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METHOD FOR DETERMINING TERRESTRIAL

HEAT FLOW IN OIL FIELDS

HUMBERTO DA SILVA CARVALHO* aAnD VICTOR VACQUIER}

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 Recédncavo 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 of the 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 off 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 attempt to measure heat
flow in Bolivia, R. E. Warren (personal communi-
cation, 1969) suggested a method for determining
heat flow without making special measurements
in wells. Heat flow is the product of the temper-
ature gradient times the thermal conductivity. The
former can be obtained from the bottom-hole
temperatures (BHT). In an oil field, BHT’s are
usually measured at sufficiently different depths,
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F1G. 1. RecOoncavo Basin in eastern Brazil.

so that by averaging the measurements in, say,
100 wells, and by making appropriate corrections
the temperature gradient can be determined to a
precision of about 10 percent. Because of the cur-
rent interest in formation temperature in con-
nection with the maturation of hydrocarbons
(e.g., Tissot et 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 not been
applied to our data.

The thermal conductivity was obtained from
electric logs and measurements 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 into 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 the origi-
nal cores and impregnated under vacuum with oil
or water at the core laboratory of Petrobris.
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 temperature of the air-condi-
tioned geophysical laboratory of applied geophys-
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to temperature equilibrium to about 20 minutes.
Measurements on the same samples could be re-
peated to a few percent. The average thermal 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 thermal 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 thermal conductivity.
On the electric log, the rock-type was obtained
from the self-potential 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 of the sum of
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F1G. 2. Generalized stratigraphy of the Recéncavo
Basin.
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conauctvily Ol tne nela was obiainea Dy 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 Recdncavo Basin are shown in Figures | 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 at 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 the rather large stand-
ard deviations in the fourth column of Table 1. In
future work of this kind, an attempt should be

powdie and Cobb, 1Y/4; Bullard, 194/). Drilling
tends to lower the measured temperature in the
deeper horizons, thus decreasing the measured
temperature gradient with respect to the true
gradient. Therefore, in our data, Aragds, Fazenda
Imbé, and Miranga, 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 | do not substantiate this
expectation but seem unrelated to 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 into rock-types, which is crude. Oc-
casionally the well log, the mineral6gical exam-
ination with hand lens, and the conductivity value
failed to agree and the sample had to be dis-
carded. The small number of shale specimens is
unfortunate, but that was all we could get.

Returning now to Table 1, the 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 not give the
accuracy of the conductivity determination be-
cause of the uncertainties of the values in Table 2.
These uncertainties would thus affect the con-
ductivity values of column 5 by almost the same
multiplying factor.

Table 1. Summary of gradient, conductivity, and heat flow in the Recdncavo Basin.!

Standard Mean Standard 'ﬁ'gf,,' gg,?ﬂ?{,ﬂ
Gradient, No.of deviation, conductivity, No.of  deviation,

Field °C/km  BHT °C/km cal/cmsec®C logs cal/cm sec °C cal/cm? sec
Aragas 20.4 149 3.0 5.94 X 102 15 0.06 X 10-* 1.21 X 10 0.18 X 10-°
Agua Grande 19.6 231 3.1 5.78 20 0.08 1.13 0.18
Buracica 15.0 138 3.1 5.81 10 0.06 0.87 0.18
Fazenda

Imbe 21.3 42 4.6 5.71 8 0.06 1.22 0.26
Miranga 15.6 235 3.2 5.82 20 0.08 : 0.91 0.19
Taquipe 214 123 2.7 5.86 8 0.08 1.25 0.15

! Average heat flow: 1.10 £ 0.15 microcal/cm? sec.
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** Range: 447 — 5.06 — 7.84 — 427 — 4.58 — 5.11.

The differences in the heat-flow values for the
individual fields -are mainly due to the values of
the temperature gradient, which may be related to
the depth to the basement and to shale diapirs in
Recdncavo Basin. The low value of heat flow we
obtained for the Miranga field may be due to a
combination of both 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 llhas and Candeias formations) show
Miranga field on the 2500 m contour, whereas
the other fields except Buracica lie between the
1000 m and the 1500 m contours and, in general,
have higher values of heat flow. Unfortunately the
value for Buracica is discordant. Presumably it

=" should give the highest heat flow value because it

lies within the 500 m contour on top of the Lower
Ilhas and Candeias formations. Actually, its value
came out 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 1.10 + 0.15.10-%cal/cm?sec.
It is a reasonable value for the floor of the basin

which must have subsided in the Jurassic when the

South Atlantic Ocean began to form. A more

: significant outcome of our experiment is that it
i demonstrates an inexpensive method of obtaining

“ terrestrial heat-Aow 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*

The thermal resistance (or Bullard) method is used to
judge the utility of petroleum well bottom-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:

B
T=To+4 (9,;)

z=0
where Ty is the temperature at depth z = B, T is the
surface temperature, g, is surface heat flow, and the
thermal resistance (Az/k) 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 to
determine the surface heat flow g, which, in turn, is
used for all consequent subsurface temperature compu-
tations.

