

The Marysville geothermal area in Montana is characterized 
by high heat flow (up to 19.5 pcal/cm^sec; 81.5 mW/m^; Figure 
4a), a negative gravity anomaly, high electrical resistivity, nearby 
microseismic activily, and low seismic ground noise (sec Black-

well ct al. 1975; Blackwell and Morgan. 1976). The geolhermal 
anomaly appears lo be bounded lo llic northcasi hy the subcrop of 
a Mesozoic granodiorite body, the Marysville stock, as shown 
in Figure 4b; and a faull has been mapped along the .south side of 
the Marysville slock. Rcsulls from a 2.1-km test well drilled 
clo.sc to the peak of the geolhermal anoinaly (Figure 4a) indicate 
that the anomaly is caused by hydrotherrnal convection along 
distributed fracture zones in a Cenozoic granite porphyry. Maxi­
mum lempcralurcs of IOO°C were measured in lhe lest well, and 
Ihe modeled system is assumed lo acl as a simple reservoir wiih 
a lemperature of aboul 95°C al its upper surface. 

Heal flow data from the Marysville anomaly were continued 
sourccward using steady-state poinl sources. The heat flow map 
was digitized on a 15 x 15 square grid wilh spacing of 500 m, 
and the dala were assumed to be on a datum plane located al the 
mean level of the actual topography. The heat flow values Q 
were used to determine surface vertical geolhermal gradients 
using lhe one-dimensional (1-D) sleady-state heat conduction 
equation 

Q = gK. (17) 

where K is lhe rock thermal conductivity. A value for K of 

112* 25 I I 2 ' 2 0 

4 6 * 4 5 . 0 

4 6* 42.5 

(b) 
FIG. 4b. Marysville stock and geolhermal reservoir (Blackwell el al, 1975). The outcrop and maximum subcrop of the slock are 
shown as dark and light shaded regions, respeclively. The subcrop extent of the stock is based on the interpretation of magnetic 
data. The dark line shows the location of a major faull along the soulh edge of Ihc stock. The depth to the contours of ihe geothermal 
reservoir is based on lhe continuation of surface heat flow dala and is the same as 95°C isotherm, assumed lo be the reservoir tempera-
lure. The location of lhe deep geothermal well (MGE #1) is shown by the deaick symbol. The crosses are section comers. 
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7..=i incal/cni-scc-°C (3.1 W/m°K) was used based u|X)n the mean 
ihciinal conductivity of core samples from the heal llow bore­
holes. The source tenn S and the distance terms (C and /,)) for 
ihc sicady-stalc point sources u.sed for the surface gradicnl and 
lempcralures are given in Table I. The sources and image sources 
were liKalcd 2.5 km below and above Ihc datum plane, respec­
tively, and the simultaneous cqualions used to calculate Ihc 
"iource tcmis were derived from the 3-D gradient equation jequa-
iiiin (4)|. Using the 3-D temperature equation jequaiion (8)j, 
subsurface lempcralurcs were calculated on several planes below 
ihc datum plane and lhe 95°C isolhcrm was contoured on each 
of the planes. 

Figure 4b shows the contours of the 95°C isothenn in the 
depth range of 0.4 km to 1.2 km at 0.2 km intervals, super­
imposed on the outline of the Marysville stock. The 95°C 
isothermal surface is interpreted lo have approxiniately the same 
configuration as the geothermal reservoir. Very steep sides to 
the reservoir are indicated on the north and northeasi, with rela­
lively .steep sides on lhe wesi and southwest. A complex shape 
Is indicated in the soulh and soulheast. The northern and eastem 
part of the reservoir is apparenily bounded to the north and 
northeasi by lhe Marysville stock. A narrow east-west salient of 
lhe 95°C isolhcrm is observed soulh of the slock. The narrowness 
of this salient suggests that its origin may be geothermal fluid 
moving along a narrow zone, such as a fault, either flowing east 
away from or west inlo the main reservoir. A fault has been 
mapped on the soulh side of lhe Marysville slock (Figure 4b) 
u-hich could be the stmcture controlling this narrow zone of 
.̂ ubsurface fluid flow. 

The .source of the Marysville gcolhemial anomaly was already 
known before the heal llow coiiliiuialion nielhod was applied, 
and il was from the deep test well data that the 95°C isothermal 
surface was cho.scn to represent the upper surface of the reservoir. 
Even without the deep well dala. the subsurface temperatures 
from the continuation of the shallow heal llow data give an in­
dication of Ihc source of lhe anomaly. Since Ihe distance be­
tween the 3 to 15 HFU contours in Figure 4a in the northeasi is 
approximately I km. application of the half-width rule indicates 
the maximum source depth lo be 0.5 km where the calculated 
temperature is approximately IOO°C. 

Simple cxirapolalion of Ihe surface heal flow dala using equa­
tion (17) to map the 95°C isothermal surface results in a set of 
contours similar to the heal flow contours shown in Figure 4a. 
The fine delail of the reservoir shape is not delineated and the 
narrow east-west salient is not defined, so the anomaly cannol be 
as directly related to the mapped fault. This example illustrates 
the power of the conlinuation technique in the geologic inter­
pretation of surface geothermal anomalies. 

East Mesa, Imperial Valley, California 

The East Mesa geothermal anoinaly is in the Imperial 
Valley, Caiifomia, on the eastern flank of the Sallon trough, the 
sediment-filled stmctural depression that forms Ihe northern ex­
tension of lhe Gulf of Caiifomia and East Pacific Rise. A range 
of geophysical and geochemical surveys all outline lhe .same 
general target area covering an area of 40 km^ where lhe heal 
flow is in excess of 5 |i.cal/cm^ see (210 mW/m^) as shown in 
Figure 5a. Five deep wells have been drilled inlo lhe anomaly, 
lhe localions of which are also indiealed on Figure 5a. The re-
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FIG. 5. (a) Generalized heat flow map of the East Mesa geothennal anomaly (afler Swanberg, 1975). Heat flow contours of 3.0, 5.0, and 
7.0 jjical/m sec (125, 210, and 295 mW/m'*) are shown, together with the localions of the five deep wells (open circles 31-1, 5-1, 
6-1, 6-2 and 8-1) and the faull mapped by Combs and Hadley (1977). (b) Compuled isotherms between 75 and I75°C al 25°C intervals 
on a plane 0.8 km below the surface. The deep wells and faull are as shown in Figure 5a. 
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.̂ lllls from the deep drilling and surface geophysics were sum­
marized by Swanberg (1974). 

Heal flow dala from the East Mesa anomaly were digitized on 
a 15 X 15 grid with a grid spacing of 1.6 km. Subsurface 
lempcralurcs were calculated using the sourccward continuation 
IHCIIKKI following exactly the same procedure u.sed for the Marys­
ville data described above, except lhat a thermal conduciivity 
appropriate to the Mesa sedimcnis, 3.8 mcal/cm-scc-°C (1.5 
\V/m°K). was used in equation (17). The sources and image 
.sources were located on a plane 3 km below and above lhe datum 
plane, respectively. I.sotherms are constmcted from the calculated 
subsurface temperatures on a plane 0.8 km below the datum plane. 

The geothermal anomaly appears to be caused by a complex 
reservoir as indicated by the temperature-depth curves from the 
deep lest wells shown in Figure 6. Three of the curves for wells 
6-1, 6-2, and 8-1 become isothermal at temperatures in Ihc 
range of 175°-2(K)°C, whereas the curves for wells 31-1 and 5-1 
become isothermal in the range of 100°-I50°C. Therefore, Ihc 
temperatures at the top of the reservoir arc not constant, and it 
cannot be assumed to be a single isothermal surface as in the 
case of the simple reservoir. 

Figure 5b shows contours of the 75° to I75°C isolhcmis at 
25°C intervals at a depth of 0.8 km. The 100°C and above con­
tours delineate two possible shallow reservoirs probably inter­
connected at depth. The isotherms at 0.8-km depth in the north­
westem portion of the anomaly have a complex shape. A salient 
from lhis portion of the anomaly projects approximately southeast 
and strongly suggests fluid flow along a nartow zone, probably 
along a fault. 

A fault has been mapped by Cornbs and Hadley (1977) close 
to this salient which could be the surface expression of this nar­
row high-lemperalure zone. The 150°C isotherm has a very 
complex shape with two additional salients pointing to the north 
and northeasi. These two lobes suggest other zones of fluid flow 
approximately perpendicular to the southeast salient. The smaller 
soulheast portion of the anomaly has greater horizontal tem­
perature gradients than the main anomaly, especially to the north­
east. A small lobe in the I75°C contour projects toward the main 
anomaly and is aligned with the mapped fault, suggesting an 
origin related to the main anomaly. 

The calculated subsurface temperatures are compared to lhe 
temperalure-depth dala from the five deep lest wells in Figure 
6. Above lhe reservoir the calculated temperatures are slightly 
lower Ihan the observed temperatures, indicating lhat too low a 
value was assumed (or the mean surface temperature. There is 
basically very good agreemenl between the calculated and ob­
served shape of the lemperature-deplh curves in the area of ap­
plicability of the continualion technique, i.e., outside the reser­
voir. The observed and computed curves diverge inside the 
reservoir. 

Simple cxu-apolalion of lhe surface heal flow dala would have 
revealed none of the complexities in the subsurface isotherms 
which were obiained from lhe conlinuation meihod. The exlra-
polated i.soiherms would simply reflect the surface heat flow pat­
lern in Figure 5a. The results of the continuation cleariy show 
Ihc anomaly to be caused by fluid flow along the narrow zones 
and indicate a complex relalionship between the zones. The 
origin of the anomaly as flow along a fault intersection and the 
radiating fault zones is suggesicd by lhe resulling temperaiure 
model. 

DISCUSSION 
The simple continualion meihod described here is a useful 

technique to estimate subsurface isotherms in a geothermal area. 

As dcnionstraled in Ihc 2-D model and the Marysville and East 
Mesa geothermal areas, this method can be applied where 
thermal convection occurs at depth if the zone of fluid convec­
tion can be treated as a boundary condition for a eonductive .solu­
tion. This method is useful in defining spatial limits of such 
geothermal reservoirs. By application of the half-widlh mle to 
the surface gradient profile, the temperature range of the reser­
voir may be indicated, but belter resolution and reservoir delinea­
tion are obiained if the depth or lemperature is known. The use of 
the present conlinuation method is limiled to cases where the heal 
flow anomaly is nol relaled lo contrasting thermal conductivity 
and resulting refraction of heat. 

An advantage of this approach to interpretation of heat flow 
is that it is not model dependent, and complicated heat flow 
anomaly patterns can be interpreted more easily. The solution 
can be used for time dependent as well as steady-stale Ihermal 
condilions, allhough no examples have been discussed. The solu­
lion lechnique is identical, except the lime of initiation of the 
continuous sources and sinks must be independently known be­
cause a differenl solution exists for each different lime. The 
limc-dcpendenl technique was used by Blackwell et al (1978) lo 
interpret a regional heal flow anomaly in the Cascade range in 
the Pacific Northwest. 

The meihod used for conlinuation assumes that the source 
distribution can be represented by a large number of line or point 
sources on a plane and requires a large amount of computer 
storage to solve the large number of simultaneous equations used 
lo determine the source lerms. Even Ihough the use of lhe poinl 
or line sources is a cmde approximation of the actual heat source, 
the method does give accurate subsurface temperatures. A similar 
meihod using differenl lypes of source distributions can easily 
be developed. However, the amount of known heal flow dala in 
geolhermal areas is limiled and the use of more sophisticated 
lypes of source distributions is nol justified. 

The terrain correclion discussed here can be used as an alter­
native mathematical solution to the lerrain correction solulion 
discussed by Blackwell el al (1980). Wilh inclusion ofthe micro­
climatic effects discussed by Blackwell et al (1980), an alter­
native terrain correclion technique can be developed. The con­
tinualion and terrain correction techniques can be combined lo 
solve more complex problems. The mathematical formalization 
is not presented, but the development of the combined lechnique 
is very similar lo the derivation of the continuation or terrain 
correction techniques presented. 
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Continuation of heat flow data: A method to construct 
isotherms in geothermal areais 

Charles A. Brott*, David D. Blackwell*, and Paul Morgan§ 

ABSTRACT 

A continuation lechnique for conduclive heal flow in a 
homogeneous isotropic medium is presented which utilizes 
observed surface heat flow dala. The lechnique uses 
equivalenl poinl sources and is developed for transient 
or steady-stale conduclive heat 'flow problems for a homo­
geneous half-space with plane surface and a surface with 
topographic relief. The lechnique is demonstrated by com­
parison wilh a steady-state fault model and the lerrain cor­
reclion problem; it is also compared lo observed heat flow 
dala in two geolhermal areas (Marysville, Montana and 
East Mesa, Imperial Valley, Caiifomia). Calculated sub­
surface lemperalure distributions are compared to analytical 
models and the results of geophysical sludies in deep 
drillholes in geothermal systems. Even in geolhermal sys­
tems, where convection is involved in the heat transfer, 
the boundaries of the "reservoir" associated with the con­
vective sysiem can be treated as a boundary condition and 
the depth and shape of lhis boundary can be calculaied, 
since many geolhermal systems arc controlled by permea­
bilily barriers. These barriers may either be due to the 
natural development of a trap or to self-sealing. Continua­
lion of surface heal flow data" is a useful lechnique in the 
initial evaluation of geothermal resources as well as an 
additional tool in the inierprelalion of regional heat-flow 
data. 

INTRODUCTION 

Heat llow anomalies at lhe earth's surface can be caused by 
one or more of the following: (1) contrast of thermal conductivity 
and the resulting refraction of heal; (2) contrasi in the sources 
of heat produclion; (3) local lemperature differences caused by 
lhe inlmsions of hot (or cold) material; and (4) convection of 
groundwater. Al.so, Birch (1950) and most recently Blackwell 
et al (1980) pointed oul ihal apparent anomalies will arise from 
topographic features. Numerical models showing the effect of 
thermal conductivity contrasts were reported by Simmons (1965) 
and other authors. We develop a simple conllnualion method for 

conductive heal flow in a homogeneous isotropic media, which* 
utilizes surface heal-flow dala, and use it to put spatial and teni-J 
poral limits on the sources or temperatures associated wilh heatl 
flow anomalies. If the source of the-anomaly is a disuibulion ofl 
lemperalure, then the source configuration can be directly cal-j 
culated. If the source of the anomaly is relaled lo heat generation? 
variations, then the inierprelalion is more complicated. f. 

The continualion of surface heal flow data to determine s u b - ^ 
surface lemperalure dislribuiions is a useful meihod for inves­
tigating the subsurface in some geothenrial areas. Constmcted^ 
isotherms will converge around the anomaly sources and have a ^ 
direel relalionship lo the location of the sources. For exampleri 
a geolhermal anomaly which is caused by hot circulaling fluid^ 
in a "simple reservoir" is considered. The lerm simple reservoir J 
is used lo describe a volume consisting of highly permeable rocks a 
wilh fluid circulalion wiihin the volume or reservoir, surtounded -^ 
by effectively impermeable rocks. The circulaling fluid lends lb. 
keep the temperaiure uniform in the reservoir; hence, the boundary 
of the reservoir is approximately an isotherm. Outside the reser- -I 
voir, the heat transfer mechanism is only conduction since the ; | 
rocks are impermeable. Utilizing lhe surface geolhermal gradient 
in a conlinuafion method, one can constmct an isothermal sur­
face which is Ihe same lemperalure as Ihe reservoir. The isother­
mal surface can then be used to investigate the relationship of 
the possible reservoir lo geologic or other geophysical informa­
tion and in resource analysis. 

The major problem in the calculation of subsurface lemperature 
dislribuiions is the spatial diffusion of heat. Since the flow of 
heat is not restricted to the vertical direction, Ihc csiimalion of 
subsurface lempcralurcs by exlrapolalion of surface gradients is 
erroneous. The correct solulion of this problem involves a down­
ward or sourceward continuation which accounts for spreading 
of heat in all directions. The spatial distribution of heat may be 
time-dependent, as in the case of a source which has been "turned 
o n " for a short period of time (e.g., a recent emplacement of an 
intmsive body). For such cases Ihe cortecl solution must also 
account for the lime dependency of the temperature distribution. 
Conlinuation techniques have been described for gravity and 
magnetics by Grant and West (1965, chapter 8) and many other 
authors. Although lhe equalions describing stcady-siale heal 
flow, gravity, and magnetics arc very similar, most gravity and 
magnetic conlinuation techniques cannot be applied usefully to 
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heat-flow dala. A problem arises from the basic difference be­
tween gravity and magnetic dala sets compared lo heal flow 
data sets measured on the surface of the earth. Gravity and 
magnclic dala comprise a sel of potential gradienl (field slrengih) 
values spatially distributed bn a plane whose potential also has 
a lateral variation. 

Heal flow dala comprise a sel of field strength values, bui the 
values are spatially distributed on a plane of essentially uniform 
potential (the surface lemperature). Thus when continuing heat 
flow data, image sources must be considered. The heal-flow 
data can be continued by similar techniques as gravity and 
magnetic fields. However, to compute the subsurface tempera­
tures (an essential parameter in any geothermal investigation), 
a very complex integration over lhe continuation path is required 
I Bodvarsson, 1973). 

In the first part of this paper, we present a lechnique for the 
sourceward continuation of heal flow data obtained on a plane 
surface by which subsurface temjieratures can be directly esti-
.-nated for either lhe sleady-slale or lime-dependenl case. The 
technique consists of constmcting equivalent point sources, 
similar lo lhe method of Dampney (1969) for modeling graviiy 
data. 

In a second part, the basic continuation method developed for 
i plane surface is extended to a form lhat can be used to obtain 
terrain corrections. The nalure of the terrain correclion problem 
iJlows il to be identified as the "spaceward" (away from the 
-Turce) conlinuation problem where lhe topographic relief with 
-JK nonuniform surface lemperature distribution can be repre­
sented by a source distribution located on or above the surface 
•Birch, 1950; Blackwell ct al, 1980). 

CONTINUATION TECHNIQUE 

The conlinuation method described here is based on a funda-
tr^enial potential field property: Outside the boundaries of a vol-
-LTie coniaining sources, the field, once defined, is unique. Even 
•.-<Hjgh there is always a family of source solutions which will 
cenerate the same field, any source solulion which satisfies Ihc 
;_'. '̂ace field strength values can be used to calculate the field 
rirameters al any poinl outside the volume coniaining the sources. 
The source solutions used in this continuation method are an 
i-Tay of line or point sources for the iwo-dimensional (2-D) or 
r-_-ee-dimensional (3-D) case, respectively. By solving simul-
•-i-neous equations, the source strengths arc determined from 
••-.'Kjun surface heat-flow data or geothermal gradients. 

The assumptions for obtaining the source strengths are (1) the 
"iit transfer mechanism is by conduction alone; (2) a homo-
- ..-;eous isotropic medium in which no heal is generaled occupies 
:--.•; space between the sources and surface; and (3) the sources 
-"^ coniinuous in lime and have conslant heat generation wilh 
'.ime. Once the source solution is known, the subsurface tem-
.>rrature can be calculated directly. 

The differential equation for the conduction of heat in a homo-
cer>eous isotropic medium in which no heat is generated is 

V^T = {\/K)dT/dt, (1) 

•?re T is lemperature, K is diffusiviiy, t is time, and V^ is Ihe 
--riacian (V^ = d^/dx^ -f d^/dy^ -i- d^/dz^). The geothennal 
p^aient g is the negalive of the partial dcrivaiive of lhe tem-
.r«f.-aiure T along lhe vertical direction z, 

g = -dT/dz. (2) 

The differential equation for the conduction of heal degenerates 
inio the Laplace equation 

v^r = 0 (3) 

for the Sleady-state case. 
The infinite-medium solulions for lhe sleady-state and lime-

dependenl lemperalure and gradient for poinl and line heal sources 
of conslani heat generation are listed in Table 1 (from Carslaw 
and Jaeger, 1959, chaprers JO and 14). The solulions are wriiten 
in Iwo parts: a source lerm S apd a distance lerm (D for tempera­
tures and G for gradiehts). Individual solutions for sirigle sources 
can be superimposed since they are the solulions of second-order 
linear differential equations. This property is essential because il 
allows a complex field lo be constmcted by summing the effects 
of niany simple sources. Also, this property can be exploited 
through the meihod of images lo oblain a uniform surface lem­
peralure. The use of the image sources and the basic ideas of the 
conlinuation method are discussed below. 

Consider the 2-D model in Figure la. The surface geothennal 
gradients gi, i = I, N, at the points Pi , i = I, N (located on 
the reference plane z = 0) are known. Also, the surface tem­
perature of lhe reference plane is a conslani T^ which is known. 
By using the linear properties of the line souree solulion for the 
gradient from Table 1, the coniribution lo the surface gradienl 
gy at the poinl P,- from Ihe source Qj and its image Qj can be 
expressed by 

g'y - SjGy -(- SjG'y, (4a) 

where Sj and Sj are source terms which are funclions of their 
respective conslant source strengths Qj and Qj, and Cy- and 
G'y arc gradienl distance lerms (see Figure la and Table 1). 
Since Sj is the image source term of Sj, Sj = —Sj, and since 
Pi is an equal disiance from Sj and Sj biii in a differenl vertical 
direction, G'y = —Gy. "Therefore equation (4a) may be wriiten as 

g l = 2SjGy. (4b) 

By superposition of all lhe A' set of sources and images, the lolal 
gradient gf at the point Pi is 

N 

s T = 2 2 SjGy. (5) 

Similar expressions can be wriilen for lhe lolal gradicnl al each 
/lh poinl, /' = \, N. The parameiers defining the disiance terms 
Gy are known, but lhe individual source slrenglhs Qj are nol 
known. Since there are N equations and N sets of sources and 
images, the souire terms can be calculated by solving the set of 
simullancous equalions. 

The temperature 7"* al any arbitary point Pi, below the surface 
and above the source plane depth can be calculated using the 
following expression (see Table 1 and Figure lb) 

N 

?•* = 7", + 2 Sj{D^j - Dy) (6) 

where Sj are the source terms obiained by solving the simultaneous 
equalions, T̂  is a known constant surface temperature, and the 
parameiers defining the lemperaiurc-disiance terms Dy and D'y 
are known. 

If lhe lime when the sources were emplaeed (turned on) is 
known, the timc-dependeril form of the source equation may be 
used and the meihod of obtaining the solulion would be similar. 

In three dimensions, point sources arc used on a plane z = a 
and images on a plane z = —a. The poinl source and disiance 
terms are given in Table 1. The only addilional complexity is 
anolher summation needed to account for the third dimension. 
For poinl sources on an n x m grid, lhe surface gradienl gy is 
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FIG. la. Geometry for the continuation model. Sources C i - i . Qt. and Qi+i are on the plane z = a, wilh image sources Ql- i i i 
Q'i, and Qj+i, on the plane z = —a. The surface gardienls are known at poinls P i - i , Pi, and P,- + i on the plane z = 0. The distance! 
lerm belween any particular source image poinl Qj, or Qj, is Ry{=R'y). 

FIG. lb. Geometry for the conlinuation model used lo compute the subsurface lemperalure al poinl Pi, which is between lhe planes 
z = 0 and z = A at depth ZQ . 

FIG. IC. Geometry for the lerrain correclion model. Line doublets o,- _ , , a,-, and a,- + j are on a reference plane. The surface temperatures. 
and the elevaiion differences of the poinls P i - i . Pi, and P, + i are known. The vertical disiance from the reference plane to point P* 
and lhe gradienl at Pi, are known. 
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Table 1. Solutions for constant and continuous i>oint and line sources (Carslaw and Jaeger, 1959). 
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Temperature (T), T = S • D 
Point source 
Line source 

Source term 

S = Q/4-nK 
S = e/4-irK 

Time-dependent 
distance term 

D = (l/fi)erfc(R/V4;u) 
D = -Ei{-R^/AKt) where 

- E i ( - x ) = j ' x{e-''/u)du 

Steady-stale 
distance term 

D = l/R 

D = -2 HR) 

j I 

Geothermal gradient (g), g = S • G 
Point source 

Line source 

S = e/4TTK 

S = (2/4-ITK 

G = [(z - z')/R^]* 
[(2R/V^t) exp(-RV4K») -f 
erfc (R/VAiTi)] 

G = [2(r - 2')//?=>]• 
exp(-/f^/4K/) 

G = ( z - z')/R^ 

C = 2(z - z ' ) /R ' 

Q is source strength, t is time, K is diffusivity, and R is lhe distance from the source lo the field point. 
R'^ = (x - x')'^ -I- (y - y')^ + (r - z')^ for the point source and 
/?* = (jc - j: ')^ ••• (z - z')^ for the line source, where (JT, y, z) is the field point and (x', y', z') is the source point. 

V I 

V I 

expressed at a poinl Py by 

n m 

«U = 2 2 . ' Zf SklGyu, (7) 
* = 1 i " 1 

and temperaiure Ty is expressed al a.point Py by 

It m 

Ty= 2 1 Ski • (Dykt - Dykf) + T,. (8) 
* = 1 / = l 

If the models have a known uniform-background geolhermal 

gradient g o , î  can be introduced in the gradienl equations (equa­

lions (5) and (7)] by adding il to the righl-hand side of the 

equations, and to the temp)erature equations (equalions (6) and 

(8)] by adding the product {goz) ofa uniform background gradienl 

and the vertical distance to the reference plane to the right side 

of the equations. 

TERRAIN CORRECTION TECHNIQUE 

The lerrain cortection involves a spaceward (away from the 

source) continualion. Since the surface lemperature is a boundary, 

the topographic relief and nonuniform surface temperatures are 

modeled by the use of vertical line or point doublets (tempera­

ture dipoles). The use of dipoles to model variable surface poten­

tial is a well-known lechnique (see Grant and West 1965; Carslaw 

and Jaeger, 1959). The same fundamental potential field proper-

lies, assumptions, and restrictions which apply to the continuation 

meihod discussed above also apply to this terrain cortection 

technique. 

The solulions for the vertical line and poinl doublets are listed 

in Table'2 (from Carslaw and Jaeger, 1959, chapters 10 and 14). 

The solutions are written in two parts, a source lerm ar anti a dis­

tance term (A for temperaiure and F for gradients). Again, indi­

vidual doublets can be superimposed since ihey are also solulions 

for a second-order linear differential equation (I) or equafion (3). 

This superposition property is essential because il allows a com­

plex lemperalure distribution on an irregular surface lo be repre­

sented by the sum of the effects of many doublets. The use of 

the doublets and the basics of the lerrain cortection meihod are 

discussed below. 

Consider the 2-D model in Figure Ic. The lopographic relief 

is shown by a line and surface temperatures 7",-, / = 1, A' are 

known at points P; , i = I, N. respeclively. The observed gra­

dienl g is known al poinl P/v+ i . Using the line doublet solulions 

for the lemperature from Table 2, a general equation for the 

Table 2. Solutions for constant and continuous poinl and line doublets (Carslaw and Jaegar, 1959). 

Temperaiure (T), T = u 
-Point doublet 
Line doublet 

Gradienl (g), g = a- -
Point doublet 
Line doublet 

r 

Source term 

a = Q/4-nK 
a = 2/4-iTK 

a = Q/4-IIK 

er = Q/4itK 

Steady-slate 
distance term 

4 = (j -

A = 2{z 
z')/R^ 
z l / R ' 

[1 - 3(z - : ' ) V R ^ ] / « ^ 
2[l - 2(z - z-)yR'']/R^ 

Q is the source strength, K is diffusivity, and R is the distance from the source lo the field point. 
R'^ = (x - x')^ -f (y - y')^ -1- (z - z')^ for point doublets and 
R* = (.t - x ' ) ' + (z — r ')^ for line doublets, where (jc, y, z) is the field poinl and (jr', y'. z') is the source point. 
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lemperature 7,- al P,- can be wriilen as 

T'i = 2 (oyA^) -f z,a. (9) 

g at PA/ + I can be wriiten as 

N 

« = E (oj-Fjv+i,^) -•- «. (10) 

where the dipole source lerms oy are a funclion of iheir respective 
source strengths, the lemperature distance lerms S.y arc funclions 
of the disiance from iheir respective sources lo the poinl P,, z, is 
the distance from the reference plane to the point P;, and a is the 
undislurbed regional gradient (Figure Ic and Table 2). Using 
the doublet solutions for the gradienl from Table 2, the gradient 

where the source lerms are the same as above, the gradient dis­
tance terms F^^ + i_j are a funclion of the disiance from their 
respective source to the poinl PN + i , and a is the same undisturbed^ 
gradient as above. 

Since the parameters defining the lemperature and gradient 
distance terms Ay and F/v + i.y are known, these terms can becal-

4 0 0 r SURFACE GEOTHERMAL GRADIENT (°C/KM) 

J 

SURFACE TEMPERATURE ISOTHERMS IN "C 

0 
h -t KILOMETERS 

FIG. 2. A steady-state 2-D fault model with surface geolhermal gradienl shown above the model. The fault has a constant lemperature 
of 100°C which is interpreted as circulation of hot fluid along and in the fault zone dipping 45 degrees to the left. The numerical 
model isotherms are shown by solid lines and the continued isotherms arc shown by dashed lines where ihey diverge from the 
numerical model isolherms. A constant background gradient of 54°C/km and a uniform surface lemperalure of 15°C are used in 
lhis model. 
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culated (Table 2). Since there are N + I equations, the N source 
terms Oy and the undislurbed gradient a can be found by solving 
the equalions simultaneously. 

The purpose of a lerrain cortection is usually to find lhe un­
disturbed gradienl a, but if the subsurface temperatures are needed, 
they can be calculated by using the source terms CTJ and the un­
dislurbed gradient as shown in equation (11). By using the linear 
properties of the solulions in Table 2, the lemperature Ti, at point 
Pl, in Figure Ic can be calculated by 

7* = 2 TjC îy -I- zi,a. (11) 

where the temperaiure disiance terms A ;̂ - are a funclion of dis­
tance from their respective source lo the poinl P*. The source 
terms (Jj and the undislurbed gradienl a are obtained from the 
simultaneous solution of equations (10). The parameiers defin­
ing lhe temperaiure disiance terms A;̂ - and Zk, and the disiance 
from the reference plane z = 0 lo P*, are known. Equation (11) 
can now be solved directly. 

In three dimensions, the point doublet solulions for the lem­
peralure and gradienl from Table 1 are used, and the only addi­
tional complexity is the sununation of Ihe third dimension. The 
lemperature Ty al a poinl Py- due to poinl doublets on an n x m 
grid is expressed by 

Ty = Zya -i- 2 ' 2 CTyAy*,, 

* = 1 1 = 1 

and the gradient gy al a point Py is expressed by 
n m 

gy = a -I- 2 2 fTyVykl. 
* = 1 / = 1 

(12) 

(13) 

The source and dipole solulions discussed in this and the pre­
vious section can be combined and a modified equation derived 
lo find subsurface lemperaiures when a gradienl distribution (due 
to subsurface lateral variations in heal flow) is known on a sur­
face with topographic relief. The equations are easily derived 
from the equations presented for the separate solutions; they are 
not included here. 

Dipoles are chosen lo match the surface lemperature, which 
varies as a funclion of position on the boundary surface (also 
is a function of position) because they can be used to define a 
specific lemperalure more readily than sources. Birch (1950) 
similarly used a dipole distribution lo derive his lime-dependenl 
lertain cortection. 

UTILIZATION OF THE CONTINUATION METHOD 

The continualion method discussed here requires that the sur­
face heal flow dala be digitized on a grid. It is convenient to use 
equal grid spacing. An interpiolalion polynomial can be used 
to obtain the data values al olher than measured points (Carnahan 
et al, 1969, chapter 1; and many olher authors). Allemalively, a 
Icasl-square polynomial or a Fourier series may be filled to the 
data and the value al each dala point obtained from evaluation 
of the resulling polynomial or scries (Claerboul, 1976, chapler 6; 
Henderson and Cordell, 1971). 

Sharp irtcgularilies or varialions in lhe surface heal flow dala 
which may be due to shallow anomalies (Simmons, 1967) or 
crtoneous dala can cause serious problems when applying lhe 
conlinuation meihod. Ku el al (1971) pointed oul, with reference 
to sourceward conlinuation of gravity data, lhat the Gibbs phe­
nomenon, or high-amplilude oscillations, occur al places of sharp 
variation in surface data and that a low-pass filler could be used 
to reduce or eliminate these oscillaiions. Thus smoothing of Ihe 

surface dala, which reduces ihcse sharp variations, can be used 
as a low-pass filter, allowing conlinuation of the lemperature 
lo greater depths than would be possible with the unsmooihed 
dala. A very simple way of applying a low-pass filler lo discrete 
data is lo increase the grid spacing, since the wavelength of the 
anomaly is directly relaled lo the depth of the source (Ku et al, 
1971). The sampling rale of the surface dala is critical because, 
for large grid spacing, aliasing of short-wavelenglh anomalies 
can occur. Since short-wavelenglh anomalies are lhe result of 
shallow sources, increased grid spacing or low-pass filtering 
allows continuation to greater depths without oscillations; how­
ever, detailed information contained in the dala is lost. 

The depth of the plane of poinl or line sources below the sur­
face can be estimated in a manner similar lo finding the deplhs 
lo the center of bodies producing gravitational anomalies. Sim­
mons (1967) developed meihods for estimating the depth of 
theoretical surface heat flow anomalies, and these meihods can 
be used lo approximale the depth of the source plane. The height 
of the image source plane above the surface is equal lo the depth 
of the source plane below the surface. 

The solulion of lhe large number of simultaneous equations 
needed to determine the source terms can be performed using 
matrix meihods. The size of the matrix becomes very large for 
the 3-D case and requires a large amount of compuier storage. 
Future work is planned to use the continualion method to deter­
mine filter coefficienls so that sourceward continuation can be 
done by use of the Fourier U^nsform. Sourceward continua­
tion of gravity data using the Fourier transform, coupled with 
filter coefficients, is described by Odegard and Berg (1965), 
Kanasewich and Agarwal (1970), and olhers. By using lhe 
Fourier transform, less compuier storage would be needed and 
an analog for fast Fourier transformation (Cooley and Tukey, 
1965) could be used lo reduce the computing lime. Because of 
the sparse data sets usually available for geothermal interpreta­
tion, use of the more formal data analysis techniques may nol 
be justified. 

STEADY-STATE FAULT MODEL 

Figure 2 shows a 2-D steady-state model of 100°C water 
circulating along a faull dipping at 45 degrees (crosshalch pat­
tern). The model has a constant background gradienl of 54°C/km 
and a uniform surface temperature of 15°C. The subsurface model 
isotherms (.solid lines) were compuled by a finite-difference 
numerical lechnique. The calculated surface geolhermal gradient 
profile is shown above the model. 

Subsurface Lsotherms were calculated using the continualion 
meihod discussed above, given the surface gradient from the 
finite-difference solulion and using sleady-slale line sources. The 
lerms, consiants, and equations used in the conlinuation meihod 
are as follows: The source S and the distance (G, D) lerms for 
the gradienl and lemperaiures used for sleady-state line sources 
were of the form shown in Table 1. The depth lo the line sources 
and height to the image sources were chosen lo be 0.8 km, and 
the gradient profile was first sampled al horizontal intervals 
of 0.4 km (open circles in Figure 2). The depth of 0.8 km was 
chosen lo show lhat constmcted isothenns will converge around 
the faull. 

The simullancous equalions used lo evaluale lhe source lerms 
were derived using lhe 2-D surface gradicnl equarion (equa­
tion (5)J. The subsurface lemperaiures were calculaied using 
lhe 2-D lemperalure equation [equation (6)]. Isotherms were 
constmcted from these lemjjeratures. Al deplhs greaier than 0.3 
km, Ihe isolherms showed oscillations below the sharp peak of 
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the surface gradienl. In order to calculate lemperaiures below 
0.3 km, the surface gradient data were smoothed by increasing 
lhe interval (grid spacing) of the surface gradient to 0.8 km 
(effectively applying a low-pass filler lo the surface dala). The 
oscillations below the surface gradient peak were reduced, and 
eontinuated temperatures were compuled lo a depth of 0.6 km. 
The calculated lemperaiures below 0.3 km are lhe average of 
first dropping the even numbered sample grid spaces, then the 
odd numbered grid spaces. 

The constructed 25°, 50°, and 75''C isolherms calculated by 
the conlinuation lechnique closely follow the isotherms calculated 
by the finite-difference lechnique (Figure 2). On the left side of 
the model the 100°C isotherm corresponds to the left side of the 
fault, but the right side (dashed line) diverges from the faull, as 
do calculated isotherms greaier than 100°C. By continualion of 
the potential field (surface gradient) below the circulating 1(X)°C 
water al the tip of the faull (0.2 km), one of the basic continua­
lion premises was violated. 

The circulating I00°C water along the fault is the aciual source 
which causes the observed surface gradient; iherefore, solulions 
obiained by continuation below the actual source depth are not 
valid. By smoothing the surface field dala, the depth to the source 
in the real case appeared deeper, and continuation below the 
aciual source depth was accomplished. Isolherms that fold under 

themselves as shown in the model only occur below the circula^ 
ing 100°C waler (the aciual source). Similariy shaped isotherm^ 
cannol be obiained by a conlinuation lechnique using a gen^ 
eralized source distribution. 

TTie above 2-D model demonstrates that continuation of thif 
surface dala is useful in defining spatial limits lo a simple 
servoir which is a combined problem of conveclion and c o ^ 
duction. The shape and size of the upper part of Ihe simpll 
reservoir (circulaling 100°C waler along the fault) is delineal^ 
by the 100°C isotherm. The source solulion obtained is not! 
unique because any of the constmcted isolherms could be used! 
lo define the upper part of a cortesponding simple reservoir wiihl 
that lemperalure. In order lo determine reliably which isolhernH 
defines the actual reservoir, knowledge of the lemperature ori 
depth of the reservoir is essential. 

The maximum possible depth lo the reservoir can be estimatedl 
by applying the half-widlh mle to.the surface gradienl profile.: 
Using the depth obtained from the half-width mle (0.25 km), the| 
corresponding lemperalure would be 100°-125°C. 

TERRAIN MOOEL 

Figure 3 shows a 2-D terrain model from Birch (1967). The^ 
lemperalure 7" al any poinl can be calculated by 
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FIG. 3. 2-D terrain model from Birch (1967). The model has a unifomi surface temperature of IO°C, and the undislurbed gradient 
at depth is IOO°C/km. Dots on Ihe surface of the model show Ihe sampling localions of surface lemperalure. Model isolherms are-;,| 
shown as solid lines. The dashed lines show localions where the isolherms constmcted by the continualion lechnique deviated from | 
lhe model isolherms. The doited vertical line shows the location of the gradienl-deplh curve lo lhe righl of the model. The solid-J 
Iriangles on the model and on the gradient-depth curve show the location of the known gradienl used in the illuslration of the terrain'̂ j 
correclion lechnique. 
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T(x, z) = To + a(z — ae '" cos kx). (14) 

where z is the depth, positive downward; x disiance, T'o surface 
temperaiure, k wavelength, and a the undislurbed vertical gradient. 
The surface (z) varies nearly sinusoidally with x and is defined by 

z = ae~ '" cos fcr, (15) 

where a e ~ ^ is the amplitude. The vertical gradienl anywhere 
in the model can be calculated by 

dT _. 
— = a( l -f kae cos fcr). 
dz 

(16) 

The values of the parameiers used in the model shown in Figure 
3 are fl = 17.5 m, k = 2TT/300 m ~ \ TQ = 10°C, and a = 

IOO°C/km. Model isotherms are shown as solid lines, and a 
model gradienl-deplh curve al a horizontal position of 325 m 
(dashed line) is shown to the left of the model. 

The terrain correction methbd develof)ed above was applied lo 
the model lo find the undislurbed gradient and to constmct sub­
surface isotherms. The terms, conslanls, and equalions used are 
as follows: The doublet sources o and the disiance F and A for the 

gradients and temperatures are of the form shown in Table 2. 
The reference plane for the source is 25 m above the aciual sur­
face. The surface lemperalure was sampled every 25 m hori­
zontally (shown as solid circles in Figure 3). The gradient was 
sampled al a depth of approximately 82 m below lhe surface 
and at a horizontal displacement of 325 m as shown by the solid 
triangle. The simultaneous equalions used lo evaluate the source 
terms were derived from the 2-D temperature and gradient equa­
tions (equalions (9) and (10)]. The subsurface lemperaiures and 
gradients are calculated al intervals of 25 m foi' several depths. 

The isotherms constmcted from the lertain correction meihod 
closely follow the model isotherms (Figure 3). The calculated 
undislurbed gradient is l00.6°C/km, whereas the undislurbed 
model gradienl is 100°C/km (0.6 perceni ertor). The vertical 
gradient-depth curve for 325-m horizontal displacement is also 
shown in Figure 3. The constmcted gradient-depth curve very 
closely follows the model gradient-depth curve. The model used 
lo test the lertain correclion technique is very simple but illus­
trates lhat lhe lechnique can be used to calculate correcled geo­
thermal gradients from wells located in areas of topographic 
relief. The terrain cortection problem is very complex, and this 
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FlG. 4a. Marysville surface heat flow and geolhermal gradienl map (Blackwell et al, 1975). The location of the deep geothermal well 
(MGE #1) is shown as the circle with the cross, and the locations of other wells available for gradienl and heal flow studies are shown as 
solid circles. The upper number of each pair is the lertain correcled geothermal gradient in °C/km. The lower figure is the lerrain conected 
surface heal flow value in p.cal/cm^ sec. Gradient values which are shown in parentheses have been adjusted for ihermal conduciivity 
varialion (.see Blackwell et al, 1975). The crosses are section comers. 
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discussion is hot intended as a complete discussion of the problem 
(see Blackwell el al, 1980). 

A difficulty wilh filling the surface lemperaiures oflen occurs 
in lhe valleys because the surface there is relalively far from the 
plane of dipoles, yet it has very abmpi changes in temperature 
due lo microclimatic effects. The lechnique described above can 
be modified so that the dipoles are spaced a fixed distance above 
lhe topography (say 100 m), and the surface of dipoles thus mimics 
the topography. As long as Ihe location of each dipole is specified 
so lhat the disiance lerm is known, the solulion proceeds exactly 
as discussed above. We have used this fealurc to calculate de­
tailed terrain cortections involving very complicated surface 
lemperature varialions. 

THE APPLICATION OF THE HEAT FLOW CONTINUATION 
METHOD TO GEOTHERMAL AREAS 

Marysville, Montana 

Tlie Marysville geothermal area in Montana is characterized 
by high heat flow (up lo 19.5 pxal/cm^ sec; 81.5 mW/m^; Figure 
4a), a negalive graviiy anomaly, high eleclrical resistivity, nearby 
microseismic activity, and low seismic ground noise (see Black-

well et al, 1975; Blackwell and Morgan, 1976). The geolhermal | 
anomaly appears lo be bounded lo the northeast by the subcrop of" 
a Mesozoic granodiorite body, the Marysville slock, as shown' 
in Figure 4b; and a faull has been mapped along the south side of ' ^ 
the Marysville slock. Results from a 2.1-km test well drilled' 
close lo the peak of the geothermal anomaly (Figure 4a) indicate 
lhat the anomaly is caused by hydrothermal conveclion along J 
distributed fracture zones in a Cenozoic gianite porphyry. Maxi­
mum lemperaiures of I00°C were measured in the lest well, arid 
the modeled system is assumed to acl as a simple reservoir wilh 
a lemperalure bf aboul 95°C at its upper surface. 

Heat flow data from the Marysville anomaly were continued 
sourceward using sleady-slale poinl sources. The heal flow map 
was digiiized on a 15 x 15 square grid wilh spacing of 500 m, 
and the data were assumed to be on a datum plane located al the 
mean level of the aciual topography. The heat flow values Q 
were used lo determine surface vertical geolhermal gradients 
using the one-dimensional (1-D) steady-stale heal conduction 
equation 

Q = gK, (17) 

where K is the rock ihermal conductivity. A value for K of.M 

1 1 2 * 2 5 I 1 2 * 2 0 

4 6 * 4 5.0 

4 6* 42 .5 

(b) 
FlG. 4b. Marysville slock and geothermal reservoir (Blackwell el al, 1975). The outcrop and maximum subcrop of the slock are 
shown as dark and light shaded regions, respeclively. The subcrop extent of the slock is based on lhe interpretation of magnetic 
dala. The dark line shows the location of a major faull along the south edge of the slock. The depth lo the contours of the geolhermal 
reservoir is based on the continuation of surface heal flow data and is the same as 95°C isotherm, assumed lo be the reservoir lempera­
ture. The location of the deep geothermal well (MGE #1) is shown by the dertick symbol. The crosses are seelion comers. 
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7.5 mcal/cm-sec-°C (3.1 W/m°K) was used based upon the mean 
thermal conduciiviiy of core samples from the heal flow bore­
holes. The source lerm S and the distance terms (C and D) for 
the sleady-slale point sources used for the surface gradienl and 
temperatures are given in Table 1. The sources and image sources 
were located 2.5 km below and above the datum plane, respec­
tively, and lhe simultaneous equalions used lo calculate the 
source terms were derived from the 3-D gradienl equation (equa-
lion (4)]. Using Ihe 3-D temperature equation [equation (8)], 
subsurface lemperaiures were calculated on several planes below 
the datum plane and the 95° C isotherm was conloured on each 
of the planes. 

Figure 4b shows the contours of the 95° C isotherm in the 
depth range of 0.4 km to 1.2 km at 0.2 km intervals, super­
imposed on the outline of the Marysville slock. The 95°C 
isoihermal surface is interpreted to have approximately the same 
configuration as the geothermal reservoir. Very sleep sides to 
lhe reservoir are indicated on the north and northeasi, wilh rela­
lively steep sides on the west and southwest. A complex shape 
is indicated in the south and southeast. The northem and eastem 
part of the reservoir is apparently bounded lo the north and 
northeast by the Marysville slock. A narrow east-west salient of 
the 95°C isotherm is observed soulh of the slock. The nartowness 
of lhis salient suggests that its origin may be geothermal fluid 
moving along a narrow zone, such as a fault, either flowing east 
away from or west inlo the main reservoir. A fault has been 
mapped on the south side of the Marysville stock (Figure 4b) 
which could be the stmcture controlling this nartow zone of 
subsurface fluid flow. 

The source of the Marysville geothemial anomaly was already 
known before lhe heal flow continuation method was applied, 
and il was from the deep test well dala lhat the 95°C isothermal 
surface was chosen lo represent the upper surface of the reservoir. 
Even wilhoul the deep well dala, the subsurface temperanircs 
from the conlinuation of the shallow heal flow data give an in­
dication of the source of the anomaly. Since the disiance be­
tween the 3 to 15 HFU contours in Figure 4a in the northeasi is 
approximately I km, application of the half-width mle indicates 
the maximum source depth to be O.S km where the calculated 
lemperalure is approximately I00°C. 

Simple extrapolation of the surface heat flow data using equa­
tion (17) lp map the 95° C isothermal surface results in a set of 
contours similar lo Ihe heat flow contours shown in Figure 4a. 
The fine delail of the reservoir shape is nol delineated and the 
narrow easl-wesl salient is not defined, so the anomaly cannol be 
as directly relaled to the mapped faull. This example illustrates 
the power of the conlinuation technique in the geologic inter­
pretation of surface geothermal anomalies. 

East Mesa, Imperial Valley, California 

The East Mesa geolhermal anomaly is in the Imperial 
Valley, Caiifomia, on the eastern flank of the Sallon trough, the 
sediment-filled stmctural depression lhat forms the northem ex­
tension of fhe Gulf of Caiifomia and East Pacific Rise. A range 
of geophysical and geochemical surveys all outline the same 
general target area covering an area of 40 km^ where the heal 
flow is in excess of 5 ncal/cm^ sec (210 mW/m^) as shown in 
Figure 5a. Five deep wells have been drilled inlo Ihe anomaly, 
the locations of which are also indicated on Figure 5a. The re-
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FIG. 5. (a) Generalized heal flow map ofthe East Mesa geolhermal anomaly (after Swanberg, 1975). Heat flow contours of 3.0, 5.0, and 
' 0 fical/m sec (125, 210, and 295 mW/m^) are shown, together wilh the localions of the five deep wells (open circles 31-1, 5-1, 
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i>n a plane 0.8 km below the surface. The deep wells and faull are as shown in Figure 5a. 
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julls from the deep drilling and surface geophysics were sum­
marized by Swanberg (1974). 

Heal flow dala from the Easi Mesa anomaly were digitized on 
a 15 X 15 grid with a grid spacing of 1.6 km. Subsurface 
temperatures were calculated using the sourceward continuation 
method following exactly the same procedure used for the Marys­
ville dala described above, except that a thermal conductivity 
appropriate to Ihe Mesa sediments, 3.8 mcal/cm-sec-°C (1.5 
W/m°K), was used in equation (17). The sources and image 
Kiurces were located on a plane 3 km below and above the datum 
plane, respectively. Isolherms are constmcted from the calculated 
subsurface temperatures on a plane 0.8 km below the datum plane. 