The method has been applied to the Tertiary Uinta
Basin, northeastern Utah, a basin of intermediate geo-
logic complexity—simple structure but complex facies
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 effects. Thermal con-

ABSTRACT

ductivity values, determined for 852 samples from 5 rep-
_resentative wells varying in depth from 670 to 5130 m,
together with available geologic data were used to pro-
duce conductivity maps for each [ormation. These maps
show intraformational variations across the basin that
are associated with lateral facies changes. Formation
thicknesses needed for the thermal resistance 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 geothermal gradient and heat flow for the
Uinta Basin are 25°C km~' and 57 mW/m?, respec-
tively. Heat flow appears to decrease systematically
from 65 to 40 mWm ~2 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 that 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™2 but no systematic vari-
ation.

INTRODUCTION

Bottom-hole temperatures (BHT) obtained from routine geo-
physical logs of petroleum wells comprise, for good reasons, a
little used data set in geothermal and heat flow studies. The
bottom-hole temperature (and consequently the thermal gradi-
ent), and .the 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 the completion of
drilling. Even if accurate temperature measurements are made
(which generally is unnecessary in petroleum well logging),
temperatures in and around wells are perturbed by the drilling
process, principally by the circulation of mud at a temperature
that differs from in-situ conditions. There is seldom sufficient
information to make accurate corrections for the perturbation.

Manuscript received by the Editor March, 1983; revised manuscript reccived September, 1983.
*Department of Geology and Geophysics, University of Utah, 717 W. C. Browning Bldg,, Salt Lake City, UT 84112-1183.
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F1G. 1. Schematic representation ol two methods for processing
BHT data from oil and gas wells: (a) thermal resistance method
and (b) simple gradient method. Symbols: T, surface temper-
ature, T, bottom-hole temperature, g, surface heat flow, z
depth, k thermal conductivity.

Assigning thermal conductivity 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 not always reliable (Goss, 1974; Vacquier, 1981). Thus,
spatial variations in thermal 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 conductivity vari-
ations will be unresolved. )

Despite these difficulties, 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 ct al (1980) on upper New York State; and
Reiter and Tovar (1982) on northern Chihuahua, Mexico. Un-
fortunately, the most comprehensive study of botiom-hole tem-
peraturcs in the coterminous USA (AAPG Geothermal Survey
of North America, 1976) ignores thermal conductivity effects
which makes their thermal gradient maps of limited use.

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

variations within a single basin and (o produce subsurface
temperature maps within the basin. Our method does not
totally alleviate problems that arise from nonequilibrium tem-
perature logs and incomplete description of thermal condue-
Livity patterns, but it does have as a basis corrected temperature
data and measured thermal conductivity values. Further, we do
not 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 [or lateral
changes in several parameters including surface temperature,
thermal conductivity, and heat flow. The effects of porosity and
temperature on the formation thermal conductivity and hence
thermal resistance are also included. The Tertiary Uinta Basin
of northeastern Utah is chosen to illustrate our thermal 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 k. In the case of negligible
heat production and fluid movement, subsurface temperatures
in horizontally layered, isotropic earth are governed by the
thermal resistance of a stratigraphic section in the following
way (Bullard, 1939; and Figure 1a):

Z /A
Ts=n+qoz({), 0

z=0

where Ty is the temperature at depth z = B, Ty is the surface
temperature at z = 0, g is surface heat flow, and the thermal
resistance (Az/k) is summed for all rock units between the
surface and depth B. This equation, or the integral form of it, is

‘commonly used in heat flow data reduction, and heat flow (g,)

is calculated as the slope of the plot of consecutive values of T}
versus the summed thermal resistance to the measurement
depth. The method is especially suitable when boreholes inter-
sect discrete and horizontal rock units.

The thermal resistance method, as we use it for analysis of
heat flow and subsurface temperatures in a sedimentary basin,
comprises several steps. First, a set of bottom-hole temper-
atures (T3) are compiled and corrected, 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, thermal 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 effects of temperature, porosity, and possibly anisotropy to
simulate in-situ conditions. Temperature-depth profiles and
thermal conductivity-depth profiles are allowed to vary with
lateral position in the basin. The third step involves summing
the thermal resistance at each well from the surface to the depth
of the BHT observation and solving for the site heat flow using
equation (1).