The geolhermal anomaly appears lo be caused by a complex 
reservoir as indicated by lhe temperalure-depth curves from the 
deep lest wells shown in Figure 6. Three of the curves for wells 
6-1, 6-2, and 8-1 become isothermal at lemperaiures in the 
range of 175°-200°C, whereas the curves for wells 31-1 and 5-1 
Secome isothermal in the range of 100°-150°C. Therefore, the 
;emperatures al the top of the reservoir are nol constant, and il 
cannot be assumed to be a single isothermal surface as in the 
case of the simple reservoir. 

Figure 5b shows contours of the 75° lo 175°C isotherms al 
25°C intervals at a depth of 0.8 km. The I00°C and above con­
tours delineate two possible shallow reservoirs probably inler-
connecled at depth. The isolherms al 0.8-km depth in the north­
western portion of the anomaly have a complex shape. A salient 
from this portion of the anomaly projects approximately soulheast 
md strongly suggests fluid flow along a nartow zone, probably 
^ong a faull. 

A faull has been mapped by Combs and Hadley (1977) close 
to this salient which could be the surface expression of this nar­
row high-lemperalure zone. The 150°C isotherm has a very 
complex shape with two addilional salients pointing to the north 
and northeasi. These two lobes suggest other zones of fluid flow 
approximately perpendicular to the southeast salient. The smaller 
southeast portion of the anomaly has greaier horizontal lem­
peralure gradients than the main anomaly, especially to the north-
i^st. A small lobe in the I75°C contour projects toward the main 
iuiomaly and is aligned with the mapped faull, suggesting an 
origin relaled lo the main anomaly. 

The calculated subsurface temperatures are compared to the 
iemf)eralure-deplh dala from the five deep lest wells in Figure 
6. Above the reservoir the calculated temperatures are slightly 
lower than the observed lemperaiures, indicating that too low a 
•••alue was assumed for the mean surface temperature. There is 
nasically very good agreemenl belween the calculated and ob-
.-erved shape of the temperalure-depth curves in the area of ap­
plicability of the conlinuation technique, i.e., outside the reser-
•>'oir. The observed and compuled curves diverge inside lhe 
reservoir. 

Simple exlrapolalion of the surface heal flow dala would have 
revealed none of the complexities in the subsurface isolherms 
which were obiained from the continuation method. The extra­
polated isotherms would simply reflect the surface heal flow pal-
:em in Figure 5a. The results of the continuation clearly show 
•iie anomaly lo be caused by fluid flow along the nartow zones 
-nd indicate a complex relationship between the zones. The 
origin of the anomaly as flow along a fault intersection and the 
radiating faull zones is suggested by the resulling lemperature 
model. 

DISCUSSION 
The simple continuation meihod described here is a useful 

technique lo estimate subsurface isolherms in a geolhermal area. 

As demonsu^ted in the 2-D model and the Marysville and East 
Mesa geolhermal areas, this meihod can be applied where 
Ihermal conveclion occurs al depth if the zone of fluid convec-. 
tion can be treated as a boundary condition for a conduclive solu­
lion. This method is useful in defining spatial limits of such 
geothermal reservoirs. By application of the half-widlh mle lo 
the surface gradient profile, the temperaiure range of the reser­
voir may be indicated, but belter resolution and reservoir delinea­
tion are obiained if Ihe depth or lemperalure is known. The use of 
Ihe present continualion method is limited lo cases where Ihe heat 
flow anomaly is nol relaled lo contrasting thermal conduciivity 
and resulling refraction of heat. 

An advantage of this approach lo interpretation of heat flow 
is that il is nOl model dependent, and complicated heat flow 
anomaly patterns can be interpreted more easily. The solulion 
can be used for time dependent as well as steady-slate thennal 
condilions, allhough no examples have been discussed. The solu­
lion lechnique is identical, except the time of initiation of the 
continuous sources and sinks must be independently known be­
cause a differenl solulion exists for each differenl time. The 
lime-dependenl technique was used by Blackwell el al (1978) lo 
interpret a regional heat flow anomaly in the Cascade range in 
the Pacific Northwest. 

The method used for continuation assumes thai the source 
distribution can be represented by a large number of line or point 
sources on a plane and requires a large amount of computer 
storage to solve the large number of simultaneous equations used 
lo determine the source lerms. Even ihough the use of the poinl 
or line sources is a cmde approximation of the aciual heat source, 
the meihod does give accurate subsurface lemperaiures. A similar 
method using differenl lypes of source distributions can easily 
be developed. However, the amount of known heat flow dala in 
geolhermal areas is limiled and the use of more sophisticated 
types of source distributions is not justified. 

The terrain cortection discussed here can be used as an alter­
native mathematical solulion lo the lertain cortection solulion 
discussed by Blackwell et al (1980). With inclusion ofthe micro­
climatic effects discussed by Blackwell et al (1980), an alter­
native terrain correclion technique can be developed. The con­
linuation and lertain correclion techniques can be combined lo 
solve more complex problems. The mathematical formalization 
is not presented, but the development of the combined lechnique 
is very similar to the derivation of the continuation or lertain 
correction techniques presented. 
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Localized heat flow and Tertiary mineralization in southern New Mexico 

Gary W. ZiellKski* and Gail Moritz DeCourseyJ 

ABSTRACT 

Eight shallow (< 100 m deep) relative heat flow deter­
minations from southern New Mexico reveal a system­
atic 3 HFU (125 mW/m^) increase occurring within a 
distance of 2 km. The maximum surface heal flow ap-
Ijears roughly to overlie a Tertiary granitic body at a 
depth of about 6IX) m wiihin an area of known hy­
drolhermal mineralization. The presence of the anoma­
ly, believed to be of subsurface origin, implies an active 
heal source centered at a depth of 1140 m, perhaps 
associated with hydrothermal circulation. Higher radio­
active Keat production in granites may contribute to 
convective instability and explain the apparent jateral 
coincidence between the anpmaly and the bpdy. This 
situation appears, on a local scale, analogous to coincid­
ing zones of high present-day heat flow and mineral­
ization in England and Wales (Brown et al, 1980). In 
both cases, mineralization is associated with granitic in-
trusion that has occurred al a previous lime which is 
much greater than the thermal time constant for cooling 
bodies. Shallow heat flow determinations may be useful 
in locating other similar areas and investigating possible 
associations of mineralization and thermal history. 

INTRODUCTION 

Cenozoic volcanism and concomitant mineralization is a 
well-established and widespread feature of the geology of New 
Mexico (Lindgren el al, 1910; Lasky and Woolop, 1933; Tal-
mage and Woolon, 1937; Callaghan, 1953; Northrop, 1959). 
Our study area, encompassing roughly 30 km^ in southern 
New Mexico, comprises a local example of this occurrence. The 
area consists ofa group of easl-west trending ridges of sedimen­
tary and volcanic rock rising more than 200 m above a broad 
plain of Tertiary and Quaternary alluvium. From information 
provided by Gulf Mineral Resources Company, the sedimen­
tary sequence in the area consists predominately of Paleozoic 
carbonates reaching a thickness of over 500 m. Extrusive vol­
canic acliviiy began in the Early Cretaceous and culminated in 
the Middle Tertiary wilh the emplacement ofa granitic pluton, 
an apophysis of which is exposed nearby. Hydrolhermal min­
eral deposils, including varying concentrations of gold, silver. 

copper, lead, and zinc, recognized prior lo 1880, exist in small 
but commercial quantities. 

Compilations of terrestrial heat flow data from New Mexico 
(Reiter et al, 1975; Edwards et al, 1978; Shearer and Reiter, 
1981) indicate generally above average and variable heat flow. 
This is largely attributed to varying amounts of Cenozoic mag­
matism, hydrothermal circulation, and radioactive heat pro­
duclion in the crust In order to investigate the present-day 
Ihermal regime in our sludy area in relation to local volcanism 
and mineralization, a suite of 8 shallow (-~35 m) relative heat 
flow determinations was attempted in November, 1980. The 
particular location of Ihe measuremenis was based on the 
availability of subsurface data from previous deep drilling. II 
was hoped that these determinations might reveal some ad­
ditional information on the area's thermal history; at the same 
lime, the uncertainties as well as the polential of shallow land-
based heat flow measurements could be explored. 

I 1 
1 KM 

FIG. I. Relative position of heat flow stations (numbered dots), 
the local zone of volcanic and sedimentary lopographic relief 
and an idealized granite body (dashed circle) fpr lhe sludy area 
in southern New Mexico. 
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FlG. 2. Observed temperatures (dots) and calculated temperatures (solid curves) for the heat flow siations versus depth. Dashed 
lines represent estimated geothermal gradients from regression. 
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FIG. 3. Observed surface air temperatures for the study area in 
soulhern New Mexico, frpm October 1,1979 (day 0) to Octpber 
31,1980 (day 396). The solid curve is the besl fit sinusoid. 

MEASUREMENTS 

The orientation pf the heat flpw stations, given in Figure 1, is 
roughly perpendicular to the principal topographic trend. 
Measurements were made in the upper 35 m of thermally 
equilibrated boreholes. These were accomplished by lowering a 
thermistor probe inlo each borehole and obtaining equilibrated 
readings from 5 to 35 m in 5 m increments. The ihermistpr 
oulpul was monitored with a digital ohm-meter operating in 
the 4-wire mode and converted lo temperature by a previously 
determined calibration function (Steinhart and Hart, 1968). 
Considerable laboratory lesting of the measurement system 
against a platinum resisiance thermometer and resistance 
bridge allows estimates of absolute accuracy at aboul 0.02°C 
and relative error al <0.002°C. Because of the long equili­
bration lime pf the thermistor prpbe, only 2 sites could be 

Table I. Summary ofthermal results. 

Station 

1 
3 
4 
5 
6 
7 
8 
9 

P 

10.5 
4.1 
12.9 
10.1 
16.7 
10.0 
8.7 
6.7 

a 
5.10 
3.59 
4.91 
7.72 
4.38 
3.81 
3.07 
2.94 

T, 

20.01 
19.82 
20.72 
20.18 
21.39 
19.57 
19.43 
19.54 

A 

9.31 
12.51 
5.86 
8.60 
7.82 
9.32 
11.52 
14.33 

R' 

.9996 

.9924 

.9996 

.9992 

.9995 

.9999 

.9998 

.9993 

K 

5.71 
3.02 
6.72 
5.54 
8.31 
5.50 
4.95 
4.11 

* 

2.91 
1.08 
3.30 
4.28 
3.64 
2.09 
1.52 
1.21 

\i = Thermal diffusivity (x 10"^ cm^ sec"') 
g = Geolhermal gradienl (x 10"* °C cm"') 
T, = Mean surface temperature (°C) 
A = Amplitude of the surface temperature change Ĉ C) 

R̂  = Coefficient of determinalion 
K = Thermal conduciivity ( x IO"-* cal "C"' cm"' sec"') 
3 = Heat flow (x 10 * cal cm'^ sec"') 

where 

and 

completed per day resulling in a total 4 day sampling period. 
The results of these measurements are shown in Figure 2 (black 
dots). 

The temperature values shown in Figure 2 were obtained in a 
depth interval where it is likely that the dominant traiisient 
component of Ihe temperature field results from the seaspnal 
fluctuatipn of surface temperature. The indirect method of Lee 
(1977) was used IP remove this transient cpmppnent from Ihe 
lemperature profiles and to pbtain an estimate pf the mean 
equilibrium gepthermal gradient and a value pf the average 
thermal din"usivity pver the depth interval for each station. 
More specifically, Ihe procedure uses a linearized form pf the 
splutipn fpr heat conduclipn in a hpmpgenepus half-space with, 
sinuspidally varying surface temperaiure (perind = 1 year), 

Tj,= T,-i-gZi-i-SjX,-i-Cjy, (1) 

dj = A sin (0(1 J — lo). 

e j= —A cos (M.tj — to), 

Xi = exp ( - z , Vw/2p) cos (zj^WZp), 

yi = exp ( - z , v/to/2p) sin (z,- J(i)/2\i). 

Tjl are the lemF>eralures measured al depth z, at time tj,T,'t% the 
mean surface lemperalure, A is the amplitude of the annual 
surface temperature varialipn, g is the gepthermal gradienl, co 
is the angular velpcily of the annual temperaiure varialipn 
(2 X 10"^ sec"'), fo is the time when T{z = 0) = 7], ahd p is 
thermal diffusivity. A minimum rppl-mean-square (rms) error 
splution tP equation (1) is sought after assigning discrete values 
of p ranging frpm 0.001 to 0.020 cm^sec in increments of 10"* 
cm^sec, which covers the range of values normally pbserved 
fpr most soils and rock (Kappelmeyer and Haenel, 1974). Cor-
resppnding best-fit values of p and g are assumed to be the 
correct values. The data in Figure 2, however, were not ade­
quate to oblain a best-fit solution lo equation (I) by the indirect 
meihod of Lee (1977) without imposing one addilional con­
straint. This was obtained from daily surface air temperature 
measurements (recorded al a U.S. Weather Service station lo­
cated 55 km away) for a period of I year prior lp our field 
measurements (Figure 3). The solid curve in Figure 3 is the 
best-fit sinusoid (period = 1 year) to the data. This allows an 
estimate of tg and hence tj — tg could be specified in equatipn 
(I) for each station assuming there is no diflTerence in phase 
between the annual air iemf»eralure and ground lemperalure 
fluctuations al the surface. 

. The results of reduction of the temperaiure dala in Figure 2 
are summarized in Table 1. The theoretical lemperature profiles 
corresponding lo the parameiers in Table 1 are plplled along 
with the data in Figure 2 (solid curves). The dashed lines in 
Figure 2 indicate the compuled geolhermal gradient for each 
station resulling frpm removal pf the periodic cpmppnent frpm 
the temperature dala. Based on the values of the coeflicient cf 
determinalion R^ Pbtained (Table 1), there is in general a gpod 
fil (R^ = 1 would indicate a perfect fit) pf the dala lo the 
assumed conductive Ihepry [equation (1)]. The vaiucs of 7̂  in 
Table 1 average about 4°C higher than the mean annual air 
tem'^perature (Figure 3). This is no doubt the result of direel 
radiative heating of the ground. (The air temperatures were 
recprded in a covered shed.) Because pf this effect, Kappelmeyer 
and Haenel (1974) stated that workers often recommend the 
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meyer and Haenel (1974) and the straight line is the least-
squares fil IP Ihe data. The dashed line is an empirical repre­
sentation pf Ihermal diffusivity versus thermal conductivity fpr 
unconsolidated pcean bottom sediment derived frpm Bullard 
(1963). 
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FlG. 5. Observed (dots) and Iheoretical heat flow (curve) along 
sectipn A-A' in Figure 1. q,, is background heat flow and q'̂  is 
the additional heat flow frpm a spherical spurce. Below is the 
simplified geometry of a subsurface granitic body. Depth and 
lateral extent are based on infprmatipn frpm deep bpreholes. 

rule of thumb addition of I°C tP the mean annual air temper­
ature tP estimate mean ground temperature. Clearly, frpm 
Table 1, this difference can be significantly larger. The site-to-
sile varialipn in T, (Table 1) is mpsl likely due to differences in 
the exposure of the ground to incident solar radiation since 
differences in albedo caused by variations in ground cover pver 
Ihe area are prpbabiy insignificant 

Fpr most of Ihe stations Ihe lilhology corresponding to the 
lemperature measurement interval comprised undifferentiated 
Quaternary gravel, spil, and alluvium. The values of p pbtained 
frpm Ihe data reductipn (Table 1) are iherefore highly variable, 
as might be expected; hpwever, for station 1 and possibly 
station 7 measurements were obtained in dolpmite. These are in 
excellent agreement with measured values reported in the 
literature (Kappelmeyer and Haenel, 1974). The values pf p in 
Table 1 were used to pbtain a rough estimate pf thermal 
cpnduclivily K (or each statipn. This was done by plptting 
average values pf Ihermal conductivity versus average thermal 
diffusiviiy for a wide range pf lithologies (Figure 4). The data 
are from the compilation pf Kappelmeyer and Haenel (1974). 
Included also is a thepretical relalipn (dashed curve) fpr un-
consplidated sediments (Bullard, 1963). A least-squares line fil 
IP the data over the range apprppriaie fpr cpnsolidaled rocks 
leads lo Ihe relation K = 1.3 x 10"^ -I- 0.42 p which was used 
lo compute the thermal conduciivity given in Table I. Implicil 
in Ihis prpcedure is the assumption that, over the range appro­
priate lp consolidated rocks, variations in the density and heat 
capacity of rocks are small cpmpared wilh varialipns in ther­
mal cpnductivity. The data in Figure 4 sufficiently support this 
assumptipn for the present purposes. This estimate of K in turn 
allows an estimate of relative heat flow q = Kg for each site, 
which is also given in Table 1. 

Transient lemperalure disturbances caused by thermal cpn-
vectipn within the bprehples (Diment, 1967; Gretener, 1967) 
cannot be ruled oul a priori for the temperature data in Figure 
2. This effect does nol, however, appear lo present a problem tp 
the data set in general. The level of agreement ofthe data set IP 
cpnduclive thepry (Figure 2 and Table 1) and the uniformity pf 
cpmputed parameiers (Table I) dp not suggest the presence pf 
seripus random lemperalure perlurbatipns, particularly in view 
pf the sizeable and remarkably systematic trend pbserved in the 
heat flpw values, which will be seen in Ihe next sectipn. 

RESULTS 

The results ofthe heat flow estimates for each slalion (Table 
1) are plotled in Figure 5 as a function of relative position 
projected on line A-A' (Figure 1). The lower section of Figure 5 
shows the suggested positipn of a subsurface granitic body 
(Figure 1) approximated by a hemisphere. The approximale 
depth and lateral extent of the granite as well as its approxi­
mate location with respect lo the heat flow measurements are 
based pn information from deep bprehples provided by Gulf 
Mineral Respurces Company. The continuity of the bpdy and 
the existence ofthe mpther layer are spmewhat speculative and 
largely fpr the purpose pf the heat flow interpretatipn. 

The relative heal flow values in Figure 5 exhibit a large and 
systematic increase as the ridge province (Figure I) is 
approached from the south-southwest. The maximum ob­
served increase in relative heal flpw pf 3 HFU (I HFU = 
10"^ cal cm~^ sec = 41.8 mW/m^) appears lo be centered 
around station 5. Since the magnitude of the observed increase 
is top large to be accounted for by heal cpnduction effects pf 
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FIG. 6. Geometry for applying Ihe method of images tP a buried 
sphere. 

surface toppgraphy, npr dpes il relate IP individual station 
elevatipn or slope orientation, a subsurface cause must be 
responsible. 

Hardee and Larson (1980) arrived al a relation fpr the steady 
slale surface heat flpw as a funclion of horizontal ppsitipn u fnr 
a sphere of radius a at cpnstant temperature 7^, buried al 
depth D in a medium initially at zerp temperaiure, with a 
horizontal surface held at constant temperature 7] (see Figure 
6). Their result was that 

where 

H-m"' 
2aK(T„. - T,) 

D^ 

(2) 

(3) 

is the maximum heat flow (at r = D, 0 = 0). The solid curve in 
Figure 5 is the result of applying equatipns (2) and (3) lo the 
heal flow dala. Equation (2) was used to estimate from the dala 
the depth D lo the cenier of a spherical source capable of 
creating the pbserved anpmaly (D = 1140 m). The heal flpw 
values al stations 3 and 9 suggest a background heat flew 
flj(u-» oo) ef abput 1 HFU so that a value pf ^^ ^ 3 HFU is 
then required to fit the pbservations near the crest pf the 
anpmaly. From equation (3), for example, a lemperalure excess 
of 50°C (for K = 1 meal ° C " ' cm" ' sec"'), its ppsitipn and 
depth coinciding wilh the surface of the granitic body illus­
trated in Figure 5, would produce the theoretical heat flow 
profile (solid curve) in Figure 5, which is in excellent agreement 
wilh lhe measurements. This result suggests a possible associ­
ation between the granite body and the pbserved relative heal 
flow. Furthermore, it is clear from the magnitude pf the re­
quired temperaiure excess that heal cpnduclipn effects resulting 

from possible contrasts in Ihermal properlies and radioaclive 
heat production (belween the granite and surrounding rock) 
alone are incapable of accpunting for the pbserved anpmaly. 

In prder to lest the possibility lhat the suggested temperaiure 
excess is the result of transient cooling of the body from an 
originally molten state, we have applied the methpd pf images 
to a sphere copling frpm spme initial temperature T„. Frpm the 
splutipn for an infinite regipn, 

T „ ( , r •{• a , r - a 2 ^ t 
Tir, f) = ̂  e r f ^ - e r f — = - - ^ • 

2 \ 2Vpl 2^\it r^n 

• {exp [ - ( r - a)V4pO - exp [ - ( r -I- a)V4pf3) J (4) 

(Carslaw and Jaeger, 1959), the solution for a semi-infinite 
medium (Figure 6) becomes 

T{r, /) = -r- <erf — j = - ert — p : - - ^ -
2 (. 2^\it 2yJ\U r j n 

• {exp [ - ( r - a)V4p/] - exp - (r -I- fl)V4p(}| 

2 1 2.J^t 2j^t r'^t 

• {exp [ - ( r ' - a)V4/ir] - exp [ - ( r ' -I- a)V4pO}|, (5) 

where 

r ' = [r^-I-40^ - 4rD CPS 0 ] " ^ 

The splutipn for heal flpw q is 

dT 

' ^ - - ^ T r e-o 

I _ a-i-D _ ' y y \ 

/ . (D-a)nr -1 g-fP ^ 2j^t-\ 
-t- T„ exp I 

In Figure 7 we have plotled heat flow versus lime from 
equation (6) for a cooling sphere with 7^ = IO(X)°C, K = 
7 meal °C~' cm" ' sec"' , p = 0.01 cm^ sec"' , and the approxi­
mate observed dimensions (inset) which correspond to Figure 5. 
First seen (Figure 7) is a buildup of heal flow as heal from lhe 
buried sphere reaches the surface and then a decrease as lhat 
heal is eventually lost The imporiant result, however, is that all 
this occurs wiihin 100,0(X) years. Thus, if the granite body, 
approximated by a sphere, is of Tertiary age, np residual heat 
flow would be expected tP remain al present time. Our theoreti­
cal treatment pf the copling granite body neglects possible 
cpoling by cpnvective heat transfer. However, incorporating 
convection in Pur model would decrease Ihe estimated cooling 
time and, therefore, would not alter our conclusion. 

Il is also possible to speculate on the existence ofa somewhat 
deeper mother layer (Figure 5) of considerable lateral extent as 
a source of residual transient heat flow. The heat flpw splution 
for a cooling, buried half-space (used lo represent a cpoling 
granitic balhplith in Goguel, 1976), given by 

1 
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FIG. 7. Theoretical cppling of a buried half-space (at depth h) and cooling sphere. Dimensions and geometry are insel. 

-2KT„ 

2./m 
exp (-/iV4pO. (7) 

was used tp explpre Ihis ppssibility. These results are also 
plotted in Figure 7 for the same parameters as the copling 
sphere but for depths h = 610 m (cprresponding to the top of 
the sphere) and h = D = 1140 m. In both cases (Figure 7) 
significant residual heat flpw remains after 10^ years. Thus a 
mother layer cpoling from mid-Tertiary time is capable of 
supplying enough heal lo account for the pbserved q'̂  of 
3 HFU. Still, transient copling ofa smaller wavelength granite 
body as a mechanism is insufficient lo account for the shape pf 
the observed heal flow anomaly even if heal is supplied by the 
mother layer. The effect of the Ihermal conductivity cpnlrasl 
belween granite and limestone or dolomite is far top small 
(Lovering, 1935) lo offset the rapid cooling lime of a sphere or 
hemisphere of an appropriate size (Figures 5 and 7). 

Based on these results, il must be concluded that the heal 
flow anomaly observed in the sludy area is not the direct result 
of transient cooling ofa granite body, but must be indicative of 
an active (or recently active) process such as hydrolhermal 
circulation. The heat flow estimated for stations 3 and 9, 1.08 
and 1.21 HFU, is less than most published values from the 
surrounding area, -~2.0 HFU (Reiter el al, 1975; Edwards el al, 
1978; Shearer and Reiter, 1981). Although the absolute accu­
racy of the shallow heal flpw determinations in Table 1 is npt 
well established, the range of vaiucs does npl significantly 
depart from that observed via deep borehole observations in 
areas of exiensive volcanic activity in northeastern New 
Mexico and southeastern Colorado (Edwards el al, 1978). The 
low background heat flow {q̂  = I HFU) suggested earlier 
could imply low reduced heal flow as well as a low contribution 
from cruslal radioactive heait prpductipn. Leaching pf radipac-

tive elements by moving grpundwater has been suggested lp 
explain Ipcally nonrepresentalive crustal radipactivily in Ari-
zpna (Shearer and Reiter, 1981). In that same study, forced and 
free cpnvection by mpving groundwater was called uppn tp 
explain spme ofthe variability pf heat flow measurements taken 
shallower than 650 m. The heat flow pattern shown in Figure 5 
alsp might be the result of a local redistribution pf heat by 
hydrolhermal cpnvection occurring at depth. In this case the 
low values al stations 3 and 9 could be indicative pf removal pf 
heat as in the case of a downgoing limb of a cpnveclipn cell. 
Higher concenlralions pf heal-prpducing elements in the gran­
ite bpdy, while incapable pf producing 3 HFU IP cause the 
observed anpmaly, may contribute to the convecrive instability. 
Such a mechanism might focus the conveclion and explain the 
location ofthe heal flow high over the granite body. 

CONCLUSIONS 

There appears to be spatial coincidence between a present-
day heal flow anomaly, a Tertiary granitic body, and hy­
drothermal mineralization wiihin a Ipcalized area in soulhern 
New Mexico. Based on the heat flow values obtained, hy­
drpthermal circulalion is believed lp be the mpst likely expla­
nation for the heal flpw anpmaly. Higher radipaclive heat 
prpductipn in the granite bpdy may explain the spatial coin­
cidence between the anpmaly and the bpdy. The situation 
appears analpgpus to the regional asspciatipn belween zpnes pf 
high heal flpw, metalliferpus mineralizatipn, and inlrusive 
bodies in England and Wales (Brown et al, 1980). There il was 
postulated that Calednnian age intrusive bodies focused the 
develppmenl pf hydrothermal systems resppnsible for ppst-
Carboniferous mineralizatipn, and lhat these systems have per­
sisted thrpugh lime to create the present-day high heat flow. 
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O u r results suggest the possibility of such pccurrences pn a 
local scale and the pptential of shallow Ihermal measurements 
as an aid in Ipcating and understanding them. 
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Localized heat flpw and Tertiary mineral ization in southern New Mexico 

Gary W. Zielin^ski* and Gail Moritz DeCourseyJ 

ABSTRACT 

Eight shallow (< IOO m deep) relative heat flow deler­
minaiions from soulhern New Mexico reveal a system­
atic 3 HFU (125 mW/m') increase occurring wiihin a 
distance of 2 km. The maximum surface heat flow ap­
pears roughly to overlie a Tertiary granitic body at a 
depth of aboul 600 m wiihin an area of known hy­
drolhermal minerali?.ation. The presence of the anoma­
ly, believed to be of subsurface origin, implies an active 
heat source centered al a depth of 1140 m, f)erhaps 
associaied with hydrothermal circulation. Higher radio­
aclive heal production in granites may contribute to 
convective instability and explain the apparent lateral 
coincidence bciween the anpmaly and the body. This 
situation appears, on a local scale, analogous to coincid­
ing zones of high present-day heat flow and mineral­
ization in England and Wales (Brown el al, 1980). In 
both cases, mineralization is associaied with granitic in­
trusion thai has occurred al a previous lime which is 
much greater Ihan lhe ihermal time cpnstant fpr cooling 
bodies. Shallow heal flpw determinatipns may t}e useful 
in locating pther similar areas ahd investigating ppssibie 
associatipns of mineralizatipn and Ihermal histpry. 

INTRODUCTION 

Cenozoic volcanism and concomitant mineralization is a 
well-established and widespread feature of the geology of New 
Mexico (Lindgren el al, 1910; Lasky and Wootop, 1933; Tal­
mage and Wopion, 1937; Callaghan, 1953; Northrop, 1959). 
Our sludy area, encompassing roughly 30 km^ in southern 
New Mexico, comprises a local example of this occurrence. The 
area consists ofa group of east-west trending ridges of sedimen­
tary and volcanic rock rising more than 200 m above a broad 
plain of Tertiary and Quaternary alluvium. From infprmation 
prpvided by Gulf Mineral Resources Cpmpany, the sedimen­
tary sequence in the area cpnsists predominately pf Paleozoic 
carbonates reaching a thickness pf pver 500 m. Extrusive vol-
canic activity began in the Early Cretaceous and culminated in 
the Middle Tertiary wilh lhe emplacemenl ofa granitic pluton, 
an apophysis of which is exposed nearby. Hydrothermal min­
eral deposits, including varying concentrations of gold, silver. 

copper, lead, and zinc, recognized prior lo 1880, cxisl in small 
bui commercial quantities. 

Compilalions pf lerreslrial heat flow data from New Mexico 
(Reiler el al, 1975; Edwards el al, 1978; Shearer and Reiter, 
1981) indicate generally above average and variable heal flow. 
This is largely attributed lo varying amounts of Cenozoic mag­
matism, hydrpthermal circulation, and radioactive heal pro­
duclion in the crusl. In order to invesligale the present-day 
thermal regime in our sludy area in relation to local volcanism 
and mineralization, a suite of 8 shallow (~35 m) relalive heat 
flow determinations was attempted in November, 1980. The 
particular location of the measurements was based pn the 
availabilily of subsurface data frpm previous deep drilling, ll 
was hoped that these determinations might reveal some ad­
ditional infprmatipn pn the area's thermal histpry; at the same 
lime, the uncertainties as well as the potential pf shallow land-
based heat fiow measuremenis could be explored. 

I I 
1 KM 

FIG. 1. Relalive position of heat flow stations (numbered dots), 
the local zone of volcanic and sedimentiiry lopographic relief 
and an idealized granite body (dashed circle) for the study area 
in soulhern New Mexico. 
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FlG. 2. Observed lemperaiures (dots) and calculated temperatures (solid curves) for the heat flow statipns versus depth. Dashed 
lines represent estimated geothermal gradients from regression. 
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FlG. 3. Observed surface air temperatures for the sludy area in 
.southern New Mexico, from October 1, 1979 (day 0) to October 
31,1980(day 396). The .solid curve is the besl fil sinusoid. 

MEASUREMENTS 

The orientation ofthe heat flow stations, given in Figure 1, is 
roughly perpendicular tp the principal tppographic trend. 
Measuremenis were made in the upper 35 m of thermally 
equilibrated borehples. These were accomplished by lowering a 
thermistor probe into each borehole and obtaining equilibrated 
readings from 5 lo 35 m in 5 m increments. The thermistor 
output was monitored wilh a digital ohm-meter operating in 
the 4-wire mode and converted tp temperaiure by a previpusly 
determined calibralion funclion (Steinhart and Hart, 1968). 
Considerable laboratpry testing of the measurement system 
against a platinum resistance thermometer and resistance 
bridge allows eslimates of absclute accuracy al abpul 0.02°C 
and relalive error at <0.002°C. Because of the long equili­
bration time pf the thermistor probe, pnly 2 sites cpuld be 

Table t. Summary ofthermal results. 

Station 

1 
3 
4 
5 
6 
7 
8 
9 

P 

10.5 
4.1 
12.9 
10.1 
16.7 
10.0 
8.7 
6.7 

9 

5.10 
3.59 
4.91 
7.72 
4.38 
3.81 
3.07 
2.94 

T, 

20.01 
19.82 
20.72 
20.18 
21.39 
19.57 
19.43 
19.54 

A 

9.31 
12.51 
5.86 
8.60 
7.82 
9.32 
11.52 
14.33 

R^ 

.9996 

.9924 

.9996 

.9992 

.9995 

.9999 

.9998 

.9993 

K 

5.71 
3.02 
6.72 
5.54 
8.31 
5.50 
4.95 
4.11 

4 

2.91 
1.08 
3.30 
4.28 
3.64 
2.09 
1.52 
1.21 

(1 = Thermal diffusivity ( x 10"'' cm' sec"') 
g = Geothermal gradienl ( x 10"* "C cm"') 
f, = Mean surface lemperature (°C) 
A = Amplitude of lhe surface temperature change ("C) 

R' = Coefficient of determinalion 

completed per day resulling in a total 4 day sampling period. 
The rcsulls of ihcse measuremenis are shown in Figure 2 (black 
dols). 

The lemperalure vaiucs shown in Figure 2 were obiained in a 
dcplh inlerval where il is likely thai the dominant iransienl 
componenl of lhe lemperature field results from the seasonal 
fluctuation of surface temperaiure. The indirect meihod of Lee 
(1977) was u.sed to remove this transient componenl from the 
temperature profiles and to obtain an estimate of lhe mean 
equilibrium geothermal gradienl and a value of the average 
Ihermal diffusiviiy over lhe depih inlerval for each slalion. 
More specifically, lhe procedure uses a linearized form of lhe 
solulion for heat conduction in a homogeneous half-space wilh. 
sinusoidally varying surface temperature (period = 1 year). 

where 

and 

Tji= T,-\rgZi-i-?ijXi-i-f.jyi 

dj = A sin (i){tj - ^o). 

E j ^ —A cos (0(lj — tg). 

(1) 

K = Thermal conductivity ( x 10 
If = Heat flow(x 10"* cal cm'^ 

' c a l - C " ' 
sec"') 

sec" ) 

Xi = exp ( - r ,ya) /2p) cos (z,- ^(o/ln), 

yi = exp ( - Z; yo)/2p) sin (z,- >/o)/2p). 

Tji are the lempcralures measured al depth z,. al lime '^, 7̂  is the 
mean surface temperaiure, A is the amplitude of the annual 
surface lemperalure varialion, g is the geothermal gradient, co 
is the angular velocity of the annual temperaiure variation 
(2 X 10" ' sec"'), fp is 'he lime when T(z = 0) = 7^, and p is 
Ihermal diffusiviiy. A minimum rool-mean-square (rms) error 
solution lo equatipn (1) is spughl afler assigning discrete values 
of p ranging frpm 0.001 to 0.020 cm^sec in increments of 10"'' 
cm^/sec, which covers the range of values normally pbserved 
for niost soils and rock (Kappelmeyer and Haenel, 1974). Cor­
responding best-fit values of p and g are assumed to be the 
correct values. The data in Figure 2, however, were not ade­
quate to obtain a best-fit solution lo equatipn (1) by the indirect 
method of Lee (1977) without imposing one additional con­
straint. This was pbtained frpm daily surface air temperature 
measurements (recprded at a U.S. Weather Service station Ip­
cated 55 km away) fpr a peripd of 1 year prior ip our field 
measurements (Figure 3). The solid curve in Figure 3 is the 
best-fit sinusoid (period = 1 year) lo the dala. This allows an 
estimate of tg and hence tj — tg could be specified in equation 
(1) for each station assuming there is no difference in phase 
belween the annual air lemperature and grpund temperaiure 
fluctuatipns at the surface. 

. The resulis of reduclion of the temperature data in Figure 2 
are summarized in Table 1. The theoretical lemperalure profiles 
corresponding to the parameiers in Tabic 1 arc plolted along 
wilh the data in Figure 2 (solid curves). The dashed lines in 
Figure 2 indicate the cpmputed geothermal gradienj for each 
statipn resulling frpm removal ofthe peripdic componenl frpm 
the lemperature dala. Based on the values pf the cpefficient pf 
determinalion R^ obtained (Table 1), there is in general a good 
fit (R^ = 1 would indicate a perfect fil) of the data lo lhe 
assumed conductive theory [equation (1)]. The vaiucs of T, in 
Table I average about 4°C higher than lhe mean annual air 
lem'perature (Figure 3). This is no doubt the result of direel 
radiative heating of Ihe ground. (The air temperatures were 
recorded in a covered shed.) Because of ihis effect, Kappelmeyer 
and Haenel (1974) stated that workers often recommend the 
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FtG. 4. Relationship between thermal diffusivity and thermal 
conduciivity. Dols are dala for solid rock laken from Kappel­
meyer and Haenel (1974) and the straight line is the least-
squares fil lo the data. The dashed line is an empirical repre-
.senlation ofthermal diffusivity versus thermal conduciivity for 
unconsolidated ocean bollom sediment derived from Bullard 
(1963). 
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FlG. 5. Observed (dots) and Iheoretical heat flow (curve) along 
section A-A' in Figure 1. ^j is background heat flow and q'̂  is 
the additional heat flow from a spherical source. Belpw is the 
simplified geometry pf a subsurface granitic body. Depth and 
lateral extent are based pn infprmatipn frpm deep bprehples. 

rule of thumb addition of TC to Ihe mean annual air temper­
ature to estimate mean ground temperature. Clearly, from 
Table 1. this difference can be significantly larger. The siie-lo-
sile varialion in 7; (Table I) is most likely due lo dilferences in 
the exposure of the ground lo incident solar radiation since 
differences in albedo caused by varialions in ground cover over 
the area arc probably insignificant. 

For most of the slalions lhe lilhology corresponding lo lhe 
temperaiure measurement inlerval comprised undifferentiated 
Qualcrnary gravel, soil, and alluvium. The values of p obtained 
from lhe dala reduction (Table I) are therefore highly variable, 
as might be expected; however, for station I and possibly 
statipn 7 measiirements were obtained in dolomite. These are in 
excellent agreement wilh measured values reported in the 
literature (Kappelmeyer and Haenel, 1974). The values of p in 
Table 1 were used lo oblain a rough estimate of thermal 
conductivity K for each station. This was done by plotting 
average values of thermal conductivity versus average ihermal 
diffusiviiy for a wide range of lithologies (Figure 4). The dala 
are from lhe compilation of Kappelmeyer and Haenel (1974). 
Included also is a theoretical relation (dashed curve) for un­
consolidated sedimenis (Bullard, 1963). A least-squares line fil 
lo the data over the range apprppriaie for consolidated rocks 
leads lo the relation K = 1.3 x IO"-" -f 0.42 p which was used 
lo compute the thermal conductivity given in Table 1. Implicil 
in this procedure is the assumption lhat, pver the range apprp­
priaie IP consolidated rocks, varialions in the densily and heal 
capacity of rocks are small compared wilh varialions in ther­
mal cpnduclivily. The dala in Figure 4 sufficiently support this 
assumption fpr the present purposes. This estimate of K in turn 
allows an estimate of relative heat flow q = Kg for each site, 
which is also given in Table 1. 

Transient temperature disturbances caused by thermal cpn­
veclipn wiihin the boreholes (Dimenl, 1967; Gretener, 1967) 
cannol be ruled oul a priori for the temperaiure data in Figure 
2. This effect does nol, however, appear lo present a problem to 
the dala set in general. The level of agreement of the data sel tp 
cpnduclive theory (Figure 2 and Table 1) and the unifprmity of 
computed parameters (Table 1) do npt suggest the presence pf 
seripus random temperature perlurbatipns, particularly in view 
pf the sizeable and remarkably systematic trend observed in the 
heal flow values, which will be seen in the next sectipn. 

RESULTS 

The results ofthe heal flow eslimates for each station (Table 
1) are plotled in Figure 5 as a funclion of relative position 
projected on line A-A' (Figure I). The lower section of Figure 5 
shows the suggested position of a subsurface granitic body 
(Figure 1) approximated by a hemisphere. The approximate 
depth and lateral extent of Ihe granite as well as its approxi­
mate location with respect IP the heat flpw measuremenis are 
ba.sed on information from deep boreholes provided by Gulf 
Mineral Resources Company. The continuity of the body and 
the existence ofthe mother layer are somewhat speculative and 
largely fpr the purppse pf Ihe heat flpw interprelalion. 

The relalive heat flpw values in Figure 5 exhibit a large and 
systematic increase as lhe ridge province (Figure 1) is 
approached from the soulh-soulhwest The maximum ob­
served increase in relative heat flow of 3 HFU (1 HFU = 
10"* cal cm"^ sec = 41.8 mW/m^) appears tp be centered 
arpund station 5. Since the magnitude pfthe pbserved increase 
is tpp large IP be accpunted fpr by heal cpnductipn effects pf 
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T ( r , 9 ) 

FIG. 6. Geomelry for applying lhe meihod of images lo a buried 
sphere. 

surface toppgraphy, nor does it relate to individual station 
elevaiion or slope orientation, a subsurface cause must be 
resppnsible. 

Hardee and Larson (1980) arrived al a relation fpr the steady 
state surface heat flpw as a funclion pf hprizontal positipn u fpr 
a sphere of radius a al cpnstant temperature T„, buried at 
dcplh D in a medium initially at zero lemperature, wilh a 
horizontal surface held at constant lemperature 7̂  (see Figure 
6). Their result was lhat 

H-m-
where 

<? = - • 

2aK{T„ - T,) 

(2) 

(3) 

is the maximum heat flpw (at r = £), 9 = 0). The solid curve in 
Figure 5 is Ihe result of applying equations (2) and (3) to the 
heal flow data. Equation (2) was used lo estimate frpm the data 
the depth D to the center of a spherical source capable of 
creating the observed anpmaly (D = 1140 m). The heat flow 
values al stations 3 and 9 suggest a background heat flow 
qt(u—f oo) pf abput 1 HFU so that a value o(q* = 3 HFU is 
then required lo fit the observations near lhe crest of the 
anomaly. From equation (3), for example, a temperature excess 
pf 50°C (fpr AC = 7 meal ° C " ' cm" ' sec"'), its position and 
depth coinciding wilh the surface of the granitic body illus-
trated in Figure 5, would produce the theoretical heat flow 
profile (solid curve) in Figure 5, which is in excellent agreement 
wilh the measurements. This result suggests a possible asspci-
alion belween the granite body and the observed relalive heat 
flow. Furthermore, it is clear from the magnitude pf the re­
quired lemperalure excess that heat cpnduction effects resulting 

from possible contrasts in ihcrmal properlies and radioactive ''j. 
heal production (between the granite and surrounding rock) 
alone are incapable of accounting for the observed anomaly. s 

In order to lest the po.ssibility thai lhe suggested lemperature .1. 
exce.ss is the result of transient cooling of the body from an •, 
originally molten slale, we have applied lhe meihod of images ; • 
IP a sphere cooling from some iniliai lemperalure T,„. From the | 
solulion for an infinite region, '̂  

-rt ^ •̂ "•Z r ' ' + " r ' j ! " ^ N / ^ t 
T{r, 0 = -z" erf — = - erf — = - - ^ • -'-

^ \ l^ixt 2^n t r^ t t - ;̂ 

- { e x p [ - ( r - n ) V 4 p f ] - e x p [ - ( r + a)V4pO} (4) f 

(Carslaw and Jaeger, 1959), lhe solulion for a semi-infinite 
medium (Figure 6) becomes 

T, .\ '̂ '" I r '' + " f ' ' -" 2ypf T(r, l) = — <erf — - = - erf — • = - - = ^ -
2 [ 2.J\it 2 j \ i t r j n 

• {exp [ - ( r - a)V4p'] - exp - (r -f n)V4p'} 

2 (. 2jvii i j ^ t r ' y n 

• {exp [ - ( r ' - a)V4/iO - exp [ - ( r ' + a)V4pO} K (5) 

"where 

r' = [r^ -(- 4D^ - 4rD cos 9 ] " ^ 

The solulion for heal flow q is 

dT 
q = - K — 

" ' " 9 = 0 

= - K T „ e x p 
J a-i- D 2ypi"[ 

Tipf Dyjn^t D^y/n] 

•^ Tn, exp 

/ (P- fa ) 
V 4pi 

/ . (D-a ) ' \V - 1 a + D ^ 2 ^ l l i 

In Figure 7 we have plolted heat flow versus time from 
equation (6) for a cooling sphere with T„ = 1000°C, K = 
7 meal °C~' cm" ' scc" ' ,p = 0.01 cm^ sec"' , and the approxi­
male observed dimensions (insel) which correspond lo Figure 5. 
First seen (Figure 7) is a buildup of heat flow as heat from the 
buried sphere reaches lhe surface and then a decrease as that 
heal is eventually lost. The imporiant result, however, is that all 
this occurs within 100,000 years. Thus, if the granite bpdy, 
approximated by a sphere, is pf Tertiary age, no residual heat 
flpw wpuld be expected lo remain at present lime. Our thepreti­
cal treatment of the cpoling granite bpdy neglects possible 
cooling by cpnvective heal transfer. However, incorpprating 
convection in pur model wpuld decreaste the estimated cooling 
lime and, therefore, would nol alter our conclusion. 

Il is also possible lo speculate on the existence of a somewhat 
deeper mother layer (Figure 5) pf considerable lateral extent as 
a spurce of residual transient heat flow. The heal flpw splutipn 
fpr a copling, buried half-space (used to represent a cpoling 
granitic batholith in Goguel, 1976), given by 

I 

I 
"ST 
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FIG. 7. Theoretical cooling ofa buried half-space (al depih h) and cooling sphere. Dimensions and geomelry are insel. 

-2KT 
q = -

2.yn^lt 
exp(-/iV4pr), (7) 

was used lo explore this possibility. These results are also 
plotled in Figure 7 for the same parameters as the cooling 
sphere but for deplhs /i = 610 m (cprresponding tp the top of 
the sphere) and h = D = \ 140 m. In both cases (Figure 7) 
significant residual heal flpw remains afler 10' years. Thus a 
mother layer cpoling froni mid-Tertiary time is capable of 
supplying enough heat tp accpunt fpr the pbserved q*̂  of 
3 HFU. Still, transient copling pf a smaller wavelength granite 
body as a mechanism is insufficient to account fpr the shape of 
the observed heat flpw anpmaly even if heal is supplied by the 
mpther layer. The effect of the Ihermal conductivity contrast 
between granite and limestone or dolpmite is far top small 
(Lovering, 1935) lo offset the rapid cooling lime ofa sphere or 
hemisphere pf an apprppriaie size (Figures 5 and 7). 

Based on these results, it must be concluded that the heat 
flow anomaly observed in Ihe study area is not Ihe direel result 
of transient cooling ofa granite body, but must be indicative of 
an active (pr recently active) prpcess such as hydrpthermal 
circulalion. The heat flow estimated for slalions 3 and 9, 1.08 
and 1.21 HFU, is less than most published values frpm the 
surrounding area, ~ 2.0 HFU (Reiter et al, 1975; Edwards et al, 
1978; Shearer and Reiter, 1981). Allhough Ihe absplute accu­
racy pf the shallow heal flow determinations in Table 1 is npt 
well established, the range pf values does npt significantly 
depart from lhat pbserved via deep borehole observations in 
areas pf extensive volcanic activily in nprtheastern New 
Mexico and southeastern Colorado (Edwards et al, 1978). The 
IPW backgrpund heat flpw {q,, = 1 HFU) suggested earlier 
could imply low reduced heat flpw as well as a IPW cpntribulion 
from crustal radioactive heat production. Leaching of radipac­

live elemenis by moving grpundwater has been suggested tp 
explain Ipcally nonrepresentalive crustal radipactivily in Ari­
zona (Shearer and Reiter, 1981). In that same study, forced and 
free conveclion by moving groundwater was called upon lo 
explain some pf the variability pf heat flpw measurements laken 
shallower than 650 m. The heat flow pattern shown in Figure 5 
also might be the result pf a local redistributipn pf heat by 
hydrothermal convection pccurring at depth. In this case the 
low values at statipns 3 and 9 cpuld be indicative pf rempval of 
heat as in the case of a downgoing limb of a cpnvectipn celL 
Higher cpncentratipns pf heal-prpducing elemenis in the gran­
ite bpdy, while incapable pf prpducing 3 HFU to cause the 
observed anomaly, may contribute to the convective instability. 
Such a mechanism might focus Ihe convection and explain the 
location pfthe heat flow high pver the granite body. 

CONCLUSIONS 

There appears IP be spatial coincidence between a present-
day heat flow anomaly, a Tertiary granitic body, and hy­
drothermal mineralization within a Ipcalized area in southern 
New Mexico. Based on the heat flow values pbtained, hy­
drpthermal clrculatipn is believed lo be the most likely expla-
natipn for the heat flpw anpmaly. Higher radioactive heat 
prpductipn in the granite bpdy may explain the spatial cpin-
cidence belween the anpmaly and the body. The silualipn 
appears analpgpus to the regional association between zones of 
high heal flow, metalliferous mineralizatipn, and intrusive 
bodies in England and Wales (Brpwn el al, 1980). There it was 
postulated that Caledonian age inlrusive bodies focused the 
develppmenl of hydrothermal systems responsible for post-
Carboniferous mineralization, and that Ihese systems have per­
sisted through time to create the present-day high heat flow. 
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Our rcsulls suggest Ilic possibility of such occurrences on a 
local .scale and the polcniial of shallow thermal measurements 
as an aid in locating and undersijinding ihcm. 
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Geothermal prospecting with Shallo-Temp surveys 

L. A. LeSchack* and J. E. Lewist 

ABSTRACT 

The Shallo-Temp® survey is an inexpensive and rapid 
"first look" geophysical technique that is useful in planning 
the more traditional and costly reconnaissance drilling geo­
lhermal exploration programs. The technique is based on 
making many soil temperature measurements at 2-m depths 
over a given exploration area and cortccting these measure­
ments for the effects of elevation and surface geologic and 
meteorologic conditions. Corrections for surface con­
ditions are made with an "annual wave correction model." 
The output from the model is the normally expected 2-m 
temperature for the gjven site al the dale for which input 
data were provided. The difference between the measured 
and computed 2-m temperature dala represents effects of 
geothermal heal flow. A Shallo-Temp residual map is com­
pared bolh lo a 2-m lemperature map for a specific date 
(Seplember, 1977) and lo a mean annual 2-m lemperature 
map for the Coso known geothermal resource area pro­
ducing the same anomaly pattem in each case. Additional 
case history studies at Upsal Hogback in Nevada, and 
Animus Valley in'New Mexico provide evidence tb support 
the applicability of the Shallo-Temp lechnique throughout 
the Basin and Range Province. The lechnique developed is 
noi designed lo replace reconnaissance drilling bui ralher 
help focus standard reconnaissance programs. The two 
potentially most reliable applications of the technique are 
ill extending trends where standard reconnaissance holes 
have been drilled or filling in delail between widely spliced 
holes, and in surveying for near-surface anomalies iHal 
might be developed for direct heatiiig applications. 
•Registered trademark of LeSchack Associates, Lid. 

INTRODUCTION 

Backgroiind 

Shallow temperature measurements (2-5 m) have been made by 
a number of investigators in the geologic sciences for the past 
several decades, but the potential of shallow reconnaissance sur­
veys for geophysical exploration has not been extensively devel­
oped. This paper presents three case histories where the shallow 
lemperature survey meihod was used in easicm Caiifomia, Nevada, 
and New Mexico, and lhe resulis can be compared wilh cxisiing 

relalively deep reconnaissance lemperalure gradient and heat 
flow measurements. 

An eariy example of shallow temperature surveying at a geo­
lhermal area was presented by Kintzinger (1956) in his survey of 
hot ground near Lordsburg in New Mexico. Using thermistors 
emplaeed at a depth of 1 m, he observed a lemperalure anomaly of 
some IO°C surtounding a hydrolhermal area. Cartwrighl (1968) 
showed Ihal ihermislors emplaeed al a depih of 50 cm could 
clo.sely approximate iheoretical lemperature anomalies al lhe sur­
face owing lo shallow lying aquifers. Bimian (1969), emplacing 
Ihermislors al a depih of 3 m, measured lemperalure varialions 
caused by groundwaler flow- in southem Caiifomia and began 
.aclively using shallow lemperalure geolhermal surveying as one 
of a combinalion of geophysical and geologic techniques for 
locating groundwaler on a commercial basis. O'Brien (1970) aLso 
conducted studies of a groundwaler flqw using shallow tempera­
ture survey techniques. 

A detailed sludy of the application of lhis technique to localing 
salt domes and shallow faulls in the Netherlands was provided by 
Poley and Van Slcvcninck (1970). Their lechnique was used mosl 
satisfactorily in southem Caiifomia by Sabins (1976). Noble and 
Ojiambo (1975), erhplacing thermistors al 1-m depih, helped 
delineate a geolhermal area in Kenya. Lee (1977a), using data ob­
tained at depths greaier than we consider shallow (up to 15 m), 
showed the potential of extrapolating near-surface lemperalure 
gradients to much greater deplhs in known geothermal areas.. Lee 
and Cohen (1979) measured, al 2-m depth, geothermal gradients 
at various sites at the Salton Sea, California, where thermal gra­
dients ranged from 0.02°C/m to 4.3°C/m. Lachenbmch et al 
(1976) provided a lemperaiure map of lhe Long Valley area at a 
depth of 10 m. They concluded thai as long as synoptic observa­
tions' are used at these sites, essentially Ihe same temperature 
pattern emerges for contours al the 6-m depth, and much of it per­
sists al 3 m. This observation provided strong motivation for us 
to commence our shallow temperature studies at Long Valley, 
Coso known geothermal resource area (KGRA), Caiifomia. and 
discussed in LeSchack el al (1977). 

Despite the previous research cited, little attempi has been 
made to use the shiillow temperature survey lechnique as an 
operational geophysical exploration tool, especially for geo­
thermal reconnaissance surveys. This, we suspect, is because 
adequate case histories of known geothcmrul areas where this 
technique has been used have not been prcscnicd in the literature. 

Manuscript received by the Editor March 5, 1982; revised manu.script received October 8, 1982. 
•LeSchack Associates. Ltd.. P.O. Box 646* Long Key,'Florida 33001. 
tMcGill University, Department pf Geography, 805 Shertxwke Street West, Montreal, PQ, Canada H3A 2K6. 
© 1983 Society of Exploralion Geophysicists. All rights reserved. 
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and potential perturbing effects on the shallow tcm|x:ralurc dala. 
real or imagined, have not been subjected lo adequate scmliny. 

The advantages and disadvanlagcs uf shallow temperature 
surveys 

The obvious advantage of a shallow temperature survey is that 
it is rapid and inexpensive. Whelan (1977) determined that an 
overall average cost in 1975 for drilling relatively deep thermal 
gradient or heal flow holes was approximalcly .$60/m. We cslimate 
an approximate cost of $50 per hole for such drilling when IOO or 
morc 2-m holes arc lo be emplaeed al a given survey site. 

The economic advantages of shallow temperature surveying arc 
clear. The overall di.sadvanlagcs arc clear also, and have long been 
known. The niajor purpose of our sludy has been lo compensate 
for various perturbing effects (di.scussed below) which impinge 
on temperature measuremenis al 2-in deplhs to permit cost-effective 
use of shallow temperature rcconnai.ssancc .surveys for geolhermal 
exploration. 

Lovering and Goode (1963), Poley and Van Sleveninck (1970), 
and Kappelmeyer and Haenel (1974) very adequately covered the 
perturbing effects which are of concem lo us, and which have in 
fad encouraged deep reconnaissance drilling a|niosi lo the ex­
clusion of shallow measuremenis. These effects are due to 
(1) diumal solar healing varialion, (2) annual solar heating varia­
tions, (3) aperiodic solar heating variations', (4) varialions in sur­
face albedo, which affects amount of energy absorbed, (5) varia­
lions in surface roughness, which affect amount of heal convected 
away due to turbulent flow of the wind, (6) varialions of soil 
thermal diffusivity, (7) slope and exposure ofthe lertain, (8) varia­
lions in elevation, and (9)'variations in level of groundwater and 
groundwater movement. 

Ternperalure varialions from these effects are generally negligi­
ble below a depth of 20-30 m, with the exception of groundwaler 
movement. Hence, the great majority of reconnaissance surveying 
has been conijucled below this level to avoid these effects; and .to 
obtain a relatively long vertical section along which lemperalure 
gradients can be measured. In lhe interests of developing a rapid, 
cost-effective thennal reconnaissance surveying lechnique, how­
ever, we have developed along the lines shown by Birman (1969) 
and Poley and Van Sleveninck (1970) a methodology for evaluat­
ing the perturbing effects (with the exception of groundwater 
movement) and correcting for Ifiem at a dcplh of 2 m. These per-, 
lurbirig effects are, in fact, what physically produces the annual 
temperature wave at 2 m.'If the annual temjjerature wave can be 
sirnulaied from a simple sel of observations, then these perturbing 
effects (which are cpnsidered noise) can be subtracted thus ob­
taining the geothermal signal. As a result, we believe thai at least 
for certain areas, the many perturbing effects often held up as dis­
advantages lo shallow lemperature surveying can be eliminated 
or shown lo have lillle effect, leaving for the shallow temperature 
surveying lechnique the advantages of speed and low cost. 

FIELD PROCEDURES 

Three case histories studied 

In the past few years dala from relatively deep reconnaissance 
heat flow holes and complementary geologic and geophysical data 
have become available for the Coso Geolhermal areas of eastem 
California, lhe Upsal Hogback area of Nevada, and lhe Animus 
Valley of New Mexico. "As a result, it was possible to examine 
lhe efficacy of shallow lemperalure measurement as a reconnais­
sance mapping lool al these three areas. Direel comparisons with 

deeper temperature and heal llow nieasurements were made and 
arc di.scus.scd. 

Our basic (ield procedure involves augering a 2-ni deep hole 
for each measurement location, inserting a ihenni.stor probe, back­
filling the hole, waiting until the thermistor equilibrates, and 
finally making a measurement ofthe temperature al that site. Gen­
erally, drilling was accomplished using a two-operator General 
Hole Digger (Model 21) powered by a 3-hp Tecum.seh 2-cycle 
gaiiolinc engine with a 5-cm (2-in) auger (LeSchack et al, 1977). 

The thermistor probes were constmcted by taping a Yellow 
Springs Instrument Company (YSI) no. 401 thermistor to the end 
of a 2.1-m long, 1.3-cm (0.5 inch) diameter PVC pipe. Bolh 
single and multielement thermistor probes were u.sed at the Co.so 
site. The thermistors arc guaranteed by the manufacturer to be 
interchangeable lo a tolerance of ±0.1 °C wiihin the temperature 
range of 0°-80°C, the range in which we worked. They were 
read, afler equilibrium was reached, wilh a YSI model 46 TUC 
Tclc-lhermometer, a Whealslone bridge lhat has an accuracy of 
±0.15°C. 

DATA COLLECTION 

The dala discussed here were collected al Coso by lhe authors, 
al Upsal Hogback in Nevada by the U.S. Geological Survey, and 
al Animus Valley in New Mexico (the sile of Kinlzinger's work 
in 1956) by lhe authors for New Mexico Slate Universiiy. The 
Coiio case history study is more detailed than at the olher sites and, 
Iherefore, we have chosen to discuss this first to illustrate the 
various elemenis of the Shallo-Temp® technique. 

During the 1977 summer, 102 I-element probes were emplaeed 
at Coso as shown in Figure 1. The crileria for emplacement were 
easy accessibility, i.e., along roads or trails, and knowledge that a 
geolhermal anomaly, already identified with deep reconnaissance 
drilling (Combs, 1975; Combs, 1976), would be covered. 

Albedo, surface roughness, and soil samples from a depth of 
30-40 cm were collected al each of 24 selected sites. Four 6-
elemenl probes, emplaeed al represenlalive localions around lhe 
anomaly, were read approximately every six hours between noon . 
of Seplember 24 lo noon of September 25, 1977. 

EXAMINING THE DATA 

As expected from Birman (1969), Poley and Van Sleveninck 
(1970), and Sabins (1976), emplacemenl of probes at 2-m depth 
avoided completely the. effect of diumal varialions of solar 
input. Figure 2 shows the soil temperature varialions over one 
diumal cycle for four representative sites al Coso. It can be seen, 
Iherefore, that at these sites diumal varialion is negligible below 
'a depth of'1 m. 

At a depih of 2 m, however, our probes arc well wiihin the 
range of the annual lemperalure cycle which can usually be ob­
served lo a dcplh of some 20 m. Cortections must be made for the 
effects of this annual wave. The cffecl of aperiodic solar varia­
lions of any period have been deemed negligible as far as our dala 
are conccmed becau.se ihey can be assumed to cause lemperalure 
changes during a typical survey less than those caused by lhe 
annual varialion. 

Elevation and topographic corrections 
to 2-m temperature data 

ll would be expected lhat the lemperature at 2-m depth would 
be affected by the mean annual lemperalure al lhe surface. As­
suming an adiabatic lapse rale of - l .0°C/100 m of elevation, il 
is clear that a noticeable mean annual surface temperature differ-

®Registered trademark of LeSchack Associates, Ltd. 
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T22S 

CONTOUR INTERVAL 20011 

FIG. I. Locations of 2-m temperature stations at Co.so. The first 24 were emplaeed in July 1977, the rest in September 1977. (Haiwce Reservoir 
and Little Lake quadrangles). 
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cncc would be cx|K-ricnccd between Ihc highest and lowest sites 
ai the Co.so area. Wc tested this by computing the cortclaiion 
coellicieni for the 2-m icmpcralurc-clcvalion scls al Co.so. Wc 
chose two relatively flat areas, one lo the wcsl ofthe anomaly and 
Ihc other to the north, where there was a large difference in 
mean elevation but relatively little temperature or elevation 
varialion within each of the areas. The cortclation coefficient 
among all these data is -0 .87 , indicating a significant negative 
cortelation between temperature and elevation. This negative 

correlation would be expected if the temperatures were all'ected 
by temperature change due lo elevation. 

The mean elevation difference .between the northern dala sci 
and the western dala .set is 434 m (1424 ft). With an adiabatic 
lapse rate of -1 .0 °C / I00 m elevation change, the calculated 
mean temperature difference should be 4.34°C. The measured 
mean temperature difference is 3.81 °C. The 2-m temperatures 
have been cortccted to an arbitrarily picked datum of 1036.3 m 
(3400 ft), using the adiabatic lapse rale of -1.0°C/100 m. 
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FIG. 2. Typical diumal soil temperature varialions al Co.so, September 24-25, 1977. Mean limes indicated on profiles. 
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At Co.so wc took care lo .sec thai loptigraphic disturbances were 
kcpl Io a iiiiniiiiuin. Wc made every allcnipl lo gather our dala 
where the slope of the terrain was close lo zero and therefore the 
exposure of this surface to the sun would vary little from place 
to place. 

With one exception we kept our sites far enough away from 
large lopographic features, i.e.. hills, gorges, etc.. .so that topo­
graphic effects as estimated according to the techniques de­
scribed by Lachenbruch (1968) would be minimal. In Ihc one 
exception, site 16 at Coso was deliberately cho.scn close lo a sharp 
drop-off. Site 17, its neighbor 15 m away, was sufficiently re­
moved 10 be unaffected. The measured temperature difference 
between the sites. 0.5°C, was consistent with the value cslimaicd 
according to Lachcnbmch's technique. Therefore, Ihe concclions 
cau.scd by topographic effects arc negligible at this ca.se history 

site. Wc have substanliaicd lhis theoretically at Co.so using the 
Lcc FINITEG model (Lcc. 1977b) in a separate analysis (Le­
Schack. et al, 1980). 

Sea.sonal variations of the 2-m temperatures al Coso 

Figure 3 is a contour map' of the 2-m lemperature values re­
corded al Coso in September 1977, cortcctcd for elevaiion. An 
area of higher lemperature coincided well with the electrical re­
sistivity and aeromagnetic anomalies independently obtained by 
Fox (1978a, b). Two-meter temperatures were al.so measured at 
three additional times, Febmary in 1978, May in 1978, and 

'All of the contour maps were generated by SYMAP computer pro­
gram and Ihe contours redrawn from the compuier output. Tlie contour 
intervals were objectively determined by Ihe SYMAP program. 
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FlG. 3. 2-m temperature contour map for Coso, September 1977, cortecled for elevation. Temperature in °C. 
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FIG, 4, Thermal diffusivity (cm-/.scc x 10" ' ) contour map for Coso, integrated from Ihc surface to 2m. 
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FlG. 5. Mean annual temperature contour map for Coso, cortecicd for elevation. Temperature in °C. 
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Augusl in 1978. permilting a I-year lemperaiure cycle to |->c ob­
served (LeSchack cl al, 1979). 

lixaniination of the four temperature conlour maps shows only 
niinor lemperalure pattern dilTerences. Overall temperatures vary 
wilh the sca.son. but the character of the pattem remains much 
the same, A decision to proceed with further exploration could 
undoubtedly have been made based on any one of the conlour 
maps independently. 

It is important to investigate the cau.sc of these temperature 
pattem differences over time. The differences do not significantly 
alter the shape of the lemperaiure pallcrn al Coso because of the 
high signal-io-noisc (S/N) ralio al lhis prospect However, this 
would not be the ca.sc with a weaker anoinaly elsewhere. From 
sensitivity tests conducted with our annual temperature mcxlel 
(10 be discus.scd laler), il is clear lhat variations in soil ihermal 
diffusivity play the most significant role in affecting temperature 
variation at 2-m depth. We have compuled a value of thermal 
diffusivity at each of the 102 sites at Co.so using ihc phase lag 
meihod." 

From data collected in September in 1977, and Febmary, May, 
and August in 1978, wc plotted an annual temperature curve al 
2-m depth. We a.ssumed at 2 m the curve would be sinusoidal 
jfollowing the procedures outlined in Van Wijk (1966)) and 
therefore fitted a sine curve to the dala points. The annual minimum 
at the surface was assumed to be December 21. From the curves 
constmcted for each site, the time lag in weeks between the 
minimum at the surface and the minimum at 2 m was compuled. 
A value of thermal diffusivity inlegraled belween lhe surface and 
2 m, and inlegraled over time, was calculalcd using the following 
relationship; 

.x^P 

4Tr(f, - ro) 

where x is the thickness of layer (cm). K^ is the ihermal diffusivity 
of layer (cm-/.sec), P is the period of the annual temperature 
wave (.sec), and tj — tg is the time lag belween temperature waves 
al the ground surface and al the base of layer (sec). 

Lag times r, — tg are due to the thermal diffusivity and varied 
from 10-15 weeks. The vaiucs of Ihermal diffusivity K^ for each 
site were then computed. From those vaiucs a contour map of 
Ihcrmal diffusivity was prepared (Figure 4), From each annual 
curve we aLso computed the annual mean temperature al 2-m 
dcplh. These vaiucs cortccled for elevation are conloured in 
Figure 5. 

The mean annual temperaiure map js the ideal map lo be ob­
tained from 2-m temperature data. It is nol praclical for explora­
lion purposes, since a year's data must be collected; however, it 
is useful in the present study. When the mean temperaiure map 
is compared with the themial diffusivity map, little cortcspondence 
can be seen bccau.sc thermal diffusiviiy variations are purely a 
function of the near surface (0-2 m) soil condilions. On the 
other hand, the thermal diffusivity vaiucs produce broad, smooth 
contours which slrcnglhen our as.sumption thai ihermal diffusiviiy 
values have physical significance. 

Allhough lhe range of themial diffusiviiies al Coso is re­
lalively small. Ihcy do affecl lemperaiure varialions al a dcplh of 
2 m. ll is instmclive lo examine these lime variations in tempera­
tures from place lo place, especially between September and 

^This meihod for estimating ihermal diffusivity is not Ihe procedure u.sed 
when conducting an openilional Shallo-Temp'" survey. "The operational 
meihod is discussed in a later section of Ihc paper. 

February when the greatest differences iKcur. Hie iiilra-annual 
range of lemperature differences is from 5.4°C lo I2.7°C. This 
range provides a measure of teinperature differences lhat arc 
likely lo occur in other localions wilh similar soil and surface 
meteorological condilions. 

THE ANNUAL WAVE CORRECTION MODEL 

Inlroduclion 

As can be seen from lhe above, the use of 2-m lempcralurcs 
Ibr geolhermal exploration at a specified dale is predicated on 
removal of the annual temperature wave which masks the geo­
thermal signal. This annual effect must be mathematically spe­
cified and filtered from observed data before assessing the geo­
lhermal polcniial ofa largci region. 

The partitioning of energy flux (radiant, .sensible, evaporative, 
and soil) at the earth's interface is a funclion of meteorological 
and surface condilions. Meteorological parameters such as solar 
radiation and wind velocity, and surface condilions such as albedo 
and surface roughness, will determine the amounl of energy 
propagaicd into the .soil. Once the energy is conducted into the 
soil malrix, lhe physical properties of lhe soil will dciermine lhe 
magnitude and speed of propagation of the soil heat flux. There­
fore, the soil's Ihcrmal diffusiviiy and conduciiviiy properties, 
which arc condilioned by mineral, water, and air conlenl, in­
fluence the amplitude and phase of the annual temperature wave 
at 2 m. 

We developed an annual wave cortection model (AWCM) to 
account for the annual .soil lemperature wave, based on the work 
of Goodwin (1972). Given local monthly climatic parameters 
and surface-soil conditions, lhe model can reconsimci surface 
energy exchanges (.sensible, latent, and soil heat fluxes) and soil 
temperatures to a depth of 10 m. 

Appendix A describes the theoretical form of the AWCM and 
presents .some of the model's underiying assumptions. The nu­
merical .schemes are outlined wilh emphasis on methods of con­
stmcting the soil's temperature profile. 

Inputs and output of the AWCM 

.Input.—The AWCM requires six data parameiers and 15 mean 
monthly values for each of the eight data variables. 

The parameters include (fixed values once specified): .soil 
properties, climatological properties, and numerical node con­
stants for the model. Data variables arc climatological variables, 
and surface eharaetcrislics. 

The soil properties needed as input are thermal conductivity 
and diffusivity. Thermal diffusivity (cm^/sec) is obiained by mea­
suring lhe temperature amplitude decrease wilh depth or tempera­
ture pha.se change wilh time, or in conjunction with in-situ soil 
thermal conductivity measurements wilh a probe (LeSchack el al. 
1979). 

The two climalological parameiers arc lhe mean temperature 
(°C) for the 15 monthly average temperature values and a cloud-
typc cortection factor which modifies effective outgoing radiation 
values, as specified in Sellers (1965). The node spacing for the 
soil was tested for numerical stability, and a value of IOO cm was 
found satisfactory. The instrument shelter (standard Stcvcn.son 
screen) height of 150 cm was u.sed as the atmospherc's upper 
boundary condition. These latter parameters remain conslani for 
lhe 15 monlh lest period and for each site location. 

The two sets of dala variables consist of five climalological and 
four surface variables. These variables are submitted to a Fourier 
mathematical smoothing routine which computes a value for each 
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variable at 91 lime steps, producing output dala spaced every live 
days over the 15-nionlh period. The input climalological variables 
arc: mean monlhly dew point (°C). mean monthly percent clear 
skies (percent), mean monlhly atmospheric pressure (cortccicd lo 
mean elevation of 1258 m) (mbar), mean monthly air temperature 
("C), and mean monthly wind speed (cm/.scc). These variables 
were obtained between January 1977 and March 1978 from the 
weather facility at the Naval Weapons Center, China Lake, 
California, IcKatcd 25 miles south of Coso. The values arc con­
sidered uniform over an extensive area, justifying their extra­
polation to the Coso region. 

The surface characteristics values arc: surface aerodynamic 
roughness (cm), thermal diffusivity, surface reflectivity-albedo 
(percent), and surface relative humidity (percent). The aero­
dynamic roughness is calculalcd from measured geometric prop­
erties of the surface following techniques outlined in Lettau 
(1969). The surt'ace relative humidity is defined as the percent of 
wet fraction which is determined by the soil moisture content in 
the upper horizon. The third variable, albedo, is the ratio of re­
flected solar radiation lo the total incoming solar (global)-* radia­
tion. Albedo and surface roughness were measured al 24 in­
dividual field sites. Surface relative humidity was calculated from 
soil samples laken at these same locations. The soil samples were 

•"Global radiation is lhe sum of direct beam and diffu.se radiation on a 
hori'/.onlal surface. 

.scaled in double plastic hags and sent to a laboratory fiir analysis. 
Once a surface characteristic was detennined, it was assumed 
constant for a given site over the l5-nionih period for which 
meteorological dala were gathered. Given the arid to .scmiarid 
nalure of the test location, wc feel this a.ssumption is correct. 
These surface vaiucs were handled as follows: 

Surface roughness.—This was measured at Coso sites 
1-24. Photographs were laken at all 102 sites. The 24 mea­
sured sites had surface roughness values Zg ranging from 0.1 
10 16.1 cm. From the photographs, the range of ihesc values 
appeared lo be roughly representative of the remainder of 
the area. For the purpose of evaluating our cortcction niodel 
and reducing the number of individual compulations, we 
divided surface roughness inlo four calegories A — D : A 
had a mean value of 3 cm; B a mean value of 8 cm; C a mean 
value of 12 cm; and Da mean value of 18 cm. From examina­
tion of the pholographs ofthe measured sites, i.e., 1-24, 
we subjectively assigned the remaining sites into appropriate' 
surface roughness categories. 

Thermal difTusivity.—Thermal diffusiviiy was com­
puted at Coso using the phase lag method as described by 
equation (1). The values ranged from 0.0012 lo 0.0025 
cm'/.scc. in exploration practice, themial diffusiviiy can be 
obiained rapidly in conjunction with a thennal conductivity 
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Table 1. Temperature, thermal difTusivity, roughness/difTasivity group, computed normal (emperatures, and residuals for Coso KGRA. 

Slalion" 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
II 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

No dala were taken 
Temperaiure values 
cvcd lo an arbilraril 

Temp. " C 
(Sept. 1977) 

27.0 
25.5 
26.0 
27.0 
27.7 
.33.2 
30,1 
26.2 
27.3 
25.7 
26.7 
25.3 
25.8 
23.5 
25.6 
26.3 
26.7 
28.6 
29.4 
26.1 
26.3 
25.0 
25.1 
25.7 
23,5 
26.0 
25.0 
25.7 
25.9 

al -Station 47. 

Thermar' 
diffusivity 

1.62 
1.51 
1.31 
1.62 
2.27 
1.22 
1.51 
1.62 
1.51 
1.75 
1.75 
1.62 
1.75 
1.62 
1.62 
1.91 
2.27 
1.75 
1.51 
1.40 
1.75 
1.62 
1.62 
1.91 
1.22 
1.62 
1.40 
1.91 
1.62 

in °C have all been corrected for elevaiion differences 
V nicked datum of 1036 m elevation. 

Thermal diffusivity/ .Computed 
surface-

Concclions 

roughness cla.ss lemp. (°C) 

2B 23.7 
2B 23.7 
IB 22.6 
2A 24.8 -
5B 25.8 
IB 22.6 
2B . 23.7 
2B 23.7 
2C 23.3 
3A 25,6 
3B 24,4 
3D 23.0 
3B 24.4 
2A 24.8 
2C 23.3 
3A 25,6 
5A 27.0 
3B 24,4 
2B 23.7 
IB 22,6 
3B 24.4 
2C 23.3 
2B 23.7 
3B 24.4 
IC 22.2 
2A 24.8 
IB 22.6 
3C 24.1 
2B 23.7 

ba.sed on an adiabatic lapse rate of - 1.0°C/ IOO m 

Residual 
CC) 

3.3 
1.8 
3.4 
2.2 
1.9 

10.6 
6.4 

- 2.5 
4.0 
0.0 
2.2 
2.3 
1.4 

-1 .3 
2.3 
0.7 

- 0 . 3 
4.2 
6.7 
3.5 
1.9 
1.7 
1.4 
1.3 
1.3 
1.2 
2.4 
1.6 
2.2 

Coneclions are 

'•1 
'M 
M 
w 

• ) « • 

• ^ 

.$ 
•'k-

'HK 

•^ 
Iffi. 
*S% 

-M: 
' ' • % 

-c'. 
f 
r 

• ^ 

% 
"U 
7 
4' 
% 
•k 
% 
W. V. 

* 
1 

'Tliermal diffusiviiy i.s expressed in cin^/sec x 10"'. • 
•"Surface roughness (A-D) and Ihemial diffusiviiy clas,ses (1-5) were determined according lo procedures discu.s.sed in lhe section input variables. 

http://diffu.se
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Table I. (cont.) Temperature, Ihermiil dilTu.sivily, r()UKhne.s.s/(lirru.sivily );roup, coinpuled normal leniptriilure.s. and residuals for Co.si) KGRA, 

Station" 

Ml 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

IOO 
101 
102 
103 

Temp. °C" 
(Scpi. 1977) 

26.7 
26.5 
26.7 
28.8 
26.5 
26.0 
25.4 
26.9 
28.0 
29.1 
31.7 
33.3 
31.2 
25.0 
23.1 
23.6 
24.7 
24.8 
25,3 
29.9 
30.8 
33.8 
25.1 
26.2 
28.0 
28.3 
26.9 
27.6 
26.7 
26.7-
27.0 
26.1 
26,7 
26.3 
24.7 
25.0 
25.2 
23.8 
23.1 
24.3 
25.7 
24.9 
26.9 
26.6 
24.9 . 
25.6 
25.7 
25.6 
26.6 
26.6 
25.4 
26.8 
25.7 
25.2 
24.7 
24.5 
24.3 
23.2 
23.5 
23.7 
24.1 
24.1 
25.1 
23.8 
24.7 
24.8 
27.2 
30.2 
25.6 
25.3 
26.7 
26.0 
26.3 

Thermal'' 
diffusiviiy 

1.40 
1.40 
1.40 
1.91 
1.40 
1.51 
1.91 
1.62 
1.62 
1,51 
1.31 
1.91 
2.07 
1,75 
1.62 
2.07 
2.48 
1,91 
2.07 
1.62 
1.62 
2,27 
1.75 
1.91 
2.27 
1.62 
1.40 
1.62 
1.62 
1.40 
1.40 
1.62 
1.51 
1.62 
1.62 
1.75 
1.62 
1.62 
1.40 
1.75 
1.62 
1.40 
1.62 
1.75 
1.40 
1.22 
1.51 
1.62 
1.75 
1.75 
1.51 
1.91 
1.75 
1.90 . 
1.75 
1.75 
1.62 
1.75 
1.75 
1.91 
1.91 
1.91 
2.07 
1.51 
1.91 
1.91 
1.31 
1.22 
1.51 
1.62 
1.40 
1.51 
1.40 

Thcrnuil diffusiviiy/ 
surface-roughness class'' 

IA 
IB 
ID 
.3C 
IB 
2B 
3D 
2D 
2D 
2B 
IB 
3C 
4C 
3B 
2C 
4B 
5B 
3B 
4B 
2A 
2B 
5A 
3B 
3B 
5A 
2A 
IC 
2B 
2C 
IB 
IA 
2C 
2A 
2A 
2A 
3A 
2A 
2A 
IA 
3B 
2B 
IA 
2A 
3A 
IC 
IB 
2B 
2B 
3B 
3A 
2A 
3A 
3C 
3B 
3A 
3A 
2B 
3A 
3B 
3B 
3B 
3B 
4A 
2B 
3B 
3A 
IB 
IA 
2D 
2D 
IA 
2B 
IB 

Computed 
icnip. (°C) 

23.6 
22.6 
21.9 
24.1 
22.6 
23.7 
23.7 
23.0 
23.0 
23.7 
22.6 
24.1 
24.7 
24.4 
23.3 
25.1 
25.8 
24.4 
25.1 
24,8 
23,7 
27,0 
24.4 
24.4 
27.0 
24.8 
22.2 
23'7 
23.3 
22.6 
23.6 
23.3 
24.8 
24.8 
24.8 
25.6 
24.8 
24.8 
23.6 
24.4 
23.7 
23.6 
24,8 
25.6 
22.2 
22.6 
23.7 
23.7 
24.4 
25.6 
24.8 
25.6 
24.1 
24,4 
25.6 
25.6 -
23.7 
25.6 
24.4 
24.4 
24.4 
24.4 
26.3 
23.7 
24.4 
25.6 
22.6' 
23.6 
23.0 
23.0 
23.6 
23.7 
22.6 

Residual 

CO 

3.1 
3.9 
4.8 
4.7 
3.9 
2.3 
1.7 
3.9 
5.0 
5.4 
9.1 
9,2 
6.5 
0.6 

-0 .2 
-1 .6 
- l . l 

0.4 
0.2 
5.1 
7.1 
6.8 
0.7 
1.8 
1.0 
3.5 
4.7 
3.9 
3.4 
4.1 
3.4 
2.6 
1.9 
1.5 

-O.I 
- 0 .6 

0.4 
-1 .0 
-0 .5 
-O.I 

2.0 
1.3 
2.1 
1.0 
2.7 
3.0 
1.9 
1.9 
2.2 
1.0 
0.6 
1.2 
1.6 
0.8 

- 0 . 9 
l.l 
0.6 

-2 .4 
- 0 . 9 
-0 .7 
-0 .3 
-0 .3 
-1 .2 

O.I 
0.3 

-0 .8 
4.6 
6.6 , 
2.6 
2.3 
3.1 
2.3 
3.7 
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Table 2. .Surface riniRhne.ss/lhermal diffusivity ciimhinaliiins and 
iilher model input values. 

Surface 
roughness 

cla.ss 
(cm) 

A 

B 

C 

D 

1 

0,0013 

3 

0.0013 

8 

0.0013 

12 

0.0013 

18 

Thermal Diffu 

2 

0.0016 

3 

0.0016 

8 

0.0016 

12 

0.0016 

18 

sivily Cla.ss 

3 

0.00185 

3 

0.00185 

8 

0.00185 

12 

0.00185 

18 

(cni-/,scc) 

4 

0,0021 

3 

0.0021 

8 

0.0021 

12 

5 

0.0024 

3 

0.0024 

8 

Other input variables; 
(I) mean albedo, 0.33: (2) mean percentage moisture, 0.05; (3) volumetric 
heal capacity (pc), 0.4. 

probe (LeSchack et al, 1979). As above, to reduce the 
number of computations, we divided the thennal diffusivity 
values inlo five calegories as follows: 

Category 

1 
2 
3 
4 
5 

Mean ihcrmal diffusivity 
(cm^/sec) 

0.0013 
0.0016 
0.00185 
0.0021 
0.0024 

Surface albedo.—During preliminary evaluation of the 
annual wave cortection model, varialion of surface albedo 
from 25-40 perceni had little noticeable effect on 2-m 
temperatures. Wc used the mean value of 33 percent de-

Table .3. Computed "normal" temperatures for 17 sets,of model in­
put data ba.sed on surface roughness/lhermal diffusivity classes. 
Temperatures in °C. 

Surface 
roughness 

class I 
(cm) 

Thermal diffusivity class 

A 

B 

C 

D 

23.6 

22.6 

22.2 

21.9 

24.8 

23.7 

23.3 

23.0 

25.6 

24.4 

24.1 

23.7 

26.3 

25.1 

24.7 

27,0 

25.8 

rived from 24 site measurements, which wc felt were rcpre-
.scniative of the remainder of the Coso area. 

The AWCM has an attached solar radiation generator'', which calu-
culales mean 5-day global radiation vaiucs conected for changing 
sky cover conditions. 

Oulpul.—The model output consists of 5-day inlerval values 
for sensible, lalent, soil heal flux, and ncl radialion. At each time 
step, a .soil temperature profile is printed consisting of tempera-
lures at a 1-m node spacing down to a depth of 10 meters. 

EVALUATING THE ANNUAL WAVE CORRECTION MODEL 

To evaluate the AWCM and obtain a residual geothermal 
anomaly map, wc would be required to make 102 computations of 
normal lemperaiures al 2-m depths. However, since the main in­
put variables for each silc, i.e., surface roughness and thermal 
diffusivity, appeared repxitilive in various combinations, we di­
vided both variables into four surface roughness categories and 
five thermal diffusiviiy calegories, as discussed above. Each site 
was given a surface roughness-thermal diffusivity classification; 
Ihey are lisled along with the September, 1977, temperatures 
cortected for elevation in Table 1. Table 2 shows the various 
combinations. Using Ihis lechnique, we reduced lhe number of 
compulations from 102 to 17. In view ofthe uncertainties in the 
model and the input dala, a larger range of classifications with an 
increase in the number of computations was nol considered 
justifiable. 

Using the 17 sets of input variables shown in Table 2, we chose 
to evaluate the model for dala gathered during September 22-24, 
1977, because at that lime of year the 2-m temperatures are close 
to their peak annual value. This results in maximum temperature 
contrast belween areas of low ahd high thermal diffusiviiy. The 
compuled normal lemperaiures are shown in malrix form in 
Table 3. 

PREPARING A RESIDUAL MAP 

In theory, if there is no anomalous geolhermal heat flux, evalua-
lion of the AWCM at each sile for a given dale should produce a 
2-m lemperature value equal lo that actually measured for the 
same date. Any measured temperature gr-iatcr than that compuled 
by the model could be assumed to be causec by higher than normal 
heal flow. Values for the site,' the roughness-diffusivity group, 
the measured lemperalure for September, 1977; conected for 
elevaiion, and the computed lemperaiures arc lisled in Table 1. 
The differences between the measured values minus the computed 
values, i.e., the residuals, are tabulated. Residual lemperaiures 
were calculated by subtracting "normal" 2-m temperatures com­
puted from AWCM for September 22-24, 1977, from 2-m tem­
peratures during this same period. Note the close similarity be­
tween Figure 3 and the residual anomaly patterns in Figure 6. 
When these residuals are compared in the same fashion lo the 
mean annual temperature map for Coso, as in Figures 5 and 6, 
the close association can also be .seen. In short, the same map that 
was developed using a year's temperaiure dala can be duplicated 
in much less time using Icmpieralures recorded at a specific time 
(September 22-24) along wilh appropriate coneclions through the 
useof AWCM. 

'John Davies of McMaster University provided Ihe algorilhm for lhis 
solar radialion routine. 
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A TE.ST OK THE MODEL'S KELIABII.ITY 

Because Ihe intKlel has nol yd been fully refined, and becau.se 
there is uncertainty in the accuracy of our input data, wc have 
evaluated on a statistical basis the reliability of our simulated 
nomial temperatures. Using the residual map as a guide, wc cho.se 
two areas: the southwest and the north where there are a number 
of data poinls and geothemial heal flow appears to be normal. At 
each site we compared the observed temperatures with their re­
spective computed temperatures using the Student-/ lest, a statisti­
cal lesi for comparing dala populations. The values arc listed in 
Table 4. At both areas wc can accept the null hypothesis that there 
is no significant difference between the means al the 5 perceni 
level, i.e., there is a 95 percent probability that the compuled and 

measured vaiucs come from the .same population. If this is so, it 
suggests that the residual values for the entire Coso area are prob­
ably accurate to ± I . 4 ° C , based on the root-mean-squarc (rms) 
ofthe standard deviation of ±0.96°C for the ob.served temperatures 
conected for elevation and a standard deviation of ±0.94°C for 
the associated computed vaiucs, in the nonanomalous areas. 

COMPARISON OF OUR 2-m TEMPERATURE DATA AT COSO 
WITH OTHER GEOLOGIC AND GEOPHYSICAL DATA 

Olher researchers have independently gathered geologic and 
geophysical data at Coso thai appear wholly consistent wilh our 
data. Electrical resistivity surveys (Fox, 1978a) and low-aliiiude 
aeromagnetic surveys (Fox, 1978b) show anomalies coincident 

FlG. 6. Residual temperature contour map for Coso in °C. 

http://cho.se
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Table 4. A ciiiii pari.siin or.Si-pleiiiher, 1977 Irnipi-ralures, recorded al t«'o iionaiuiiiialiiiis areas al 
lures ciinipuU'd for the same silc and linie vvith Ihe annual wave c 

987 

iiiialiiiis areas al Cosii and ciirretled fur elevaiion, with tcmpera-
• iirreolion miwlel. 

Wcsl 

Slalion 

16 
17 
22 
23 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 

Tcnipc 

observed 

26.3 
26.7 
25.0 
25.1 
26.8 
25.7 
25.2 
24.7 
24.5 
24.3 

- 23.2 
23.5 
23.7 
24.1 
24.1 
25.1 
23.8 
24.7 
24.8 

rai ure "C 

computed 

25.6 
27.0 
23.3 
23.7 
25.6 
24.1 
24,1 
25.6 
25.6 
23.7 
25.6 
24.4 
24.4 
24.4 
24.4 
26.3 
23.7 
24.4 
25.6 

North 

Slalion 

65 
66 
67 
68 
69 
70 
71 
72 

Computed 

Temperaiure °C 

ob.served 

24.7 
25.0 
25.2 
23.8 
23.1 
24.3 
25,7 
24,9 

computed 

24.8 
25.6 
24.8 
24.8 
23.6 
24.4 
23.7 
23.6 

/ value = 0,44926 

STD of coinpuled values 
STD of observed values 

= ±0.94 
= ±0.96 

Compuled / value = 0.03187 

I MILE 

FIG. 8. A computer-generated 30-m icmpxirature contour map at Co.so ba.sed on the 21 drill sites of Combs (1975, 1976) is compared with a 
similarly constructed residual anomaly map using our 102 2-m temperatures recorded on September 22-23. 1977 (Figure 6). Our dala were 
corrccied as described in Ihe lexl. A clear similarity of the anomaly patterns can be seen. 



988 LeSchack and Lewis' 

118 45; 

' ' • ' • . -27" 

-• . - W iii\:-i.:.V:'.':>.-1S^-'".,i-- ;.,. '--,> 
: ' - -:ii:~- A' ^ 2 „ i v ^ ' ' • ; ) • ; 

- . - • ' • ; 

--•':Iv 

><v'^ '^<^S-^J*- ' ' ' -^-^ ' ; , ,^^4'^^jri,-£ri3? 
- • y.----Kmf'^'^^'-^! :4 

,"T' 

1̂-

% 

, i 

FIG. 9. Upsal Hogback area showing temperature at a depth of I m. December 2. 1975 (afler Olmsted. 1977). 
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FlC. 11. Correcled 1-m lemperature contour map for Upsal Hogback. Temperature in °C. 

wilh our shallow lemperature anomaly. A mapping of surface 
hydrothermal alteration products coincides wilh our lemperalure 
anomaly. These coincident anomalies are shown in Figure 7, pre­
pared by Hulen (1978). 

From Ihe point of view of exploration strategy, however, it is 
valuable to compare the lemperature patterns obiained by Combs 
(1975, 1976) using standard reconnaissance drilling lo 30 m with 
our corrccied 2-m anomaly (Figure 8). Exploralion decisions that 
could have been made from the standard'30-m icmpwrature map 
could probably have been made using our technique. 

Table 5. Temperatures at 8 common points at Upsal Hogback. 

Poinl Uicalion 
(.Section)" 

30 
8 

36 

33 
18 
32 

I9/.30 
31 

June 

20.8 
18.9 
22.3 

18.0 
18.8 
19.2 
19,2 
20.4 

Temperalures 

October 

17.8 
15.9 
18.4 

15.8 
17.3 
18.1 
18.2 
19.3 

°C 

D eccmber 

10.8 
10.9 
13.0 

11,5 
11.9 
12.8 
13.2 
14.4 

AT 
(June-Dec) 

10.0 
8.0 
9.3 

6.5 
6.9 
6.4 
6.0 
6.0 

"See Olmsted (1977). Figure 13. 

CORRECTING l-M TEMPERATURE DATA AT UPSAL 
HOGBACK FOR THERMAL DIFFUSIVITY VARIATIONS 

Olmsted (1977) reported 1-m lemperalure data laken al Upsal 
Hogback in Nevada (riear Carson Sink) in June, October, and 
December, 1975. These data were recorded at a site where lem­
peralure data for a number of 30-m holes were available. He 
compared the uncortcclcd 1-m lemperature data for December 
wilh the 30-m data and concluded that wilhoul making proper 
cortections for the shallow temperature dala there is no meaning­
ful correlation that would be useful for predicting the ob.served 
anomaly al 30 m. The compared 1-m and 30-m data arc shown 
in Figures 9 and 10. 

Having examined the effects of Ihcrmal diffusiviiy al Long 
Valley and Coso, respectively. 150 and 240 miles south of Upsal 
Hogback, and recognizing some similarities in lhe geologic 
sellings, wc ihcn asked if corrections lo Olmsled's data could be. 
derived from lhe informalion he presented (Olmsted, 1977). If 
so, would the conecicd data be more useful in largeling Ihe 30-m 
anomaly ihan lhe uncorrected data? 

Examinaiion of lhe 1-m temperature data presented by Olm­
sted shows that eight points are common to lhe June, Oclober, 
and December lemperalure maps. From ihese maps wc have 
csiimaied lhe lempcralures for the eight points and lisled them in 
Tabic 5. There were nol sufficient data during the year to cal­
culate the Ihermal diffusiviiies at these poinls, bui it appears from 
Table 5 that the first three dala fioints with a mean 7" of 9.1° may 

i 
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FIG. 12. 30-m temperature contour map. Dala values derived from contour map shown in Figure 10. Temperature in °C. 

have a significantly higher thermal diffusivity than the remaining 
five poinls with a mean T of 6.4°C. We have assumed the five 
poinls wilh the lower Ts represent Ihe thermal diffusiviiies of the 
majority of the dala poinls used to prepare Olmsled's Etecember 
map (Figure 9), i.e., the majority of the data points have essen­
tially the same thermaf diffusivity. 

Accordingly, because it is clear that the first three data points 
have significantly higher thermal diffusiviiies than the majority, 
we eliminated them frbm Olmsted's December dala set and re-
contoured the December 1-m lemperalufc map. Figure 11 shows 
the new conlour map wilh elevaiion corrcciions (allhough these 
were relatively small). The SYMAP program was used to contour 
these data and avoid personal bias. For comparison, we recon-
toured .Olmsled's 30-m data by the same program (Figure 12). 
Comparing the two maps with coneclions for surface effects. 
Olmsted's 1-m temperature data cortclalc well with the 30-m 
lemperature anomaly and would have been useful for targeting 
the deeper anomaly. Olmsted (1978) laler confirmed our inter­
pretation, indicating that he had taken additional data (unpub­
lished) at his sile for a complete annual cycle. His mean annual 
1-m temperaiure conlours were consisienl wiih our interpretation 
shown in Figure 11. 

In summary. Olmsted corrci:tly points oul lhat his uncortected 
1-m temperatures do nol conelate well with 30-m temf>eralures al 
the same location. However, when we coned the data set by re­
moving key dala poinls that do nol have the same ihcrmal diffusiv­

ity, we gel belter largeling of the 30-m anomaly. This is addi­
lional strong evidence for gathering thermal diffusiviiy dala when 
making a shallow lemperature survey. 

A SHALLOW ANOMALY 
AT ANIMUS VALLEY, NEW MEXICO 

Two-m temperature dala were collected at Animus Valley in 
New Mexico at a site studied by Kintzinger (1956). The survey 
areas are shown in Figures 13 and 14. 

The size and strength of the anomaly might provide some in­
dication of its value as a predictor of resources at depth. A con­
duclive, steady-stale ihermal source al depth behaves like other 
polential fields and can be expressed by the Laplace equation. 
Accordingly, depth estimation by lhe half-width meihod (Nettle­
ton, 1940) will provide a likely maximum depth at which the 
anomaly may occur. The caveat, of course, is that allhough our 
lechnique does indeed remove time varialions of the ihermal 
anomaly so that we are effeclively measuring steady slale lem­
perature, il is never clear how much of the anomaly is the re­
sult of conduclive heal transfer and how much the result of con­
vective flow. The half-widlh meihod does provide a guide to the 
probable maximum depth at which the measured anomaly is 
located. 

Using a horizontal cylinder as a model at Animus Valley, the 
maximum predicted depth al which a purely conduclive source 
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FIG. 13. Geothermal map. Tcmperaturc 1 m below surface; con­
tour inlerval 2°C (redrawn from Kintzinger, 1956). 

could be fourid is 200 m (Figure 14). Ttiis is nol indicative of a 
substantial source, but we should poinl out lhat al this sile hoi waler 

. at a tempierature of 96°C is pumped from wells al a depth of 27 m 
and is used commercially to heal greenhouses. Using hindsight, 
shallow lemperalure measuremenis might have predicted this. 
For comparison, the Coso anomaly has a computed maximum 
depth of 1500 m. Ongoing commercial exploration there has 
brought in six wells that are producing an abundant supply of 
high-quality geothermal fluids and dry slcam from a sleam zone 
at a depth of 450 m (Evans, 1982). 

CONDUCTING A SHALLO-TEMP SURVEY 

The luxury of recording sufficient data for computing the mean 
annual 2-m temperatures at a prospect, as we did at Coso, is not 
likely to occur in examining a commercial prospect where speed 
and low cosl are important. However, we have seen from the fore­
going work lhat a procedure exists for rapidly acquiring not only 
the 2-m lemperaiures but also the associaied soil, surface, and 
meteorological data needed to develop the equivalenl of a 
"normal" soil temperature map al a depth of 2 m. We call this 
procedure the Shallo-Temp survey. The generalized steps for 
conducting this survey are as follows; 

FIG. 14. Correcled temperatures 2 m below the surface. Animus 
Valley, south of Lordsburg, NM. March 1980; contour interval 
1°C. The anomaly is centered in section 7. R. 19W, T.25S, on the 
Swallow Fork Peak quadrangle. 

(1) At each site, drill two adjacent 2-m holes. 
(2) Insert ihennislor probe in one, thermal Conductivity 

probe in the olher. 
(3) Take soil sample for type determination. 
(4) Measure surface roughness, surface albedo, and thermal 

conductivity. 
(5) After equilibration read ihennislor probe. 
(6) Using annual wave coneclion program, input 18-24 

months of weather dala from nearest Weather Bureau 
station, Ihcrmal diffusiviiy (calculaied from thermal 
conductivity), surface roughness and albedo. Output is 
normal 2-m temperature for given location and lime. 