Ideally, the thermal resistance 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 that contacts
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between rock units and conductivity variations are describable
by simple functions. 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

) 3 Azx, y)
% ¥) = [Ty % 1) = Tolx, v, b —
5= Ot = s 8 R

@

b being the depth and lithology dependent porosity. For each
well the latitude and longitude (equivalently x and y), well
collar elevation h, corrected bottom-hole temperature T, ,,
and corresponding depth z = B are stored in a data file. Surface
temperature as a function of position, and elevation T (x, y, h),
rock unit thickness Az(x, y) as a function of position, and
thermal conductivity k(x, y, z, ¢, T) as a function of position
and depth are calculated from empirical functions. Once sur-
face heat flow values are determined from equation (2) for the
wells sampled, and the heat flow field is suitably smoothed,
subsurface temperature maps can be calculated by a direct
application of the thermal resistance method. Principal leatures
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 BHT data. Thermal gradients are calculated either as
two-point difTerences using a single BHT and an estimate of the
mean annual ground temperature or through regression tech-
niques on multiple bottom-hole temperatures at different
depths. This technique for treating BHT data is shown sche-
matically in Figure 1b. The single advantage of the simple
gradient method 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 (Carvaltho and Vacquier, 1977,
Figures 3-8) which leads to large uncertainties in the computed
gradient. Correction of data for drilling effects reduces scatter
biit is often not possible from information stored-in data files.
Also, without thermal conductivity information, the expla-
nation of the 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 heat flow variations.

We now present our application of the thermal resistance
method to the problem of heat flow arid subsurface temper-
ature variations within the Uinta Basin. The geologic setting of
the basin and the basic information available from petroleum
exploration are described first. Analyses of temperature and
thermal conductivity data and corrections which may be ap-
plied to them are then discussed separately. Finally, the heat
flow and subsurface temperature maps are presented.

Table 1. Application of thermal resistarice method to Uinta Basin study.

. . 8
Equaton 0 405 ) = [T o5 ) = Totx, W | 31 ettt

z=0

Symbol " Paraméter

Procedure/corrections

Tp . Bottom-hole temperature at equilibrium

(i.e., infinite elapsed time)

To(x, v, h) Surface ground temperature
. Az(x, ) . Unit thickness

kix, y,z, ¢, T) Thermal conductivity

¢ Porosity

k., Thermal conductivity of water

k, Thermal conductivity of solid matrix

Correct for drilling disturbance

Ty(td = To + A log (‘4%’5)
Correct for elevation and air lapse rate
Ty (x, y, h) = 22.4 — 0.0067h

where h is elevation in meters, Ty in °C

Describe formation thicknesses in terms
of differences between fourth-order
polynominal surfaces

Az, = 2)(x, y) — 7(x, y)
where z;, z; are depths to tops of
formations'i and j, respectively; z;
may be depth to measuremient point.

Correct lab measurement of solid
component k, at room temperature to
in-situ conditions of varlable Porosity
and temperature k, = k¢ k!

¢ =0.25 exp (—2/3.0)
where z is depth in kilometers

k, =056 + 0.003T°%27; 0 < T < 63°C

k,=0481 +0942In T; T > 63°C

293
ko= ki (EW)

where k, ;4 is laboratory result and T is
formation temperature in °C
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Geologic setting of Uinta Basin

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 Cliffs, 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-Tertiary 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
overlic Cambrian beds. Periods of marine and continental de-
position occurred with nonmarine deposition dominant alter
the Permian (Bruhn et al, 1983). Total thickness of beds ranges

110° 109°

COLORADO

WASATCH

MESAVERDE

F1G. 2. Location map for the 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 (K3),
Cretaceous-Tertiary (TK), and Tertiary (T1 through T4) formations 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 to about
19.2 km in the western part. Approximately 4.5 km of the
stratigraphic sequence is Tertiary in age.

The Tertiary system of the Uinta Basin (Figure 3) (Bradley,
1931; Picard, 1957; Preston, 1957; Murany, 1964; Untermann
and Untermann, 1964; Ryder et al, 1976) began with with-
drawal of the Cretaceous sea related to 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 clastic rocks. The Cretaceous-Tertiary boundary is
difficult to place with certainty.