(7) Subtract normal 2-m teinperalures from ob.scrvcd 2-m 
lemperaiures conected for elevation to obtain residual 
geothermal anomaly. 

Wilh experience, lhe ancillary data can be obtained and pro^ 
cessed rapidly and a corrected 2-m lemperature map can be con­
stmcted that reflects only geolhermal heat flux at 2 m. 

We are constantly confronted with honor stories of explora­
tionists who, obtaining an exciting anomaly al 30, 50, or IOO m 
depth, embark upon an expensive deeper drilling program only to 
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(ind that ihcir anomaly has di.sappcarcd at sonic greater dcplh. 
Clearly, in those ca.ses a 2-ni survey can. at best, minor the 
anomalies developed al ihcsc 3(1. 50. or ICK) in levels, ll cannol 
predict the disappearance of the anomaly below some dcplh. On 
the other hand, the Shallo-Temp survey is relatively quick and 
inexpensive, and it can be a u.seful lool for developing exploralion 
strategy and fiKusing the standard reconnaissance effort in the 
examinaiion of a prospect Of greal significance is the faci that 
governmental pcrmils are relatively ea.sy to obtain. Because most 
of our drilling has been conducted wilh a hand-held auger, im­
plying little polcniial for'damage lo lhe environment. Bureau of 
Land Managemeni officers have been quick to provide the appro­
priate permits when wc have requested ihem. 

The size and shape of the 2-m temperature anomalies are, in 
themselves, indicative of the polcniial value of the survey. High 
temperature anomalies of limited areal extent such as the one al 
Animus Valley strongly suggest a very shallow heal source. In 
this case, such a survey could have predicted the possibility of a 
shallow source of heal for space healing. Indeed, this may be­
come the most important application of the Shallo-Temp survey 
because its cosl is wiihin the acceptable range for small land­
owners and developers. ' 

CONCLUSIONS 

The Shallo-Temp survey, when used in an approprialc geologic 
selling such as exists in the Basin and Range Province and when 
applied as a first-look geophysical lool, wilh an understanding of 
its physical limitations, can be a cost-effective geolhermal re­
connaissance lechnique to help develop exploration strategy. It is 
inherently quicker and less expensive than olher techniques lhat 
require drilling, because the holes are so shallow and federal 
permits are rclaiively easy lo pbtain. Il is nol designed to replace 
reconnaissance drilling but ralher help focus standard reconnais­
sance programs. The two potentially mpst reliable applications pf 
Shallo-Temp surveys are in extending trends in prospects where 
standard reconnaissance holes have been drilled or filling in delail 
between widely spaced holes, and in surveying for near-surface 
anomalies thai might be develop>ed for direel healing applications. 
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APPENDIX 

• ' * • : 

Model s t ruc ture 

Theoretical basis of tnodcl.—The radiation balance for a par­
ticular surface (SFC) is expressed for clear sky conditions as 

Q* = 0 - a ) ( Q + q)-i- eoTfsKY - e<7 7 lFc , ( A - I ) 

where Q* isnet radiation, ot is albedo, Q -1- ^ is beam plus diffuse 
solar radialion, a is Ihe Stefan-Boltzmann constant, and e is 
emissiviiy. For a complcle descripiion of this formulation, the 
reader should consult Sellers (1965), Oke (1978), and Monlielh 
(1973). The sky radialion is estimated using the empirical equa­
tion 

EWTIKY = T\iR{a -(- b V e ) , .(A-2) 

where a and b are empirical consiants and e is vapor pressure of 
the air. 

Using the assumption that the soil surface radiates essentially 
as a black body, equation (A-1 ) can be written as 

<2* = (I - a)((2 + q) + o7 t iR(a + fcV7) - OT^FC- (A-3) 

Since a , (Q -i- q), T ^ R . artd e arc assigned as data. Q'* can be 
calculated explicitly as a funclion of surface temperature 7"SFC-

Equalion (A-3) is for clear Sky condilions. Varialions in radia­
lion input induced by changing cloud cover are conected by using 
percent clear sky and a coneclion factor for the cloud type follow­
ing Sellers (1965). Equation (A-3 ) is rewritten as 

e * = (I - « ) ( e + *?) + [(TTXinia + h V ^ ) - oT^rc ] • 
• [ P , - l -d - P , ) C r ] . (A-4) 

where P^ is percent clear sky and C T is cloud coneclion factor. 
The nonradiative compKinenls of the energy balance need to be 

specified lo complete the lolal energy exchange al the earth's inter­
face. The nonradiative transfers are 

(2* = C// + (2/. + Qs. (A-5) 

where Q H = .sensible energy flux, (2;, = latenl energy flux, and 
2 , = soil energy flux. 

The firsl two transfers of energy occur in the surface layer (a 
layer of the atmosphere up lo approximately 10 m) by turbulent 

Iransfer, whereas soil heat flux occurs lhrough a conduclive 

process. 

Sensible energy flux.—Sensible heal is transported by lurbulenl 
eddies which are a funclion of the slability regime of the lower 
atmosphere. Therefore, any expression destribing sensible energy 
iransfer must incorporate a stability-dependent function. The 
annual simulation model uses the Businger-Dyer (Businger, .1971; 
Dyer, 1967) formulation for calculation of sensible energy flux in 
the surface layer. An assumption characteristic of all surface layer 
calculations is that the energy flux is constant throughout this 
layer. 

The stability ofthe surface layeir is determined by the Richardson 
number: 

ae / /dUV 
(A-6) 

where g is acceleralion due lo gravity, 9 is the potential lem­
perature, z is the vertical coordinate, and U is the magnitude of 
the mean horizontal wind vector. 

The Ri number is a dimensionless quantity which varies from 
<—0.025 for a free convective regime, to >—0.025 and < 0 for 
forced convection, where zero defines the neutral condition; 
from > 0 10 < 0 . 4 is a stable stale. Finally, values for the Ri num­
ber > . 4 define a laminar condition where cs.sentially all turbulent 
motion is suppressed. 

Under neutral atmosphere conditions the mean wind flow is 
logarithmic with height 

d£ 
dz k z 

(A-7) 

where u* is friction velocity and k is the von Karman con.stanl. 
If equation (A-7) is inlegraled from some reference height Zg 
(Zg = surface roughness), one obtains 

(7. = ( j t * A ) l n ( — ) . (A-8) 

If Z„ is the inslmmeni height and 0 is the mean wind speed 
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from •/.„iU = (I) to Z „ . then 

I/* = ;• 0 / y-
where i/* is a scaling parameter for the wind. 

Similarly, from 

ae 
— = e*/z, 
dz 

where 0* .scales temperature, one obtains 
«* = (0.-„ - Oo)/ln ( ^ j . 

Now the .scnsiblchcat flux can be calculalcd by 

QH = p c * H*0*, 

(A-9) 

(A-10) 

(A-II) 

(A-12) 

where pc = volumetric heat capacily of air, p = air densily, 
and c = specific heat 

Under nonncutral conditions equations (A-9) and (A-11) are 
modified by subtracting i|/| and IJIT which arc functions of atmo­
spheric stability (Paulson, 1970). 

From the original work of Businger (1971) and Dyer (1967), 
Paulson showed thai ij/| is given for unstable conditions by 

i|<, = 2 In [(I -1- X)/2] -f ln[(l -1- X")/2] - 2 lan-'X -1- - , 

(A-13) 

where 

' i^y (A-14) 

7 is an empirical constant, and z/L is a stability funclion such 
that 

Ri = Zm/L, 

where Ziii is geometric mean height of the layer and L is the 
Obukov length given by 

L = - u * ' p c T / k g Q „ . 

For stable temperatures the following expression is used 

i|/2 = 2 In [(1 -f X-)/2]. (A-15) 

Under slable condilions, 

L = ZM(I - 7Ri)/Ri, (A-16) 

and 

ll*: = ll'l = 7 ( f ) . (A-17) 

When Ri = 0 (neutral conditions), the slability parameters (|/| 
and i|)2 are equal to zero. 

Lalent energy flux.—The transfer of latent energy is ob­
tained by using the Bowen ratio in conjunction wilh equation 
(A^I2). The Bowen ratio is an expression of energy partition 
between .sensible and latent energy flux 

2 " (A-18) fl 
Q L 

QH and g,. can be written in terms of a gradienl relationship as 
follows: 

and 

f'M) 
Q H = - ( I (• K,i — 

11 z 

dq 
Q L = - P c K,, — 

dz 

(A-19) 

(A-20) 

where p is air densily, L is latenl heal of vapori7.ation. q is 
specilic humidity, and Kn and Â /, arc the eddy diffusiviiy coeffi­
cients for heat and moisture, respectively. 

Dividing cqualions (A-19) and (A-20), one obtains Ihc Bowen 
ratio; if Kn = K,. which is the general assumption, then 

QiiLiqz - qi) 
Q L 

^(e, - e.) 
(A-21) 

Serious questions exist as to Ihc legitimacy of long term arilh-
metric mean vaiucs in Ihe compulation of average Richardson 
numbers and energy fluxes at time scales considered in this model. 
The physical reality of the.se assumptions rcmains to be tested. 

Soil energy flux.—Soil heat flux is related to Ihe time-ralc-of-
changc of Ihc soil heat content by 

dh 

^ ' - J t -
(A-22) 

The heat content for a column of .soil at depth z and unil area is 

• A = p c z f , (A-23) 

where T is mean temperature of Ihe soil. Setting equation (A-23) 
equal to the time rate change of tcmpierature produces 

df dh 

dt 
p c z 

dt 

The flow of heat into the soil can also be given by 

dT 

dz 

where k is thermal conductivity of Ihe soil. Then 

dQ, _ ^ _ _^ / ££\ 
dz '"^ dt. dz \ d z j ' 

(A-24) 

(A-25) 

(A-26) 

When k is conslani with depth, llic Fickian diffusion equation 
is obtained by rewriting equation (A-26) lo produce 

(A-27) 
dT 

dt pc \dz- / \ d z - I 

where K, is the soil Ihermal diffusiviiy. 
. The solulion of equalion (A-27) for equally spaced nodes is the 
method for obtaining Ihe time history of soil temperatures given a 
periodic surface forcing function. Qs is calculated from equation 
(A-26) afler the temperature distribution is compuled. 

In a desert region such as Coso, it is assumed Ihal convection 
of heat by percolating waler in the soil is small, especially aver­
aged over 5 days, and that no frecze-thaw phase changes'occur. 
In addition, a major assumption of the model al the specified lime 
scale is that mean teniperature profiles in Ihe soil over a five-day 
period arc linear. 

Numerical scheme 

The finite-difference equalions are developed for the Richard­
son number, sensible energy, and latent energy fluxes (Goodwin, 
1972; Oulcall, 1972). The Fickian diffusion equation (A-28) is 
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developed in the finite form utilizing a back-differencing meihod. 
The temperature al depth 7.^ in the soil at lime iiicrcmcni / is 
given by 

7'/v(/) = T„{1 - I) -1- K,, 
A/ 

(Az-) 

2T„( l - I) -f T^,.i{l 

\ T s - i k l - I) 

1)1. (A-28) 

where 7"/v+ i is Ihe lemperature at some depth Z/v , i > Z, /C, is .soil 
thermal diffusiviiy, and / and z are Ihe lime increment and depth 
increment, respectively. This equalion is solved for 10 nodal 
poinls with Az equal lo 1 m and A/ equal to 4.32 x lO' sec (or 
5 days). The quantity /i'r(A//Az") has very interesting properties 
and is refened to as the Fourier modulus. This modulus can be 
u.sed to determine the computational stability of equalion (A-28). 
The slability criterion is 

A/ Ĵ  

Az^ 2 • 
0 < A-., -—^ < 

The numerical solulion of equation (A-28) for equally 
spaced nodes is slable (real) Pnly if the above condition is satis­
fied. Inserting the range of values for soil thermal diffusiviiy and 

the timc-dcplh increments, the stability criterion is always satisfied 
within the context of the Co.so simulation. The linile-diffcrcncc 
equation for .soil heat flux at time / is then 

Q,AI) = k{T^ - •rsHc)/A2. (A-29) 

The complcle numerical solution for the model at a particular 
time step hinges on the specification of all the variables needed to 
calculate the components of surface energy Iransfer on the meteo­
rological (M) and surface (C) ba.sed data. The four components of 
surface energy transfer arc net radiation Q*, and the soil Q,, 
.sensible QH, and latent 2,, heat fluxes. These can be specified as 
transcendental in surface temperature Tin the familiar energy con-
.scrvalion equalion 

Q*{G. M . T ) ± QAG, T) ± (2«(G, M, T) 
± QiAG. M.T) = 0. (A-30) 

An inlerval-halving algorithm is selected to carry oul a search 
for that lemperalure which will drive the above equation lo a zero 
sum condition. Thus, al each iteration, the surface temperaiure 
and all of the componenis of surface energy iransfer arc output in 
addition lo the substrate (soil) temperature profile (Pease el al, 
1976). 
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Thermal hydrology and heat flow of Beowawe 
geothermal area, Nevada 

Christian Smith* 

ABSTRACT 

Inflections in lemperalure-dcplh profiles from forty 
150 m thermal gradient holes define a shallow ihermal 
flow sysiem in the Whirlwind Valley near the Beowawe 
Geysers. U.S. Geological Survey hydrologic data reveal 
the verlical and wesl-lo-easl components of cold waler 
flpw at the waler lable above the thermal flow system. 
The temperature inflections break mosl abruptly in 
areas with a downward cpmppncpl pf flow at lhe waler 
table. The inflections are thought to indicate lhe level 
where lhe bupyant Ihermal water maintains a dynamic 
equilibrium with the pverlying cold waler. Combining 
these geophysical and hydrologic data suggesis areas 
away from The Geysers where thermal water may rise 
from the deep reservoir inlo the alluvium. These leakage 
areas may be viable geolhermal exploralion targets. 
Even if the temperatures of the leakage were subecono­
mic, knowledge of where upwelling occurs could be 
helpful in assessing the potential fpr energy productipn. 
The systematic acquisitipn of hydrplogic data is recpm-
mended as a standard eomppnent of hydrothermal re­
source exploration programs. 

Measurements pf thermal conduciivity from chip 
samples frpm the shallow holes and frdm Chevron Re­
sources Company's Ginn 1-13 geothermal exploralion 
hole (2917 m T.D.) enable inferences based on heal flow. 
The average heal flow east of the Dunphy Pass faull 
zone, 110 mW/m^, may be representative of backgrouiid 
in this portion of the Battle' Mountain high heal flow 
province. Thermal gradient and conductivity dala from 
the deep well have a wide range of values (65-
144°C/km, 1.59-5.95 W m " ' K - ' ) but produce a rela­
lively conslant heal flow of 235 mW/m^ above a depth 
of 1600 m. The shallow dala indicate thai the area with 
similarly high surficial heat flow extends as far east as 
the Dunphy Pass faull zone, suggesting that this Mip-
cene rifl bpundary may form the eastern margin of the 
Beowawe hydrothermal sysiem. 

INTRODUCTION 

The geysering aclion of vandalized wells drilled in the lale 
1950s for geolhermal exploration al Beowawe, Nevada, may 
have been lhe mosl spectacular hydrolhermal phenomenon 
created artificially in the United Stales. The location of the 
blowing wells, known as The Gey.sers, is shown in Figure I. 
They were spudded in a I km long opaline sinter terrace on lhe 
soulh flank of the Whirlwind Valley in Eureka and Lander 
Counties, Nevada, approximately 50 km east of the lown of 
Battle Mountain. Al this time (spring 1981), The Geysers play 
iniermillenlly. 

Struhsacker (1980) gave the mosl thorough description ofthe 
stratigraphic and siruclural framework of ihe Beowawe area. 
Olher receni geologic summaries were given in Zoback (1979) 
and Garside and Schilling (1979). As shown in Figure 1, The 
Geysers lie along the Malpais faull zone at the base of the 
Malpais Rim. The sleep fault-scarp slope faces north-northwest 
towards the Whirlwind Valley. Tertiary lava flows and tuffa­
ceous sediments crop out on the Malpais dip slope. The Mal­
pais scarp exposes an older normal fauU sysiem, the Dunphy 
Pass faull zone, that has a northwest trend. This Oligocene lo 
Miocene fault zone forms the eastern margin of a major 
northwest-trending graben that is part of the southern exten­
sion of a 750 km lpng linear aeromagnetic and structural 
feature called the Oregon-Nevada lineament (Stewart et al, 
1975). 

The Tertiary volcanic section wiihin the graben is approxi­
mately 1400 m thick; east of the Dunphy Pass fault zone, it is 
only IOO m thick. The detailed volcanic stratigraphy of Struh­
sacker (1980) is included in Figure 2. The underlying Ordovi­
cian Valmy formation is a shattered sequence of siliceous eu­
geosynclinal sedimenis lhat are part of the Roberts Mountains 
Ihrusl sheet Carbonaceous sillslone, cherl, and quartzite ofthe 
Valmy formalion crop oul along lhe Malpais east pf lhe 
Dunphy Pass faull zone and are encountered by the deep 
geothermal lest wells in the Whirlwind Valley. Tertiary diabase 
dikes lhat intrude bolh lhe Valmy and the volcanic rocks are 
Ihought to be the source fpr the pronounced aeromagnetic 
anpmaly associaied wilh the Oregon-Nevada Lineament and 

Presenled at the 50lh Annual International SEG Meeting, November 18, 1980, in Houston. Manuscript received by the Edilor April 29, 1981; 
revised manuscript received June 24, 1982. 
•Formerly Earth Science Laboratory, University of Ulah Research Inslilule, Salt Lake City; presenlly Chevron Resources Co., P.O. Box 7147, San 
Francisco, CA 94107-7147 
© 1983 Sodety of Exploralion Geophysicists. All rights reserved. « 

618 

I 



624 Smith 

alluvium along the buried extension ofthe Malpais fault zone 
to the west of The Gey.sers (Smith. 1979). Since water level and 
vertical hydraulic gradient data arc not available there, it is nol 
possible to decipher the hydrologic system that sustains the 
high Ihermal water levels. One plausible flow sysiem would 
limit the source of ihermal water to The Geysers and suggest 
thai il preferentially flows laterally along the faull zone. If this 
were the case, verlical hydraulic gradienl dala would probably 
shpw only a small verlical componenl of groundwaler flow. 

An alternative flow system thai would account for the high 
Ihermal waler levels in the alluvium suggests lhat the western 
extension of the Malpais faull zone may be a channel for rising 
Ihermal waler. If this buried structure were a local source of 
thermal waler, verlical hydraulic gradients along its trace 
would indicate an upward flow of water. 

A few strategically placed piezometers could determine 
whelher the western extension ofthe Malpais fault zone allows 

water to ri.sc from depth. If il docs, it may prove lo be a viable 
geothermal exploralion target or the key to the location of a 
deep permeable reservoir. 

HEAT FLOW 

Figure 2 summarizes the mean and standard deviations of 
the measured thermal conductivities for each ofthe major rock 
unils in the Beowawe area. All ihcrmal conduciivity vaiucs 
were determined using a modified divided bar apparatus al the 
University of Ulah (Chapman el al, 1981). Compulations of the 
Ihermal conductivities of the 61 drill-chip samples were made 
using Ihe cell technique of Sass et al (1971b) but were not 
correcled for in-siiu porosity. Uncertainty aboul the in-silu 
porosity is the major source of error in the compulalion of 
surface heal flow. The porosity of lhe alluvial and luffaceous 
materials may exceed 30 perceni; if so, the conductivities mea-
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FlG. 10. Generalized lithology, Ihermal gradients and conduclivilies, and compuled heal flow. Chevron Resources Co. Ginn 1-13 
gepthermal test well, Whiriwind Valley. Lilhplpgic symbols given in Figure 2. 
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FIG. 11. Map of shallow heal flow, with generalized, variable contour inlerval inmW/m^. Discrepancies among neighboring values 
have been ignored. These differences may be due lo the wide range of deplhs pver which the Ihermal gradienl is calculated. 

sured fpr these sedimentary units may be 20-30 percent tpp 
large. The matrix porosity pf the competent rPcks probably 
averages less than 10 perceni and the required correclion less 
than 15 perceni. 

The low thermal conductivities of the vitrophyric dacite flpw 
and shard-rich tuffaceous sediments reflect their high glass 
content. The thermal conductivities of the volcanic flow and 
inlrusive rocks cluster around 2 W m " ' K " ' , but argillization of 
some ofthe dacite flows reduces their conductivity significantly. 
The high ihermal conduciivity and standard deviation com­
puted for lhe Valmy formalion reflect the preponderance of 
quartzite in the measured sample and a highly variable lithol­
ogy. 

An equilibrium temperature log pfthe Ginn 1-13 gepthermal 
test well is shown in Figure 10 (Chevrpn Resources Cp., 1979). 
The total depth of the well is approximately 2900 m and the 
bottom-hole temperature 213°C. It is essentially isothermal 
below a depth of 24(X) m wiihin lhe Valmy formation. Between 
1600 and 2400 m, the temperature gradient decreases system­
atically. The hole either penetrates a hot water-bearing struc­
ture or a permeable formalion. Given the fractured character of 
the Valmy (Evans and Theodore, 1978), il is likely that il could 
contain a high-temperature hydrolhermal reservoir. 

Above 16(X) m, ihermal gradients range from 23 to 144°C/km 
and thermal conductivities from 1.59 to 5.79 W m " ' K " ' . The 

inverse relalionship between the gradients and conductivities 
produces a nearly constant conductive heat flow averaging 235 
mW/m^. The unifprmity of the heat flow above the inferred 
deep reservpir indicates that the Tertiary volcanic section acts 
as a relatively impermeable cap. The thermal water must find 
permeable structures to rise from depth. 

Values of surficial heal flpw were compuled using linear 
segments of the shallow temperalure-depth profiles like those 
shown in Figures 6 and 7. As shown in Figure 11, lhe heat flow 
generally exceeds the 235 mW/m^ found in the Ginn lest well. 
Most of the Whirlwind Valley and much of the Malpais Rim 
appear lo receive heat nol only from lhe deep reservoir but also 
from addilional shallower sources. In the Whirlwind Valley, the 
shallow Ihermal flow sysiem is a supplemental source of heal. 

Alpng the Malpais Rim, the shallow heat flow exceeds lhe 
value frpm the Ginn well in the area belween the two southeast-
striking cross faults shown in Figure 1. While it is possible that 
this area contains conduits fpr upwelling ihermal water, hy­
draulic head dala would be required lo resolve whelher the 
fault zone channels water lo or away from The Geysers. 

A differenl thermal regime is apparenl east of the Dunphy 
Pass fault zone. Four of the values of heat flow along the 
Malpais Rim average 110 ihW/m^, near the background value 
given by Sass el al (1971a) for this portion of the Basin and 
Range province. The Dunphy Pass fault zone appears to form 
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lhe eastern margin of the Beowawe hydrolhermal sysiem. The 
110 inW/m^ average value may be realistic for background 
heat flow. 

RECOMMENDATIONS 

The hydraulic head of the shallow ihermal flow syslcm al 
Beowawe and most olher hydrolhermal exploralion targets 
could be readily obtained by converting existing thermal gradi­
enl holes to piezometers. The conversion would consist of 
perforating the casing below the lop of the ihermal aquifer. In 
addition, a shallower companion piezometer open below the 
waler lable would make il possible lo compute the verlical 
hydraulic gradient at these localions. Even if conduits for up­
welling hot water were not located, the hydrologic data would 
surely augment the existing ihermal data and refine the concep­
tual model ofthe resource. 

Converting uhgrouted thermal gradienl holes to piezometers 
may nol provide reliable hydraulic head values because of the 
difficulty of ensuring that the perforated interval is open lo only 
an isolated portion ofthe aquifer (Benson et al, 1980). However, 
il should be possible to oblain bolh hydrologic and ihermal 
dala from piezometers lhat are laler converled lo Ihermal 
gradienl holes. In areas where shallow drilling is planned, holes 
that intersect an aquifer could be initially completed as piezoni-
elers. A screen and a wellpoint would be attached lo pipe and 
set at the bollom of the hple, the annulus filled with gravel to 
the top of the screen and grouted to the surface. After the static 
hydraulic head is obtained, the screen could be plugged wilh 
cement and the hole filled with waler, converting il to a ihermal 
gradient hole. Companion piezometers would be needed to 
obtain vertical hydraulic gradient data. This procedure is re­
commended as an integral part of future hydrothermal explora­
tion programs. 

At any geolhermal prospect where drilling encounters water, 
the water is a source of data. The hydrologic-thermal field 
prpcedure recommended here requires repeated site visits and 
the drilling and completion of additional shallow, thin holes. 
This expanded exploration program is predicated on the as­
sumption lhat it is worthwhile to gather as much meanirigful 
data as possible at a reasonable price. The possibility of lo­
cating viable deep drilling targets with groundwater hydrology 
should encourage geothennal exploration managers to incor­
porate hydrologic data acquisition in their exploration plans. 
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Thermal hydrplogy and heat flow of Beowawe 
geothermal area, Neyada 
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Christian Smith" 

ABSTRACT 

Inflections in temperature-depth profiles from forty 
150 m thermal gradient holes define a shallow thermal 
flow sysiem in the Whirlwind Valley near the Beowawe 
Geysers. U.S. Geological Survey hydrologic data reveal 
the vertical and west-to-east components of cold water 
flpw'at the water table above the thermal flow system. 
The temperature inflections break' most abruptly in 
areas with a downward component of flow at the water 
table. The inflections are thought.to indicate the level 
where the buoyant thermal water maintains a dynamic 
equilibrium with the overlying cold water. Combining 
these geophysical and hydrologic data suggests areas 
away from The Geysers where thermal waler may rise 
from the deep reservoir into the alluvium. These leakage 
areas may be viable geothermal exploratipn targets. 
Even if the temperatures of the leakage were subecono­
mic, knowledge of where upwelling occurs cpuld be 
helpful in assessing the potential for energy production. 
The systematic acquisition of hydrologic data js recom­
mended as a standard componeiit pf hydrpthermal re-
spurce explpration programs. 

Measuremenis of thermal conductivity from chip 
samples from the shallow holes and from Chevron Re­
sources Company's Ginn 1-13 geolhermal exploration 
hole (2917 m T.D.) enable inferences based on heal flow. 
The average heal flow east of the Dunphy Pass faull 
zone, 110 mW/m^, may be represenlalivp of background 
in this portion of the Battle' Mountain high heal flow 
province. Thermal gradient and conductivity dala from 
the deep well have a wide range of values (65^-
144°C/km, 1.59-5.95 W m - ' K " ' ) but produce a rela­
tively constant heat flow of 235 mW/m^ above a depth 
of 1600 m. The shallow data indicate that the area wilh 
similarly high surficial heat flow extends as far east as 
the Dunphy Pass faull zone, suggesting that this Mio­
cene rift boundary may form the eastern margin of the 
Beowawe hydrolhermal system. 

INTRODUCTION 

The geysering action of vandalized wells drilled in the late 
1950s for geothermal exploration al Beowawe, Nevada, inay 
have been the most spectacular hydrothermal phenomenon 
created artificially in the United States. The location of the 
blowing wells, known as The Geysers, is shown in Figure I. 
They were spudded in a I km long opaline sinter terrace on the 
south flank of the Whirlwind Yalley in Eureka and Lander 
Counties, Nevada, approximately 50 km east of the lown of 
Battle Mountain. At this lime (spring 1981), The Geysers play 
intermittently. 

Struhsacker (1980) gave the most thorough descripiion ofthe 
stratigraphic and structural framework of the Beowawe area. 
Other recent geologic summaries were given in Zoback (1979) 
and Garside and SchiUing (1979). As shown in Figure I, The 
Geysers lie along the Malpais fault zone at the base of the 
Malpais Rim. The steep fault-scarp slope faces north-northwest 
towards the Whirlwind Valley. Tertiary lava flows and tuffa­
ceous sediments crop out on the Malpais dip slope. The Mal­
pais scarp exposes an older normal fault system, the Dunphy 
Pass faull zone, that has a northwest trend. This Oligocene to 
Miocene fault zone forms the eastern margin of a major 
northwest-trending graben that is part of the southern exten­
sion of a 750 km long linear aeromagnetic and structural 
feature called the Oregon-Nevada lineament (Stewart et al, 
1975). 

The Tertiary volcanic sectipn within the graben is approxi­
mately 1400 m thick; east ofthe Dunphy Pass fault zone, it is 
only IOO m thick. The detailed volcanic stratigraphy of Struh­
sacker (1980) is included in Figure 2. The underlying Ordovi­
cian Valmy formalion is a shallercd sequence of siliceous eu­
geosynclinal sediments that are pari of the Roberts Mountains 
thrust sheet Carbonaceous siltstone, chert, and quartzite of the 
Valmy formation crop out along the Malpais east of the 
Dunphy Pass fault zone and are encountered by- the deep 
gepthermal test wells in the Whirlwind Valley. Tertiary diabase 
dikes that intrude both the Valmy and the volcanic rocks are 
thought to be the source for the pronounced aeromagnetic 
anomaly associated wilh the Oregon-Nevada Lineament and 
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FIG. 1. Location and generalized structure ofthe Beowawe area (after Struhsacker, 1980). 

lhe feeders for the Tertiary volcanic sequence filling the graben 
(Robinson, 1970). 

In the 1970s, exploration for a hydrpthermal resource capa­
ble of sustaining electrical power generation was conducted by 
Chevron Resources Co. and Getty Oil Co. Much of their geo­
physical data has been acquired and made available through 
the Dept. of Energy, Division of Geothermal Energy Industry 
Coupled Program (Chevron Resources Co., 1979; Getty Oil 
Co., 1981). Included in these data packages are the 
temperalure-depth profiles and drill-chip cuttings from the 
forty 150 m thermal gradient holes shown in Figure 3. The 
temperature-depth profiles provide a three-dimensional (3-D) 
view of the coupled heal and waler flow in Ihe shallow subsur­
face. Mapping these flows can contribute lo the exploralion 
effort by localing upflow zones or widespread horizons wilh 
enhanced permeability. 

THERMAL HYDROLOGY 

The geothermal industry has generally neglected to include 
groundwater sludies in their exploration programs even though 
water is the resource being sought The typical program has 
looked at waler only with an eye lo its chemistry. Geothermal 
exploration geophysicists can remedy this omission by includ­
ing piezometers in their shalipw drilling plans. 

A piezometer is a small-diameter pipe open to a waterbear­

ing formation al one depth only, generally at the bottom, as 
schematically shown in Figure 4. The annulus belween the 
drilled hole and the pipe or casing is usually grouted to ensure 
that there can be no vertical fluid flow within the hole. The 
elevation at which water stands in Ihe piezometer indicates the 
lolal hydraulic head at the point of measurement. The hy­
draulic head H is the sum of two components, the pressure head 
P/pg and the elevation head z: 

H = z - { - — , 
pg 

(1) 

where z is the elevaiion above an arbitrary datum (usually sea 
level), P is the fluid pressure, p the fluid density at ambient 
lemperature, and g the acceleration due to gravity. 

Under nonisothermal conditions, observed head values are 
corrected for densily difTerences. In most grpundwater studies 
these dilTerences are small enpugh lo be neglected. At geother­
mal areas with cold waler aquifers, the less-dense thermal water 
generally plumes upward to ftpat on the colder water or emerge 
as hot springs. Where Ihe Ihermal waler is nPl sulTiciently hpt 
and bupyant, the weight pfthe overlying cold water may hold it 
down. The result can be a temperaiure inversion within the 
aquifer. 

Water flows from areas of higher hydraulic head lo areas of 
lower hydraulic head. Figure 4 is a sketch of the relation given 
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FIG. 2. Stratigraphy of Beowawe area with measured thermal conductivity values. i 
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by equation (I). The elevations of standing water (corrected for 
tempierature where necessary) in a number of piezometers com­
pleted in Ihe same horizon and distributed over an area, as in 
Figures 5a and 5b, are used to produce maps of hydraulic head. 
The difTerences in water levels seen in plan view can be used to 
compute the horizontal componenl of hydrauhc gradient and, 
in isotropic media, the direction of water flow. 

A cross-section of hydraulic heads can be generated if water 
levels are measured in adjaceni piezometers completed at diflfer­
ent depths, illustrated by Figures 5c and 5d. The difference in 
elevatipn of standing water in adjacent piezometers can be used 
lo compute the vertical hydraulic gradient. Since elevation is 
positive upward, a negative vertical hydraulic gradient implies 
that there is a downward componenl of groundwaler flow at 
that location. A positive value is compuled wherever water rises 
from depth. 

In areas where waler flow affects heat flow, hydraulic head 
data should be able to delineate zones pf upwelling hpt water. 
Since hot water is the hydrothermal resource, water levels and 
vertical hydraulic gradient data should be gathered as part of 

any geothermal exploration program. Data from Beowawe 
demonstrate the utility of incorporating groundwater hydrol­
ogy into Ihermal gradient surveys. 

BEOWAWE GROUNDWATER 

The U.S. Geological Survey, Water Resources Division, has 
drilled piezometers at several northern Nevada geothermal 
areas (e.g., Welch et al, 1981). Their data for the water table in 
the Whirlwind Valley are shown in Figure 3. The elevaiion of 
the water table appears to decrease systematically down the 
valley from west to east, reflecting the topography. It is within a 
few meters ofthe surface in the center of the valley. Much ofthe 
groundwater in the valley is presumably discharged by evapo­
transpiration at a playa lake beyond the eastern edge of Figure 
3. Some may reach lhe Humboldt River farther to the east. 

Water levels in the paired piezometers allow the compu­
tation of the vertical hydraulic gradient. Near The Geysers the 
vertical gradients are negalive; water al the waler lable flows 
downward as well as toward the center of the valley. The 
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FIG. 3. Map of Beowawe area showing thermal gradient holes, piezometers, and elevation of water table. 
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FIG. 6. Temperature-depth profiles with similar thermal gradi­
ents, Whiriwind Valley, with inferred depths to top of Ihermal 
flow system. Lithologic symbols given in Figure 2. 

vertical gradient is positive in Ihe piezometer pairs in the center 
of the valley. In this area, water flows upward as well as 
eastward, perhaps responding to evaporalion at the waler 
table. 

The vertical flow measured in the shallow piezometers is 
indicated at greater depths by curvature and inflections in 
temperature-depth profiles. Figure 6 presents examples. Hole 
C-22 is near piezometer pair AH-2 which has a strong negalive 
gradient; its temperature profile is concave upward, reflecting 
the downward flow of waler (Sorey, 1971). Upward fluid flow is 
shown by the concave downward profile of hole C-l 1 near the 
center pfthe valley. 

The 68°C/km gradient in hple C-54 is similar lo those in 
holes C-l I and C-22, but its linearity for the length of the hole 
and low temperature are unlike the other profiles in Figure 6. 
The temperature-depth profile in hole C-54 is one of the few in 
the Whirlwind Valley that shows little disturbance by ground­
water flow and may be representative of regional conductive 
heat flow. If 68°C/km were a background gradient in alluvium, 
the regional conductive heat flow would be approximately 118 
mW/m^. This heat flow is within the range of values given by 
Sass et al (1971a) for this portion of the Basin and Range 
province, allowing hole C-54 to serve as the reference for an 
arbitrary definition of cold and thermal for the Beowawe area: 
water less than 7°C above the temperature in C-54 at the same 
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FIG. 8. Map of temperature at top pf thermal flow system, 
cpntours in °C. 

FIG. 9. Map of elevation at top ofthermal flow system, contours 
in meters. 

depth is said to be cold; water at higher temperatures is ther­
mal. 

Many of the teipperature-depth profiles in the Whirlwind 
Valley contain abriipt downward inflections that are diagnostic 
of vertical transport of heat by groundwaler. The inflections 
occur at depths ranging between 24 and 134 m and at temper­
atures from 28°C to 60°C. The relative temperature scale of 
Figure 7 is used to avoid overlap of several of these profiles. 
The inflections are keyed with their temperatures. Including the 
measured temperature at the shallowest depth permits the re­
construction of the actual temperature profiles. 

The inflections in the temperature profiles are caused by fluid 
flow largely within the open annulus of these economically 
completed exploration holes. To minimize drilling costs, the 
annulus between the 0.12 m (4.75 inch) drilled hole and the 0.03 
m (I inch) pipe was not grouted. This niethod of hole com­
pletion is not recommended because the open hole forms a 
conduit for vertical flow. The annulus becomes a poor piezo­
meter, open to the formation over the length of the hole instead 
of at one isolated interval. DifTerences in hydraulic head within 
the formation drive the vertical flow. The temperature inflec­
tions are interpreted to occur where the buoyant head of ther­
mal water balances the gravitational head ofthe column of cold 
water above. They indicate the level where a dynamic equilibri-
uin is maintained in the hole between rising thermal water and 
heavier cold water. Their depths probably do npt strictly cprre­

late to the top of a particular aquifer or to a true hycjraulic 
head. These data are not optimal but they are usable. They 
fprm a niappable horizon interpreted tp represent the top ofthe 
thermal flow system. 

Figure 8 is an illustration ofthe temperature at the top ofthe 
thennal flow system as inferred from inflections like those in 
Figiires 6 and 7. The hot springs around the base of the sinter 
terrace at The Geysers provide additional data. The near radial 
symmetry ofthe temperature distribution suggests that the area 
of The Geysers contains the principal source pf thennal water 
flowing into the alluvium of the Whirlwind "Valley. This sym­
metry also suggests that the temperature inflections reveal a 
single, laterally continupus flow system. 

The elevation of the top of the thermal flow system is shown 
in Figure 9. These elevations cannot be corrected for density 
since the thermal gradient holes are not true piezometers and 
the inflections are not true hydraulic heads. The contours of 
Figure 9 reveal the levels to which the buoyant water rises. 
They reflect neither the radial pattern of the temperature map 
nor the west-to-east hydraulic gradient of the water table. 
Thermal water levels are higher within the bedrock sputhwest 
of The Geysers than they are in the adjacent alluvium. The high 
water levels may indicate that upwelling occurs in this area. It is 
also possible that water from The Geysers is perched above a 
less permeable horizon of volcanic rock.' 

Relatively high thermal water levels are sustained within the 
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alluvium along the buried extension of the Malpais fault zone 
to the west of The Geysers (Smith, 1979). Since waler level and 
vertical hydraulic gradient data are not available there, it is not 
possible to decipher the hydrologic system that sustains the 
high thermal water levels. One plausible flow system'would 
limit the source of thermal water to The Geysers and suggest 
that it preferentially flows laterally along the fault zone. If this 
were the case, vertical hydraulic gradient data would probably 
shpw pnly a small vertical component of groundwater flow. 

An alternative flow system that would account for the high 
thermal water levels in the alluvium suggests that the western 
extension of the Malpais fault zone may be a channel for rising 
thermal water. If this buried structure were a local source of 
thermal water, vertical hydraulic gradients along its trace 
would indicate an upward flow of water. 

A few strategically placed piezometers could determine 
whether the western extension ofthe Malpais fault zone allows 

water to rise from depth. If it does, il may prove to be a viable 
geothermal exploration target or the key to the location of a 
deep permeable reservoir. 

HEAT FLOW 

Figure 2 summarizes the mean and standard deviations of 
the measured thermal conductivities for each ofthe major rock 
units in the Beowawe area. All thermal conductivity values 
were determined using a modified divided bar apparatus at the 
University of Utah (Chapman el al, 1981). Computations of the 
thermal conductivities of the 61 drill-chip samples were made 
using the cell technique of Sass et al (1971b) but were not 
corrected for in-situ porosity. Uncertainty about the in-situ 
porosity is the major source of error in the computation of 
surface heat flow. The porosity of the alluvial and tuffaceous 
materials may exceed 30 percent; if so, the cpnductivities mea-
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sured for these sedimenlary units may be 20-30 percent too 
large. The matrix porosity of the competent rocks probably 
averages less than 10 perceni and the required correction less 
than 15 perceni. 

The low thermal conductivities of the vitrophyric dacite flow 
and shard-rich tuffaceous sediments reflect their high glass 
content The thermal conductivities of the volcanic flow and 
intrusive rocks cluster around 2 Wm" 'K~ ' , but argillization of 
some of the dacite flows reduces their conductivity significantly. 
The high thermal conduciivity and standard deviation com­
puled for the Valmy formation reflect the preponderance of 
quartzite in the measured sample and a highly variable lilhol­
ogy. 

An equilibrium temperature log ofthe Ginn 1-13 geothermal 
test well is shown in Figure 10 (Chevron Resources Co., 1979). 
The total depth of Ihe well is approximately 2900 m and the 
boltom-hole temperaiure 213°C. It is essentially isothermal 
below a depth of 2400 m wiihin the Valmy formation. Belween 
1600 and 2400 m, the temperaiure gradient decreases system­
atically. The hole either penetrates a hot water-bearing struc­
ture or a permeable formation. Given the fractured character of 
the Valmy (Evans and Theodore, 1978), il is likely that it could 
contain a high-temperature hydrolhermal reservoir. 

Above 1600 m, Ihermal gradients range from 23 to I44°C/km 
and thermal conduclivilies from 1.59 lo 5.79 W m " ' K " ' . The 

inverse relationship belween the gradients and conductivities 
produces a nearly conslant conductive heal flow averaging 235 
mW/m^. The uniformity of the heat flow above the inferred 
deep reservoir indicates that the Tertiary volcanic section acts 
as a relatively impermeable cap. The Ihermal waler must find 
permeable structures to rise from depth. 

Values of surficial heat flow were compuled using linear 
segments of the shallow temjjerature-depth profiles like those 
shown in Figures 6 and 7. As shown in Figure 11, the heat flow 
generally exceeds the 235 mW/m^ found in the Ginn test well. 
Most of the Whirlwind Valley and much of the Malpais Rim 
appear lo receive heat not only from the deep reservoir but also 
from additional shallower sources. In the Whirlwind Valley, the 
shallow thermal flow sysiem is a supplemental source of heat. 

Along the Malpais Rim, the shallow heat flow exceeds the 
value from the Ginn well in the area between the two southeast-
striking cross faults shown in Figure I. While il is possible that 
this area contains conduits for upwelling Ihermal water, hy­
draulic head dala would be required to resolve whether the 
faull zone channels water to or away from The Geysers. 

A difTerent thermal regime is apparenl east of the Dunphy 
Pass fault zone. Four of the values of heat flow along the 
Malpais Rim average 110 riiW/m^, near the background value 
given by Sass et al (1971a) for this portion of the Basin and 
Range province. The Dunphy Pass fault zone appears to form 
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the eastern margin of the Beowawe hydrothennal system. The 
l i b mW/m' average value may be realistic for background 
heat flow. 

RECOMMENDATIONS 

The hydraulic head of the shalldw thermal flow system at 
Beowawe and' most other hydrothermal exploration targets 
could be readily obtained by converting existing thermal gradi­
ent holes to piezometers. The conversion would consist of 
perforating the casing below the top of the thermal aiquifer. In 
addition, a shallower coinpanioh piezometer open below the 
water table would make it possible to compute the vertical 
hydraulic gradient at these locations. Even if conduits for up­
welling hot water were not located, the hydrologic data would 
surely augment the existing thermal data and refine the concep­
tual model ofthe resoiirce. 

Converting uhgrouted thermal gradient hples to piezometers 
may not provide reliable hydraulic head values because of the 
difliculty of ensuring that the perforated interval is open to only 
an isolated portion of the aqiiifer (Benson et al, 1980). However, 
it should be possible to obtain both hydrologic and thermal 
data from piezometers that are later coiiverted to thermal 
gradient holes. In areas where shallow drilUng is planned, holes 
that intersect an aquifer could be initially completed as piezoiii-
eters. A screen ahd a wellpoint would be attached to pipe ahd 
set at the bottom of the hole, the annulus filled with gravel to 
the top of the ^reen and grouted to the surface. After the static 
hydraulic head is obtained, the screen could be plugged with 
ceineht and the hole filled with water, converting it to a thermal 
gradient hole. Companion piezometers would be needed to 
obtain vertical hydraulic gradient data. This procedure is re­
commended as an integral part of future hydrothermal explora­
tion programs. 

At any geolhermal pros{>ect where drilling encounters water, 
the water is a sburce of data. The hydrologic-thermal field 
procedure recommended here requires repeated site visits and 
the drilling and completipn of additional shallow, thin holes. 
This expanded exploration program is predicated on the as­
sumption that it is worthwhile to gather as much meaniiigfiil 
data as possible at a reasonable price. The possibility of lo­
cating viable deep drilling targets with groundwater hydrology 
should encourage geothermal exploration managers to incor­
porate hydrologic data acquisition in their exploration plans. 
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ABSTRACT 

Two new downhole geothermal transducers were 
developed for the Department of Energy* for the 
purpose of measuring the geothermal heat flux and 
thennal conductivity in exploration holes without 
the necessity of taking core samples. One trans­
ducer system was based on the principle of quasi 
steady state two dimensional heat conduction; the 
transducers consisted of cylindrical rods having 
thermal conductivities different from the sur­
rounding earth. A second cylindrical transducer 
system based on transient conduction generated a 
step function heat flux that was transferred into 
the earth. Both systems required that the annular 
space between the transducer and the hole wall be 
filled with water or a drilling fluid. 

This paper describes the new measurement 
techniques, the field tests and the results. 

INTRODUCTION 

The common method of determining the geo­
thermal heat flux in exploration holes consists of 
measuring the thermal conductivity of core or drill 
chip samples in the laboratory and using in-place 
vertical temperature profile measurements to ob­
tain the product. The conductivity measurement is 
generally made in a "divided bar apparatus," which 
involves the comparison of the rock sample with a 
specimen whose thermal conductivity is known. This 
method has some disadvantages. One is the diffi­
culty in acquiring samples for measurement. 
Further, if drill chips are used, the reconstituted 
samples may be different from the original rock. 
The water content of the rock samples may also 
change during the collection and transportation 
processes as a result of evaporation, which may 
affect the measured thennal conductivity. (1) There 
are more accurate methods of measuring the thermal 
conductivity of rocks in the laboratory than the 
divided bar method; (2) however, most of the dis­
advantages noted still apply. 

There are a number of different methods being 
used by the geothermal community to assess geo­
thermal reserves. Included are the geochemical. 

magnetic, electrical resistivity, microseismic, 
acoustic, infrared imagery, and the heat flux 
methods.(3) Staff members of exploration compa­
nies and the U. S. Geological Survey working with 
thermal techniques feel that heat flux is a logical 
and appropriate index of the strength of a geo­
thermal reserve. It is felt that the in-situ 
measurement of heat flux and thennal conductivity 
using the two transducers described here has sever­
al advantages. 

In the following sections, descriptions of the 
new transducers, field test results and interpre­
tations of the results are presented. 

DESCRIPTION OF THE MEASUREMENT TECHNIQUES 

A. Rod Heat Flux Transducers 

Consider the idealized rod heat flux trans­
ducer system shown in Figure 1. A steady state 
heat transfer analysis of this boundary value 
problem was made which relates the pertinent system 
parameters (4) (see the Appendix for the analytical 
closed form functions). The solution contains two 
unknowns, namely, the thennal conductivity of the 
earth and the vertical earth temperature gradient. 
These two unknowns are evaluated by making steady 
state thermopile voltage measurements with two rod 
transducers of different but known thermal conduc­
tivities. The solution also accounts for the 
effect of a fluid annulus between the transducer 
and the borehole wall. 

In addition to the closed form solution, a two 
dimensional cylindrical finite difference solution 
was perfonned for a range of system parameters. 

The equations 
along the rod heat 
only of the thermal 
temperature gradien 
isties of the trans 
transducer can be d 
other. The resul ti 
of the earth therma 
known earth tempera 

for the temperature distribution 
flux transducers are functions 
conductivity of the earth, the 
t, and the physical, character-
ducers. The equation for one 
ivided by the equation for the 
ng ratio is then only a function 
1 conductivity because the un-
ture gradient cancels out. 

Contract EG-77-C-03-1318 

Each rod transducer consisted of a sealed tube 
(one having a thick aluminum wall and the other a 
thin stainless steel wall). Both had long internal 
thermopiles with packing. The output leads 
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connected with a two conductor cable that also 
deployed the sensors. The typical output signals 
from these transducers range from 0.1 mv to 0.5 mv. 

• -Z 

HEAT FLUX 

TBANSDUCER 

Figure 1. Idealized thin rod transducer system. 