Coalescing of small freshwater lakes in the western part of
the basin brought an end to widespread fluvial deposition
(Wasatch formation and equivalents—North Horn, lacustrine
Flagstafl, Colton) of the 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 formation, deposited in Lake Uinta, is more extensive in
the Uinta Basin. The complex interfingering of fluvial and
deltaic beds with those of lacustrine origin indicates that 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 it 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 to the west-central part of the basin.

Deposition of the fluvial Duchesne River formation (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

-~ D
{NORTH)

DUCHESNE  RIVER
FORMATION

UINTA
FORMATION

— ——— sed level
GREEN RIVER
FORMATION

WASATCH
FORMATION

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

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

ANALYSIS

Data

The basic data set consists of information from approxi-
mately 2000 wells in the area defined by latitudes 39.77°N to
-}0.50°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 resistance calculation, and found in
the entire data set only 1200 wells with the top of the Green
River formation entered, 1000 with the top of the Wasatch
formation, and 70 with the top 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
measurements at successive times in order to extrapolate to an
equilibrium temperature. This requirement eliminates mostof
the wells and limits the data set of wells with correctable
temperatures to approximately 5 percent of all wells in the

U. CRETACEOQOUS | TERTIARY

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 of the Tertiary sequence (Duchesne River through Wasatch Formations) shown is about 4300 m.




4

4

ot

v
o
N




458 Chapman et al.

(o) BOTTOM HOLE TEMPERATURE
CORRECTIONS

MODEL
teet
T(1)=To*Alog( c'ee )

where tq=circulation time

1g (hes) te = elapsed time

° ol 02 To = equilibrium temperature
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FiG. 4. (a) An example of a BHT correction. Multiple log
teadings 9; 16, and 32 hours after circulation ceased are used to
extrapolate to the equilibrium temperature T, . (b) Magnitude
of bottom-hole correction, expressed ds a percentage of the
observed value in °C, as a function of elapsed time after circu-
lation, for 97 wells with multiple BHT values recorded.
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Fi1G. 5. Corrected bottom-hole temperatures versus depth for 97
wells distributed over the Uinta Basin. Wells are coded with
respect to the producing fields.

basin. Few wells drilled prior to 1960 meet this requirement.
From the more recent wells with muitiple measurements we
eliminated those that had identical temperatures recorded for
several log runs, believing that a temperature was measured on
one log run only and simply recorded on later logs. By carefully
searching well logs (rom the 2000 wells in the Unita Basin, we
identified 97 wells for which we could calculate a credible,
corrected, bottom-hole temperature.

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 to obtain additional samples from the Duchesne
River formation. The wells were also chosen to be as close as
possible to areas with concentrations of BHT data while also
sampling different areas of the basin. Hindsight suggests that
we undersampled the basin in a lateral sense.

Temperatures

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

Ty(t) =T, o + A log (———" :’ "), 3)
e

where ¢, is the circulation time, ¢, is the time elapsed ‘since
circulation, and Ty(¢) is the time-dependent BHT. By plotting
log [(t. + t.)/t.] against T, one can estimate T, ,,, the true
formation temperature, as the ordinate intercept as shown in
Figure 4a. When the circulation time that corresponds to a
BHT measurement was unknown, a standard circulation time
of 4 hours was used. .

Ninety-seven wells were found in which the bottom-hole
temperature was recorded accurately more than once, thus
allowing for a determination of the constant A and application
of the Horner technique. The determination of 4 and T ,, was
done by linear regression. The majority of the wells are located
in the Altamont-Bluebell-Cedar Rim trend in Duchesne
County north and northeast of Duchesne. Most of the others
are in the Natural Buttes field of Uinta County flanking the
White River. Bottom-hole temperatures were measured at
depths ranging from 1500 m in Natural Buttes to 5500 m in
Altamont-Bluebell. These depths correspond to the lower
Green River and upper Wasatch formations. Corrected temper-
atures 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°Ckm™".

Since the vast majority (about 95 percent) of wells in the
Uinta Basin do not have sufficient data for correction by the
Horner technique, it is appropriate to investigate the likely
error involved if raw uncorrected temperature data were to be
used and also the possibility of reducing this error by applying
some empirical corrections to the raw temperature data. For
this purpose we performed a test using the 97 wells with multi-
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ple temperature measurements for which we were able to com-
putc an estimate for the equilibrium temperature (i.e.,, Ty ).
The difference between this computed equilibrium temperature
(Ty. ) and any measured temperature (T;) can be regarded as
the correction necessary for that measurement. The percentage
corrections for all measurcments are plotted in Figure 4b
against time eclapsed since circulation 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 effect. Second, errors up to 25
percent may exist in individual measurements made soon after
drilling; the correction limit decreases to about 12 percent after
18 hours of elapsed time. Third, a typical correction for this
data set (shown as a solid line in Figure 4b) has the form
Ts. o = Tp{l.11 — 0.026 In 1,) which amounts to a 7 percent
correction for an elapsed time of 4 hours, falling to 3 percent
after 20 hours, although there is considerable scatter in the
data. The magnitude of this correction agrees with corrections
proposed by others. Schoeppel and Gilarranz (1966) suggested
that maximum logged temperatures of deep wells are within §
percent of true static formation temperatures. Carvalho and
Vacquier (1977) stated that for elapsed times greater than 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 percent 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. Other empirical correction factors based
on depth alone (AAPG, 1972) or by depth, circulation time,
measurement time, and regional geothermal gradient (Scott,
1982) may provide [urther 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 of a 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 {urther 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 et al, 1968)
and similar in operation to that described by Sass et al (1971b).
The bar was calibrated with standards of fused silica and
crystalline quartz using temperature-dependent conductivity
given by Ratcliffe (1959) and a procedure given by Chapman
(1976) which accounts for lateral heat losses and sample contact
resistance. Reproducibility of thermal conductivity determi-
nation is typically better than 2 percent and interlaboratory
agreement between measurements on identical samples is better
than 5 percent (Chapman, 1976). For drill cuttings we used the
cell technique of Sass et al (1971a).

Five wells in the Uinta Basin were sampled for detailed
thermal conductivity measurements: Rock Creek, Fisher, Cot-
tonwood Springs, Red Wash, and South 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 density correspond-
ed to a plan of characterizing basin thermal conductivity in
terms of members of formations rather than by entire forma-
tions. 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 conductivity 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 thermal 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 formations. 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 Wm™'K ™', In other wells cer-
tain formation 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.

Formations
Duchesne River Uinta Green River Wasatch Mesaverde

Well N k s.d. N k s.d. N k s.d. N k s.d. N k s.d.
Rock Creek 41 437 094 135 313 080
Fisher 28 480 1.65 77 278 059 106 315 086 75 257 030
Cottonwood 23 481 035 17 437 078

Springs
Red Wash 15 244 041 58 370 155 37 289 040 32 280 0.79
South Ouray 49 212 04! 53 222 048 59 229 038 47 279 031
(Mean) 51 4.80 199  3.22 352 305 171 258 79 280

Notes: N is number of samples; k is mean thermal 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

corrected for fluid, porosity, and temperature effects as described in text and Table 1.
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F1G. 6. Thermal conductivity 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 formation thermal conductivity must be corrected for fluid, porosity, and temperature effects as described in the text and

Table 1.
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(Figure 6) and in the Green River formation in the Red Wash
well (Figure 6) where standard dceviations arc 1.5 to 1.7
Wm 'K "', In the latter cases 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 (o claystone-rich beds having conduc-
tivities of 1.5-3 Wm 'K~ ",

Average thermal conductivities given in Table 2 are consis-
tent with values reported in previous studies. Reiter et al (1979)
reported a mcan conductivity for the Evacuation Creek and
upper Parachute Creek members of the Green River formation
in the Red Wash fiefd of 2.32 (s.d. 0.25) Wm~™'K~!. For the
same interval in the Red Wash well, the mean for our measure-
ments is 2.50 (s.d. 0.95) Wm ™ 'K ~'. A second comparison can
be made in the South Ouray field. The mean value for the Uinta
formation of 2.14 (s.d. 0.45) Wm ™ 'K ™! determined in well
W-EX-1 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 the thermal conductivity results is
the variation from well to well in any given formation. The
Uinta formation, {or example, has a conductivity greater than 4
Wm~'K ™! in the Rock Creek and Cottonwood Springs wells,
2.78 Wm~'K ™! in the Fisher well, 244 Wm™ 'K ™' at Red
Wash, and only 2.12 Wm~'K ™! at South Quray. The Green
River formation exhibits similar variations. While such pat-

UINTA FM.

terns are consistent with the facies changes—the high Green
River formation conductivity at Red Wash, for cxample, 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 constant thermal conducuvuy
within a formation, which is reliable for the Mesozoic sedimen-
tary rocks of the central Colorado Plateau on the south (Bodell
and Chapman, 1982), is clearly in error in the Uinta Basin. As a
consequence, we have developed maps of lateral thermal con-
ductivity variations within the basin.