B. Thennal Conductivity Probe 

Consider the idealized cyl indr ical thermal 
conductivity probe system shown in Figure 2. 
Mathematical heat transfer analyses were used to 
relate the earth thermal conductivit ies (and the 
thermal capacities per unit volume) to the time-
temperature measurements, the electr ica l surface 
heat addition and the system geometry. Also i n ­
cluded was the effect of a f l u i d annulus between 
the probe and the borehole wal l . The analytical 
functions are given in the Appendix. (5) (6) 

The thermal conductivity probe consisted of a 
long cyl indr ical section containing a surface 
heater over part of i t s length and a thermopile 
that measured the temperature rise of the heated 
surface relat ive to the unheated surface. Typi­
ca l l y , the heater was operated at 0.64 amps and 
64 vol ts . This power level was maintained for a 
period of about one hour. From a time-temperature 
recording, while power is applied to the transducer 
heater, the thermal conductivity and heat capacity 
per unit volume values can be extracted. At short 
time periods after the beginning of the constant 
heating process, the thennal capacity per unit 
volume controls; for longer time periods af ter 
heating i n i t i a t i o n , the thennal conductivity con­
t ro ls . 

C r L I N D B I C A L - ' 
HEATER 

TIME DEPENDENT 
TEMPEBATUBE 

LONG PROFILES 
. TIV 

Figure 2. Idealized thermal conductivity probe 
system. 

TEST SITE DESCRIPTION 

The well used by Geoscience for these tests 
was located near Middletown, California. It had 
been drilled by the Phillips Petroleum Company as 
a temperature observation well in June of 1977. 
The drilling'log shows that clay and volcanics were 
the types of earth encountered to a depth of about 
122 meters. Deeper than 122 meters, the rock con­
sisted of clay and greenstone to about 305 meters 
and then principally gabbro to the bottom of the 
hole. It was almost completely filled with water. 
The well contained a steel liner surrounded by a 
thin cement annulus to a depth of about 91 meters; 
the hole was uncased from 91 meters to the bottom. 
Both transducer types had an outside diameter of 
0.152 meters and a length of about 2.75 meters. 
The inside diameter of the steel liner of the well 
was 0.165 meters and the hole diameter of the un­
cased region was about 0.159 meters. 

Geothermal measurements were made at three 
primary depths. Efforts were made to precondition 
the two sensor types prior to hole insertion so 
that equilibration times (to quasi steady state) 
were not excessive. 

RESULTS 

A. Rod Heat Flux Transducer 

The rod heat flux transducer data were reduced 
using the equations given in the Appendix of this 
paper. The thennal conductivities and geothennal 
heat fluxes at the three primary depths that re­
sulted are given in Table I. 

I 

i 
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TABLE I 

Rod Heat Flux Transducer Results 

Depth 
m 

52 

76 

110 

r = 0.91 meter 
0 

k. W/m-K 

1.1 

1.2 

5.1 

B. Thennal Conduct iv i ty Probe 

q/A (HFU) 2 
/^-cal /sec cm 

2.6 

2.3 

2.4 

The data der ived from the thennal c o n d u c t i v i t y 
probe were evaluated using the methods given in the 
Appendix. The data obtained from the thennal 
c o n d u c t i v i t y probe were corrected f o r the small 
temperature drop across the s ta in less s tee l wal l 
o f the probe. The r e s u l t s are shown in Table I I . 
The thermal capaci ty per u n i t volume (''oo*-P«,) i s 
shown i n Table I I , as i t i s a lso a parameter in 
the a n a l y s i s . 

TABLE I I 

Thermal Conduct iv i ty Probe Results 

Depth 
m 

52 

76 

110 

J/m-^-.K 

2.0 X 10^ 

2.3 X 10^ 

1.1 X 10^ 

k W/m-K 
00 

1.2 

1.2 

3.6 

q/A (HFU) 2 
/ / - ca l / sec cm 

2.6 

2.3 

1.9 

SOME INTERPRETATIONS 

The l i t e r a t u r e thennal conduc t i v i t y range f o r 
the type of rock described by P h i l l i p s Petroleum 
f o r i t s wel l ranged from approximately 0 . 5 < k „ 
<4 W/m-K; (7) the measured values presented i n 
t h i s document f a l l w i t h i n the range of 1 < k 
< 5 W/m-K. 

Both sets o f data presented i nd i ca te t h a t the 
heat f l u x d id not change s i g n i f i c a n t l y f o r the 
three depths (as would be expected) ye t the thennal 
c o n d u c t i v i t y and the thermal capac i ty per u n i t 
volume d id change s i g n i f i c a n t l y a t the 110 meter 
l e v e l . These changes are bel ieved to be re l a ted 
to the d i f f e r e n t l i t h o l o g y tha t occurred at t ha t 
leve l (as po in ted out by P h i l l i p s Petroleum s t a f f ) . 
Some rock c u t t i n g s were obtained from P h i l l i p s 
Petroleum f o r the 110 meter leve l and thermal con­
d u c t i v i t y , s p e c i f i c heat and dens i ty measurements 
were made i n the l abo ra to r y ; the thermal conduc­
t i v i t y was found t o be approximately 3.3 W/m-K and 
the s p e c i f i c heat was found to be 750 J/Kg-K. The 
thermal p roper t ies of a recons t i t u ted rock t e s t 
sample would not be the same as the i n - s i t u rock; 
t hus , the agreement between laboratory and f i e l d 
thennal c o n d u c t i v i t i e s and thennal capac i t i es per 
u n i t volume found in t h i s study i s bel ieved to be 
reasonable. 

The comparison of thermal conduc t i v i t y and 
heat f l u x resu l t s as measured by the two d i f f e r e n t 
transducers (Table I and Table I I ) i s encouraging 
a t t h i s stage o f the transducer development. Both 
transducers tested can play a ro le in downhole 
thermal conduc t i v i t y and heat f l ux measurement 
e f f o r t s i n f u tu re geothermal exp lo ra t ion eva lu­
a t i o n s . 

NOMENCLATURE 

(4 

cross sect iona l area of the rod 

th ickness of the t h i n slab 

undisturbed v e r t i c a l temperature grad ient 
i n the earth 

s p e c i f i c heat o f the earth 

thermal d i f f u s i v i t y o f the t h i n slab 

thermal d i f f u s i v i t y of the sera i - in f i n i t e 
s o l i d 

thermal conduc t i v i t y o f the rod 

thermal conduc t i v i t y of the t h i n slab 

thennal conduc t i v i t y o f the s e m i - i n f i n i t e 
s o l i d 

thermal conduc t i v i t y of the i n f i n i t e s o l i d 

thermal conduc t i v i t y o f the ear th 

h a l f length o f the rod 

per imeter of the rod 

the constant heat release per un i t length 

constant heat f l u x add i t i on a t x = 0 

r a d i a l d istance from the cy l i nde r center -
l i n e 

radius of the rod 

radius a t which the undisturbed l i nea r 
temperature f i e l d i n s o l i d ex is ts 

radius of the cy l i nde r 

equ iva lent end thermal res is tance o f the 
s o l i d surrounding the rod 

equ iva lent rad ia l thermal resistance o f 
the s o l i d surrounding the rod 

temperature 

rod temperature (above the rod midpoint 
temperature datum) 

temperature a t d is tance r 

the l i nea r l a t e r a l temperature v a r i a t i o n 
(above the rod midpoint temperature datum) 
i n the s o l i d a t a rad ia l d istance suf ­
f i c i e n t l y great so tha t the presence of the 
rod does not e f f e c t i t 

d is tance i n t o the s e m i - i n f i n i t e s o l i d 
measured from the outer surface of the 
t h i n slab 
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z , distance along rod from rod midpoint 

g , time 

p , density of the earth 

APPENDIX 

Recapitulation of the Mathematical Models for 
the Heat Flux and Thennal Conductivity Transducers 

A. Rod Heat Flux Transducers 

A heat balance was made on the transducer 
shown in Figure 1, accounting for vertical con­
duction along the rod and heat loss to and from 
its cylindrical surface and its ends, yielding an 
ordinary second order differential equation. The 
vertical temperature profile of the undisturbed 
earth at some distance from the rod is a linear 
function. Solution of this boundary value problem 
in terms of the temperature distribution along the 
rod was (4) 

Jc. fct 
f -J ' - ' J " \ 

Pb 
II kA 

(y ' . .r-). ̂  (y- - y ) 

« • r lo - " •yji 

When a transducer is used in a test hole, an 
annulus of liquid surrounds the transducer. In 
order to account in the equations for the presence 
of this layer, the thennal resistance of the fluid 
annulus. Ran. is added to the cylindrical earth 
resistance to obtain an increased value for R 
(i R •*• Ran)- Similarly, the effect of 
fluid at the end of the transducer is also in­
cluded, resulting in a modified R'g (end heat con­
duction into a two region system). 

B. Thennal Conductivity Probe 

The transient heat transfer performance of 
the thennal conductivity probe can be described by 
the classical step function surface heating bounda­
ry condition for a long cylinder (see Figure 2 ) , 
namely, (5) 

- e d |log -

The addition of a fluid annulus between the 
thermal conductivity probe and the borehole changes 
the conduction system into a two region problem. 
This boundary value problem was first solved by 
considering the annulus to be a thin slab located 
adjacent to a semi-infinite solid (the surrounding 
earth). The transient temperature solution for the 
annulus region is: (5) 

|?)>M 4 0 , 8 

( T a r x j a - i ) ' 

• j / fe ' - i?i:0iii ,r,c('-^ip^^\] 

'JJ- l '"!- ' '- '), 

K îrmi 

i n ) n • 0 . 1 . 2 

From the evaluation of this two-slab system i t 
was shown that the temperature difference across 
the annulus is small in comparison to the trans­
ducer surface temperature r ise above the i n i t i a l 
temperature datum for times greater than the annu­
lus time constant (which is of the order of 0.05 
hours for a 0.5 cm thick water layer). Therefore, 
in the cyl indr ical coordinate system consisting of 
the f l u i d annulus and the surrounding semi- inf ini te 
earth, the annulus time constants and temperature 
drops w i l l likewise be small compared to transducer 
values. I f the water annulus thickness is no more 
than 15 percent of the probe radius, then one can 
neglect the annulus effect ( for times greater than 
the annulus time constant). 

Support of lhe fo l l ow ing people Is ACknowledgeO: A. F. Veneruso. J . A. 
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TEMPERATURE GRADIENT HOLE RESULTS FROM 
MAKUSHIN GEOTHERMAL AREA, UNALASKA ISLAND, ALASKA 

CF. ISSELHARDT*, J.S. MATLICK*, P.P. PARMENTIER*, R.W. BAMFORD* 

•REPUBLIC GEOTHERMAL, INC. 
•*SYSTEMATIC-COST EFFECTIVE-RESOURCE DISCOVERY 

ABSTRACT 

Following geological, geophysical, and geo­
chemical surveys of the Makushin geothermal area, 
three l.SOO^-foot temperature gradient holes 
(TGH) were sited and drilled. TGH D-1 penetrated 
andesites and diorite, locally hydrothermally 
altered, and yielded both convective and conduc­
tive thermal profiles. TGH E-1 and TGH I-l both 
encountered diorite only. TGH E-1 exhibited high 
temperatures (195*0) and corresponding geochem­
ical indicia. TGH 1-1 was cool <-80*C), but 
showed geochemistry indicative of a paleo­
geothermal enviconment. The high thetmal gradi­
ents (145*C to 692*C/kin), temperatures (195*C). 
and geochemistry provide strong evidence for the 
existence of a shallow, high temperature geother­
mal system. 

INTRODUCTION 

This paper describes and interprets the geo­
logical, thermal, and geochemical data derived 
from the three temperature gradient holes drilled 
during 1982 in the Makushin Volcano geothermal 
area of Unalaska Island in the Aleutian Archi­
pelago of Alaska (Figure 1). The hole locations 
were chosen on the basis of results derived from 
preceding geological, geochemical, and geophys­
ical surveys, as well as logistical considera­
tions. 

Temperature Gradient Hole D-1 

Temperature gradient hole D-1 was drilled on 
a plateau approximately 1.6 tan northwest of the 
base camp (Figure 1). As shown on Figure 2, the 
hole was spudded in glacial boulder till 40 feet 
thick that mantles a sequence of Makushin Vol­
canics that extended from 40 feet to 1,222.feet. 
The volcanics are a series of essentially unal­
tered porphyritic andesite and basaltic andesite 
flows with interbeds of scoriaceous andesitic 
cinders, lahars and gravel. Below the. volcanics, 
from 1,222 feet to total depth at 1,429 feet, the 
hole penetrated a highly altered (propylitized) 
and fractured, fine-grained to cryptocrystalline 
diorite, which is cut by an andesite dike from 
1,370 feet to 1,393 feet. The diorite is 
intensely fractured and veined in the upper por­
tion, with most fractures having near-vertical 
inclinations. Alteration minerals Include sul­
fur, pyrite, kaolinite, calcite, epidote, quartz. 

XBASE CAMP 
OTHERMAL GRADIENT 

HOLES 

yV\ 
FIGURE 1 

anhydrite, and chlorite. Most of these minerals 
are products of the reaction between the rock and 
high temperature (>150*C) hydrothermal fluids. 
The quartz, epidote, anhydrite, and sulfur are 
primarily found as fracture fillings, although 
epidote is also found in the groundmass. The 
andesite dike transecting the diorite is probably 
related to the young Makushin volcanic sequence. 

Temperature measurements made in TGH D-1 
(Figure 2) indicated essentially isothermal con­
vective conditions (ground water circulation) to 
approximately 700 feet. Below this depth the 
temperature increases at high rates (from 
14S*C/km up to 642*C/tan) in a conductive (linear) 
manner to total depth (T.D.). The zone of high 
temperature gradients corresponds with a self-
sealed zone defined by the whole-rock geochemical 
studies. The gradient over the last 125 feet is 
280*C/km. This gradient is still very high 
(average temperature gradient worldwide is 
33*C/km) and it indicates that higher tempera­
tures exist at depth, although the depth to maxi­
mum temperature cannot be estimated on the basis 
of data from this hole alone. The elevated tem­
perature recorded at T.D. (100.2°C), the high 
gradient over the last several hundred feet of 
hole, and the high-temperature alteration of the 
surrounding rock all suggest the presence of a 
relatively shallow (4,000+ feet) hydrothermal 
system. 
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FIGURE 4 

The present temperature regime is considerably 
cooler than that implied by the geochemistry and 
there is large-scale artesian flow of cool water 
above 300 feet (indicating high permeability). 
The rock chip geochemistry suggests the existence 
of a self-sealed zone In a paleo-geothermal sys­
tem that has since been refractured. 

Geochemical analysis of the lower 800 feet of 
hole shows virtually no Indication of past or 
present hydrothermal systems, even though there 
are old, healed fractures containing minor 
amounts of quartz, anhydrite and epidote. Thus, 
TGH 1-1 appears to be located within the limits 
of an old geothermal system and on the edge or 
outside of the present hydrothermal system. 

SUMHASy AND CONCLUSIONS 

It Is apparent from the Information derived 
from the temperature gradient holes and other 
surveys that there is an excellent chance that a 
liquid-dominated geothermal reservoir with tem­
peratures in excess of 200*C exists on the east 
flank of the Makushin Volcano at relatively shal­
low depths (2,000 feet to 4,000 feet). The 
southern limit of the resource appears to have 
been defined, but other boundaries have not been 
determined yet by drilling. By the time this 
paper is presented, a deeper well will have been 
drilled In the area to assess the presence of 
this reservoir, and a fourth gradient hole will 
have been drilled to the north to better help 
define the areal extent of the system. 
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about 250 feet to T.D. and appears to be a rela­
tively conductive system with gradients of 
49*C/lan to 91*C/km and a maximum temperature of 
79.8*0 (175.6*P) at 1,400 feet. The data In 
Figure 4 also shows that there is a small temper­
ature reversal (2.3*0) over the last 100 feet of 
the hole. 

The overall temperature regime and profile of 
this hole indicates that the hole appears to be 
on the southern edge of the present geothermal 
system, at least for this depth range, although 
the Intense fracturing and mineralization Indi­
cates the previous presence of a high temperature 
geothermal system. Definition of the boundaries 
of the present hydrothermal system was one of the 
uses and goals of the temperature gradient hole 
program. It appears that TGH I-l was fortu­
itously located and that it achieved one of the 
major project objectives. 
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As In the other two boles, the general type 
of chemical anomaly is the same. The upper 700 
feet of TGH I-l contains several zones of Hg, As, 
S, Li, and F enrichment, some of which correspond 
with one another and some of which are isolated. 
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In-situ determination of heat flow in unconsolidated sediments 

J. H. Sass,* J. P. Kennelly, Jr.,* W. E. Wendt,* T. H. Moses, Jr.,* an(j J. P. Ziagost 

Subsurface thermal measuremenis arc the most effective, least ambiguous tools for locating geothermal resources. Measurements of 
Ihermal gradient in Ihe upper few tens of meters can delineate Ihe major anomalies, but ii is also desirable to combine these gradients with 
reliable eslimaies of ihermal conductivity, to provide dala on lhe energy flux and to constrain models of the heat sources responsible for 
Ihe anomalies. Problems associated with such heat flow measuremenis include the economics of casing or grouting holes, lhe long waits 
and repeated visits necessary to obtain equilibrium temperaiure values, the possible legal liability arising from disturbance of aquifers, Ihe 
hazards presenled by pipes protruding from the ground, and lhe security problems associaied with leaving cased holes open for periods of 
weeks 10 monihs. 

We have developed a technique that provides reliable real-time determinations of temperature, thermal conductivity, and hence, of 
heal flow in unconsolidated sediments during the drilling operation. Temperature, gradienl, and thermal conductivity can be measured 
in one operation in 1 hour using a long (1.5 lo 2 m) thin (6-mm diameter) probe containing three Ihermislors 0.5 or 0.15 m apart in its lower­
most 1.2 m. The probe is driven hydraulically through the bit up to 1.65 m into the formation, and a 20- to 25-minute temperaiure record 
is obtained for each thermistor, allowing calculation of the equilibrium temperaiure gradient. A line source heater is then switched on and 
a 10- to 15-minute temperature record is obtained, allowing calculation of thermal conduciiviiy. Two or diree such expcrimenls over the 
depth range of 50 to 150 m provide a high-quality heat flow determination at costs comparable to those associated with a standard cased 
gradient hole to comparable depths. The hole can be backfilled and abandoned after drilling, thereby eliminating the need for casing, grout­
ing, or repeated site visits. 

INTRODUCTION 

Many ofthe alluvial and lacusuine valleys ofthe westem United 
States have potential for Ihe exploitation of geothennal energy. 
Of the various exploration techniques available, heat flow drilling 
is the most direct and the least ambiguous, and exploration pro­
grams involving drilling pattems of holes to depths of between 10 
and 500 m are common in geothennal prospecting. Thennal 
gradients alone generally are sufficient for discovering and de­
lineating thermal anomalies. However, if the thermal conductivity 
can be characterized, the temperature gradients can be converted 
to heal flow estimates, which, in tum, provide valuable infor­
mation concerning the energy budget and can be used to constrain 
hypotheses on Ihe ultimate sources of the anomalous heat (e.g., 
Lachenbruch and Sass, 1977; Mase et al, 1978; Olmsted et al, 
1975; Ward et al, 1978). 

One of the major problems in.obtaining useful dala on Ihe 
Ihermal conductivity of unconsolidated sediments is the high cost 
and difficulty of recovering suitable core samples. In many 
prospects, repeated attempts produce little or no core, and what 
little is recovered may not be representative of the formation. 
Even when extreme care is taken in handling samples, irreversible 
changes in their mechanical properties may occur before the con­
ductivity determinations can be made. The conductivities of the 
solid component can be measured on drill cuttings, but reliable 
values of pwrosity are necessary to convert these data into mean­
ingful estimates of formation conductivity. 

Another problem in the highly competitive geothennal explora­

lion industry is the security of cased thermal test wells. These 
holes must be left for at least a few days, and preferably fdr sev­
eral weeks to monihs, to allow the thennal disturbance introduced 
by the drilling process to subside. During this period, the hole 
can be entered easily, and "midnight logs" can be made by un­
authorized people. A hole that has been left open for a few days 
to weeks may become artesian, leading to surface damage and 
contamination of aquifers. Pipes left standing above the ground 
on playa surfaces may also present a hazard to vehicles. 

We describe a downhole heat flow probe which eliminates 
most of the problems outlined above. It gives satisfactory deter­
minations of both temperature gradient and thennal conductivity 
and hence of heat flow, in unconsolidated sedimenis, essentially 
in real time. Because formalion temperatures are measured below 
the bit during the drilling operation, the hole need not be cased 
and can be backfilled immediately upon cessation of drilling. 
Thermal conductivities are measured in situ so lhat mechanical 
dislurbances to the formation are kept to a minimum. 

The first comprehensive field trials of the system were held in 
Ihe Black Rock Desert (Figure I) near Gerlach, Nevada, during 
September, 1978. Holes were drilled in fine-grained unconsoli­
dated Pleistocene or Holocene lake sediments, typically rich in 
clay, with some sandy layers a few centimeters thick. The re­
sults from 29 probe runs in 12 holes (GRA through GRK and 
GRZ, Figure 1) are described herein and compared with con­
ventional determinations of gradient, conductivity, and heat flow. 

The following symbols and units are used: 

.Jt.. 

* 
"^ 

' t 

Manuscript received by Ihe Edilor Augusl 17, 1979; revised manuscript received February 25, 1980. 
•U.S. Ceological Survey. 345 Middlefield Road. Menlo Park. CA 94025. 
tFormerly U.S. Geological Survey, Menlo Park, CA; presenlly Southem Methodist University, Dallas, TX 75222. 
0016-8033/81/Old-0076503.00. 

76 



Heat Flow In Sediments 77 

119'00' 

FlG. 1. Geologic sketch map of Geriach area showing the localions of test wells. Geology and faults generalized from Willden, 1964; Bonham, 
1969; Olmsted et al, 1975; and Keller and Grose, 1978. 

T = temperaiure (°C), 
/ = time (seconds). 

K = thennal conductivity (1 HCU = 
1 mca l cm- ' s - ' -C"^ 

= 0.418 Wm-^K" ' ) , 
q = heat flow (1 HFU = 10 

-1 _ 

- 6 

calcm-^s" ' = 41.8 mWm-'*), 
Temperature gradient = °C km~* = mKm"', 

Pressure = 1 kPa = 0.145 psi. 

GENERAL DESCRIPTION OF THE SYSTEM 

Figure 2 illustrates the essential features of a downhole probe 
lesl. The probe is basically 2.13 m of heat-Ueated 52100 grade 
steel, 6.4 mm OD and 3.2 mm ID. It contains three thermistors: 
thermistor 1, 0.15 m; thermistor 2, 0.65 m; and thermistor 3, 
1.15m above the tip. (A shorter version for use in sliffer materials 
has the thermistors in the tip, 0.15 and 0.3 m above it, respec­
tively. It was developed subsequent lo the trials described here.) 
A loop of heater wire and four thermistor leads, all mutually in­
sulated and enclosed in heat shrinkable tubing, are placed in the 
steel tube, and the voids are filled wilh molten woods metal. The 
woods melal expands slightly on freezing, thereby facilitating 
thermal contact among heater, thermistors, and probe wall. The 
switching instmmentation is attached at the top of the probe, and 
the entire probe is mated lo the 3/16-inch (4.8 mm) OD four-
conductor armored logging cable by means of an oil field type 
well logging cablehead. 

At the depth selected for the test, the driller thickens the mud 

— M a i i w n l.6Sm 
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FIG. 2. Schematic diagram of field setup for downhole probe 
experiment. 
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FIG. 3. Temperaiure-limc graph obiained during and after complete 
penetration of the downhole probe in holeGRE. Solid lines connect 
discrete temperaiure ob.servations at 20-second intervals. Num­
bers refer to probe thermistors (I, lowermost). Thermistor 1 is 0.15 
m, thermistor 2, 0.65 m, and thermistor 3, 1.15 m above the tip. 
In ihis case, the drilling fluid is several degrees wanner than the 
formation. 

column and circulates for a few minutes to flush the cuttings out 
of the hole. The bit is then placed on bottom, and a wireline pack-
off assembly is connected to the drill siring just above the rotary 
table. The probe is lowered into the drill stem until the piston on 
lhe driving mechanism ("pusher") enters the smooth-bored drill 
collar immediately above Ihe bit (Figure 2; also Appendix C, Sass 
et al, 1979). The hydraulic pump on the logging truck then is 
activated, delivering water from an ~ 150-liter capacity tank to the 
drill column. Al Ihe same time, Ihe pack-off pump is used to 
lighten Ihe packer assembly (Figure 2) to the point where only a 
small amount of fluid is leaking out of the lop of Ihe pack-off. The 
pusher portion of the piston consists of a series of ball bearings 
which roll up a ramped sleeve and compress the outer wallof Ihe 
probe when pressure is applied to Ihe drill column, allowing Ihe 
pislon to drive the probe inlo Ihe formation. When the cable moves 
downward a few centimeters, the water pressure is released to 
allow the retum springs to move the pusher up the probe and the 

column is prcssuri-/.cd again. This process is repealed iiniil 1.65 in 
of pcnctraiiun is achieved or until ihc pressures appnwch llic me­
chanical Slrengih of ihc probe (~ IS.OIHI kPa). During ihis period. 
Ihe eleclrical resisiance of each llicrmisior is nionilorcd al 20-
.sccond intervals and converted Io lemperalure by Ihc dala-rcduclion 
program. The lempcraiurc-iiinc dala arc stored on magnclic lape. 
and a graph similar lo lhat shown in Figure 3 is generated in real 
liinc by the digital x - y ploilcr. The passive lemperalure record 
is run for 1500 seconds, typically allowing IOOO lo I2(X) seconds 
for the decay of Ihe ihermal iransienl resulling from ihe friciion 
between probe and formalion. This time inicrval is not ncariy 
sufficicnl to achieve thermal equilibrium, but when a smooth 
record is obiained (as in Figure 3). ihe dala may be exirapolaicd 
lo equilibrium vaiucs in a manner similar to that employed for 
the Bullard lype of oceanic heal flow probe (Bullard. 1954; 
Langsclh, 1965). One simple exlrapolalion scheme involves 
plotting temperature (T) as a function of I / t (see Table I, Lachen­
bruch and Brewer, 1959) where / is ihe elapsed lime reckoned 
from approximalcly Ihe midpoini of Ihe penelraiion interval (about 
225 .seconds for Figure 3). This reduclion is illustraied in Figure 4 
for the corresponding curves in Figure 3. For lime t large relative 
to the time taken to penetrate the formation, the curves should be 
linear, and indeed they are (Figure 4). Nole also Ihal even Ihough 
Ihe final measured lemperaiures are in reverse order (i.e.. Ihennis­
lor 3 holier ihan 2 holler Ihan 1), lhe extrapolation lo 1// = 0 
provides (al leasi qualilatively) Ihe expected increase in tempera­
ture with depth. 

Upon completion of Ihe passive lemperature mn (Figure 3), a 
conslani-cunent of aboul IOO mA is applied to Ihe heater loop, 
Ihe specific resisiance of which is aboul 7(X)ftm"'. The heal input 
to the formation is thus about 7 watts per meter of probe length. 
Representative temperature-log lime curves are shown in Fig­
ure 5. The differences in temperature among the three thermistors 
are Ihe result of differences in contact resisiance belween the heater 
and probe wall. The tempieratures plotled in Figure 5 are not cor­
rected for Ihe rale of downward drift resulling from the decay of 
the thermal transients associated with frictional heating during 
penetration. This drift rate was calculated al the midpoint of the 
conductivity mn (/ s 2000 sec) from the slope of the T-versus-1 /1 
lines (e.g.. Figure 4) and a correction was applied to the observed 
lemperature. This resulted in a small but significant increase in the 
slope of the T-versus-log / line (e.g.. Figure 5). Consequently, 

TEHPERATURE v « r . u . LOS TIHE 

I /TIME" I B ^ , SEC*-1 

FlG. 4. Temperalure-versus-1/lime for the probe test shown in 
Figure 3. The lime origin relative to Figure 3 is 225 sec. 

TIME, SEC 

FIG. 5. Temperalure-versus-log lime dala for conduciivity mn 
corresponding to the downhole test shown in Figure 3. 
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Table I. .Summary of downhole probe experiments. Hole (JKK, Itlack Kock Desert. iNevada, 

79 

Dcplh (m) 
Hil 

61 

121.9 

Inlerval heal 
62-123 m 

Leasl-squares 
42-83 m 
84-126 m 

Therniisior 

61.5 

62.0 

62.5 

122.4 

122.9 

123.4 

now 

intervals 

Penelraiion 
(ni) 

1.65 

1.65 

Temperaiure 

rc) 
Probe 

16.241 

16.272 

16.321 

21.627 

21.665 

21.721 

Log 

16.258 

16.303 

16.332 

21.656 

21.703 

21.752 

Gradienl 
CC/km) 

Probe 

62 

98 

80 

113 

76 

95 

88.7 

74.4+0.3 
92.5±0,2 

Log 

76 

95 

89.0 

Conducliviiv 
(HCU) 

2.69 

2.70 

2.70 

2.41 

2.39 

2.44 

2.41 

Mean 

2.55 

2.70±0.01 
2.41 ±0.02 

Best value 

Hc;il llow 
(Hl-U) 

Probe Log 

2.16 2.05 

2.29 2.29 

2.23 2.17 

2.26 2.27 

2.01*0.02 
2.23*0.02 

2 . 2 + 0 . 1 

Ihere was a decrease of 1 lo 5 percent in the conductivity which is 
calculated from this slope based on 

T(i) = - ^ ^ Int -f 
AitK y (1) 

where Q is the rale of heating and K, the thermal conductivity 
(Lachenbmch, 1957; Jaeger, 1958; Von Herzen and Maxwell, 
1959). The terms of Ihe order of 1 / t become unimportant in equa­
lion (I) wiihin two minutes for Ihis probe, and sufficient re­
dundancy of dala is achieved after a few hundred seconds (Fig­
ure 5). Upon completion of the conductivity test, the probe is re­
moved by raising Ihe entire drill string until the probe is completely 
out of the fonnation. Thereafter, the probe is raised to the surface 
by reeling in Ihe cable and drilling is resumed. 

In the firsl few holes, many probe tests were performed and cores 
were obtained to provide comparisons wilh in-silu determinations 
of ihermal conduciivity. As the study progressed, however, we 
dispensed with coring and settled on a scheme whereby probe 
tesls were made at depths of 61 and 91 m (200 and 300 fl). Total 
lime required for insertion, 25-minute drift lesl, 10- to 15-minute 
conductivity lest, and retrieval of the probe was about an hour, 
or roughly the lime required for a coring trip at Ihese depths. At 
one sile (GRF, Table I), we established that the probe would 
penetrate fully at -120 m (400 ft). 

COMPARISON OF DOWNHOLE PROBE RESULTS 
WITH CONVENTIONAL MEASUREMENTS 

Introduction 

Comparisons between probe and conventional determinations 
of temperalures, gradients, and thermal conductivities are shown 
in detail in Appendices A and B of Sass el al (1979). In this sec­
tion, we discuss briefly Ihe various comparisons and some of their 
implications. The statistics for Ihe relation y = Ax (where v is 
the probe value and x the value derived from conventional mea­
suremenis) are shown in Table 2. Some individual comparisons 
arc made in Tables 1, 3, and 4. For these tables, the first three 
columns give reference deplhs; Ihe first gives the approximate 
depth reached by Ihe bit before the experiment began. The second 
column refers to the deplhs of the probe thermistors assuming 

that the bit depth is accurate. Actually, because of shifting refer­
ence levels on the rig relative lo the ground surface, the accuracy 
of the bit-depth estimate is probably no belter Ihan ±0.3 m. 
Temperatures obtained from linear extrapolation of the lempera-
ture-Versus-1 /time curves (see Figure 4) are compared with Ihose 
obtained from the most recent temperature logs in columns 4 and 5, 
and comparisons among other quantities are presenled in the re­
maining columns. The bottom segments of Ihese tables have 
comparisons between heal flow ("interval heat flows") over 
intervals of several tens of meters determined from downhole 
measurements and from subsequent conventional temperature 
measurements in the cored holes. They also show heat flow esti­
mates obtained by multiplying least-squares gradients from the 
conventional lemperalure log by the harmonic mean ihermal 
conductivity over the designated least-squares intervals. 

Thermal conductivity 

Cores conesponding to the depths of Ihe probe tests were ob­
tained in hole GRZ (the first drilled); then in GRA, GRB, and 
GRC (Figure I). At Ihis stage, we were satisfied that the down-
hole conductivities were, in fact, comparable lo Ihose obtained 
wilh a needle probe on core, and coring was discontinued (see, 
for example, the comparison between conductivities, columns 8 

Table 2. CoefTicients of Ihe leasl-.squares regression line^ = Ax for the 
comparison belween thermal parameters derived from downhole probe 
measurements (y) and those ix) determined by conventional methods.* 

Parameler 

Conduciivity 
Temperature 
One-melcr gradienis 
Heal flow (1-m) 
Heat flow 

(neighboring probe runii) 

Correlation 
coefficient 

0.96 
1.00 
0.99 
0.99 

1.00 

A 

1.05 
1.00 
0.94 
0.96 

1.02 

rms 
residualt 

0.12 HCU 
0.04°C 
5.6°C/km 
0.13 HFU 

0.05 HFU 

'"Equilibrium" lemperalure logs for temperatures and gradienis; needle-
probe delerminaiions on core for Ihcrmal conductivity. 

tr '*' 1' 
S(.v,-A.T,)V(A'-2) 
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g zs 

KCcore^.HCU 

FlG. 6. Comparison between average downhole probe con­
ductivities over 1 m and Ihc conesponding averages for 3 lo 6 
needle-probe delerminaiions on core. |Sec Appendix B, Sass cl al 
(1979) for details.I 

FIG. 7. Formalion lempcralurcs (°C) deduced from downhole 
probe lesis versus lemperaiure al the same dcplh from ihe mosi 
receni temperature log. 

Table 3. Summary of downhole probe experiments. Hole GRA, Black Rock De.serl, Nevada. 

Depth (m) 
Bit 

30.5 

67.10 

91.44 

Thermistor 

31.0 

31.5 

32.0 

67.6 

68.1 

68.6 

91.7 

92.2 

92.7 

Inicrval heal flows 
32-69 m 
69-93 m 
32-93 m 

Leasl-.squarc.s 
20-40 m 
61-103 m 
30-103 m 

inlcrvals 

Penelraiion 
(m) 

1.65 

1.65 

1.40 

Temperature 

Probe 

13.596 

13.628 

13.672 

16.126 

16.151 

16.200 

I8.2.S7 

18.281 

18.288 

CQ 
Log 

13.-582 

13.620 

13.667 

16.125 

16.168 

16.205 

18.229 

18.226 

18..107 

Gradienl 
CC/km) 

Probe 

64 

88 

76 

50 

98 

74 

48* 

15* 

32» 

66.6 
86.6 
76.1 

82.8*0.4 
85.8±0.2 
76.2±0.3 

Log 

85 

80 

78 

69.3 
87.2 
76.4 

Conduciiviiy 

Probe 

1.96 

2.03 

2.03 

2.01 

2..'»0 

2.24 

2.35 

2..30 

2.23 

2.23 

2.21 

2.22 

2.15 
2.26 
2.18 

(HCU) 

— 

— 

1.91 
2 
2. 

Besl value 

23 
II 

*0 . 

Core 

1.83 

1.82 

1.82 

1.82 

2.31 

2.24 

2.30 

2.28 

2.10 

2.21 

2.08 

2.13 

Mean 

2.05 
2.20 
2.08 

1 
i0.04 
£0.08 

Heat flow 

Probe 

I..54 

1.70 

(0.7)* 

1.62 

1.4.I 
i.96 
1.66 

1 

(HFU) 

..58 
1.91 
1.61 

1.7 

Log 

1.55 

1.82 

1.66 

1.68 

1.42 
1.92 
I..59 

±0.09 
±0.04 
±0.07 

±0.2 

• • / 

' ' ^ ' 
" '% 

t i 
'M 
' W 

'M 
*'/ 

i 
^ 

'\. 
•-.•v 

t 

•Electrical noi.sc in record. Excluded from means. 

http://noi.sc
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FIG. 8. Temperaiure gradienis (°C/km) over 1 m from downhole 
probe experiments versus Ihose determined from the most recent 
temperaiure log. 

and 9. Table 3). The scatter is fairly small (Figure 6). The coeffi­
cient of conelation is 0.96, and downhole probe conductivities 
are systematically higher Ihan those measured on core by about 
5 percent (Table 2). We anribute this difference to slight slmc-
tural changes in Ihc core cau.sed by Ihe removal of the core from 
its environment, and thus we prefer the downhole values (suffi­
cient conduclivilies were measured along Ihe axis of Ihe core to 
confirm Ihal Ihere was no measurable anisotropy). The most strik­
ing example of physical changes occurred in Ihe core from 30.5 
10 32 m in hole GRA (Table 3). When a hole was drilled inlo 
lhe wall of lhe core liner'lo allow access for the needle probe. 
Ihere was a pop and a muddy slurry was extmded from the core. 
We see in Ihis instance (conductivity columns. Table 3) lhat 

nccdie-prohc conduclivilies arc syslcnialically lower than in-silu 
vaiucs by aboul 10 percent al this dcplh. 

Formalion lemperaiures 

Temperatures obtained from all probe mns by lcasl-.squarcs 
cxiraptilaiion ofthe later parts of Ihc T-vcrsus-l// lines (generally 
for the last 200 lo 3fX) seconds) arc ploued againsi lempcralurcs 
al Ihc same depth from the mosl rcccni lemperalure log in Fig­
ure 7. The conelation is cxcellenl (Tabic 2). and ihc value for A 
of 1.00 lends lo confirm our suggcslion (Appendix B. Sass cl al. 
1979) that the temperature differences arc random and arc caused 
primarily by Ihc uncertainlics in dcplh measurement thai can rc-
sull in a maximum cnor of up to 0.1'C. 

Gradients over one meter 

The largcsi .source of uncertainty in obtaining gradients over a 
1-m inicrval results from the ~O.OI°C resolution in relalive 
lemperaiures between thermistors. Even Ihough individual 
ihermislors were calibraled lo wiihin a few millidegrees and ihc 
drift rale of each Ihermislor calibralion is slow, small and unpre-
diclablc changes in calibralion do occur. Calibralions were 
checked in Ihc field by comparing each Ihermislor to a single 
Ihermislor mounted in a lagged aluminum cylinder. Departures 
(usually a few millidegrees) from calibralion were noted and in­
cluded in the lemperature reduclion part of the program so that all 
thermistor lemperaiures were relalive lo a common datum. Even 
with Ihe-se procedures, our maximum possible enor in Ihe gradienl 
over I m is ±20°C/km. cleariy not accurate enough for single 
point determinations of regional heal flow, but certainly sufficiently 
sensitive to delineate ihe lype of anomaly as.sociated with possible 
sources of geothennal energy. 

Allhough there is a fairiy large .scatter (Figure 8), 1-m gradienis 
from Ihe probe expcrimenls conelate very well with those deter­
mined from least-squares fits to the six points from Ihe mosl recent 
temperaiure log spanning the 1.5-m inter\'al penelralied by the 
probe (Table 2). Only results from complete'pisnelrations were 
used in lhis comparison. Where only Iwo Ihermislors entered the 

00 o 
Of 
a. 

FIG. 9. Heat flow (HFU) over intervals of bciween 6 and 60 m deter­
mined belween neighboring downhole probe mns versus heat flows 
determined over the same intervals from conventional lemperature 
logs. 

i i.> 
• i — 

TEMPERATURE, " C . 
IS.t I7.a 

12/12/ 8/38/78 

FIG. 10. Temperalures measured al n.3-m inlcrvals on dales in­
diealed (.solid lines) in hole ORG. and downhole probe measure­
menis made during drilling (open circles). Elevated lemperaiures 
on lhe earlier log indicate the inicrval in which Ihe annulus is 
filled wilh cement grout. Numbers beside circles refer lo probe 
Ihermislors (1 lowermost). The well was drilled on Scptcinber 27. 
1978. Dashed line represents an extrapolation ofthe upper portion 
of Ihc profile (between - 3 0 and 60 m). 
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FlG. 11. Penetration record for downhole probe mn in Hole GRG. 
91 m. Numbers refer to probe Ihermislors (I lowermost). Lines 
at lower left are continuations of the original decay curves 
(fo s 1600 sec). 

formalion, the scatter was much greater. This should be exfxjcied, 
as we are attempting lo measure the gradient over only 0.5 m 
and commonly the temperature of the second Ihermislor is affecied 
by Ihe invasion of drilling fluid. 

Heat flow 

Since, in mosl instances, the downhole conduclivilies were used 
for bolh the probe and conventional heat flow estimates over I m, 
the same comments as Ihose made with respect lo the 1-m gradient 
determinations apply lo the one-m heat flow determinations. 
Another approach lo heat flow determinations involves comput­
ing gradienis and mean thermal conduclivilies over one or more 
intervals belween probe mns ("Interval heat flows" column. 
Tables 1. 3, and 4). When intervals of a few tens of meters are 
used, Ihe uncertainties due to reference levels and the enors of 

iO .OrC in relative icnipcraturcs become negligible. Only one 
Ihermislor need penetrate ihc formalion for each run. a rcquirc-
menl thai was met in every irial. The inicrval approach is man­
datory when the short probe (all ihrcc ihermislors in lhe lowermost 
0.3 m) is u.sed. Wiih one exception, the heal flow eslimates over 
Ihe larger intervals agree very well wiih ihose calculated from the 
most receni temperaiure log (Figure 9). The one exception, hole 
GRG (Figure 10 and Table 4), suggesis that the downhole probe 
may be Ihc superior lechnique quilc apart from its other advanlages. 

For Ihe probe lest at 91 m in GRG, only iwo Ihermi.stors pene-
Iraied well inlo lhe formalion (Ihermislor 3 was perhaps 2 cm, al 
mo.si 5 cm below ihc bit). When drilling resumed, the driller re­
ported a hard sandy stringer a few centimeters thick just below 
61 m. Maximum pressures and a long time (—1000 sec) were re­
quired Io gel the probe into the formation. From the penetration 
record (Figure 11), themiislor I had repiealcd episodes of fric­
tional healing, whereas the temperature of ihermislor 2 dropped 
immediately as it entered Ihe formation with a cooling curve quite 
different from cilher I or 3. Thermistor 3 was barely in and its 
decay curve was probably affected by interaction with the drilling 
fluid. It is curious and probably not coincidental thai the extra­
polated equilibrium temperature for thermistor 1 lies on the ex­
tension of the very smooth profile in the upper 60 m (Figure 10), 
whereas that for thermistor 2 lies precisely on Ihe mosl receni 
lemperalure log, which is quite inegular below 60 m. If we interpret 
the I -m heal flow al 61 m and Ihc inlerval heat flow (62-92 m) for 
Ihermislor 2 literally (Table 4), then we anive at a most likely 
value of belween 1.4 and 2 HFU for Ihe heal flow. To reconcile 
Ihis wilh Ihe observed gradienl of >90°C/km above 60 m, we musi 
assume an implausibly low thermal conduciivity of —2 HCU for 
the upper part of the hole (sec "Leasl-squares intervals" column, 
Table 4). If, on the olher hand, we assume lhat the conductivities 
measured at 61 and 91 m are represenlalive of the entire hole and 
that, below 60 m. the hole is disturbed, then our preferred heal 
flow will be about 2.6 HFU, aboul 30 percent higher than that 
obtained from the literal interpretation and consistent wilh the 
inlerval heal flow (62.5-92.5 m. Table 4) for thermistor num-

Table 4. Summary of downhole probe experiments, Hole GRG, Black Rock Desert, Nevada. 

3 r l 

Depth (m) 
Bit Thermistor 

61 
61.5 

62.0 

62.5 

91.44 
92.0 

92.5 

Interval heal flows 
62-92 m 
62.5-92.5 m 

Leasl-squares intervals 
30-56 m 

60-102 m 

Penetration 
(m) 

1.65 

1.16 

Temperature 

Probe 

16.162 

16.175 

16.213 

18.281 

19.167* 

CO 
Log 

16.241 

16.272 

16.302 

18.266 

18.300 

Crad lent 
CC/km) 

Probe 

26 

75 

51 

1800 

1800* 

70.2 
98.5 

Log 

58 

65 

66.5 
66.6 

93.5±0.2 

66.1 ±0.2 

Conductivity 
(HCU) 

2.90 

2.85 

2.45 

2.72 

2.63 

2.85 

2.74 

2.73 
2.73 

2.0? 
2.73? 
2,73*0.02 

Besl value 

Heal flow 

Probe 

1.39 

-49* 

1.92 
2.69 

(HFU) 
Log 

1.58 

1.78 

1.82 
1.82 

1.87 
2.55 

1.80*0.02 

2.6 

"$' 
?. 

• ^ 

k 

1 
• i - : 

i 

L', 

X 
j y 

\ S 

• ^ m 

*See Figures 10 and 11 and discussion in Ihe lexl. 
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licr I. Since Ihere is no change in l i lhology bciween llic upper and 

lower parts o f Ilic hole, i l .seems more probable ihal llic dr i l l 

opened a channel below —60 m between Iwo inlcrvals with a slighi 

head difference, and ihai water has been moving downward in the 

annulus since ihal l ime; lhis despite Ihc fact thai Ihc annulus be­

tween casing and wal l in Ihe anomalous seelion o f lhe hole was 

apparenily grouted off(see lemperalure log f o r 9 / 3 0 / 7 8 . Figure 10). 

This explanation mighl be applicable lo olher areas in wh ich , 

wi ih in an apparenily uni form l i lho logy, an abrupt change in 

lemperalure gradienl is observed. 

SUMMARY AND CONCLUSIONS 

A downhole probe capable o f preci.se delerminaiions o f forma­

lion lemperalure and ihermal conduci iv i iy and rough eslimaies of 

the Ihemial gradient over I m can be inserted through a dr i l l b i i 

inlo unconsolidaled sedimenis, act ivaled, and removed in Ihe t ime 

normally taken for a coring m n . T w o or more penetrations o f Ihe 

probe provide a heat flow determinalion comparable in accuracy 

10 a conventional heal flow measuremcnl w i lhou l Ihe necessily o f 

casing Ihe hole or relogging i i after complet ion o f dr i l l ing . The 

heat flow delemiinal ion is made during Ihe dr i l l ing process; thus, 

Ihere is no l ime delay in obtaining data, no surface hazard asso­

ciated wi th protmding casing, and no opportunity for unauthorized 

enlry to boreholes in sensitive or competi t ive prospects. Because 

Ihe hole need nol be cased, grouted, or visited repeatedly, the tech­

nique also is very cost effective. The components necessary for a 

downhole probe sysiem (described in detail by Sass et a l , 1979) 

can be assembled and added lo a preexisting digi tal lemperalure-

logging system at a modest cosl ( in Ihe neighborhood o f $2,000 lo 

$3,000 al 1980 prices). 

Useful information was obtained in all 29 mns in the present 

sludy, demonstrating the robustness and Ihe rel iabi l i ty o f the equif)-

ment. In one hole, data obiained wi th Ihe downhole probe pro­

vided evidence that the dr i l l ing process allered Ihe thermal regime 

locally by permi l t ing vertical waler movement even though the 

casing was grouted in . 

Many prospectively important geolhermal systems are located 

within or adjacent lo the al luvial and lacustrine sedimentary for­

mations o f Ihe westem United Slates. Using the technique out­

lined in this report, it should be possible lo obtain 4 or 5 probe 

mns per day lo deplhs o f between 50 and 150 m in these forma­

tions, thus a l lowing Iwo high-qualhy heat flow dala or several 

reconnaissance heat flow eslimates per day. Even i f the field con­

dilions and prograin objcclives call for casing ihc wells, lhe reliable 

delerminaiions in silu o f ihcrmal c i inducl iv i iy and lhe real l ime 

csliiiKilcs of heal l low make ihc downhole probe a valuable adjunci 

10 Ihe slandard approach. 
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In-situ determination of heat flow in unconsolidated sediments 

J. H. Sass,* J. P. Kennelly, Jr.,* W. E. Wendt,* T. H. Moses, Jr.,* and J. P. Ziagost 

Subsurface Ihermal measurements are Ihe mosl effective, least ambiguous tools for locating geothermal resources. Measurements of 
thermal gradient in the upper few tens of meters can delineate the major anomalies, but it is also desirable lo combine these gradienis wilh 
reliable estimates of thermal conductivity, to provide data on the energy flux and lo constrain models of the heal sources responsible for 
the anomalies. Problems associated with such heat flow measurements include the economics of casing or grouting holes, the long waits 
and repealed visits necessary to oblain equilibrium lemperaiure values, the possible legal liability arising from disturbance of aquifers, the 
hazards presented by pipes protruding from the ground, and the security problems associated with leaving cased holes open for periods of 
weeks lo monihs. 

We have developed a technique that provides reliable real-time determinations of temperature, thermal conductivity, and hence, of 
heal flow in unconsolidated sediments during the drilling operation. Temperature, gradient, and thermal conductivity can be measured 
in one operation in 1 hour using along (1.5 to 2 m) thin (6-mm diameler) probe containing three thermistors 0.5 or 0.15 m apart in its lower­
most 1.2 m. The probe is driven hydraulically through Ihe bit up to 1.65 m inlo the formalion, and a 20- to 25-minute lemperalure record 
is obiained for each thermistor, allowing calculation of the equilibrium lemperature gradienl. A line source healer is then switched on and 
a 10- to 15-minule temperature record is obtained, allowing calculation of thermal conductivity. Two or three such experiments over the 
depth range of 50 to 150 m provide a high-quality heat flow determination al costs comparable to those associaied wilh a standard cased 
gradient hole to comparable depths. The hole can be backfilled and abandoned after drilling, thereby eliminating the need for casing, grout­
ing, or repeated site visits. 

INTRODUCTION 

Many ofthe alluvial and lacustrine valleys of Ihe westem United 
Slates have potential for the exploitation of geothermal energy. 
Of the various exploralion techniques available, heal flow drilling 
is the mosl direct and the least ambiguous, and exploration pro­
grams involving drilling pattems of holes to depths of belween 10 
and 500 m are common in geothennal prospecting. Thennal 
gradienis alone generally are sufficient for discovering and de­
lineating thennal anomalies. However, if the thermal conductivity 
can be characterized, Ihe lemperature gradienis can be.conyerted 
lo heal flow eslimates, which, in tum, provide valuable infor­
mation concerning the energy budget and can be used to constrain 
hypotheses on the ultimate sources of the anomalous heal (e.g., 
Lachenbmch and Sass, 1977; Mase el al, 1978; Olmsted el al, 
1975; Ward el al, 1978). 

One of the major problems in.obtaining useful daia on the 
Ihermal conductivity of unconsolidated sedimenis is the high cost 
and difficulty of recovering suitable core samples. In many 
prospects, repeated attempts produce little or no core, and what 
little is recovered may not be representative of the formation. 
Even when extreme care is taken in handling samples, ineversible 
changes in their mechanical properties may occur before the con­
ductivity determinations can be made. The conductivities of the 
solid component can be measured on drill cuttings, but reliable 
values of porosity are necessary to convert these dala inlo mean­
ingful estimates of formation conductivity. 

Another problem in the highly competitive geothermal explora­

lion industry is the security of cased thermal test wells. These 
holes must be left for at least a few days, and preferably for sev­
eral weeks to monihs, to allow the thermal disturbance introduced 
by the drilling process to subside. During this period, the hole 
can be entered easily, and "midnight logs" can be made by un­
authorized people. A hole lhat has been left open for a few days 
to weeks may become artesian, leading to surface damage and 
contamination of aquifers. Pipes left standing above the ground 
on playa surfaces may also present a hazard to vehicles. 

We describe a downhole heat flow probe which eliminates 
most of the problems outlined above. It gives satisfactory deter­
minations of bolh temperature gradienl and ihermal conduciivity 
and hence of heat flow, in unconsolidated sediments, essentially 
in real time. Because formation temperatures are measured below 
Ihe bit during the drilling operation, the hole need not be cased 
and can be backfilled immediately upon cessation of drilling. 
Thermal conductivities are measured in situ so that mechanical 
disturbances to the formation are kept to a minimum. 

The first comprehensive field trials of the sysiem were held in 
the Black Rock Desert (Figure 1) near Gerlach, Nevada, during 
Seplember, 1978. Holes were drilled in fine-grained unconsoli­
dated Pleistocene or Holocene lake sediments, typically rich in 
clay, with some sandy layers a few centimeters thick. The re­
sults from 29 probe mns in 12 holes (GRA through GRK and 
GRZ, Figure 1) are described herein and compared with con­
ventional determinations of gradient, conductivity, and heat flow. 

The following symbols and units are used: 

3 
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F I G . 1. Geologic sketch map of Geriach area showing the locations of test wells. Geology and faults generalized from Willden, 1964; Bonham, 
1969; Olmsted et al, 1975; and Keller and Grose, 1978. " - " 

T = temperature (°C) , 
t = time (seconds). 

K = thermal conductivity (1 HCU = 
1 m c a l c m ' ^ s ' ^ - C " ' 

= 0.418 W m - * K - ' ) , 
q = heat flow (1 HFU = 10"® 

eal cm"^s" ' = 41.8 mWm,"^), 
Temperature gradient = °C km"^ = mKm"', ^ ' 

Pressure = 1 kPa = 0.145 psi. 

GENERAL DESCRIPTION OF THE SYSTEM 

Figure 2 illustrates Ihe essential features of a downhole probe 
test. The probe is basically 2.13 m of heat-treated 52100 grade 
sleel, 6.4 mm OD and 3.2 mm ID. It contains three ihermislors: 
Ihennislor 1, 0.15 m; thermistor 2, 0.65 m; and thermistor 3, 
1.15m above the lip. (A shorter version for use in stiffer materials 
has the ihermislors in the tip, 0.15 and 0.3 m above it, respec­
tively. It was developed subsequent to the trials described here.) 
A loop of healer wire and four thermistor leads, all mutually in­
sulated and enclosed in heat shrinkable tubing, are placed in the 
steel lube, and the voids are filled wilh molten woods melal. The 
woods metal expands slightly on freezing, thereby facilitating 
thermal contaci among heater, thermistors, and probe wall. The 
switching instmmentalion is attached al the top of Ihe probe, and 
the entire probe is mated lo the 3/16-inch (4.8 mm) OD four-
conductor armored logging cable by means of an oil field type 
well logging cablehead. 

Al the_depth selected for the lest, the driller thickens the mud 

— Marker I I 1.65 m 
ibrntpnOntn 

F I G . 2. Schematic diagram of field setup for downhole probe 
experiment. 
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TEMPERATURE 

TIME, S E C . 

Fic. 3. Temperature-time graph obtained during and after complete 
penetration of Ihe downhole probe in hole GRE. Solid lines connect 
discrete temperaiure observations at 20-second intervals. Num­
bers refer lo probe thermistors (1, lowermost). Thermistor 1 is 0.15 
m, thermistor 2, 0.65 m, and ihermislor 3, 1.15m above the lip. 
In ihis case, the drilling fluid is several degrees warmer Ihan the 
formation. 

column and circulates for a few minutes lo flush the cuttings out 
of the hole. The bit is then placed on bottom, and a wireline pack-
off assembly is connected to the drill string just above the rotary 
lable. The probe is lowered into the drill stem until Ihe pislon on 
the driving mechanism ("pusher") enters Ihe smooth-bored drill 
collar immediately above Ihe bit (Figure 2; also Appendix C, Sass 
el al. 1979). The hydraulic pump on the logging Imck then is 
activaled, delivering waler from an — 150-liler capacity lank to the 
drill column. Al the same time, the pack-off pump is used to 
tighten the packer assembly (Figure 2) to the point where only a 
small amounl of fluid is leaking out ofthe lop ofthe pack-off. The 
pusher portion of Ihe pislon consists of a series of ball bearings 
which roll up a ramfied sleeve and compress the outer wall of the 
probe when pressure is applied lo the drill column, allowing the 
pislon lo drive the probe into the formation. When the cable moves 
downward a few centimeters, the waler pressure is released to 
allow the retum springs to moye the pusher up the probe and the 

column is pressurized again. This process is repeated until 1.65 m 
of peneU'ation is achieved or until the pressures approach the me­
chanical strength ofthe probe (—15,000 kPa). During this period, 
the electrical resisiance of each thermistor is monitored al 20-
second intervals and converted to temperature by the data-reduction 
program. The temperature-time data are stored on magnetic tape, 
and a graph similar lo lhat shown in Figure 3 is generated in real 
time by the digital x - y plotter. The passive temperature record 
is mn for 1500 seconds, typically allowing 1000 lo 1200 seconds 
for the decay of the thennal transient resulling from Ihe friction 
belween probe and formalion. This time inlerval is not nearly 
sufficient to achieve thermal equilibrium, but when a smooth 
record is obiained (as in Figure 3), Ihe data may be extrapolated 
to equilibrium values in a manner similar to that employed for 
the Bullard lype of oceanic heal flow probe (Bullard, 1954; 
Langseth, 1965). One simple extrapolation scheme involves 
plotting lemperalure (T) as a function of 1 / / (see Table 1, Lachen­
bmch and Brewer, 1959) where t is the elapsed lime reckoned 
from approximately Ihe midpoini ofthe penetration interval (about 
225 seconds for Figure 3). This reduclion is illustrated in Figure 4 
for the corresponding curves in Figure 3. For time / large relative 
to the time laken to penetrate the formalion, the curves should be 
linear, and indeed they are (Figure 4). Note also that even though 
the final measured lemperaiures are in reverse order (i.e., thermis­
tor 3 hotter Ihan 2 hotter than I), the extrapolation to 1/f = 0 
provides (at least qualitatively) the expected increase in tempera­
ture wilh depth. 

Upon completion of the passive temperature mn (Figure 3), a 
constant current of aboul 100 mA is applied lo the heater loop, 
Ihe specific resistance of which is about 700 fim"*. The heal input 
to the formalion is thus about 7 watts per meter of probe length. 
Represenlalive temperature-log lime curves are shown in Fig­
ure 5. The differences in temperature among the three thermistors 
are the result of differences in contact resistance between the heater 
and probe wall. The temperatures plotted in Figure 5 are not cor­
recled for the rate of downward drift resulting from the decay of 
the Ihermal transients associated wilh frictional heating during 
penetration. This drift rale was calculated at the midpoint of the 
conductivity mn (f = 2000 sec) from the slopie of the 7"-versus-1 / t 
lines (e.g.. Figure 4) and a coneclion was applied lo the observed 
tem[)eralurc. This resulted in a small but significani increase in the 
slope of the T-versus-log t line (e.g.. Figure 5). Consequently, 

--'.if^ -, 

' % j 

TEMPERATURE w < u a LOG TIME 

I /TIME"I8-3,SEC--I 

FlG. 4. Temperature-versus-1/time for the probe test shown in 
Figure 3. The time origin relative lo Figure 3 is 225 sec. 

FIG. 5. Temperature-versus-log time data for conductivity mn 
conesponding to Ihe downhole lest shown in Figure 3. 
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Table 1. Summary of downhole probe experiments, Hole CRF, Black Rock Desert, Nevada. 

79 

Depth (m) 
Bii 

61 

121.9 

Interval heal 
62-123 m 

Least-squares 
42-83 m 
84-126 m 

Themiislor 

61.5 

62.0 

62.5 

122.4 

122.9 

123.4 

flow 

intervals 

Penetration 
(m) 

1.65 

1.65 

Tempera 
(°C) 

Probe 

16.241 

16.272 

16.321 

21.627 

21.665 

21.721 

ure 

Log 

16.258 

16.303 

16.332 

21.656 

21.703 

21.752 

Gradienl 
CC/km) 

Probe Log 

62 

98 

80 76 

113 

76 

95 95 

88.7 89.0 

74.4+0.3 
92.5±0.2 

Conductivity 
(HCU) 

2.69 

2.70 

2.70 

2.41 

2.39 -

2.44 

2.41 

Mean 

2.55 

2.70+0.01 
2.41+0.02 

Best value 

Heal flow 
(HFU) 

Probe l-og 

2.16 2.05 

2.29 2.29 

2.23 2.17 

2.26 2.27 

2.01 ±0.02 
2.23±0.02 

2.2±0.1 

there was a decrease of 1 lo 5 percent in the conductivity which is 
calculated from Ihis slope based on 

T{t) = — Int -I- 0 ( - ) (1) 

where Q is Ihe rale of healing and K, the thermal conductivity 
(Lachenbmch, 1957; Jaeger, 1958; Von Herzen and Maxwell, 
1959). The terms of lhe order of 1 / t become unimportant in equa­
tion (1) within two minutes for this probe, and sufficient re­
dundancy pf dala is achieved after a few hundred seconds (Fig­
ure 5). Upon completion of the conductivity test, the probe is re­
moved by raising the entire drill string until the probe is completely 
oul of Ihe formation. Thereafter, Ihe probe is raised lo the surface 
by reeling in the cable and drilling is resumed. 

In the first few holes, many probe tests were performed and cores 
were obtained lo provide comparisons wilh in-situ determinations 
of thennal conduciivity. As Ihe sludy progressed, however, we 
dispensed wilh coring and settled oh a scheme whereby probe 
tests were made at deplhs of 61 and 91 m (200 and 300 ft). Total 
time required for insertion, 25-minule drift test, 10- to 15-minute 
conductivity lest, and retrieval of the probe was aboul an hour, 
or roughly the time required for a coring trip at Ihese depths. At 
one site (GRF, Table 1), we established that the probe would 
penetrate fully at -120 m (400 ft). 

COMPARISON OF DOWNHOLE PROBE RESULTS 
WITH CONVENTIONAL MEASUREMENTS 

Introduction 

Comparisons belween probe and conventional determinations 
of lemperaiures, gradients, and thermal conductivities are shown 
in detail in Appendices A and B of Sass el al (1979). In Ihis sec-
lion, we discuss briefly Ihe various comparisons and some of their 
implications. The statistics for Ihe relation y = Ax (where y is 
the probe value and x Ihe value derived from conventional mea­
surements) are shown in Table 2. Some individual comparisons 
are made in Tables 1,3, and 4. For these tables, the firsl three 

_ columns give reference deplhs; the first gives the approximate 
depth reached by the bit before the experiment began. The second 
column refers to the depths of the probe thermistors assuming 

that the bit depth is accurate. Actually, because of shifting refer­
ence levels on the rig relative to the ground surface, the accuracy 
of the bit-depth estimate is probably no belter than ±0.3 m. 
Temperalures obiained from linear extrapolation of the tempera-
lure-versus-1/time curves (see Figure 4) are compared with those 
obtained from the most recent temperature logs in columns 4 and 5, 
and comparisons among other quantities are presented in the re­
maining columns. The bottom segments of these tables have 
comparisons between heal flow ("inlerval heat flows") over 
intervals of several tens of meters determined from downhole 
measiirements and from subsequent conventional lemperalure 
measurements in the cored holes. Ttiey also show heat flow esti­
mates obiained by multiplying least-squares gradients from the 
conventional lemperature log by the harmonic mean ihermal 
conductivity over the designated least-squares intervals. 

Thermal conductivity 

Cores conesponding lo the deplhs of the probe tests were ob­
tained in hole GRZ (the first drilled); then in GRA, GRB, and 
GRC (Figure 1). Al Ihis stage, we were satisfied that Ihe down-
hole conductivities were, in fact, comparable to those obtained 
wilh a needle probe on core, and coring was discontinued (see, 
for example, the comparison belween conductivities, columns 8 

Table 2. Coefficients ofthe least-squares regression liney = Ax for the 
comparison between thermal parameters derived from downhole probe 
measurements (y) and Ihose (x) determined by conventional methods.* 

Parameter 

Conduciivity 
Temperaiure 
One-meter gradienis 
Heat flow (1-m) 
Heat flow 

(neighboring probe runs) 

•"Equilibrium" temperaiure logs for temperalures and gradients: needle-
probe determinations on core for thermal conductivity. 

Correlation 
coefficient 

0.96 
1.00 
0.99 
0.99 

1.00 

A 

1.05 
1.00 
0.94 
0.96 

1.02 

rms 
residual): 

0.12 HCU 
0.04°C 
5.6°C/km 
0.13 HFU 

0.05 HFU 

"M 

' I 

+r N , 1 

Z (.V,-- Ax,-)V(A/- 2) 
• - l - l -I 
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ICCcor.J.HCU 

FIG. 6. Comparison between average downhole probe con­
ductivities over 1 m and the corresponding averages for 3 to 6 
needle-probe determinations on core. |See Appendix B, Sass et al 
(1979) for details.) 

2 2S 

FIG. 7. Formation temperatures (°C) deduced from downhole 
probe tests versus temperature al the same depth from Ihe mosl 
receni temperature log. 

Table 3. Summary of downhole probe experiments. Hole GRA, Black Rock Desert, Nevada. 

Depth (m) 
Bll 

30.5 

67.10.4. 

91.44 

Thermistor 

31.0 

31.5 

32.0 

67.6 

68.1 

68.6 

91.7 

92.2 

92.7 

Interval heal flows 
32-69 w 
69-93 m 
32-93 m 

Lcasi-squarcs 
20-40 m 
61-103 m 
30-103 m 

inlcrvals 

Penetration 
(m) 

1.65 

1.65 

1.40 

Temperature 

Probe 

13.596 

13.628 

13.672 

16.126 

16.151 

16.200 

18.257 

18.281 

18.288 

CC) 
Log 

13.582 

13.620 

13.667 

16.125 

16.168 

16.205 

18.229 

18.226 

I8..307 

Gradienl 
(°C/km) 

Probe 

64 

88 

76 

50 

98 

74 

48* 

15* 

32* 

66.6 
86.6 
76.1 

82.8+0.4 
85.8+0.2 
76.2+0.3 

Log 

85 

80 

78 

69.3 
87.2 
76.4 

Conductivity 
(HCU) 

Probe 

1.96 

2.03 

2.03 

2.01 

2..10 

2.24 

2..15 

2..W 

2.23 

2.23 

2.21 

2.22 

2.15 
2.26 

.2.18 

1.91 
2.23 
2.11 

Best value 

Core 

1.83 

1.82 

1.82 

1.82 

2,31 

2.24 

2..10 

2.28 

2.10 

2.21 

2.08 

2.13 

Mean 

2.05 
2.20 
2.08 

+0.1 
£0.04 
t0.08 

Heat flow 
(HFU) 

Probe Log 

1.54 1.55 

1.70 1.82 

(0.7)* 1.66 

1.62 1.68 

1.43 1.42 
1.96 1.92 
1.66 1.59 

1..58+0.09 
1.91+0.04 
1.61+0.07 

1.7+0,2 

,rr 

. # 

'Eleclrical noise in record. Excluded from means. 
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FIG. 8. Temperaiure gradients (°C/km) over 1 m from downhole 
probe experiments versus those detennined from the most recent 
temperaiure log. 

and 9, Table 3). The scatter is fairiy small (Figure 6). The coeffi­
cient of correlation is 0.96, and downhole probe conductivities 
are systematically higher than ihose measured on core by aboul 
5 percent (Table 2). We attribute this difference to slight stmc­
tural changes in Ihe core caused by the removal of the core from 
its environment, and thus we prefer the downhole values (suffi­
cient conductivities were measured along the axis of the core to 
confirm ihal Ihere was no measurable anisotropy). The most strik­
ing example of physical changes occuned in Ihe core from 30.5 
Io 32 m in hole GRA (Table 3). When a hole was drilled inlo 
Ihe wall of Ihe core liner to allow access for the needle probe. 
Ihere was a pop and a muddy slurry was extmded from the core. 
We see in this instance (conductivity columns. Table 3) lhat 

Of 

a. 

needle-probe conductivities are systematically lower than in-situ 
values by aboul 10 perceni al this depth. 

Formation temperalures 

Temperalures obtained from all probe mns by leasl-squares 
extrapolation of the later parts of the T-versus-1 / t fines (generally 
for the lasl 200 to 300 seconds) are plotted againsi temperatures 
at the same depth from the most recent temperature log in Fig­
ure 7. The correlation is excellent (Table 2), and the value for A 
of I .(X) tends to confirm our suggestion (Appendix B, Sass el al. 
1979) that Ihe temperaiure differences are random and are caused 
primarily by the uncertainties in depth measuremenl that can re­
sult in a maximum enor of up lo 0.1°C. 

Gradients over one meter 

The largest source of uncertainty in obtaining gradients over a 
1-m interval results from the —0.01°C resolution in relative 
temperatures between thermistors. Even Ihough 'individual 
thermistors were calibrated to within a few millidegrees and'ihe 
drift rale of each thermistor calibration is slow, small and unpre­
dictable changes in calibralion do occur. Calibrations were 
checked in the field by comparing each thermistor -to a single 
thermistor mounted in a lagged aluminum cylinder."" Departures 
(usually a few millidegrees) from calibralion were noted and in­
cluded in the lemperature reduction part ofthe program'so lhat all 
thermistor lemperaiures were relalive to a common datum. Even 
with these procedures, our maximum possible error'inthe gradient 
over 1 m is ±20''C/km, clearly not accurate enough for single 
point determinations of regional heat flow, but cert.ainly sufficiently 
sensitive to delineate Ihe type of anomaly as.sociated with possible 
sources of geothermal energy. 

Allhough there is a fairiy large scatter (Figure 8), 1-m gradients 
from the probe experiments conelate very well with those deter­
mined from least-squares fits lo the six poinls from the most receni 
temperature log spanning the 1.5-m inlerval penetrated by the 
probe (Table 2). Only results from complete" pi^nctrations were 
u.sed in this comparison. Where only Iwo Ihermislors entered Ihe 
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FIG. 9, Hcai flow (HFU) over intervals of between 6 and 60 m deter­
mined bciween neighboring downhole probe mns versus heal flows 
determined over the same intervals from conventional temperaiure 
logs. 

FIG. 10, Temperatures measured ai 0.3-m intervals on dales in­
dicated (solid lines) in hole GRG. and downhole probe measure­
ments made during drilling (open circles). Elevated temperatures 
on Ihe earlier log indicaic the inlerval in which Ihe annulus is 
filled wilh cemeni grout. Numbers beside circles refer lo probe 
thermistors (1 lowermost). The well was drilled on September 27, 
1978. Dashed line represents an exlrapolalion of the upp)er portion 
of Ihc profile (between - 3 0 and 60 m). 
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FIG. 11. Penetration record for downhole probe mn in Hole GRG, 
91 m. Numbers refer lo probe thermistors (1 lowermost). Lines 
at lower left are continuations of Ihe original decay curves 
do = 1600 sec). 

formation, Ihe scatter was much greaier. This should be expected, 
as we are attempting to measure the gradient over only 0.5 m 
and commonly the temperature of the second thermistor is affecied 
by the invasion of drilling fluid. 

Heat How 

Since, in most instances, the downhole conduclivilies were used 
for bolh the probe and conventional heal flow eslimates over 1 m, 
the same comments as those made wilh respect to Ihe 1-m gradienl 
determinations apply lo Ihe one-m heat flow determinations. 
Anolher approach lo heat flow determinations involves comput­
ing gradients and mean thermal conductivities over one or more 
intervals belween probe mns ("Inlerval heal flows" column. 
Tables 1, 3, and 4). When intervals of a few tens of meters are 
used, the uncertainties due to reference levels and the enors of 

±0.01 °C in relalive lemperaiures become negligible. Only onej 
thermistor need penetrate Ihe formation for each mn, a require-j 
ment that was mel in every trial. The inlerval approach is man-' 
dalory when Ihe short probe (all three thermistors in the lowermost,? 
0.3 m) is used. Wilh one exception, the heal flow estimates over! 
the larger intervals agree very well with those calculated from the-i 
mosl receni temperaiure log (Figure 9). The one exception, hole'̂  
GRG (Figure 10 and Table 4), suggesis that Ihe downhole probe^ 
may be the superior technique quite apart from its other advantages.-''-

For Ihe probe lest at 91 m in GRG, only Iwo ihermislors pene-; 
trated well inlo the formation (ihennislor 3 was perhaps 2 cm, at.' 
mosl 5 cm below the bit). When drilling resumed, Ihe driller re­
ported a hard sandy stringer a few centimeters thick just below 
61 m. Maximum pressures and a long time (—1000 sec) were re­
quired lo get the probe into the formation. From Ihe penetration 
record (Figure 11), thermistor 1 had repealed episodes of fric­
tional healing, whereas Ihe lemperalure of thermistor 2 dropped 
immediately as it entered Ihe formation with a cooling curve quite 
different from either 1 or 3. Thermistor 3 was barely in and its 
decay curve was probably affected by interaction wilh the drilling 
fluid. It is curious and probably nol coincidental that the extra­
polated equilibrium temperature for thermistor 1 lies on the ex­
tension of Ihe very smooth profile in the upper 60 m (Figure 10), 
whereas that for thermistor 2 lies precisely on the most receni 
lemperature log, which is quite irregular below 60 m. If we interpret 
the 1-m heal flow al 61 m and the interval heal flow (62-92 m) for 
thermistor 2 literally (Table 4), theri we anive al a mosl likely 
value of belween 1.4 and 2 HFU for Ihe heat flow. To reconcile 
Ihis with the observed gradienl of >90°C/km above 60 m, we must 
assume an implausibly low ihermal conduciivity of —2 HCU for 
Ihe upper part of the hole (see "Least-squares intervals" column. 
Table 4). If, on Ihe olher hand, we assume lhat the conductivities 
measured al 61 and 91 m are representative of the entire hole and 
Ihal, below 60 m, the hole is disturbed, then our preferred heat 
flow will be about 2.6 HFU, about 30 percent higher than that 
obtained from the literal interpretation and consistent with the 
interval heat flow (62.5-92.5 m. Table 4) for thermistor num-

m 

Depth (m) 
Bit Thermistor 

61 

61.5 

62.0 

62.5 

91.44 
92.0 

92.5 

Interval heat flows 
62-92 m 
62,5-92,5 m 

Leasl-squares intervals 
30-56 m 

60-102 m 

Table 4. Summary of downhole probe experiments, Hole GRG, Black Rock Desert, Nevada. 

Penetration 
(m) 

1.65 

1.16 

*See Figures 10 and 11 and discussion in Ihe lext. 

Temperaiure 
CC) -

Probe Log 

16.162 16.241 

16.175 16.272 

16.213 16.302 

18.281 18.266 

19.167* 18.300 

Gradient 
(°C/km) 

Probe 

26 

75 

51 

1800 

1800* 

70.2 
98.5 

93.5±0.2 

66.1+0.2 

Log 

58 

65 

66.5 
66.6 

Conduciivity 
(HCU) 

2.90 

2.85 

2,45 

2,72 

2,63 

2.85 

2.74 

2.73 
2.73 

2.0? 
2,73? 
2.73+0,02 

Best value 

Heal'..flow 
(HFU) 

Probe 

1.39 

-49* 

1.92 
2.69 

Log 

1.58 

1.78 

1.82 
1.82 

1.87 
2.55 

1.80+0.02 

2.6 

" • r 

' " ' } 

-;z 
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ber I. Since-there is no'change in lithology between the upper and 
lower parts df the Hole, it seems more probable that the drill 
opened'a channel below —60 m between t\yo intervals with a slight 
head differerlce, and that water has been moving downward in the 
annulus since that time; this despite the fact that the annulus be­
tween casing and wall in the anomalous section of the hole, was 
apparently.grouted off (see temperature log for 9/30/78, Figure 10). 
This explanation might be applicable to other areas in which, 
within an apparently uniform lithology, an' abrupt change in 
temperature gradient'is observed. 

SUMMARV AND CONCLUSIONS 

A downhole probe capable bf precise detenninations of foimia-
tion temperature and therrnal conductivity and rough estimates of 
the thermal gradient over 1 m can be inserted through a drill bit 
inio unconsolidated sediments, activated, and removed in the time 
normally taken for a coring mn. Two or more penetrations of the 
probe provide a heat flow detennination comparable, in accuracy 
to a conventional heat flow measurement without the necessity of 
casing the hole or relogging it after completion of drilling. The 
heal flow deterrnination is made during the drilling process; thus, 
there is no time delay in obtaining-data, no surface^ hazard asso­
ciated with protmding casingi and no opportunity for unauthorized 
entry to boreholes in sensitive or competitive prospects. Because 
the hole need not be cased; grouted, or visited re{Katedly, fhe tech­
nique also is very cost effective. The components necessary for'a 
downhole probe system (described iii detail by Sass etal , 1979) 
can be assembled and added to a preexisting digital temperature-
logging system at a modestcost (in the iieighborhood of $2,()(K), to 
$3,(X)0 at 1980 prices). 

.Useful infonmation was obtained in all 29 mns in the present' 
study, dernonstrating the robustness and the reliability of the equip­
ment. In one hole,.data obtained with the downhole probe pro­
vided evidence that the drilling process altered the'thermal regime 
locally by permitting vertical wafer movement even though the 
casing was grouted in. 

Many prospectively important gebthermal'systems are located 
within or adjacent to the alluvial and lacustrine sedimentary for­
mations of the westem United States, Using the. technique out--
lined in this report, it should be possible to obtain 4 or 5 probe 
mns per day to depths^of betweeri 50 and 150 m in these forma­
tions, thus allowing two high-quality heat flow data or several 
reconnaissance-heat flow estimates per day. Even if the.field con­

ditions and program objectives call for casingthc wells, the reliable 
determinations'in situ of thermal conductivity and the real time 
estimates of heat flow makethe downhole probe a valuable adjunct 
to the standard approach. 
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i^4^ 
ON SHALLOW-HOLE TEMPERATURE MEASUREMENTS— 
A TEST STUDY IN THE SALTON SEA GEOTHERMAL FIELD 

T I E N - C H A N G L E E * 

Shallow-hole (<13 m) temperature measure­
ments made at various depths and/or times may 
yield reliable values of geothermal gradient and 
thermal diffusivity if the groundwater table is 
shallow (a few meters) such that the effect of time-
dependent moisture content and physical proper­
ties is negligible. Two numerical methods based 
pn nonlinear least-squares curve fitting are de­
rived to remove the effect of annual temperature 
wave at the groiind surface. One method can pro­
vide information on the gradient and diffusivity as 
a function of depth while the other gives average 
value over the depth interval measured. 

Experiments were carried in six test holes cased 
with 2 cm OD PVC pipes in the Salton Sea geo­

thermal field. A set of 5 to 7 thermistors was 
permanently buried inside the individual pipes 
with dry sand. Consistent gradient determinations 
have been obtained with both numerical methods 
from six monthly observations. By linearly ex­
trapolating the depths to the IOO°C and 200*'C 
isotherms from the calculated gradiehts and mean 
ground temperatures^e have found §ood agree­
ment with the nearby deep-well data for four 
holes. Discrepancy is found for two holes, one of 
which is located near the field of COa mud vol­
canoes and the other near the volcanic Red Hill, 
reflecting complicated local hydrologic condi­
tions. 

INTRODUCTION 
Heat-flow measurements on land are usually 

made in boreholes deeper than 30 m. in order to 
avoid the influence of annual temperature varia­
tion on the ground surface. Water-filled holes are 
preferred to the air-filled holes for better thermal 
contact between the temperature sensor and the 
surrounding rocks. Here we present two mathe­
matical methods to find geothermal gradient from 
temperature measurements made within the depth 
range which is penetrated by the annual temper­
ature wave; and we report the results from six test 
holes located in the Salton Sea geothermal field 
(Figure 1) where the groundwater table is I to 2 
m below the ground surface. 

Shallow-temperature measurements have been 
used to locate and delineate near-surface geologic 
structures. However, interpretations of the data 
are often inconclusive. Most debates focus on 
how the raw data are obtained and how they are 

reduced to useful formats. Successful case his­
tories have been reported by Poley and Van Ste-
venick (1970) for outlining salt domes, by" Carr 
(1966) for finding gravel deposits within a clay till, 
and by Birman (1969) for groundwater explora­
tion. The measurements were made usually below 
one skin-depth (~l.5 m) pfthe diurnal solar tem­
perature wave! A set of data is routinely col­
lected within a shprt time span (1-2 weeks) in 
order to avoid appreciable temperature change 
from the annual solar temperature wave which 
has a skin depth ~20 m. These "contempo­
raneous" data may reflect the difference in ther­
mal conductivities and, thus, geologic structures. 
The target thermal anomaly is 1 - 2°C with an 
error ^ 0.2°C as estimated by repeated measure­
ments due to air temperature fluctuation in the 
shallow drill hole and poor thermal contact be­
tween the temperature sensor and wall rocks. 
Since the normal geothermal gradient is around 
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to De toieraiea ior grauicm <iiiu/ui nv^ai-nun mva-
surements. The resolution of temperature sensors 
and precision of depth estimates necessitate 
gradient measurement be made preferably at 
depth intervals greater than 1 m. No reliable heat-
flow measurements have been reported for drill 
holes <2 m deep, except in deep sea environments 
where thei-e are nearly isothermal bottom waters 
and the sedimentation or erosion rates are small. 

The feasibility of using shallow-hole (<20 m) 
temperature measurements to deduce deeper geo­
thermai gradient has been appraised by Lovering 
and Goode (1963). If the thermal diffusivity of 
rocks is khoWn, they can use the graphical method 
to calculate the gradient from two sets of mea­
surements made at sufficiently separated times. 
On. the other hand, if the diffusivity is unknown 
but the temperature on ground surface as a func­
tion of time or the times when Jhe temperature 
reaches the annual mean temperature are known, 
the gradient and diffusivity can be estimated in 
situ. Either apprPach requires prior knowledge of 
the ground temperature characteristics or rock 
property, and an uneconoriiically large time span 
of observation. Furthermore, graphical solutions 
obtained from sparsely spaced data can hardly 
exclude personal bias. 

The methods presented in this study are based 
on a nonlinear least-squares fitting and requires 
no prior knowledge ofthe thermal diffusivity and 
the surface temperature as a function of tirne. A 
by-product of the methods is a means to estimate 
in-situ thermal diffusivity. Parasnis (1974) has 
used an iteration scheme to calciilate in-situ diffu­
sivity. His method requires an initial guess on the 
values of foiir parameters and neglects geothermal 
gradient in the calculation. Since the objective df 
this study is to find the geothermal gradient, dif­
ferent procedures are needed. 

MATHEMATICAL FORMULATION 

Suppose that the earth within a small area can 
be approximated by a homogeneous half-space in 
which the temperature distribution is governed by 

dt = M (1) 

where T = temperature, / = time, ft = thermal 
diffusivity, and Z = distance with positive direc­
tion pointing into the ground. Suppose further 
that the temperature on the ground surface is 

where/c = thermal conductivity and^ = geother­
mal gradient. Then, the temperature distribution 
in the ground is 

T = T,-\-gZ. 

+ A e-^>^"'*'sin[a)(r - tg) - Zs/u/2n], (2) 

where a> is the frequency of the annual temper­
ature wave and A is its amplitude at Z = 0, andlo 
is the time when the temperature crosses its mean 
temperature (twice a year). Perturbation from this 
idealized distributidn will be discussed later. 

The gradient g is the quantity to be sought in 
the shallow-hole temperature measurements. It 
can be easily calculated if the temperature is mea­
sured at a given (/, Z), and other parameters Tg, 
A, Tg, and n are previously known. Iri practice 
these parameters are unknown and need to be 
estimated in addition to g. Since T is a nonlinear 
function of (/, Z, fi), the linear least-squares 
method cannot be used directly to find ̂  and other 
parameters. With suitable transformation of vari­
ables, however, equation (2) can be linearized. 

Direct method 
The first method requires measurements be 

made at two given depths at different times. Since 
nd assumption is made, this method is herein 
called the direct method. 

At given depth Zt, equation (2) becomes, after 
trigonometric expansion, 

Tjj = Of, + ^,xj + yiyj, (3) 

where the new parameters 

«i = 7". + g Z,, 

P̂  = A e-^.V^^ cos (w/o + Z, \ / i ^7^) , (4) 

and 

7i = -A e-^'>^=-^ sin (w/o + Z, \ / W ^ ) , 

are determined by (linear least-squares) fitting the 
dependent variable Tj,, to the "independent" vari­
ables Xj = sin u)tj and yj = cos <*)/_,, with subscript^ 
representing discrete observation times,y = I, 2, 
. . . , w (w k 4). Another set of measurements at 
depth Z(+, provides a means to calculate the 
gradient 

gi+iii = {a,+i - ai)/{Zi+x - Zl) , 

and thermal diffusivity 

(5) 



Subscript / + 1/2 indicates a quantity determined 
for the depth range from Zi to z,+,. Other parame­
ters can be subsequently obtained from (4) but are 
omitted for lack of interest here. 

One of the basic assumptions regarding the 
temperature distribution (2) is the homogeneity pf 
the medium. If temperatures are measured at 
more than two depths, any pair of data sets will 
yield values of g and n. Deviations ofthe individ­
ual g and M from their means indicate their depth 
dependencies, even for the same type of sediments 
or soils since thermal conductivity is expected to 
increase with depth owing to compaction. The 
gradient decreases and diffusivity increases ac­
cordingly with depth. More involved mathemati­
cal procedures based on multilayered models can 

a i i i ibi s u i u i i u i i ••• IIII3 s i u u y . 

Indirect method 

The second method requires temperature mea­
surements be made at more than five depths at 
one given time. It needs to scan through the range 
of all ppssibie values for one of five parameters: 
Ts, g. A, tl, and fo- Since the range of thermal 
diffusiviiy for common rocks is small (2 X lO"' to 
2 X 10"* m^sec"') as compared to other parame­
ters, it is chosen for scanning. This method is 
herein called the indirect method. 

At a given tjme tj, equation (2) becomes after 
trigonometric expansion 

Tj.t = r , + gZ, + 5x, + ey, , (7) 

where the parameters Tg, g. 

II5*39'W II5*37' 115*35' 115*33 W 

33''I2'N -

33°IO'N -

- 33*IZ'N 

33* IO'N 

1I5*39'W 115*37 115*39' 119*33W 

FIG. I. Locations of shallow holes (X) and deep wells (solid circles). Numbers refer to hole names, 
UCR-SSS-I to UCR-SSS-6 series; letters refer to well names ciled in Table 3. 



t = A COS cu(f - to) 

are determined by fitting the dependent variable 
I Tj,i to the "independent" variables Z/, 

'/ N " ^ cos (Z(\/aJ72M). 

0,00 

m 

xi = e-^' 

and 

y, = e-^t v<̂ m sin (Z, vW2^) , 

a. 
UJ 
o 
UJ 

> 
< 
- I 
UJ 
(£ 

1,83 

3,66 

5.48 

with / = 1, 2, . . . . w and m > 5. By scanning 
through the possible values of M at an increment 
of 2.5 X 10~* m^sec', a minimum in the misfit as 
indicated by the standard deviation will emerge. 
Since w = 4 gives an exact fit lo determine four 
parameters, m > 5 is needed to find the minimum. 
The fi for this minimum is taken as the weighted 
average of the thermal diffusivity in the depth 
range covered. Then the gradient g is one of the 
parameters directly determined from the leasl-
squares meihod for the chosen /x. 

A comparison of the two methods is in order. 
The indirect method has the advantage of saving 
time because it requires measurement al one given 
lime, whereas the direct method requires observa­
tions over several months. However, longer obser­
vations are indispensable for a shallow-hole tem­
perature survey in a given area in order to see 
possible temperature perturbations and to pro­
vide confidence limit on the estimated gradients. 
Direel methods give information on depth de­
pendencies but indirect method gives the weighted 
average only. 

EXPERIMENT 

To test the applicability ofthe two meihods for 
finding geolhermal gradienis we made several 
monthly observations in six shallow holes, which 
were drilled in the Salton Sea geolhermal field 
(Figure I). These holes range in depth from 7 to 
13 m, reflecting the differenl degree of difficulty in 
drilling al various places. Each hole was cased 
wilh a 3/4 inch OD PVC pipe to prevent the 
spacing of thermistors from changing during in­
stallment of the sensors. A sel of seven thermis­
tors, each housed respeclively in a 1/8 inch OD 
stainless steel lube 6 inches long, was hung per­
manently inside the pipe wilh the lead wires. The 
rest of the pipe was filled with dry, fine sand in 
order to improve thermal contact and minimize 
air conveclion inside the pipe; and bolh ends of 

7,31 

9,14 

FlG. 2. Temperaiure vs depth as a funclion of time 
near the Obsidian Bulle, UCR-SSS-1. Horizontal 
lines indicate deplhs of measurements (dashed 
line indicates a malfunctioned thermistor). Depth 
refers to the ground surface and relalive depth 

^refers to the second thermistor from the lop. 

the pipe were sealed lo keep waler from seeping 
inlo thermistor probes even though the probe has 
been shown lo be waterproof for 10 hours of 
laboratory test. The lead wires were connected to 
a terminal board outside the collar, which was 
buried ~30 cm below the ground surface. Only 
the terminal board was exposed for monthly mea­
surements. 

The thermistors used were of Fenwall GB32M2 
wilh a nominal resisiance around 2000 fi al room 
temperature (~4000 fi is recommended for fulure 
work, so that the resistance of thermistor stays 
about a few kU at borehole temperaiure of 50°C). 
The largest lead wire resistance is ~lfi, hence no 
compensation was made for il. All thermistors 
logether with their protective probes were cali­
braled in a constant temperaiure bath (Neslab 
TE70) from 5°C lo 45°C at an increment of 5°C 
againsi a quartz thermometer (Hewlett Packard 
2800 A) of which the calibralion was traceable to 
the U.S. Bureau of Standards. A calibration curve 
of the type T = B + C \n R + D {\n Ry was fitted 
to the calibralion poinls (see Appendix) where T 
= temperature in °K, R = resistance in ohms, and 
B, C, D are coefficients lo be determined from 
calibration. For laboratory calibralions and field 
measuremenis, the same Whealslone bridge, 
standard decade resistor, and null meter were 
used. Resisiance was read lo the nearest O.I fi; 
and the calibration conslanls B, C, and D were 
used lo convert a resistance reading into its 

m 
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FlG. 3. Temperature vs depth as a function of time near the mud volcanoes, LICR-SSS-2. Horizontal 
lines indicate depths of measurements (dashed line indicates a malfunctioned thermistor). Depth refers 
to the ground surface and relalive depth refers lo the second thermistor from the top. 

equivalenl temperaiure. The precision was a few 
O.OOrC, and accuracy was around O.OTC be­
cause of calibralion error, lead wire resisiance, 
thermistor drifting, and other errors in measure­
ment. 

Because the Ihermal conductivity of sediments 
cannol be estimated in situ wilh the suggested 
meihods, we have used the needle probe meihod 
(Von Herzen and Maxwell, 1959) to measure ther­
mal conduclivilies of the sediments brought up 
during drilling. 

DATA ANALYSIS 

The temperature data obtained from six 
monthly observations are shown in Figures 2 to 7 
for holes UCR-SSS-I to UCR-SSS-6, respec­
tively. The firsl set of measuremenis in each hole 
was made at least 11 days afler the hole was 
drilled. According to equalion (63) of Jaeger 
(1965), the transient lemperalure disturbance due 
lo drilling will die away within 5 days for a drilling 
time of 3 hours and a hole radius of 3 cm. Distur­
bance due lo PVC-pipe casing is negligible. Our 
measuremenis thus represent values at equilib­
rium wilh the ambient lemperalure. Bolh the di­
rect and indirect meihods have been used to fil 
these data, except that recorded by the topmost 
thermistor in each hole, because its relative depths 
to olher thermistors are nol accurately known. 
The differences between the observed temperature 
and the values calculated from the coefficienls of 
least-squares fil are smaller than the graphical 
resolution. We have therefore omitted the fitted 
curves drawn from equation (2) and connected 
the discrete observation points only wilh line seg­
ments to demonstrate lemperalure as a function 

of lime and depth. All thermistors installed ap­
pear lo behave properly as of the lasl measure­
ments in February 1976 (except for one thermistor 
at UCR;SSS-1 one monlh afler installment). 

Table 1 summarizes the results of data reduc­
lion with the indirect method. Because the itera­
tion scheme of this method requires more than 5 
depth points, the geolhermal gradienl and ther­
mal diffusiviiy cannot be determined for UCR-
SSS-5, where only 4 thermistors are usable. The 
slandard deviations ofthe geothermal gradients in 
individual holes are less than 1.2 percent of their 
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FIG. 4. Temperature vs depth as a function of 
time, east ofthe Red Hill, UCR-SSS-3. Horizon­
tal lines indicate depths of measurements (dashed 
line indicates a malfunctioned ihermislor). Depth 
refers to the ground surface and relalive depth 
refers lo the second ihermislor from the top. 



Holes 

i 
2 
3 
4 
6 

08/08/75 
08/09/75 
08/09/75 
08/18/75 
08/19/75 

B 

08/19/75 
08/29/75 
08/19/75 
09/03/75 
09/03/75 

5 
6 
6 
6 
6 

~T 
7 
8 
6 
6 

O.OOl 
0.012 
0.004 
0.010 
0.021 

2.19 ± 15% 
3.96 ± 42% 
2.69 ± 32% 
7.88 ± 24% 
4.56 ± 10% 

g 
0.401 ± i.0% 
1.658 ±0.9% 
0.561 ±0.4% 
0.356 ± 1.1% 
0.334 ± 1.2% 

' Date A = drilling dale; Date B = date of first teinperature measurements: n = number of thermistors 
used in data reduction; m = number of monthly measurements; |t = mean thermal diffusivity in units of 10"'m's"': 
g = weighted mean geothermal gradient in units of °Cm"'; A =mean of the standard deviations for the 
individual monthly measurements in unit of °C. Uncertainties ± in /i and g are standard deviations from the means. 

respective means. They are negligibly small but 
the maximum slandard deviations (<0.02°C) of 
lemperature fillings are aboul twice the maximum 
error in our ihermislor calibralion. Errors in the 
individual determinations of Ihermal diffusivity 
may reach as much as 42 perceni ofthe mean. An 
examination of the gradients corresponding to 
different diffusiviiy values, which are a few incre­
ments (2.5 X 10"* m^sec"') more or less than the 
chosen value, indicates lhat uncertainly in the in-
situ determination of diffusivity may lead to an 
error of <0.008°C m"' in the reduclion of 
gradient. This error is ~2 perceni ofthe gradienl 
in the Salton Sea geothermal field and ~ I 0 per­
cent in the areas of normal geolhermal gradienl 
(~0.060°C m"' in unconsolidaled sedimenis). 

The results of data reduclion with the direct 
method are summarized in Table 2. In general, the 
standard deviations of lemperature fillings with 
the direct meihod are greaier than those with the 
indirect meihod. Except al UCR-SSS-1 and 
UCR-SSS-3 where the thermistor sets were buried 
at relatively greaier depth, fittings al relative 
depth 0.0 m are here considered unacceptable 
(slandard deviation >0.03°C). The gradient and 
diffusivity reduced from such unacceptable least-
squares fit are starred in Table 2 and excluded 
from the calculation of the mean geothermal 
gradient and mean diffusivity. An unreliable de­
termination in diffusivity is usually recognized by 
dala which indicate that the amplitude of annual 
temperature wave is slightly greaier al deeper 
level. Such cases are doubly starred in Table 2. 
Excluding the starred values, there is no system­
atic varialion in either the geolhermal gradienl or 
diffusiviiy with depth. 

Geolhermal gradienis reduced from both the 
direel and indirect methods are lisled in Table 3. 
The mean value derived from the direel meihod is 
slightly less than that derived from the indirect 
method except at UCR-SSS-6. For a given hole, 

the "direct mean gradienl" and "indirect 
gradient" differ no more than 8 percent from each 
olher. Also given in Table 3 are the mean interval 
gradients averaged over six monthly observations 
determined from the bottom-most two thermis­
tors in a hole. Mean bottom gradients agree very 
well wilh the indirect gradienl. However, system­
atic lime varialion in the bottom gradients have 
been observed in areas of relatively high thermal 
diffusivity. For example, al UCR-SSS-5, the bottom 
gradient cannot be estimated from the raw data 
because ofthe large lime varialion in lemperature. 
Standard deviations of the direct gradienis are 
greaier than that of indirect gradients. Since the 
former reflects the varialions of gradienl wilh 
depth as well as times, while the latter reflects time 
varialions, greater slandard deviations do nol im­
ply that the direct method is inferior to the in­
direct method. If heal flux at a given locality is 
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FIG. 5. Temperature vs depth as a function of 
lime, UCR-SSS-4. Horizontal lines indicate 
depths of measurements (dashed line indicates a 
malfunctioned thermistor). Depth refers to the 
ground surface and relalive depth refers to the 
second thermistor from the top. 
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FlG. 6. Temperature vs depth as a function of time, UCR-SSS-5. Horizontal lines indicate depths of 
measurements (dashed line indicates a malfunctioned thermistor). Depth refers to the ground surface 
and relative depth refers to the second ihermislor from the top. 

constant, varialion in gradient should be accom­
panied by conductivity varialion. The mean ther­
mal conductivity of sediments in the five individ­
ual localities (Table 3, Figure 1) range frbm 1.05 
to 1.90 Wm"' °C. The latter appears unusually 
high for unconsolidaled sediments but it is not 
impossible for saturated soils and deep-sea sedi­
ments wilh high quartz content (Clark, 1966; Ka­
sameyer et al, 1972). Conductivity varialion is also 
consistent wilh the variation in the in-silu mea­
sured diffusiviiy. Such variations suggest that the 
gradient variation with depth as determined by 
the direct method may be real. Al present, we do 
nol have sufficient data to substantiate depth vari­
alions. 