For each formation we assembled facies maps, cross-sections,
available stratigraphic columns, and estimates of sand/clay
ratios. By combining this information with the correlation be-
tween thermal conductivity and rock type available from our
measurements on the 852 samples, we developed the thermal
conductivity 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 formation other than the decrease in con-
glomerate clast size eastward across the basin and the decrease
in grain size from north to south. The pattern in each formation
strongly reflects depositional environment; open lacustrine
rocks, for example, generally contain a higher clay fraction and
thus a lower conductivity. Although differences of a much
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FiG. 7. Thermal conductivity maps of the Uinta, Green River, Wasatch, and Mesaverde formauons in the Uinta Basin. Contours
represent estimates of the solid component thermal conducuvny at 20°C (units Wm ™ 'K ~!) and are controlled pnmanly by facies.
changes. Actual formation conductivity must be corrected for fluid, porosity, and temperature effects.
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F16. 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
quartz sandstone, (¢) Quaternary sand (Louisiana), () Carbon-
iferous silty sandstone. Modified after 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 that part of the
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 of thermal conductivity values has been
based on laboratory measurements of the solid component k, at
room temperature, nominally 20°C. Several corrections must
be applied to adjust for in-situ thermal conductivity of porous
rocks at elevated temperatures.

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

k, = k& k{9, @

where & is the conductivity of water. [See Robertson and Peck
(1974) for a discussion of this and other 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 percent and a 20

percent porosity, by 17-30 pereent. It was impossible to mea-
sure porosities for individual samples, and porosities from well
logs are useful only as general indicators. We therefore chose a
generalized porosity-depth function to characterize the basin.
Figure 8 shows a variety of porosity-depth functions varying
from linearly decreasing curves suitable for well-sorted sand-
stone to 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

¢ = 0.25 exp (—2/3.0) (5

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

Temperature dependences for water conductivity k,, as-
suming that the pores are filled with water, and matrix conduc-
tivity k, are also needed for the conductivity correction. Water
has a conductivity of 0.56 Wm™'K ™! at 0°C, but it increases to
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:

k, =056 + 0003787, 0< T <63°C (6)
k,=0481 +0942In T, T > 63°C. 7N

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

ky = koo [293/(T + 273)], 8)

where k5, is conductivity determined in the laboratory at 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) at 5 km depth. No attempt is made to make anisotropy
corrections because of the complexity of the problem, consider-
ing only drill chips were available for measurement and the
relatively small effect it is believed the corrections would have
in this 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 to obtain heat flow patterns and subsurface
temperature maps. If, for each well, a corrected BHT is avail-
able, and if the rock types are known and can be converted into
a thermal conductivity profile, the computation of heat flow is
relatively simple. In reality the data set is incomplete and
approximate techniques must be adopted.

We approximate in some instances the positions of forma-
tion contacts by fourth-order polynomial surfaces. The surfaces
were generated from pertinent well information; the top of the
Uinta formation 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 (difference
between recorded formation position and calculated position
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using the polynomial surface) versus polynomial order. Figure
9 shows that formation contacts are adequalely expressed as
fourth-order surfaces (second order for Wasatch and Green
River) and that little benefit is gained by adding higher orders.
One filtering process required for the Uinta Basin concerned
raw data where formation tops identified on well logs departed
from the polynomial surfaces by several hundred meters. In
such a case the data points were eliminated and the surface
coeflicients were recalculated. This process led to a reduction of
5 percent in the Wasatch formation records, 10 percent in the
Green River formation records, and 10 percent in the Uinta
formation records. The discrepancy lies partly in the difficulty
of identifying formation boundaries, but also in systematic
differences between the stratigraphic conventions adopted by
different companies. The average rms misfit for each formation
after filtering the data is: Uinta formation, top 81 m; Green
River formation, top 70 m; and Wasatch formation, top 70 m.
From these polynomial surfaces, depths to formations were
obtained for wells in which any formation top was missing, and
formation thickness was calculated for use in the thermal resist-
ance calculation. A subroutine was developed to compute
porosity-corrected thermal conductivity for each formation at
any location. This subroutine computes the average conduc-
tivity of water k, as a function of temperature, the conductivity
of the solid component k, as function of temperature, the
average porosity, and the porosity-corrected thermal conduc-
tivity for each formation according to the relations described
previously. Because the formations are at different depths in
different parts of the basin, the porosity and temperature cor-
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FiG. 9. Root mean square (rms) residuals between position of
formation top recorded on well log and position computed
from the polynomial surface approximation.