To test whelher the shallow hole temperature 
measuremenis can be used to estimate qual­
ilatively the depths lo the geothermal reservoir, 
we have calculated the deplhs to 100°C and 
200°C isotherms by linear extrapolation using the 
geothermal gradienl and the calculated mean lem­
peralure al relalive depth 0.0 m. The results are 
listed on Table 3 and compared to the data ob­
tained from two deep wells located nearest to the 
individua! shallow holes (Figure 8). Below 200°C 
isotherm convection may play a major role in the 
heat Iransfer processes so that furiher exlrapola­
lion based on conduction is invalid (convection 
may occur al lemperalure less than 200°C, loo, 
depending upon reservoir condilions). Deep well 
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1 0.00 

1.83 

3.66 

7.31 

9.14 
mean 

0.0 

1.83 

3.66 

5.49 

7.32 

9.14 
mean 

0.0 

1.83 

3.66 

5.49 

7.32 

9.14 

0.010. 

0.022 

0.007 

0.003 

0.002 

0.067 

0.032 

O.OiO 

0.003 

0.008 

0.007 

0.008 

0.010 

0.008 

0.006 

0.008 

0.008 

1.50* 

2.27 

4.90 

•* 

3.58 

2.59* 

6.39 

1.58 

»* 

** 

"3.98 

3.91 

1.94 

1.92 

*• 

** 

0.920* 

0.575* 

0.400 

0.398 

0.399 

1.656* 

1.160* 

1.518 

1.687 

1.664 

1.623 

0.530 

0.517 

0.521 

0.541 

0.572 

mean 2.36 0.536 

0.0 

1.83 

3.66 

5.49 

7.32 

9.14 
mean 

0.00 

1.83 

3.66 

5.49 
mean 

0.0 

1.83 

3.66 

5.49 

7.32 

9.14 

0.122 

0.015 

0.007 

0.007 

0.002 

0.003 

0.181 

0.020 

0.024 

0.015 

0.II7 

0.010 

0.012 

0.005 

0.009 

0.003 

* 

5.36 

7.08 

4.10 

2.44 

, 4.74 

5.07* 

4.22 

4.02 

4.12 

—-

6.18* 

3.38 

5.58 

2.47 

2.80 

0.140* 

0.282 

0.292 

0.366 

0.357 

0.324 

0.363* 

0.494 

0.406 

0.450 

0.217* 

0.426 

0.302 

0.385 

0.325 

mean 

' Depth = relative depth in units of m, used in fitting at a given depth; n 
10"' m' sec"'; A = standard deviation of temperature fitting, in °C. 

* Data may be affected by diurnal wave. 
** Unreliable determination in difTusivity. 

3.56 0.360 

= thermal diffusivity in units of 

'i W-

dala are interpolated from temperature profiles 
compiled by Randall (1974). 

The extrapolated depths to the 100°C and 
200"?C isotherms for UCR-SSS-1, -4, -5, and -6 
are within 30 m ofthe respective deplhs observed 
in the nearest deep wells and within 160 m for the 
second nearest wells (Figures 1 and 8). These dis­
crepancies are comparable in magnitude to the 
depth variations of a given isotherm observed in 
the deep wells, i.e., 40 m and 160 m for the 100°C 
and 260°C isotherms, respectively (excluding 
River Ranch data). Shallow hole dala and their 
extrapolation are Iherefore acceptable in the vi­
cinity of these four sites. 

Large discrepancies occur, however, at UCR-
SSS-3 in the volcanic Red Hill and at UCR-SSS-2 
near the active CO2 mud volcanoes. The extrapo­
lated depths to the 200°C isotherm are, respec­

lively, 210 m and 430 m shallower than the nearby 
deep well dala. If the River Ranch dala are used 
for comparison, the discrepancies become larger. 
The shallower isotherm (380 m) was measured in 
1964 near the lime the River Ranch was flowed, 
and the deeper isotherm (730 m) was measured in 
1968 about two years afler the well was lasl 
flowed for 254 days. Bolh values are probably not 
representative of the thermal regime there. High 
geothermal gradient al UCR-SSS-2 reflects very 
likely that hot fluid has moved lo shallow depth 
recently. We saw mud bubbling up during drill­
ing, but activily of mud volcanoes was weak then 
and there was no surface manifestation of pre­
vious activily around the site of our measurement. 
In the Red Hill, bubbling did not occur during 
drilling. 

Heat-flow dala based on the calculated gradienl 



1 

2 

3 

4 

5 

6 

Gradient 

Direct 
Indirect 
Bottom 

Direct 

Indirect 
Bottom 

Direct 
Indirect 
Bottom 

Direct 
Indirect 
Bottom 

Direct 

Direct 
Indirect 
Bottom 

0.399 ± 0.3% 
0.401 ± 1.0% 
0.399 ± 0.4% 

1.623 ±5.6% 

1.658 ±0.9% 
1.678 ± 1.7% 

0.536 ±4.1% 
0.561 ±0.4% 
0.571 ± L5% 

0.324 ± 13.4% 
0.356 ± 1.1% 
0.362 ± 18.5% 

0.450 ± 118% 

0.360 ± 15.7% 
0.334 ± 1.2% 
0.334 ± 13.0% 

K 

L15 

1.10 

1.05 

1.90 

1.87 

1.41 

Q 

460(11) 
460(11) 
460(11) 

1870(45) 

1910(46) 
1930(46) 

560(13) 
590(14) 
600(14) 

620(15) 
680(16) 
690(16) 

840(20) 

510(12) 
470(11) 
470(11) 

Depth 

180/430 
180/430 
180/430 

45/105 

40/100 
40/100 

130/320 
125/300 
120/300 

235/545 
215/495 
210/490 

170/390 

210/490 
230/530 
230/530 

Dist 

0.6 
l.l 

0.3 

0.8 

0.5 
l.l 

0.2 
0.2 

0.3 

0.5 
0.2 

Depth 

210/440 
210/400 

230/730 
/380 

210/530 

210/520 
210/540 

170/360 
/490 

170/360 

200/500 
210/400 

Wellname 

Magmamax 2 
Magmamax 3 

River Ranch 

Sportsman 1 

IID 2 
IIDI 

Magmamax 1 
Woolsey 1 

Magmamax 1 

Elmore 1 
Magmamax 3 

A 
B 

C 

D 

E 
F 

G 
H 

G 

K 
B 

' Gradient in units of °C m"'; /L = conductivity in units of Wm"' C"'; Q = heat flux in units of 10"'W m"', 
number in parenthesis in units of 10"' cal/cm'sec; depth = tjepth to lOO'C and 200°C isotherms, respectively, in 
meters; Dist = distance from shallow hole to deep well, in kilometers; letters after the well name refer to well 
location on Figure 1. 

and measured conductivity are listed in Table 3. 
The conductivities were measured for three sam­
ples in each hole except that the average of all 
data is assumed to be the conductivity al UCR-
SSS-6. The highest flux is 1943 mWm"'' (46 n 
cal/cm*sec) al UCR-SSS-2 near the mud volcanos 
and lowest flux 460 mWm"" (II Mcal/cm*sec) at 
UCR-SSS-I near the Obsidian Bulle. 

DISCUSSION 

Our data reduction from shallow-hole temper­
ature measurements is based on an idealized tem­
perature distribution, equation (2). Perturbations 
from lhat may be caused by time-dependent 
boundary conditions on the ground surface be­
sides the annual wave. Allhough diurnal varia­
lions are attenuated lo 37 percent of their ground 
values at one skin depth (~ 1.5 m) where the rela­
tive depth 0.0 m is roughly set for each hole, a 
couple of degrees change at the ground surface is 
slill significantly large for the accuracy required in 
the shallow hole heat-flow measuremenis. Poor 
lemperalure filling al relalive depth 0.0 m al UCR-
SSS-4 through UCR-SSS-6 (Table 2) results very 
likely from the contamination of diurnal varia­
tions. At next depth level (1.83 m), the fitting 
error is reduced to ~ 10-12 perceni of lhat at the 
depth 0.0 m. Consistent wilh the theory, the atten­

uation of diurnal variation over equal depth inler­
val are greaier for area of low ihermal diffusiviiy. 
Fitting error at 0.0 m in UCR-SSS-1 arid UCR-
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FlG. 8. Deplhs to lOCC and 200°C isolherms. 
Diagonal line represents ideal agreemenl belween 
extrapolation and interpolation. Verlical bar in­
dicates the range of depths lo a given isotherm 
observed in the two deep wells closest to individ­
ual shallow holes. Numbers and letters refer to 
hole and well locations in Figure I and Table 3. 
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the diHusivily is also relatively smaller comparea 
to other sites, but the cause of greater error at 1.83 
m in UCR-SSS-I cannot be attributed lo the diur­
nal effect. At 1.83 m in UCR-SSS-2, the error 
which is -^50 percent of that at 0.0 m may be 
caused by the diurnal effect if the measured high 
thermal diffusiviiy is reliable. It is noted lhat this 
high diffusivity layer is underlain by a low diffu­
sivity layer and that the average of the two values 
obtained from the direct method is the.same as the 
weighted mean value determined with the indirect 
method. 

Our sampling intervals in lime and depth are 
loo large lo resolve the effect of diurnal variation. 
At relative depth 1.83 m or greater, the filling 
error is aboul the same order of magnitude of 
experimenlal error. The diurnal effect cannol be 
estimated and removed from the error analysis of 
attenuation. Some interval gradienis which riiay" 
be affected by diurnal variation therefore have 
been starred in Table 2 and excluded from averag­
ing. In this sense, the mean geolhermal gradient 
determined with the direct method is free of inter­
ference from diurnal effect but the indirect 
gradient may be contaminated. However, the in­
terference is probably negligible because the in­
direct gradient does not differ more than 8 percent 
from the average direel gradient in each hole. 

Annual temperaiure varialion on the ground 
surface is an imperfect sinusoidal wave: its period 
may not be exactly one year, its amplitude may be 
time dependent, and its peak may nol be exactly 
six months from its trough. Our measurements 
are results of aperiodic annual and diurnal waves 
coupled wilh long-term climatic variations and 
irregular temperature change due to natural 
causes or human activities. The amplitude of long 
period climatic varialion is very unlikely lo exceed 
two percent in the Sallon Sea geolhermal field 
(heal flux >420 X lO'^Wm"' or lO/xcal/cm'sec), 
although our observation lime and depth were 
insufficient to detect these effects. Abrupt lemper­
ature change could have happened al UCR-SSS-4 
owing to the development of the geothermal field 
from the crop field. Our six-month observations 
wilh the indirect meihod show only I.l percent 
variation (Table 3) and hence did not differentiate 
the effect of a slep-funclion-like event which had 
occurred two to three years before the hole was 
drilled. 

A fluid column in a vertical hole may become 

ureiener, lyoi; ana reierences inercin^ 
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where 

g = gravitational acceleration, 
a = volume coefficient of Ihermal expansion, 
T = absolute temperaiure, 

Cp = specific heat, 
B = constant (216 for a tube whose length » 

diameter), 
k = thermal conductivity, 
p = density, 
K = k/pc = Ihermal diffusivity, 
p = kinematic viscosity, and 
r = radius of the hole. 

For a 2-cm hole (r = 1 cm) which was used in this 
sludy, the critical gradienl is 0.87°C/m for pure 
water and 2.l4°C/m for dry air. In areas of nor­
mal geolhermal gradient (~0.030°C/m), slable 
temperaiure measurements in either the water-
filled or air-filled holes are expected. In the Sallon 
Sea geolhermal field, however, the geothermal 
gradienl may locally exceed the crilical gradient 
(e.g., UCR-SSS-2), and temperature oscillation 
due to conveclion on the order of 0.01 °C with 
period ranging from minutes to hours, as reported 
by Diment and Gretener elsewhere in large diame­
ler wells, may have occurred. To avoid the devel­
opmenl of lemperature oscillation, the cased holes 
were filled wilh dry sand to reduce the effective 
hole radius and hence increase the critical values. 
Convection might have developed in the holes 
filled with porous sand, but we have nol yet de­
tected its existence. 

Groundwater movement outside the holes may 
affect the lemperalure measurement either di­
rectly or indirectly by changing the physical prop­
erlies of sediments and soils. Because the thermis­
tors used were located below the groundwater 
table, the effect of the vertical movement of waler 
or vapor is probably negligible. A detailed dis­
cussion on this diurnal effect has been presenled 
by Lettau (1951, 1954). 

Nonuniform "steady-state" temperature distri­
bution on the ground surface may influence the 
heat-flow values determined from shallow holes 
such that they do not represent, the values al 
deeper level. Topographic effect is negligible be­
cause the ground is essentially flat in this part of 



poses some prooiems ior linear extrapolation lo 
greater depth. No attempt has been made lo cor­
rect those effects. By comparing lo the deep-well 
dala, we have established the feasibility of using 
shallow-hole temperaiure measurements lo de­
duce the depths lo the 2(X)°C isotherm, which is 
probably within the regime dominated by con­
duction heal Iransfer. 

Discrepancy belween the exirapolated and in­
terpolated depths to the 100°C and 200°C iso­
therms at UCR-SSS-2 and UCR-SSS-3 suggests 
thai there are probably two Ihermal and/pr hy­
drographic regimes separated by a NW-irending 
faull near Red Hill. Existence of such a faull is 
also suggested but not yet confirrned conclusively 
by a resistivity survey and a seismic refraction 
profile. Degassing of COj and activity of mud 
volcanoes appear to have been restricted lo the 
northeasi of the proposed faull. A detailed study 
is now taken lo resolve whether there are two 
regimes; in one area the shallow hole data pan be 
used for extrapolation whereas in anolher area the 
exirapolated values are nol reliable. 

CONCLUSIONS 

We have demonstrated the applicability of shal­
low-hole lemperalure measuremenis in geolher­
mal study by (1) showing consistency in gradient 
determinations with the direct and indirect meth­
ods, and (2) comparing the linearly extrapolated 
depths lo 100°C and 200°C isolherms wilh the 
direel interpolation from deep well dala. Success 
in gradienl determinalion is due in part to favor­
able hydrological conditions in the sludy area be­
cause a shallow groundwaler table (1 ~ 2 m) 
prevents drastic lime-depth oscillation in thermal 
conductivity and diffusiviiy which may arise from 
an oscillating change of moisture contents in the 
sediments. Our meihods are based on the assump­
tions of medium homogeneity and time-independ­
ent physical properties of sedimenis. 

Depths to 100°C and 200°C isolherms for four 
shallow-holes are found lo agree with nearby 
deep-well data, but disagreements appear in the 
remaining two holes. In case of discrepancy the 
estimated depths are invariably shallower than the 
observed depths. The discrepancy is due to com­
plicated local hydrological condilions near the 
carbon-dioxide mud volcanoes (UCR-SSS-2) and 
possibly near the volcanic Red Hill loo (UCR-
SSS-3). 
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absolute temperaiure T qualilatively by 

R = A e-^"', (A-I) 

where E and A are constants. However, a calibra­
lion curve ofthe form (wilh an addilional lerm for 
second order correction). 

\r\ R = a -\- j8/r -I- y / T , (A-2) 

does not meet the precision required for temper­
ature measurement. Polynomial curves of the 
form. 

r= £ «'̂ '"'- (A-3) 
I - l 

have been claimed to be acceptable for calibration 
by Goss (1974) for H = 5 and Parasnis (1974) for w 
= 3. 

According lo Steinhart and Hart (1968), who 
have tried many forms of calibration curve, the 
form 

tors. An addition of a second-order term to (A-4), 

l / r = « -f j8 In /? + 7)ln Rf + 5(ln /?)',(A-5) 

may deteriorate the fitting. 
Contrary results have been reported by Bennett 

(1972) who claims that .(A-5) will improve fitting 
lo the same data sel as used by Steinhart and 
Hart. Results of our curve fittings show lhat (A-5) 
is not necessarily superior to (A-4). For some 
thermistors (A-5) improves the filling, but for 
others (A-5) deteriorates the filling. This conclu­
sion is also true for the published data sets as 
used by Steinhart and Hart, and Bennett. 

The controversy about (A-4) and (A-5) prob­
ably results from truncation errors in different 
numerical algorithms used for solving the normal 
equalions. Since bolh (A-4) and (A-5) fil the data 
equally wellr̂ we have chosen the form with fewer 
coefficienls, allhough (A-5) is independent of the 
resistance unils used (Bennett, 1972). 
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The Calorimetry of Steaming Ground in Thermal Areas 

R. F. BENSEMAN 

Department of ScterUific avd [vdv^trial Research 
Dominion Phtjsical Laboratory, 

Private Bag, Lower Hull, New Zealand 

Abstract—A portable calorimeter that measures heat output from the steaming ground found 
in areas of natural thermal activity is described. With a minimum of disturbance to the site, heat 
flow is measured in a range from 10 to 70 X 10"' cal/cm' sec with an accuracy better than 10 
per cent. Below this range, the accuracy decreases. The relationship of heat output to the soil 
temperatures measured at a depth of 35 cm is shown for measurements at 27 difTerent sites. 

Inlrodvx:tion—The total natural output of heat 
from a thermal region can be a useful guide to 
its potentialities as a source of underground 
steam for the generation of electric power. The 
main thermal regions of New Zealand occur in 
country formed of very permeable pumice 
breccia, and they are characterized by extensive 
tracts of ground through which steam slowly 
percolates. The amount of heat lost in this way 
is comparable to the heat output of the more 
obvious features such as geysers and hot springs. 
The present apparatus is considered to be the 
best of a number of calorimeters that have been 
used in New Zealand to measure the heat output 
from steaming ground. Important features are 
(I) it does not require the ground surface to be 
.smoothed or leveled, and it does not produce a 
partial vacuum over the site; therefore there is 
j;ood reason to suppose that the flow of steam is 
unaffected by the presence of the calorimeter, 
and (2) being light and portable, the instrument 
is suited to use in rugged and bush-covered 
country. 

Description oj apparatus—The calorimeter is 
essentially a box, formed of sheet aluminum on 
il light frame, and having an open bottom 25 by 
SO cm. The box is pressed slightly into the ground 
so as to seal off the portion of ground below it. 
Ports in the top allow a fan to draw air through 
the box at a measured rate, and the temperature 
and humidity of the air are measured as the air 
enters and leaves the box. From these measure­
ments the flow of heat into the box can be 
calculated. 

Air enters at A (Fig. 1) past differential 
tliermocouples which detect the wet-bulb and 
ili'y-bulb temperatures. It passes a hot-wire 
anemometer and then traverses the chamber S 

Wet bulb 
Dry bulb 

^ 

Battery 
comport nttnt 

Thermos 
f lask 

Instrwmcnt 
ownponmcnt 

y •'y„^,-^ ^ ^ - ^ • 
'T '-T-V ^ V v ^ ^ : - ; 

,Prober- ^ Z " .-^ / .- ' ^ 

FIG. 1—Schematic section of calorimeter box 

where it gains heat from the ground. It is 
exhausted from the system by the fan F after 
passing a second set of thermocouples at B. To 
reduce heat transfer through the sides and top 
of the chamber 5, these are hned with quarter-
inch cork sheet. The fan and the anemometer 
heater are powered by the battery shown, and the 
instrument compartment includes a multi-
position switch that selects the circuit whose emf 
is to be measured. Figure 2 is a photograph of 
the calorimeter box and the portable potentiom­
eter used for measuring the emfs. 

Design details—Previous calorimeters had 
shown that steaming ground may emit as 
much as 50 X 10~' cal/cm* sec, and it was 
estimated that the present calorimeter would 
need to pass seven liters of air per second if the 
dry-bulb temperature were not to rise by more 
than 20°F in the most unfavorable weather 
conditions (85°F and 80 pet relative humidity). 
Using entry and exit ports of area 100 cm* it 
was found that this rate of flow produced no 
measurable pressure deficiency in the sampling 
chamber. The chamber was made 12 cm deep so 
that the air velocity would not exceed one mile an 



FIG. 2—Completed box 

hour, comparable to the wind speed on a calm day. 
The hot-wire anemometer has been described 

by Benseman and Hart [1955]. Briefly it consists 
of a short length of one inch square-section 
tubing in which is an electrically heated grid 
flanked by a differential thermopile. As the air 
speed through the tube varies, so does the emf 
generated by the thermopile. This anemometer 
has proved superior to more conventional types 
since it has no moving parts, retains its calibra­
tion after rough handling, and is most sensitive 
at very low rates of air flow. It was calibrated 
in situ by drawing air through the box at known 
rates, the fan and motor having been removed. 

The wet-bulb and dry-bulb temperatures at 
inlet and outlet were each measured by five 
copper-constantan thermoj unctions spaced across 
the air stream and held rigidly on suitable 
brackets. The wet junctions were provided with 
muslin envelopes kept moist by drip attach­
ments fixed to the body of the box. In the present 
apparatus the air speed does not exceed 3 ft/sec, 

so humidity is deduced from tables used by the.-
Meteorological Office for wet- and dry-bulk 
temperatures observed within a screen. •1 

The reference j unctions of all the thermocouples 
are embedded, together with a mcrcury-in-glass 
thermometer, in paraffin wax within a smal| 
vacuum flask housed in the top of the box. A|L 
temperatures can therefore be determine^ 
absolutely, but in practice it is convenient to read 
(1) the temperature of the mercury thermometer^ 
(2) the emf of the dry thermopile at the inlet| 
(3) the differential emf between dry thermopiles, 
at inlet and outlet, and (4) the differential em(, 
between wet and dry thermopiles at the inleti 
and at the outlet. f| 

Laboratory tests—Tests in which moisture and. 
heat were presented to the calorimeter in a'̂  
variety of proportions showed that it would; 
account for heat flows in the range 10 to 70 X 10"l 
cal/cm* sec with an accuracy better than ten, 
per cent. Below 10 X 10~' cal/cm" seo the 
accuracy vvjis ± 1 X 10~' cul/cm* sec. ;) 
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r'.w in thr, field—An area of steaming ground 
vvHS chosen which could be reached only by 
jjoiit and was therefore unlikely to be disturbed 
by casual visitors. Fourteen sites were pegged at 
ton-meter intervals in a straight line over ground 
that wiis not too active to support some stunted 
trees and bushes. Thirteen additional sites were 
chosen on a patch of very hot ground that grew 
only a little moss. These thirteen sites vvere 
surveyed on only one occasion, for it proved 
diflicult to repeat individual measurements; the 
ground surface was soft and sticky, and merely 
walking over it seemed to affect the heat output 
at sites nearby. The 14 cooler sites were re-
measurcd on a number of occasions spread over 
more than a year. 

The temperature of the ground 35 cm below 
the surface was recorded also, for it was hoped 
that measurements at this depth might prove to 
be related to the heat flow. It is to be expected 
from theoretical arguments [Benseman, 1956] 
that the flow of steam through the ground should 
control the gradient near the surface. 

The measurements are fully reported and 
discussed in a report that is available from this 
Laboratory on request [Benseman, 1958]. Here 
it is sufficient to summarize the conclusions. 

Operational notes and results of nieasurements— 
Tlie following summary comments are made: 

(1) The calorimeter box is easily set in place, 
but it may take an hour before a steady reading 
can be obtained. During this time the fan must 
Ije in continuous action. 

(2) Measurements of heat output made in the 
afternoon tend to be a little higher (10 to 15 pet) 
tlian measurements made in the morning. This 
twtia heat is probably that fraction of the solar 
lioat that the surface of the box fails to reflect. 

(3) Winds can bring gusts of warm and cold 
air past the site of the measurements. The 
resulting fluctuations in the outputs of the 
tliermocouples make work difficult except in 
calm weather or in light winds. Some thermal 
lagging of the thermocouples might reduce this 
difiiculty. 

(4) Heat outputs at the 14 sites showed large 
'hiily and monthly changes, half of the changes 
hetween readings exceeding 30 pet. These 
Variations suggested a redistribution of steam 
flow in the ground rather than a significant 
change in total flow. No correlation was found 

between the heat-flow variations and weather 
conditions, such as wind, cloud, rainfall, and 
barometric pressure or rate of change of pressure. 

(5) The scatter diagram of Figure 3 shows 
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FIG. 3—A scatter diagram relating the heat output 
of each site with the temperature at 35 cm; crosses 
indicate sites in the hotfxjr area, circles refer to 
sites in the cooler area 

the connection between the heat output at a 
site and the temperature at a depth of 35 cm 
below the surface. Earth temperatures can be 
measured much more quickly than the heat 
output, and in spite of the lack of exact correlation 
between these variables, the measurements of 
earth temperatures may be a rapid and suffi­
ciently accurate means of estimating an overall 
heat flow. Figure 3 cannot of course be expected 
to apply to other thermal areas where the soil 
has a very different te.xture or nftrmpaKiiifv 
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HEAT FLOW IN THE NORTHERN BASIN AND RANGE PROVINCE 

David D. Blackwell 

Department of Geological Sciences 
Southem Methodist University 

DaUas, Texas 7 5275 

ABSTRACT 

The heat flow in the Basin and Range province of 
northern Nevada is extremely complex. It is a product of 
superposition of the regional effects of extension and 
volcan ism/in trusl on modified by the local conductive 
effects of thermal refraction (complicated structural 
settingfs), variations in radioactive heat production, 
erosion emd sedimentation. In addition to these 
conductive effects, groundwater flow, both on a local smd 
a regional basis, affects heat-flow measurements. 
Typical heat-flow values for the Basin and Range 
province average 85 ± 10 mWm"^. The higher estimates 
are probably based on biased sets of heat-flow 
measurements, and actual averages are on the order of 
100 ± 10 mWm"^. Geothermal systems appear to be 
related to deep fluid circulation in an active tectonic 
setting rather than to young silicic volcanic rocks. Young 
volcanoes occur along the Iwrders of the Basin and Range 
province, but not in the part of northem Nevada 
discussed in this paper. 

INTRODUCTION 
The Basin and Range province of the western 

Cordillera of the United States is an exceedingly complex 
area resulting from the superposition of 600 million years 
of recurring tectonic and volcanic activity. In the late 
Cenozoic, the already highly fragmented geology of the 
Basin and Range was further disrupted by the subsidence 
and covering of approximately half the province by 
aUuvial deposits in the valleys and by the exposure of 
different stratigraphic and structural levels in adjacent 
ranges. The heat flow in the Basin and Range province 
reflects this complicated tectonic development in both_ 
regional and detailed ways. 

The object of this paper is to discuss the distribution 
of, and controls on, heat flow in the part of the Basin and 
Range province in northwestern Nevada from an 
observational point of view. Thermal variations may not 
have as distinctive an imprint as structural and 
stratigraphic evolution; however, certainly the varied 
thermal events during the mid and late Cenozoic have 
left their marks. Furthermore, the interaction between 
the present-day thermal background and the detailed 
structural and hydrologic settings is complex. 
Consequently, even with a relatively high density of heat 
flow data, compared to many areas of the earth, there 
are still many uncertainties and unknowns in the actual 
magnitude of the background, the detailed geographic and 
vertical distribution, and the way in which variations 

relate to structural geology, hydrology and volcanic 
history. 

The history of heat flow studies in the .Basin and 
Range province dates back to the late 1960s. 
Reconnaissance data in the Basin and Range were 
discussed by Roy et al. (1968b) and Sass et al. (1971). The 
most recent detailed heat flow map or~northwestern 
Nevada was presented by Sass et al. (1981, Fig. 1). Sass 
et al. (1971) divided the Basin and Range province in 
Nevada into three heat flow regimes: a region of heat 
flow typical of the province average (surface heat flow 
values of about 85 ± 10 mWm"^*); a region of above 
average heat flow (surface heat flow values of 100 -*• 
mWm"^) which was designated the Battle Mountain Heat 
Flow High; an area of below average heat flow values 
which was named the Eureka Heat Flow Low (surface 
heat flow values of less than 60 mWm"^). These heat 
flow sut>divisions were maintained in later discussions by 
Lachenbruch and Sass (1977, 1978). In contrast, 
BlaekweU (1978) argued that the highest overaU energy 
loss within the Basin and Range province was along the 
eastern and westem boundaries near the Wasatch and the 
Sierra Nevada Mountains, and not within the Battle 
Mountain Heat Flow High. 

Extensive heat flow or subsurface temperature data 
have become available for many geothermal systems 
subsequent to the major discussions in 1978, especially in 
northern and northwestem Nevada. These data have yet 
to be integrated into the pre-existing regional data set. 
Neither space nor time permit the integration of these 
data in this paper, but some salient aspects of these 
studies which have a bearing on the current understanding 
of heat transfer in the Basin and Range province wiU be 
discussed. The order of the discussion in the paper 
proceeds more or less according to Table 1, a list of 
major effects on the heat flow pattern in the Basin and 
Range province. Following a brief summary of the 

TABLE 1. THERMAL EFFECTS 
Volcanism and Intrusion 
Extension 
Thermal Refraction-Structure 
Radioactive Heat Production 
Erosion and Deposition 
Local Groundwater Flow 
Geothermal Systems 

* 41.84 mWm"2 = 1 x 10'^ cal/cm^ sec = 1 HFU 
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observations, the regional effects on heat flow will be 
discussed. These regional effects are grouped as thermal 
effects related to extension emd to volcanism. Following 
this discussion, the more local effects which may cause 
heat flow variations on the scale of a few kilometers will 
be discussed. The effects specifically to be discussed 
include the conductive effects of variation of basement 
radioactivity, effects of structure (i.e., lateral variations 
of thermal conductivity), erosion and deposition, and the 
effects of regional and local convective geothermal fluid-
flow systems. 

OBSERVED HEAT FLOW DISTRIBUTION 
The regional heat flow data described by Sass et̂  al. 

(1981) are shown in Figure 1. A total of 93 heat-flow 
measurements for the Nevada portion of the Basin and 
Range province are shown. The spacing of heat-flow 
stations is quite dense for a continental region, but as 
will subsequently become obvious, it is not dense enough 
to determine many' of the characteristics of the heat-
flow pattern. Superimposed on the heat-flow map are the 
contours of the Eureka Heat Flow Low and Battle 
Mountain Heat Flow High. Heat-flow values generally 
exceed 100 mWm~ within the area identified as the 
Battle Mountain Heat Flow High. Elsewhere within the 
Basin and Range province, heat-flow values are typically 
85 ± 10 mWm~". The thermal boundaries of the Basin and 
Range province are very sharp against the Wasatch 
Mountains-Colorado Plateau region on the east (Bodell 
and Chapman, 1982; KeUer e ta l . , 1979; Reiter e t a l . . 

HEAT FLOW (mWm~^) 
O 30 A. 62-83 
a 30-40 • 83-104 
ê  40-52 •)* 104 
O 52-62 

FIGURE 1. Heat flow in Nevada and surrounding areas, 
after Sass et al. (1978). Contours are from Lachenbruch 
and Sass (1978)7 Arrow in northwestern Nevada indicates 
three holes in granite discussed in text. 

1979) and the Sierra Mountains on the west (Roy et al., 
1968b, 1972; Sass et al., 1971). To the north thereTs no 
distinct thermal boundary with the Columbia Plateau 
region and, in fact, contours of the Battle Mountain Heat 
Flow High include part of the High Lava Plains in Oregon, 
and the Snake River Plain region in Idaho (see Brott et 
al., 1978, 1981). 

In addition to the "regional heat flow" data set, an 
extensive data set including 10 to 100 times as many 
holes as shown on Figure 1 is available from exploration 
activities associated with individual geothermal 
systems. In general, these data are not included in Sass 
et al. (1981), nor in earlier descriptions of heat flow in 
the Basin and Range province. The existence of this new 
data set gives an additional complexity to the heat-flow 
character, poses many interesting questions, and also 
opens the possibility of investigating in more detail local 
conditions affecting observation. 

Most of the geothermal exploration drilling has been 
along the boundaries between a range and valley, or 
within a valley. On Figure 1, no "regional" heat flow data 
from the valleys are shown, so the two data sets do not 
overlap geographically or geologicaUy, and it cannot 
necessarily be anticipated that the geothermal regimes 
will be the same in the ranges and in the vaUeys. 
Another important aspect of the geothermal systems is 
the maximum temperature of the system, which is 
controUed by the depth and rate of circulation. No 
systematic summary of such temperatures based on 
drilling has yet been described. Edmiston (1982) has 
presented a map showing the location of deep geothermal 
tests and the geothermal tests which have been 
successful (i.e., have found temperatures in excess of 
200°C). Analysis and integration of the new data set 
with regional data will take effort, but has the potential 
to greatly refine our understanding of the heat flow 
distribution in the Basin and Range province. 

REGIONAL CONTROLS ON HEAT FLOW 
Introduction. The two dominant regional thermed effects 
are mechanical-thermed effects associated with the late 
Cenozoic extension, and the thermal effects of mid and 
late Cenozoic intrusion emd volcanism. Although these 
two effects will be discussed separately, in fact they are 
interrelated, emd individual components are difficult to 
identify separately. 

Thermal Effects of Extension. There has been an 
emphasis on extension effects on the thermal pattern 
because the extensional activity is so prominent in the 
most recent history of the Basin and Remge province. 
Lachenbruch and Sass (1977, 1978) have developed a 
model for the thermal regime in the Basin and Range 
province emphasizing extension. The primary thermal 
effect of extension is to move deeper, hotter material to 
shallower depths as the lithosphere is stretched. 
However, there are definite limits to the enhancement of 
surface heat flow by this mechanism if the spreading does 
not lead rapidly to oceem basin formation, so the favored 
models discussed by Lachenbruch emd Sass (1978) actually 
depend on basalt intrusion to supply a leu-ge part of the 
high heat flow observed at the surface. Indeed, the 
Lachenbruch and Sass (1978) models have a one-to-one 
correlation between extension rate and intrusive 
emplacement. These models were also applied to areas 
of large-scale silicic volcanism such as Yellowstone and 
Long Valley. In these areas, much more of the anomalous 
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surface heat flow is associated with intrusion than with 
extension! 

Limits on the amount of extension are related to 
isostatic effects. As stretching occurs, continental 
crustal material is replaced by mantle material with a 
large increase in density and, consequently, subsidence. 
The subsidence is offset to some extent by thermal 
effects of extension. A comparison of these two 
quantities is shown in Table 2. The heat-flow model 
includes one-dimensionsal time-dependent stretching 
(Jarvis and McKenzie, 1980). Example extension rates, 
total extension associated with a 17 M.Y. period of 
extension in the form of ratios (6s), the amount of 
mechanical subsidence which would be associated with 
extension of an originally 40 km thick continental crust, 
the amount of thermal uplift, and the difference between 
the mechanical subsidence and the thermal uplift (a net 
subsidence) are shown in Table 2. The associated heat 
flow anomaly for each case is also shown. This model 
includes a, time-dependency, so the heat flow values are 
slightly lower than would be the case if extension had 
occurred long enough for thermal equilibrium to be 
attained (see Figure 2). The 17 M.Y. period was chosen 
as it is the maximum period of time of extension in the 
northern Basin and Remge province during the late 
Cenozoic, and was the period of time of extension 
assumed in the emalysis of Lachenbruch and Sass (1978). 

Typical extension proposed (Lachenbruch and Sass, 
1978) ranges from 50 to over 10096, corresponding to 
6 values of 1.5 to 2. Taking isostatic effects into 

account, a net subsidence of 1.5 to 2.4 km is associated 
with the required heat-flow anomaly of 40 to 60 mWm"^. 
These observations can be compared to the mean 
topographic height of the Basin and Remge province in 
Nevada at the present time (from 1.5 km in the Lahontan 
and Bonneville Basins to over 2 km in the center of the 
province), emd the regional elevations of approximately 2 
to 2.5 km in the Wasatch Range and the Sierra Nevada 
Mountains. Unless the Basin and Range province started 
at an extraordinarily great elevation, it seems unlikely 
that the total subsidence could exceed 0.5 km, as the 
Basin and Remge province still stands at a high 
elevation. The results of this analysis suggest that 
extension is not the main mechanism responsible for high 
heat flow in the Basin and Range province. 

Figure 2 shows more detail of the heat-flow 
contribution associated with a transient thermal event as 
summarized in Table 2. In this calculation, em initial 
lithospherin thickness of 94 km and a background heat 

BLACKWELL 
flow of 40 mWm"^ were assumed. Extension rates in 
percent per miUion years are shown for each curve. The 
dashed line on the plot is the locus of points with a 
0 value of 1.5. 

These results may be compared to the various heat 
flow subregions in the Basin and Remge province. A 
typical background heat flow in the Basin and Range is 
approximately 85 mWm~^. The reduced or mantle heat 
flow (the heat flow from below the upper crustal 
radioactivity layer) is 59 mWm"^, approximately 50% of 

160 

20 40 60 

TIME (M.Y.) 

FIGURE 2. Thermal effect of extension calculated 
using model of Jarvis and McKenzie, 1980. Age range of 
extension in the Basin and Remge province is shown by the 
vertical lines (17 ± 2 M.Y.). G is extensional strain rate 
in %/M.Y. Shaded area A is the region of the graph 
corresponding to reduced heat flow values typical of the 
Battle Mountain Heat Flow High. Shaded area B is the 

• region .of the graph consistent with present crustal 
thickness. 

TABLE 2. 

Extensional 
Strain Rate 

(%/M.Y.) 
0.8 
1.7 
2.5 
3.6 
4.6 
5.6 
6.5 

COMPARISON OF MECHANICAL SUBSIDENCE AND THERMAL UPLIFT 
IN BASIN AND RANGE PROVINCE FOR 17 M.Y. 

6 
(17 M.Y.) 

1.14 
1.29 
1.43 
1.61 
1.78 
1.95 
2.11 

Mechanical 
Subsidence 

(km) 
0.67 
1.33 
1.83 
2.43 
2.87 
3.25 
3.54 

Thermal 
Uplift 
(km) 
0.24 
0.54 
0.73 
0.91 
1.02 
1.11 
1.17 

Net 
Subsidence 

(km) 
0.43 
0.79 
1.10 
1.52 
1.85 
1.11 
2.37 

Surface 
Heat Flow 
(mWm'2) 

78 
84 
93 
104 
117 
128 
140 
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which is anomalous with respect to a thermally "normal" 
continental lithosphere (Roy et al., 1968a, 1972). Heat 
flow values in the Battle Mountain Heat Flow High range 
from 100 to 150 mWm"^, and the reduced heat flow in the 
Battle Mountain Heat Flow High according to Lachen­
bruch and Sass (1977, 1978) ranges from 85-100 mWm"^, 
or approximately 30-45 mWm"~in excess of the normal 
Basin and Range reduced heat flow, and 60-75 mWm"^ in 
excess of a "normeil" continental reduced heat flow. 

It is cleeir from the consideration of Table 2 and 
Figure 2 that the magnitude of heat flow observed in the 
Battle Mountain Heat Flow High cannot be associated 
with the thermed effects of extension alone. To add 
emphasis to this conclusion, it is clear that the present-
day distribution of active earthquake zones in the Basin 
and Range province is not coincident with the highest 
heat flow. One zone of earthquake activity extends north 
through the Battle Mountain Heat Flow High, but much of 
the heat-flow high is essentiaUy aseismic at the present 
time (Smith, 1978). Other zones of active seismicity 
along the Sierra Nevada-Basin and Range transition and 
along the Colorado Plateau-Basin and Range transition 
are not apparently characterized by quite as high surface 
heat flow (see Lachenbruch and Sass, 1978; BlackweU, 
1978). 

Thermal Effects of Intrusive and Volcanic Activity. 
There is no difficulty in generating high heat flow values 
in association with volcanic and intrusive activity, 
although many of the highest values are obviously 
associated with geothermal systems rather than with 
conductive heat flow from magma chambers. A 
correlation between the age of volcanic activity in a 
particular area emd the heat flow, especially in the case 
of the continental crust characterized by rhyolitic 
volcanic activity, might be expected. A generalized 
volcanic age map for the area shown in Figure 1 is shown 
in Figure 3. The pattern has been discussed by many 
people, recently including Stewart and Carlson (1978) and 
Snyder et al. (1976). The areas of oldest, or lack of, 
Cenozoic volcanism are in southern Nevada emd in east-
central Nevada. Most of the rest of Nevada is 
characterized by volcanism in the age range 6-17 M.Y. 
and only along the margins of the province are younger, 
extensive silicic volcanic features found. 

Various types of volcano/thermal models have been 
discussed, including the extension/intrusion models of 
Lachenbruch and Sass (1978). If volcanism is not 
associated one-to-one with extension, then the event will 
lead to some sort of heating of the crust foUowed by 
cooling after the end of the volcanic/intrusive event. 
The peak heat flow will depend on the actual distribution 
of magma within the crust emd lithosphere. However, 
after 1-5 M.Y. or so of cooling, aU models approach the 
same sort of behavior. The long time asymptote of the 
cooling depends on the assumption of the background heat 
flow. The general sort of behavior is shown in Figure 4. 
The curves in Figure 4 are shown to cool off to three 
different backgrounds, depending on the assumed steady-
state mantle heat flow. These models are discussed in 
more detail by BlaekweU (1978). On Figure 4, the typical 
heat flow in the Basin and Range province and the heat-
flow remge for the Battle Mountain Heat Flow High are 
shown. Based on these results, it would appear that the 
higher estimates of heat flow in the Battle Mountain 
Heat Flow High are too high to be explained by the 
volcanic model if no silicic volcanism in the eirea is 

17-34 M.Y. 

I 6-17 M.Y: Q ] 34-55 M.Y 

Age of silicic volcanism (generalized from 
;arlson, 1978). Light lines are 60 mWm"^ 

FIGURE 3 
Stewart emd Carlson 
heat-flow contours. 
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FIGURE 4. Thermal models for regional volcanic and 
intrusive events in the Basin emd Remge province. 
Observed heat-flow ranges for the models are explained 
by Blackwell (1978). SS indicates the steady-state 
asymptotic heat-flow values. 

younger than 6 M.Y. Because the heat flow is also too 
high to be explained by extension, the apparent 
magnitude of the regional heat flow pattem is somewhat 
difficult to explain. 
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LOCAL CONDUCTIVE HEAT FLOW EFFECTS 
Radioactive Heat Production. If the geology of the 
Basin and Range province were similar to the Sierra 
Nevada Mountains, emd consisted of a large, 
homogeneous, relatively unfractured, granitic terrain, 
then the heat flow evaluation would be relatively 
straightforward. The surface heat flow within the 
granite would show a linear correlation with the local 
heat production of the rocks from uranium, thorium and 
potassium. In this simple case, local lateral heat-flow 
veu-iations due to sub- and intracrustal sources, 
groundwater flow, thermal refraction and so forth, would 
not have significant effects on the heat flow 
distribution. Such linear arrays have been observed in 
many places throughout the world (Roy et al., 1968a; 
1972). Early studies of heat flow versus heat production 
for the Basin and Range province indicated a regional 
linear relationship witli em intercept heat flow of 
approximately 59 mWm"^ and a slope of approximately 
9.4 km (Roy et̂  al., 1968a). Subsequent studies of the 
relationship between heat flow and heat production in 
granitic rocks in the Basin and Range have led to a 
considerably more complicated pattern. 

A summary of the available data is shown in 
Figure 5. This figure was presented by Lachenbruch and 
Sass (1978), but the detailed data on which this figure is 
based have not been published. It is difficult to identify a 
linear relationship between heat flow and heat production 
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FIGURE 5. Surface heat flow as a function of surface 
heat production (after Lachenbruch and Sass, 1977). 

in this data set, although most of the data lie between 
two lines with intercept values of 50 mWm"^ and 90 
mWm"2 (with slopes of 9.4 to 10 km). 

In the Basin and Range province, unlike the Sierra 
Nevada Mountains, it is not possible to avoid systematic 
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effects on the heat flow data, even by drilling heat-flow 
holes only in granitic rocks, in large part because granitic 
rocks represent only a smaU fraction of the exposed 
bedrock of Nevada (2.8%, Archbold, 1972). Therefore, 
the data shown in Figure 5 have all sorts of extraneous 
(from the regional point of view) effects present in the 
measurements. The difficulties of attempting to use 
these data to determine regional quantities are 
illustrated by three points in granite in close proximity in 
north-central Nevada (see arrow in Figure 1). The 
radioactive heat production values are approximately the 
same for the three points, and yet the heat-flow values 
are respectively 45, 85 and 150 mWm"^. These points are 
within a few km of one another, and all arc in granite. If 
only one of the three holes were available, it might be 
inferred that this area had heat flow typical of (1) the 
Eureka Heat Flow Low, (2) normal Basin emd Range, or 
(3) the Battle Mountain Heat Flow High. 

The sites are close to the Baltazor geothermal system 
(Earth Power Prod. Co., 1980), and it is possible that 
there is some interaction between the fluid convection 
represented by the geothernal system and the extreme 
variation in heat-flow values shown by these three data 
points. Thus it seems quite clear that both high and low 
heat flow values are associated with convection systems, 
as concluded by Lachenbruch and Sass (1977). 

Because of the very noisy data set, the heat flow-heat 
production relationship for various parts of Nevada and 
its relationship to other known continental patterns is not 
presently resolvable in an accurate way. It is clear that 
heat flow determinations in granitic rocks in Nevada, 
without considerable attention to each individual 
measurement, are insufficient for the determination of 
typical regional heat-flow values and heat-flow 
distribution in contrast to standard practice in some 
geologic terrains. 

Thermal Effects of Structure; Refraction. In an ideal 
case, to avoid anomalies due to the spatied distribution of 
thermal conductivity, the thermal conductivity of the 
rocks should either be uniform or should veiry only in the 
vertical direction. If there are variations only in the 
vertical direction, then a hole penetrating various units 
will show an inverse correlation between the thermed 
conductivity of the rock and the geothermed gradient, 
resulting in constant heat flow with depth. However, the 
geologic structure of the Basin and Range province is 
emything but layer cake. In order to investigate possible 
systematic effects of thermed conductivity on heat flow, 
determinations from the Battle Mountain Heat Flow High 
are plotted as a function of thermal conductivity in 
Figure 6. Most of the early heat-flow determinations in 
the Battle Mountain Heat Flow High were made in very 
high thermal conductivity sedimentary rocks. Average 
thermal conductivities at these sites are over 
4 Wm"^K" . The thermed conductivity of the granites 
where subsequent heat-flow values were obtained is 
typically about 3 Wm"^K"^ (Sass, personal communica­
tion, 1980). Typical thermal conductivities from some of 

the basins are 1-1.5 Wm'^K -1..-1 The basin data are 
primarily from the Black Rock Desert, which has been 
extensively studied (Sass et al., 1979; Mase and Sass, 
1980), and the Grass VaUey area (Sass et al., 1976; Welch 
et̂  al., 1981). A strong positive correlation between the 
heat flow and thermal conductivity is demonstrated in 
Figure 6. This correlation suggests that thermed refrac­
tion is important in the results; consequently, heat-flow 
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values from any one geologic terrain may not represent 
true regional values. 

200 

150 

•E 

s 
E 

50 

BATTLE MOUNTAIN 
HEAT FLOW HIGH 

l \ 

i 

• 

° ° 0 
o 

° o o 

oo 
o 

• Volley Holes 

X Ronge- Gronile 

O Range - Sedimenlary 
Rocka 

_ 1 _ J L 

Thermal Conduciiviiy (Wm''K' ') 

FIGURE 6. Compeu-ison of heat flow and thermal 
conductivity from heat-flow sites in the Battle Mountain 
Heat Flow High. Data from reference in text and from 
J.H. Sass (personal communication, 1980). 

Another way to investigate systematic effects 
between heat flow and thermal conductivity is to look at 
variations in gradient. Measurements in granite, in pre-
Tertiary sedimenteu-y rocks, and in vaUey fiU are shown 
by separate patterns in Figure 7. The gradient distri­
bution from both the granite and the sedimentary rock 
lithologies overlap, with the range of values being 25-
40°C/km. The fact that there is a correlation between 
heat flow and thermal conductivity, but not between heat 
flow and gradient, also suggests that structural effects 
are controlling the variation of the heat-flow values. The 
reasoning proceeds as foUows: if the measurements had 
been made in horizontal units of varying thermal 
conductivity (the ideal case), then the gradients would be 
inversely proportional to the thermal conductivity, there 
would be no correlation between heat flow and thermal 
conductivity, - emd there would be good correlation 
between gradient and conductivity. In fact, the reverse 
situation is observed in each case. 

Also shown in Figure 7 is a histogram of gradient 
values from the Basin and Remge province of Arizona. 
This data set includes values recently published by 
Shearer and Reiter (1981). The Basin and Range province 
in Arizona has a considerably larger percent of gremitic 
bedrock, generally lower relief, fewer known geothermed 
systems, and older volcanic rocks. Thus some of the 
geologic complexities of the northern Basin and Range in 
Nevada are more subdued in the part of the Basin and 
Remge province in Arizona. A histogram of gradients 
from the ranges in Arizona shows almost identical 
distribution to that in the Battle Mountain Heat Flow 
High, whereas an average of the heat flow values in the 

50 IOO 
GRADIENT ("C/km) 

FIGURE 7. Histograms of gradient in Battle Mountain 
Heat Flow High and Arizona Basin and Remge province 
(dotted Unes). Arizona data from Shearer and Reiter 
(1981) and Sass et al. (1982). 

two provinces differs by 25 to 50% (lower in Arizona). 
Figure 8 shows a plot of thermal conductivity versus heat 
flow for the Arizona data. Included in this plot are the 
data from several holes in the vaUeys in Arizona which 
are, as in the case of Nevada, undersampled in the 
present data set. The correlation between thermal 
conductivity and heat flow is weak, and there is a leu-ge 
overlap between the data from the Battle Mountain Heat 
Flow Iligh and from central Arizona, excluding the very 
high heat flow values in the high thermal conductivity 
sedimenteu-y rocks in the northem Basin and Remge 
province. The conclusion of this discussion is that there 
may be a bias in heat flow toward too-high values if data 
only from the ranges (including the high thermal 
conductivity sedimenteu-y rocks) are used to calculate 
province average values. 