rections cause the thermal conductivity of each formation to
vary laterally in patterns somewhat different from those gov-
erned by facies changes shown in Figure 7. Once the conduc-
tivities were calculated, all the information was available for the
computation of surface heat 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 criteria (Beefs, 1957, p. 23), the mean heat flow for the
94 wells is 57 mWm~? with a standard deviation of 11
mWm ™2 Heat flow varies from 65 to 40 mWm™Z on a profile
running north from Duchesne. The area to the southeast bord-
ering the White River exhibits no trend in heat_flow and illus-
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FiG. 10. Surface heat flow for 97 wells (solid dots) in the Uinta Basin computed by the thermal resistance method. Open circles with
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trates the scatter which can be expected using this method. The

range in heat flow computed for 20 wells is 58-73 mWm ™2,

with a mean and standard deviation of 64 and 4 mWm™2,
respectively. We attach no significance to short-range fluctu-
ations of order +5 mWm ™2, but believe the smooth variations
are real,

A test of this treatment of BHT data to produce a heat flow
map involves comparing these resuits 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 ™2 determined by Sass et al (1971b) at South Ouray
over a depth range 61 to 907 m is surrounded by our values of
63, 60, 64, 61, and 63 mWm ™ 2. At the eastern boundary (Figure
10) the value of 65 mWm ™2 given by Reiter et al (1979) for Red
Wash departs considerably from our 42 mWm ™2 on the north,
but is closer to the two nearest values on the west of 51 and 59
mWm ™2, The lower value from our method in Red Wash may
result from our smoothed conductivity assumption within for-
mations, whereas, in fact, formations undergo rapid facies
changes in this region. More likely it is a proper reminder that
little significance should be attached to isolated values. A less
direct comparison can be made with heat flow determined from
conventional heat flow sites to the south of the Uinta Basin. In
this sense the Uinta Basin values of $5-65 mWm™2 (south of
Duschesne and White Rivers, Figure 10) are consistent with the
northcentral Colorado plateau values (Table 4 and Figure 8 of”

Chapman et al.

Bodell and Chapman, 1982) and in particular with the mean
value of 58 mWm ™2 (31 sites, standard deviation 8 mWm~?)
considered representative of the Colorado Plateau interior
(Table 5 of Bodell and Chapman, 1982).

Once the surface heat flow pattern is determined, subsurface
temperatures at any depth can be calculated by a direct appli-
cation of the thermal resistance method. An example of temper-
atures at 1 km depth is shown in Figure 11. The tempeiature
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 Uinta Basin are
22 4+ 4°C at 500 m depth, 35 + 7°C at 1000 m, 59 + 10°C at
2000 m, and 74 + 12°C at 3000 m.

Error analysis

Throughout the calculation, error propagation was com-
puted using the general formula of Bevington (1969). Since all
the errors encountered in formation depths, thermal conduc-
tivities, and temperatures were uncorrelated, the covariance
terms 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 tops. 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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FiG. 11. An example of a subsurface temperature map for the Uinta Basin determined from the heat flow values and application of
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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 | per-
cent in surface heat flow. The standard deviation in formation
thermal conductivity, which ranges from 8 to 40 percent, results
in 2 4 percent error in surface heat flow. The cumulation of
these errors results in a total error of about 15 percent in
surface heat flow values, Because the errors are uncorrelated,
the larger error in thermal conductivity dominates the error
propagation. If the error in surface heat flow that is solely the
result of conductivity could be reduced from 14 to 10 percent,
the cumulative error in surface heat flow would drop to 11
percent. 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 thermal conductivity
measurements on claystones are systematically high, but this
effect is difficult to assess.

’

DISCUSSION

The thermal resistance method described here (see Table 1)
ind applied to the Uinta Basin is generally applicable to well
thermal data in sedimentary basins. The method makes few
assumptions of uniformity concerning thermal gradients, ther-
mal conductivity, or homogeneity within the basin. Instead,
bottom-hole temperature data are treated individually, togeth-
er with a best estimate of the vertical thermal conductivity
profile at the well site, to produce a local heat flow value. Maps
of surface heat flow and subsurface temperatures at arbitrary
depths are products of the method.