Of course, detailed evaluation of the structural 
effects on heat flow has to be considered individuaUy for 
each hole. However, there is one large-scale effect 
which needs to be considered in this discussion. This 
thermal effect is the large-scale distortion of heat flow 
by Basin and Range structure. In general, the valleys are 
10-20 km wide and 1-2 km deep. They are generaUy 
fiUed with low thermal conductivity Cenozoic 
sedimentary rocks. In the ranges, older sedimentary, 
igneous and metamorphic rocks generaUy have thermal 
conductivity values two to three times greater. As a 
result of this contrast, heat flows preferentiaUy into the 
ranges, resulting in systematically high values in the 
ranges, and systematicaUy low values in the vaUeys with 
respect to the regional mean value. This large-scale 
effect of a vaUey is sometimes modeled as a single, semi-
elliptical or semi-circular cyUnder embedded in an 
otherwise uniform media (see Jaeger, 1965). In this case, 
for typical geometries observed in the Basin and Range 
province, there would be no appreciable expected effect 
of thermal refraction except in the immediate proximity 
of a range-bounding fault, where higher-than-normal 
values would be observed in the range side, and lower-
than-normal values would be observed on the basin side. 
Two effects are not considered in this simple model. The 
first of these is that the basins and ranges repeat, so that 
it is not appropriate to consider only a single valley 

86 



200 

2 3 4 5 
Thermal Conduciiviiy (Wm''K'') 

FIGURE 8. Comparison of heat flow and thermal 
conductivity at heat-flow sites in Arizona. The bars 
represent ranges of values as observed in specific holes or 
areas. 

to consider only a single vaUey embedded in an otherwise 
semi-infinite media with conductivities typical of the 
ranges. The effect of repeated remges and vaUeys is 
interaction (Lee emd Henyey, 1974), so that larger 
refraction effects than calculated from the single eUipse 
model of Jaeger (1965) are observed. 

Another complexity not considered in either of these 
models is the fact that the heat source is within the 
crust. The boundary condition for the models is that 
there is constant heat flow from "great depth" and the 
heat flow is aUowed to adjust at great depths below the 
inhomogeneity. In the Basin and Range province the heat 
sources (extension effects and magma) may be in the 
mid- to upper levels of the crust, and there may be inter­
action between the heat source and the variations in 
thermal conductivity, with even more heat being forced 
through the ranges (and less heat forced through the 
valleys) than calculated assuming a constant heat flow at 
great depth. In the extreme Umit, the model would be . 
characterized more by constant temperature than by 
constant heat flow, in which case (except again in the 
immediate vicinity of the boundaries of the inhomogen­
eities) the mean heat flow would be simply proportional 
to the integrated thermal resistance from the constant 
temperature plane to the surface. 

A typical model is shown in Figure 9. A Basin emd 
Range vaUey fiUed with rocks having a thermal 
conductivity of 1.7 Wm~^K"^ is embedded in material 
with a conductivity of 3.35 Wm"^K"^. The geometry of 
the model is constant into and out of the paper, emd 
repeats that shown side-to-side. In a steady-state case, 
it is assumed .that the heat flow is uniform at great 
depth. If the average regional heat flow is assumed to be 
72 mWm" , then the heat flow observed in the valley 
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away from the twunding fault would be 60 mWm" , while 
the heat flow observed in the range away from the 
bounding fault would be 80 mWm"^; this represents a 25% 
variation between the high and low heat-How values and 
em error in regional heat-flow determination (if the range 
value is used) of about -•-12%. If heat-flow determinations 
were made in the ranges without avoiding areas close to 
the bounding fault, however, the mean observed heat flow 
would be 16% higher than the true mean. Therefore, 
based on this simple model, a random set of measure­
ments in the ranges would be 16% higher than the 
regional average, and would be greater than 25% higher 
than the values measured in the adjoining valleys. 

These results are consistent with the distribution of 
gradients shown in Figure 7, and to some extent with the 
distribution of heat-flow values shown in Figure 6, if the 
most thermally conductive sedimentary rocks are not 
considered typical and the values in the granites are used 
for comparison instead. It is iteresting to note that peak 
heat-flow values associated with the boundary of the 
range would be 96 mWrn"^, or 25% high with respect to 
the average in a steady-state case. Since the amount of 
the granitic exposure in the northern Basin and Range 
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province is so Umited, it is argued that use of these sites 
for the determination of regional heat-flow values may 
have a large bias. 

Effects of Erosion and Deposition. The thermal effects 
associated with erosion of mountain ranges and the depo­
sition of sediments in beisins have been discussed by 
numerous authors (including Jaeger, 1965; England and 
Richardson, 1980). The general effect is to decrease 
observed heat-flow values in the sedimenting basins as 
the colder sediments deposited in the basin are heated up, 
and to increase heat-flow values in the ranges as hotter 
rocks are exposed by erosion. In view of the great 
tectonic reUef developed in the last few milUon years in 
the Basin and Remge province, significant perturbations 
from these effects may exist in the heat-flow data set. 
Unfortunately, there are not sufficient data to estimate 
these corrections in general. However, it is possible that 
systematic effects of up to 10 or 20% of the observed 
values could be related to the systematic differences in 
the erosional emd depositional environments of the ranges 
and vaUeys. These effects might or might not be 
superimposed on the refraction effects in an additive 
way, depending on the detailed timing of the development 
of the basins and ranges, and of the thermal conductivity 
contrast associated with various structural settings. The 
sense of these effects is in the same direction as the 
structural effects, i.e. values would appear to be higher 
than the true regional value in the ranges and lower than 
the true regional value in the vaUeys. 

CONVECTIVE HEAT-FLOW EFFECTS 
ShaUow Groundwater Aquifers. The effects of 
subsurface water movement on heat flow can be many, 
complex, emd on different scales. The most common 
effect is that of water table fluid flow, which is probably 
present in varying degrees at almost aU sites. Water 
movement in very large aquifers may affect the heat 
flow so severely that it is virtuaUy impossible to use 
holes of any reasonable depth to do classical heat-flow 
studies. An example of this situation is the Snake River 
Plain aquifer in Idaho, where heat flow values are much 
subnormal over an area 50 km wide by 200 km long (Brott 
et al̂ ., 1981). Because of the rapid flow rates in the 
aquifer (up to 1000 m/year), about 75% of the total 
amount of heat conducted into the bottom of the Snake 
Plain aquifer is advected out the end of the aquifer, 
leaving only about 25% of the heat to be measured by 
conductive heat-flow studies. On the other end of the 
scale, if the aquifer moves slowly enough that no heat is 
actually advected at the discharge zone of the aquifer, 
then the overaU heat budget would remain the same as in 
the conductive heat-flow case, but the distribution would 
reflect the downflow and upflow parts of the system. 
This situation has been modeled by Domenico and 
Palciauskas (1973) and appUed to basins in the Rio Grande 
rift by Morgan e^al. (1981). 

Mifflan (1968, 1983) has discussed in detail the 
hydrology of the Basin and Range province. The 
dominant hydrologic system in the Basin and Range 
province is a range-to-vaUey flow system. Aquifer heads 
are typically highest in the ranges and lowest in the 
vaUeys. As driU holes are deepened in the ranges, each 
successive aquifer usually has a lower head, and as drill 
holes are deepened in the vaUeys, each successive aquifer 
usually has a higher head. This observation implies 
recharge in the ranges and discharge in the vaUeys of the 
groundwater flow systems. .Thus low heat-flow values 

would be observed in the ranges and high heat-flow values 
would be observed in the valleys, if this effect dominates 
the shallow heat transfer. 

In the Battle Mountain Heat Flow High, no low heat-
flow values which might be characteristic of recharge 
areas in the ranges have been described. Even if the 
regional heat flow is high, it seems Ukely that some 
evidence of local circulation would have been discovered, 
particularly in the sedimentary rocks. 

Superimposed on the local hydrologic pattern are (in 
some situations) complex interbasin groundwater flow 
systems. These interbasin groundwater flow systems are 
particularly characteristic of the ceu-bonate terrain in 
eastern and south-central Nevada. This phenomenon may 
be related to the existence of the Eureka Heat Flow Low 
(Sass e ta l . , 1971). 

Geothermed Systems. There is also abundant evidence, 
in the form of many geothermal anomalies, for large-
scale water flow in northern Nevada. If water flow goes 
deep enough, high temperatures and a commercially 
attractive geothermal system may result. The depth of 
circulation required is a function of the permeability of 
the rocks (rate of fluid flow) emd the background 
geothermal gradient. These geothermal convective 
systems can be local or they can be regional. Near memy 
active volcanic and intrusive centers, the water flow 
systems may have lateral dimensions of only a few 
kilometers. On the other hand, some geothermal systems 
may involve fluid which moves across ranges emd valleys 
(for example, the Desert Peak geothermal anomaly; 
Yeamans, 1983). The characteristics of some of the 
geothermal systems in the Basin and Range province have 
been discussed by BlaekweU and Chapman (1977), Sass et 
al. (1976), Benoit et al. (1983), and Benoit and Butler 
n"983). Extensive thermal data eu-e now available from 
many areas, in too great a number to be discussed in 
detail here. Many of these data were collected through 
DOE-Industry coupled geothermal programs, and are 
available from the Earth Science Laboratory of the 
University of Uteih. Brief discussions of many of these 
areas are given in papers of the Geothermal Resources 
Council Transactions. References to discussions of 
thermal data from areas in northern Nevada are listed in 
Table 3. 

Mase emd Sass (1980) have discussed an extensive 
heat-flow study in the Black Rock Desert area of 
northern Nevada (Figure 10). This area includes several 
geothermal.systems, one of which is Gerlach Hot Springs, 
but in addition areally extensive data outside the 
geothermal systems were also calibrated. Typical heat-
flow values in the Black Rock Desert are 40-60 mWm"^ 
along the axis of the vaUey, rising to 80-100 mWm"^ at 
the meirgins of the valley. Several large high heat-flow 
anomaUes are identified, particularly north of Gerlach 
along the east side of the Granite Range, along the 
southeast margin of the Black Rock Desert against 
Pahisupp Mountain, and along the west side of the Black 
Rock Range. In addition, MacFarlane's Hot Spring 
(Swanberg and Bowers, 1982) is just off the map to the 
east. The major gap in the data is that few values are 
available from the ranges to compare to the basin. A 
heat-flow value measured in the granite of Pahisupp 
Mountain was 188 mWm"^, clearly much in excess of any 
possible regional value, and affected in some way by a 
geothermal system. 
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FIGURE 10. Heat-flow contours (soUd Une: 60, 80, 
100, 200,300, 500 mWm"^) and depth-to-basement 
contours (dotted Une: 0,0.5, 1.0, 1.5, 2.0, 2.5 km) in 
the western Black Rock Desert. Location of heat-flow 
points (soUd circles) for reference. Major normal 
faults are also indicated. After Mase and Sass (1980). 

TABLE 3. Geothermal systems emd published geothermed gradient/heat 

Location Geothermal System 

Black Rock Desert 

San Emedio Desert 

Humbolt Sink 

Carson Sink 

Clan Alpine Mts. 
Pueblo Mountains 
Steamboat Hills 
Buena Vista VaUey 

Crescent Valley 

Independence VaUey 

Grass Valley 

Buffalo VaUey 

McFarland H.S. 
Gerlach H.S. 

San Emedio West 

Colado 
Humbolt House 

Desert Peak 
Brady H.S. 
StiUwater 
Soda Lake 
FaUon-NAS 

McCoy 
Baltazor H.S. 
Steamboat H.S. 
Kyle H.S. 

Beowawe H.S. 

Tuscarora 

Leach H.S. 
Peu-ker Canyon 

flow studies or data reports. 

Reference 

Swanberg and Bowers, 1982 
Sass et al., 1979 
Sass et^al., 1976 

Mackelprang e ta l . , 1980 

Mackelprang, 1982 

Benoit et^al., 1982 

HiUelal . , 1979 

Olson e ta l . , 1979 

Earth Power Prod. Co., 1980 
White, 1968 
McMannes et^al., 1981 
Smith, 1983 

PiUcington et al., 1980 

Sass et al., 1977 
Welch e ta l . , 1981 
Mase and Sass, 1980 

Sass et al., 1976 
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Superimposed on the heat-flow values are the depth-

to-basement contours, also from Mase and Sass (1980). 
There is a good correlation between the heat-flow values 
and the depth to basement, with the lowest heat-flow 
values being associated with the deepest part of the 
basin. Mase and Sass (1980) suggested that regional 
downflow is occurring in the valleys with upflow along 
the margins of the vaUeys. The proposed hydrologic 
circulation would be counter to the "normal" hydrologic 
circulation pattern of downflow in the ranges and upflow 
in the valleys (Mifflan, 1968). Unfortunately, the lack of 
data in the ranges does not aUow a complete test of the 
Mase emd Sass (1980) hypothesis. Furthermore, geo­
thermal systems are often associated with the contact 
between the valleys and the ranges emd may be controlled 
by hydrologic barriers between the ranges and the 
valleys. In this case, if water flow were down in the 
range, it might be expected to come back up again along 
the bounding fault so that the whole system would be 
contained within the range. This particular circulation 
pattern seems to be characteristic of the Roosevelt area 
in southeastem Utah (Ward et al., 1978). The data of 
Mase and Sass (1980) not immediately adjacent to 
geothermal systems are included in Figure 6, and it is 
clear that the gradients and heat flow values in the Black 
Rock Desert are consistent with those observed in the 
Battle Mountain Heat Flow High, if em allowance is made 
for the refractive effect of the low thermal conductivity 
sedimentary basins, and no absorption of heat by fluid 
downflow in the basins is necessary to make the heat flow 
consistent with the inclusion of this eu-ea as part of the 
Battle Mountain Heat Flow High. Mase and Sass (1980) 
included this area in the Battle Mountain Heat Flow High 
based on addition of the total amount of energy lost in 
the geothermal systems to the actual observed heat-flow 
values in the vaUeys. If refractive effects are 
significant, as is implied by Figure 6, then the observed 
values are consistent with such an association, without 
hypothesizing any large-scale water flow effects on the 
heat-flow data. An additional complexity associated with 
the geothermal systems is that flow is usually transient. 
Temperature gradient reversals with depth in exploration 
holes are almost the rule rather than an exception (see 
Benoit et̂  al., 1982), Ziagos and BlaekweU (1980, 1983) 
have discussed modeling of temperature-Klepth curves 
where this phenomenon is observed, to determine aquifer 
characteristics and flow regimes. 

There is no doubt that the fluid flow patterns are 
extremely complicated and have a major effect on heat 
flow at some locations in the Basin and Range province. 
However, the nature of these patterns remains to be 
sorted out, as in no place are there sufficient heat-flow 
data to thoroughly investigate the total geographic 
extent of a water flow system. There is evidence for 
many different kinds of flow patterns from the 
geothermal systems themselves. Many of the geothermal 
systems are associated with the range-valley contacts; 
however, some systems appear to be confined to the 
vaUey side, some to the range side, some to the faults, 
and some involve intrabasin/range fluid flow. 
Consequently, convective systems can be imeigined which 
might involve flow in ranges only, vaUeys only, remges 
and valleys, and perhaps even only along the normal 
faults. At the present time, neither the data nor the 
interpretations are sufficiently constrained to allow 
description of the nature of a "typical" geothermal flow 
system in the Basin and Range province. 

DISCUSSION 
The object of this paper has been to investigate the 

effects emd interactions that make the thermal pattern in 
the Basin and Range province so complex. The basic 
observations of geothermal gradient (Figure 7) are 
probably the most reUable and useful information. The 
heat-flow pattern remains to be explained. 

A very simple conceptual model of heat flow in a 
Basin and Range setting is shown in Figure 9. The model 
includes the effects of a crustal thermal disturbance and 
refraction in the Basin and Range setting. The thermed 
source is approximated by a body at a temperature of 
1350°C emplaeed between 10 and 20 km. The 1350°C 
includes the regional background, which was cuculated 
for a Basin and Range heat flow of 80 mWm"^ at the 
surface, and a mantle heat flow of 59 mWm"^. The 
temperature corresponds approximately to the 
emplacement temperature of basalt with some aUowance 
for the latent heat effects. The model is similar to the 
one used for the western Snake River Plain by Brott et al. 
(1978). The model was designed to investigate the 
effects of refraction and a thermal anomaly. 

Heat-flow values as a function of position are shown 
at 5 M.Y. and 10 M.Y. after emplacement of this sort of 
a body (Figure 9). The basic heat-flow pattern is not 
much affected by the source, even though it is within the 
crust. If such a source had been emplaeed 5 M.Y. ago, 
then the mean heat flow would be 112 mWm"^, with a 
variation from below 100 to over 120 mWm" , except in 
the vicinity of the range-bounding faults, where 
variations would be more extreme. If the intrusive has 
cooled for a period of 10 M.Y., then the mean heat flow 
drops to 90 mWm~^ while the heat flow varies from about 
80 mWm"^ in the vaUeys to 100 mWm"^ in the ranges. 
The variation of observed heat-flow values for the valleys 
and the ranges in the Battle Mountain Heat Flow High, 
ignoring the extremely high heat-flow values in the 
sedimentary rocks emd those that are certainly associated 
with geothermal systems, is shown on the plot. The heat-
flow pattem associated with a cooUng period of 10 ± 5 
M.Y. would approximate the midpoint of the range of 
observed data. There is sUghtly larger variation in heat 
flow than is predicted by this model between the ranges 
and the vaUeys, which might suggest some superimposed 
smedl effects of fluid circulation. The calculated age has 
little significance because the model is very approximate, 
emd if extension effects are superimposed on a meigmatic 
effect, the heat flow might be maintained at high values 
for some period of time after it would ordinarily have 
dropped. At the same time less extension would be 
required to keep the heat flow at a high level. 

The conclusion is that a reasonable heat-flow model 
for the northern Basin emd Range province involves a 
background heat flow which in superposition of a late 
Cenozoic thermal (intrusive and extrusive) event followed 
by regional extension active to within the last 1 M.Y. In 
the northern Nevada region, intrusive or extrusive silicic 
rocks qf young age are not involved with the geothermal 
systems. The actual distribution of values is profoundly 
affected by the thermal conductivity contrasts between 
the ranges and the valleys. A combination of a very high 
permeabiuty crust (due to the extension) with relatively 
high gradients due to high regional heat flow results in 
the observed pattern of heat flow and geothermal 
systems. Geothermal manifestations are associated in 
many cases with range-bounding faults, although there is 
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no simple relationship between the faults and the 
geothermal systems. Some of the geothermal systems 
are on the range side, some are on the vaUey side, some 
involve ranges and vaUeys, emd some may be within the 
fault system itself. Although there are a lot of heat-flow 
data available, much analysis remains before we 
thoroughly understand the heat-flow pattem. DrilUng in 
the geothermal systems has added a new set of data 
which gives information on areas which have not been 
previously included in the regional data set, and need to 
be included for complete understanding of the heat flow 
pattern. Future studies wiU need to thoroughly 
assimilate these data, so that a more realistic and 
accurate pattern of heat-flow distribution and the 
controls on that distribution in the Basin and Range 
province can be developed. 
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THERMAL REGIME OF A LARGE DIAMETER BOREHOLE: INSTABILITY 
OF THE WATER COLUMN AND COMPARISON OF 
AIR- AND WATER-FILLED CONDITIONSf 

W I L L I A M H. D.lis E N T * 

Tempteratures were measured as a fiinction time and depth in a borehole before and after it had been.filled with 
water. The hole is 25 cm in diameter, 340 m deep, and eflfectively sealed from influx of ground" water. The.measure-
ments reveal that: (1) Temperature differences between the air-fiUed hole and the water-filled hole (after dissipation 
of the water injeetion disturbance) do not exceed 0.05° C at the same depth. (2) Temperatures in the water-filled 
hole exhibit oscilbtions at all depths where teniperature increases downward but are stable at the bottom and near 
the surface where temperature decreases witi depth. (3) The temperature osciIla,tions have periods ranging from 
several minutes to several hours. (4) The amplitudes of the oscillations are several hundredths of a degree, and are 
roughly proportional to the gepthermal gradient n^r the point of measurement, thus suggesting that the size of 
cells or eddies are rather constant and that the distance of wateririovement is no more than several times the inner 
diameter of the casing. (5) No oscillations were detected in the air-filled hole, but because the time constants of the 
instrument areldiig in an air-filled hole, the paissibility of short period oscillations cannot be excluded. 

INTRODUCTION 

Hales (1937) has shown that a fluid column in 
a vertical tube becomes unstable- when the tem­
perature gradient exceeds a certain critical value 
which depends on the properties of the fluid and 
the size of the tube. Erige's (1939, p, 451) 
formplation of this is coirtmonly cited (Misener 
and Beek, 1960, Garland and Lennox, 1962, 
Beck, 1965): 

gaT Cvk 

Cp gc^a* 

where (|cis the critical gradient, gthe acceleration 
due to gravity, T the absolute teniperature, a 
the coefficient of therrnal expansion, Cp the spe­
cific heat, V the kinematic viscosity, k the ther-
mometric conductivity (diffusivity), a the radius 
of the tube, and C is a cpnstant which has the 
value 216 for a tube vshose: length is great com­
pared with its diameter. 

The first term iii this expression is the adiabatic 
gradient which is about 0.2°C/km for water and 
about iCC/km for dry air at 20*0. Clearly, 
adiabatic gradient is exceeded in alniost all water-
filled holes.. The second term is much larger for 
water-fiUed.holes-than for air-filled holes and is 
particularly sensitive to the effect of hole diam­
eter. According to this formulation, the smaller 
diameter (2-3 cm) diamond drill holes are usually 

stable, the larger ones (6-8) cm close to instability 
or unstable, and almost all of the large diameter 
holes (10 cm or more) are unstable when filled 
with waiter. 

Although Hales' theory provides a condition 
for instability, it does not indicate how the fluid 
will move or to what exterit it will influence the 
distribution of temperature withiri the hole. The 
theory for predicting such effects does not seem 
to be complete (Donaldson, 1961). Evidently, the 
effects of the movements are^ not large. Hallock 
(1894) found no significant differences between 
temperatures measured in a 25 cm dry hole and 
in the same hole 'after it had filled with water. 
Van Orstrand (1924) found no evidence for con­
vection in water-filled holes less than 20 cm in 
diameter.' Krige (1939), in comparing results in 
theoretically: stable and unstable parts of holes, 
found no evidence of a convective disturbance. 
Diment and Robertson (1963) fourid no signifi­
cant differences between temperatures in a 7.5 
cm hole and those in the same hole after 2,5 cm 
casing had been cemented into place. 

" I n recent years, thermistor'probes with re­
sponse times of several minutes or less have been 
widely used, and sniall temperature oscillations 
have undoubtedly been observed by many, We 
have observed thein, A. H. Lachenbruch and 
R. F. Roy have mentioned them in connection 
with their studies and have noted the contrasts in 

^ 
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itability between large and small diameter holes. 
Sowcver, with exception of the recent reports of 
Sretener (1967) and Diment and Werre (1966) 
Bve find no published record of the phenomenon, 
probably because there is usually some question 
IS to whether the oscillations are a consequence 
jf the inherent instability of the water column or 
the result of exchange of water between the hole 
md the surrounding rocks. 

EXPERIMENTAL DETAILS 

The U. S. Bureau of Mines maintains an experi­
mental drill hole at its Petroleum Research Labo­
ratory near Morgantown, West Virginia. This 
vertical hole was drilled and completed by cable-
tool methods in 1952. Temperature and strati­
graphic data are given in Figure 1. The innermost 
of several "strings" of steel easing is 25 cm inside 
diameter and extends from the surface to 360 m 
where it is plugged with 7 m of cement. The annuli 
between the centered strings of casing, as well as 
that between the outer string and rock, are filled 
with cement. These measures, along with the fact 
that no water seeped into the hole during the year 
prior to experiment, assure us that we have no 
disturbance due to entrance of ground water and 
suggest that no significant thermal disturbance 
results frora exchange of water between aquifers 
through any openings that may exist between the 

cemented casing and the rock. 
Conventional components were used for the 

temperature measurements: five-dial bridge, 
electronic null-detector (10 piv full scale), disc or 
glass-encapsulated bead thermistors, and a strip 
chart recorder (one volt/cm). Two types of 
cables were used: system A—disc thermistors 
molded or taped into a multi-conductor cable and 
spaced at 15 or 30 m intervals; system B—a single 
glass-encapsuled thermistor in a brass pod. An 
extra lead was provided in each cable to detect 
changes in lead resistance. The response charac­
teristics of the two cables are shown in Figure 2. 
Additional characteristics of the disc thermistors 
are given by Robertson et al. (1966) and Raspet 
et al. (1966). Both systems were calibrated sev­
eral times before and after their use in the hole. 

An outline of the experiment is as follows. 
System B was employed in the dry hole on 19 
August 1964 and then removed. System A was 
installed in the hole on 20 August 1964, and a se­
ries of observations were made until 28 August 
1964, when the hole was filled with water in 40 
minutes. Thereafter, temperatures were monitored 
at discrete intervals until 12-14 July 1965, when 
strip chart recordings of temperature were made 
for one hour at each depth. System A was then 
removed from the hole and a series of similar re­
cordings made with system B on 15-16 July 1965. 

12 
TEMPERATURE ("C) 

14 16 18 

ROCK 
TYPE (%) 

0 100, 

20 40 
GRADIENT C C / K M ) 

FIG. 1. Temperature and temperature gradient versus depth. Key to rock tyj)e: white-limestone, stipled-sand-
fo^o riQcV.o/i.<:Vi9lf> hlark-coal. Arrows reoresent thin coal seams of unreported thickness. Lithologic log compiled 
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FIG. 2. Response of instruments to a step increase in temperature. First letter indicates the system (A or B). Num­
ber, if any, indicates whether thermistor was molded into cable (1) or taped (2) into cable. The letter in parentheses 
indicates the medium air (A) or water (W). The last letter indicates whether the response was measured in the 
laboratory (L) or in the hole (H). 

CHARACTERISTICS OF OSCILLATIONS 

Recordings of the variation of temperature 
with tirae at various depths in the water-filled 
hole are shown in Figures 3 and 4. The multi-
sensor cable used in system A had been in the 
same position for 11 months prior to the record­
ing; thus, there is no question of the oscillations 
being caused by movement of the cable. The sin­
gle thermistor cable (system B) used for obtaining 
the recordings in Figure 4 was lowered to each 
position at the zero time on the left of the draw­
ing. Therefore, there is a transient disturbance in 
the first ten minuteis. This transient is much 
longer than the time constant of the probe and 
and much too large to be the effect of change of 
temperature of the lead wires, and, consequently, 
must be regarded as disturbance of the water 
coluran. 

There are no temperature oscillations at those 
depths where temperature decreases downward. 
Furthermore, there is no oscillation at the bottom 
of the hole. Therefore, we can conclude that 
oscillations observed in the remaining part of the 
hole are real variations in temperature and repre­
sent motion of water in the hole. 

The form of the oscillations is complex, with 
periods of rapid change followed by periods of 
relatively little activity. When several hours of 
records are examined, waveforms of the same 
general tjrpe are observed repeatedly but they 
differ in detail and are quasi-oeriodic at hp5f 

record and obtained a Fourier amplitude spec­
trum of the whole interval as well as each quarter 
of it. The results indicate no marked periodicity. 
However, the waveforms suggest that amplitude 
and period may be coupled somehow. A more 
sophisticated analysis might be warranted if 
longer records were available. 

Another view of the variation of temperature 
with tirae during this nine hour period can be seen 
in Figure 5. Here we have averaged the tempera-

1 
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MINUTES 

FIG. 4. Time-variation of temperature at various 
depths in water-filled hole as recorded with system B. 
Note that the temperature scale for the recordings for 
depths 226 through 338 m are a tenth of those at other 
depths. 

ture values over various intervals of time (5, 10, 
20, 40 minutes) and plotted the .averages as a 
function of time. These moving or running aver­
ages are roughly equivalent to filtering. Aside 
from illustrating certain characteristics of the 
teraperature variation, the averages indicate that 
there is little to be gained by averaging unless 
periods over several hours are utilized. 

Examination of the details of the temperature 
nt- Ac \¥V, V\£kf i i r£ 1/11 iA n ; i 

of discrete steps at intervals on the order of a 
minute and of amplitude on the order of 10 cm 
and that the large variations of temperature 
represent a superposition of such movements. 
This is a reasonable supposition if the time con­
stants of both the probe and the hole (water, 
steel casing, and surrounding cement and rock) 
are considered in viewing the form of the oscilla­
tion. 

RELATION TO GEOTHERMAL GRADIENT 

The ampUtude of the temperature oscillation 
does not exceed about 0.05*'C and seems to be 
roughly porportional to the gradient at the depth 
of measurement. An attempt to examine this 
proportionally is given in Figure 6. Here the 
raaximum variation of temperature (range) within 
a ten minute period, as viewed over a total time 
interval of 50 minutes, is plotted against the 
gradient at the depth of observation. Actually, 
we do not have the gradient of the point where 
the range was observed; we have the average 
gradient over a 3 (systera B) or 8 m (system A) 
interval above and below the point where the 
range was determined. Therefore, there are two 
gradients for each range; and where these gradi­
ents differ, both are plotted and a horizontal line 
is drawn between the points. The ratio of the 
range to the gradient is the vertical distance water 
must move (assuming no heat loss) to produce 
the temperature variation observed in a region 
of given gradient. Thus, the slopes of the dashed 
lines in Figure 6 indicate distance of water motion. 

The splatter of points is partly the result of the. 
complexity of motion, an arbitrary choice as to 
range, and the use of average gradients over in­
tervals that are large with respect to lithologic 
variations. Despite these uncertainties, we can 
conclude that the thermal oscillations represent 
water moveraents over a distance of no raore than 
several tiraes the diaraeter of the pipe. If we were 
to view the water column as a series of vertically 
juxtaposed convection cells or eddies, we coidd 
say that the height of the cells was no more than 
several times their width. Clearly, the actual rao­
tion is far more complex and probably involves the 
continual formation and breakdown of irregular 
eddies which move in response to the local density 
distribution within the water coluran. 

If the dirnensions of the eddies are, in fact, 
raainly influenced by the diaraeter of the pipe, we 
eli/MiM ciicnort Hf tbp nrnnfirties of the water and 
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FIG. 5. Moving averages of temperatures recorded at 61 m with system B. Length of bar indicates length of 
interval averaged. Drift (not removed) caused by change in resistance of test lead is indicated by dashed fine. 

cells and, hence, amplitude of the oscillation 
would decrease with decreasing pipe diameter. 

STABIUTY OF AIR COLUMN 

The multi-element thermistor cable (systera A) 
was installed in the air-filled hole on 20 August 
1964, where it reraained undisturbed until 
28 August 1964, when the hole was filled with 
water. During this interval 25 observations were 
raade at each depth. The average deviation from 
the mean is less than 0.0005*'C and in no case did 
a single observation deviate more than 0.004*'C. 
Our sensitivity is about 0.002°C; thus, there is 
no evidence for temperature change. 

Temperatures were also measured with a single 
thermistor probe (systera B) at 30 ra intervals on 
19 August 1964, and again there was no evidence 
of short period temperature oscillations over the 
one-hour interval in which the temperatures were 
monitored at each depth. 

This lack of evidence for temperature oscilla­
tions, comparable to those found in the water-
fiUed hole, does not necessarily preclude their 
existence. The time constants of both systems are 

high frequency coraponents would be greatiy 
attenuated, and we would only expect to see 
those components having periods greater than 
an hour. But, we have no evidence for these 
either. 

Even if oscillations existed ifi-'"the air column, 
forms sirailar to those in the water coluran would 
not be expected because the response of the hole 
to a change in teraperature of the air would be 
rauch quicker (assuming the air to be well stirred). 
This is a consequence of the fact that the vol­
umetric heat capacity of the air column is less 
than a hundredth of the heat capacity of the inner­
most section of casing, whereas the heat capacity 
of the water column is nearly ten times that of 
the inner casing. 

It might be recalled that the adiabatic gradient 
in dry air is about lO^C/km and somewhat less 
in other atmospheres (Hess, 1959). Thus, accord­
ing to Krige's (1939) formulation, the air-filled 
hole is rauch closer to stability than is the water-
filled hole, and indeed may be stable in some sec­
tions of the hole where the gradient is less than 
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DIFFERENCE BETWEEN AIR AND WATER 
TEMPERATURES 

The temperatures measured 11 months after 
the hole was filled with water differ from those 
in the dry hole by no more than 0.05''C (Table 1). 
The remaining differences do not involve the 
water injection disturbance because the decay 
curves (Figure 7) indicate that it would have 
dropped to 0.01'C or less in 11 raonths—a conclu­
sion that can also be reached frora theory (Jaeger, 
1956). The differences of Table 1 are probably not 
significant. There is an uncertainty of several 
hundredths t,of a degree because of the therraal 
instability of the water column and the fact that 
data for less than an hour were averaged to obtain 
the temperatures. Moreover, anoraalous drift 
rates observed in the laboratory after the experi­
raent suggested that several of the thermistors 
(results excluded from Table 1) had suffered 
mechanical or thermal shock when the cable was 
retrieved from the hole. Conceivably, other 
thermistors were affected to a less obvious degree. 

It seems safe to conclude that the differences 
between the air- and water-filled holes do not 
exceed a few hundredths of a degree. The sraall 
difference is not surprising, for Hallock (1894) 
had obtained the same result in a similar experi­
ment. Moreover, if we regard the difference in 
conditions as one of difference in conductivity, 
very small differences would be expected from 
theory (Donaldson, 1959). 

CONCLUSIONS 

The results of this investigation clearly indicate 
that the water column of a large diameter hole is 

Table 1. Difference between temperatures mea­
sured in air-filled hole {Ta) in August 1964, 
and in water-filled hole (pCtv) in July 1965 

Depth 
(meters) 

15 
61 

137 
152 
168 
214 
259 
274 
290 
305 
321 
336 

System A 
Tw—Ta 

(Degree centigrade) 

-1-0.03 

-1-0.01 

-1-0.04 
-0 .05 
-fO.03 
-f-O.OS 
-0 .02 
-0 .01 
-0 .01 
-0 .03 

System B 
Ttu—Ta 

(Degree centigrade) 

- 0 .02 

-0 .03 

-0 .03 

- 0 . 0 3 

unstable when the geothermal gradient exceeds a 
certain value and that this instability manifests 
itself primarily in vertical water raoveraents of 
short periods that do not exceed several diaraeters 
of the hole. The completely independent inves­
tigation of Gretener (1967) yields similar results 
and, thus, confirms and lends generaUty to the 
observation. 

A practical result of the instability is that we 
raust expect oscillations of several hundredths of 
a degree in large diaraeter holes, the exact araount 
depending on hole diameter, gradient, and proper­
ties of the fluid. Unfortunately, this forms a lirait 
to which the geotherraal raethod can be applied 
in resolving the details of stratigraphy. Gretener 
has investigated sorae ways in which the in­
stability can be reduced. 

0J04 

2 0.021-

SYSTEM A 

oi^ 

/ y 

/ X "-̂  

SYSTEM B 

0 ™ 

^ 0 . ^ ^ 

20 40 
GRADIENT ("C/KM) 

20 
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40 
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FIG. 7. Typical curves illustrating the decay of the thermal disturbance caused by filling the hole with water. Size 
of disturbance is based on pre-injection temperatures. Zero time is time at which filling started. Temperatures are 
uncertain by several hundredths of a degree because of instability of water column. 
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GEOPHYSICS, VOL, XXXII, NO. 4 {AU.GUST, 1967), PP. T27-738, IT IF IGS . , t TABLE 

DN THE THERMAL INSTABILITY OF LARGE DIAMETER WELLS— 
^N OBSERVATIONAL REPORTf 

P E T E R E. G R E T E N E R 

A fluid in a tube subjected to a thermal gradient wiU be stable as long as this gradient does not exceed a certain 
;ritical value. Observational evidence is preserited that the fluid in large dameter wells, such as oil wells, subjected 
to the normal geothermal gradient is.irid^d, unstable as predicted by the theory. Our independent observations 
support the evidence; presented by Diment (1967) in a companion paper. 

INTRODUGnON 

When a long tube filled with a fluid (or gas) is 
subjected to a thermal gradient, the fluid will 
become unstable and start to convect as soon as 
the gradient exceeds a certain critical value. 
Hales (1937) treate^d this problem from a theoreti­
cal point of view and derived a formula fpr the 
critical gradient His computation has gerierally 
been a,ccepted as a valid criterion (Krige, 1939, 
Garland and Lennox, 1962, Diment and Robert­
son, 1963), However, it has often been found 
(Krige, 1939, Gariand and Lennox, 1962) tha:t 
the theory predicts instability while the mea­
suremerits indicate stable conditions to prevail. 
The apparent enigma finds its solution when one 
looks at the size of the temperature anomalies 
produced by the instability and the accuracy of 
earlier temperature measurements. One must keep 
in mind that Hales' forraula only predicts the 
onset of iristability but does not characterize the 
unstable condition. It is evident that the temper­
ature anpriialies pfbduced under unstable condi­
tions will strongly depend on the size of the con­
vection cells set up in the fluid. As long as the, 
individual cells are short, just a few times the 
diameter of the well, anomalies due to the break­
ing down and reforming of these cells will be 
small—too small to be detected by temperature 
measurements using mercury maximum ther­
mometers. Iri the foUowing, evidence is presented 
that this is exactly the situation as encbuntered 
iri a large diameter bore hole such as an oil well. 

Hatles' formula reads as follows (in Krige's 
formulation): 

where 

g= acceleration of gravity 
a = volume coeflicient of therraal 

expansion 
r=absolute temperature 
c;p=specific heat 
B=constant (216 for a tube where 

z»2f) 
X = thermal conductivity 
p=density 

K=X/pCp= thermal diffusivity 
V = kineraatic viscosity 
a=radius of the hole 

The first term of the above formula gives th6 
onset of convection in the absence of viscosity, 
whereas the second term takes into consideration 
the fluid viscosity. For a fluid such as water the 
firat term is usually small, so small that any hole 
will be unstable under normal .geothermal condi­
tions. It is, thus, the second term that is decisive, 
It contains the well radius to the fourth power in 
the denominator, which means that thephenom^ 
ehon of thermal instability is a characteristic of 
large dianieter holes. Table 1 gives a few values 
for the critica.1 gradient for wells of various diam­
eters. In sedimentary areas the geothermal 

t Manuscript received by the Editor 1 November 1966; revised manuscript received 9 January 1967, 
* Shell Development Company, Houston, Texas. Now at the Departmerit of (jeology, University qf Calgary, 
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Table 1. Critical geothermal gradient in 
°F/I00ft 

Well Diameter 
(in inches) 

water 7 7 ^ 
212°F 

crude oil 77°F 
212°F 

2 

1.6 
0.22 

55 
5.5 

5 

0.055 
0.004 

3.1 
0.22 

8 

0.017 
0.004 

0.44 
0.11 

gradient is seldom less than 1°F/100 ft and, as a 
consequence, most oil wells raust be thermally un­
stable. 

LOCATION OF TESTS AND INSTRUMENTATION 

Our observations were conducted in two wells 
drilled for oil in the Gulf Coast of Texas, Foster 
No. 6 and Chapraan No. 1 (Figure 1). The forraer 
is an abandoned oil well about 50 railes north of 
Houston, drilled in 1943 to 8289 ft with a 5-inch 
ID casing. This hole has been idle for raany years 
and was solely used for instrument testing. Chap­
man No. 1 was drilled in 1962 to 20,800 ft and 
plugged back to 12,700 ft. It is a dry hole with 
8.8-inch ID casing, and at the time of our tests the 
well had been standing for more than three years. 
Both wells are, thus, in thermal equilibrium, a 
fact confirmed by repeated temperature surveys. 

Our observations were made with Veco glass 
bead thermistors (approximately 4500 ohms at 
77°F) moulded into a multiconductor Vector 
cable (Figure 2). Total length of this cable (called 

1 
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1 V 
I •» 

( 
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FIG. 1. Location of the test wells. 

FIG. 2. Veco bead thermistor above scale and moulded 
into the Vector cable. 

X-3) is 1500 ft, and our observations were thus re­
stricted in this regard. The cable contains a total 
of 14 thermistors spaced over 250 ft. The bottom 
4 thermistors are spaced one ft apart while the 
remaining elements are 25 ft apart. 

Moulding the thermistors into the rubber cable 
has an adverse effect on the tirae constant. The 
response of the thermistors is shown in Figure 3. 
The response curves were obtained by raising and 
lowering the cable a certain distance in the hole (a 
well provides an ideal thermal bath with a thermal 
gradiferit). It can be seen that the time required 
to come within about 5 percent of the new tem­
perature is in the order of three minutes. Temper­
ature variations with a period of less than ten 
minutes will, thus, not be faithfully recorded. 

In order to make our observations, the ther­
mistors were placed at the desired depth in the 
hole and a permanent record was then made using 
a four-digit bridge, a Hewlett Packard Nullraeter 
and a TI Servoriter. The records cover periods of 
24 hours or more. _^^ 

MEASUREMENTS 

Observations were raade in Foster No. 6 to a 
depth of 1450 ft. The results of the temperature 
survey are shown in Figure 4. A large temperature 
gradient is observed at 600 ft. No explanation is 
offered as to the cause of this sharp temperature 
increase. However, the survev has hepn rpnpai-p/i 
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FiG. 3. The time response of the thermistor moulded into the cable. Thermistor no. 17 moved from 381 to 387 m 
(top); tiiermistor no. 10 moved from 319 to 349 m (bottom). 
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several times over a period of more than a year 
and the values are fully reproducible within the 
limits shown below. Figure 5 gives the tempera­
ture variations at various levels iri the hole while 
the cable was kept statibaary. The fluctuations 
range, from less than 0..02°F to aboutCOS^F. t h e 
maximum variations are observed in the area of 
the large temperature gradierit. 

Figure 6 shows the depth temperature profile 
for Chapman No. 1. A sharp increase of the tem­
perature with depth is evident at 1200 ft. Again 
this temperature profile, is reproducible. The tem­
perature variations at selected depths in this hole 
are given inFigures 7 and 8. The maximum varia­
tion is again, recorded at the depth where the 
geothermal gradierit is largest. Fluctuations range 

frorii less than 0.02^F to as much as 0.13°F. 
The period of the main fluctuations seems to be 

in the order of 15 minutes. Longer periods are also 
iridicated in some instances. The shallow records 
show some drift due to the change of the resis­
tance of the copper vî ires in response to the vary­
ing surface temperature. The change in lead resis­
tance is shown in Figure 9. It is most pronounced 
for the shallow intervals wheTe most of the cable 
is on the drum and, thus, exposed to the varying 
surface temperature. Insulation of the cable will 
remove any short time changes but not the daily 
variation as seen in Figure 9. For a depth of 800 
ft the double amplitude for 24 hours is about 
0.05*F, for the maximum depth of 1450 ft it is less 
than 0.01 °F, Periods of less than fen minutes will 
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FIG. 8, More thermal fluctuations at selected levels in the well Chapman No. 1. 

be increasingly suppressed due to the tiirie con­
stant ofthe thermistors (Figure 3). 

The temperature fluctuations are not iiiduced 
by the movement of the cable. This is demon­
strated in Figure 10 where two reGords are shown 
for the same depth with a time interval of ieight 
days, during which the cable remained stationary. 
No decay of the temperature variations is appar­
ent. 

Figure 11 shows a record taken while" the ther­
mistor was in an uncontrolled temperature bath. 
Apart from a slow drifts—since the bath is un­
controlled—no fluctuations are registered, thus 
the system is stable. The observations presented 
here, thus, truly represent temperature variations 
withiri these test holes. 

Since some of the thermistors in the cable are 

spaced very closely, we decided to make some 
simultaneous recordings with a dual pen recorder. 
The results are shown In Figures-12 and 13, Figure 
12 shows records takeri over a distance, of three ft, 
while in Figure 13 we recorded over a distance of 
one and two ft. In no case is any correlation a;p-
parent. In all instances the records -run in and out 
of the phase at random; 

STABILIZATION OF THE HOLE 

According to Hales' formula, a hole may be 
stabilized in two ways: either by increasing the 
fluid viscosity or decreasing the hole diameter. 
The former requlreis a complete exchange of the 
well fluid, a major operation in a deep hole such as 
our test holes. Thus, we attempited to decrease the 
hole diameter. For this purpose we lowered the 
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FiG. 9. The change in the lead wire resistance due to the daily temperature variations for different recording levels. 
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Thermistor no. 20 at 182 m; 23, 24 January 1965 (top); 30, 31 January 1965 (bottom). 
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FIG. 12. Records show data obtained simultaneously over a distance of three ft; 3 February 1965 (top); 27 Janua,ry 1965 (bottom). 
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thermistor inside a plastic tube 14. ft long and If 
inch in diameter. As a test depth we chose 600 
ft in Foster No. 6, where previous measureraents, 
(Figure S) had indicated that particularly severe 
temperature fluctuations existed. Hales' formula 
indicates a critical hole radius for this part of the 

well of abou tone inch. The top record in Figure 14S 
shows that just previous to our experiment the! 
conditions in the hole were as shownin Figure 5 ^ 
Lowering the thermistor in the plastic tube re^j 
duces the fluctuatipns to less than half their foKfa 
mer value, but stability is not achieved. This isl 
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not surprising since the annulus (the plastic tube 
ivas equipped wifh centralizefs) is too large to ex-
piect stability. In a further attempt, we lowered 
the bundle of tubes shown in Figure 15. Again the 
length of the tubes was 14 ft. Record no. 3 in 
Figure 14 shows that the temperature variations 
in the open hole are as large as ever. Inserting the 
bundle of tubes and reducing the hole radius be­
low the critical value leads to stability for all 
practical purposes (bottom record, Figure 14). 
Some slight variations of less than 0.01°F and of a 
period of about one hour might be ascribed to the 
limited length of our stabilizing equipment, which 
thus acted as a filter passing some long period 
disturbances. While the main fluctuations seem to 
have a period of about 15 minutes, this experi­
ment supports the suspicion that longer period 

'WAiL o r WELL 
-THERMISTOR 

FIG, 15. Cross section of bundle of tub^ used to stabilize 
well. Length of tubes 14 ft. 

FIG, 16. Plot of the maximum observed temperature variation during any four-hour period on a 24-hour 
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disturbances are also present. I t should be em­
phasized again that, due to its relatively long time 
constant, the equipment will not register properly 
the very short time variations. It is for this reason 
that no Fourier analysis has been attempted, 

INSTABILITY AS A FUNCTION GF THE 
GEOTHERMAL GRADIENT 

In Figures 16 and 17, we have plotted the 
maximum observed, temperature fluctuation 
within any four hours over a period of 24 hours 
versus the prevailing geothermal gradient. The 
correlation factors are 0.90 for Chapman, No. 1 
and 0.83 for Foster No. 6, indicating a definite 
correlation, as one would expect. The slopes of the 
regression lines are:3.12°F/''F/106 ft for Chapman 
No. 1 arid 2,63°F/°F/100 ft for Foster No. 6. This 
is a small difference in slope considering that the 
hole diameters differ by a factor of nearly 2. 
This is explained by the fact that at the time of 
the measurements Chapman No. 1 was filled with 
a highly viscous mud while Foster No. 6 contained 
pure water. The viscosity of the fluid exerts a 

•wi 

damping effec tas shown jn Hales' formula. 
Clearly if the' described phenomenon is^S 

terest, controlled experiments are needed a^|^ 
merely casual observations as reported herU 

CONCLUSIONS ^^ 

1. These observations indicate that large^ 
eter wells are thermally unstable as predict! 
the theory.. Temperature fluctuations arel | 
erally small, not exceeding a few hundredths! 
degree. Fahrenheit, 

2. The main period recognized is in the ore 
IS minutes. Longer periods seem also to be„| 
ent. The current equiprnent did not allowi 
proper registration bf very short period fluct 
tions, 

3- The instability is a function of the geot l i^ 
roal gradient. The double amplitude of the vaiia^ 
tions increases with increasing gradient for otherl* 
wise consta,nt conditions. 

4. Simultaneous recordings spaced as 
as one foot did not reveal any correlation in m ^ 
tion. 

5. Preliminary experitnentation indicates thatJ 
such holes may be stabilized by either decreasing! 
the well radius or increasing the fluid viscositj?: 

6. These observations impose a limit on t 
accuracy to which terhperatures may be measured 
in, large diameter wells. 
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