For the Uinta Basin, we restricted our investigation to 97
wells where BHTs could be corrected for drilling effects. These
wells comprise only 5 percent of the wells in the Uinta Basin.
The magnitude of temperature corrections for these wells sug-
gests that uncorrected BHTs may differ from equilibrium tem-
peratures by as much as 25 percent, and for the Uinta Basin
they are systematically low on the average by 7 to 3 percent
depending upon'time elapsed after circulation. An.empirical
mean correction for raw BHT data was developed for the 97
welis in the Uinta Basin such that 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
set (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 with
heat flow determined by conventional heat flow methods in the
Uinta Basin and neighboring areas. Discrepancies of +5
mWm ™~ ? between adjacent wells are considered to 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 Uinta Mountains are approached
(compare Figures 10 and 2). Although we believe this trend to
be real, there remains a possibility that the laboratory measure-
ments of thermal conductivity of claystones and mudstones are
systematically in error, or that our BHT correction has a
systematic depth-dependent error and that these errors have an
effect on our heat low 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. I the conductivity pattern is
interpreted to indicate an increasing clay {raction in a southeast
direction toward Duchesne, and il 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 South 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 of a depth-dependent bias was checked by
plotting surface heat flow against well depth. Whereas heat flow
greater than 60 mWm ™2 is restricted to wells less than 3900 m
depth, heat flow less than 50 mWm ™~ 2 is found for wells varying
in depth from 1800 m to 5500 m. Although there is a general
trend toward lower heat flow determined in deeper wells, it is
diflicult to distinguish between systematic error and a physical
process controlled by the basin geometry.

There are at least two heat transfer mechanisms that could
produce the lateral heat 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 surface heat flow
across the contact with basinward values being lower. Ob-
served variations in the heat flow field of 40 to greater than 60
mWm™~? are consistent with slightly lesser conductivity con-
strasts. Theoretical considerations of such a conductive heat
transfer problem (see, e.g., Carslaw and Jaeger, 1959, sec. 16.4),
however, reveal that for the case of an ellipsoid-shaped basin,
heat flow is uniformly lowered across the basin. Thus, the lateral

_surface heat flow gradient within the boundaries of the basin

can only be produced by refraction if departures from an ellip-
tical shape are large or if the conductivity field has a more
complicated structure than 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 pattern 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 detail, the general modeling results of
Smith and Chapman (1983) on thermal effects of regional-scale
groundwater flow systems indicate that the heat flow pattern
observed in Figure 10 is consistent with a groundwater flow
explanation.

Once the surface heat flow field has been established, subsur-
face temperatures can be readily calculated for any location in
the basin. Differences between temperatures computed by the
simple gradient method and those computed by the thermal
resistance method, for the Uinta Basin on the average, are
smaller than we initially expected. There are almost identical
porosity corrected thermal conductivities for the Green River
and Uinta formations except for thermal conductivities in the
fine-grained, carbonate-rich Parachute Creek member of the
Green River formation. The Duchesne River and Wasatch
formations have significantly different conductivites, but the
Duchesne River formation is absent over two-thirds of the
study area and is thin compared with the depths of the BHTs
where the Duchesne River formation is present. A better test of
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this method would be provided by a basin where sharp con-
trasts exist in the thermal conductivity of different units.
Subsurface temperature maps for the Uinta Basin show simi-
lar spatial variations to the surface heat flow map. Such latcral
variations may be overlooked unless heat flow values are com-
puted for individual wells and the heat flow field is mapped.
The lateral temperature differences predicted for greater depths
within the Uinta Basin have important implications for re-
gional differences in hydrocarbon maturation within the basin.
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Continuation of heat flow data: A method to construct A

isotherms in geothermal areas

Charles A. Brott+, David D. Blackwell, and Paul Morgan$

ABSTRACT

A continuation technique for conductive heat flow in a
homogcencous isotropic medium is presented which utilizes
observed surface heat flow data. The technique uscs
equivalent point sourccs and is dcvcloped for transient
or steady-state conductive heat flow problems for a homo-
gencous half-space with planc surfacc and a surface with
topographic rclief. The technique is demonstrated by com-
parison with a steady-state fault model and the terrain cor-
rection problem; it is also compared to observed heat flow
data in two geothermal areas (Marysville, Montana and
East Mesa, Imperial Valley, California). Calculated sub-
surface tcmperature distributions are compared to analytical
models and the results of geophysical studies in deep
drillholes in geothermal systems. Even in geothcrmal sys-
tems, where convection is involved in the heat transfer,
the boundarics of the ‘‘reservoir’” associated with the con-
vective system can be treated as a boundary condition and
the depth and shape of this boundary can be calculated,
since many geothermal systems are controlled by permea-
bility barriers. These barriers may either be due to the
natural development of a trap or to self-sealing. Continua-
tion of surface heat flow data is a useful technique in the
initial evaluation of geothcrmal resources as well as an
additional tool in the interprctation of regional heat-flow
data.

INTRODUCTION

Heat flow anomalies at the carth’s surfacc can be caused by
ane or more of the following: (1) contrast of thermal conductivity
and the resulting refraction of heat; (2) contrast in the sources
of heat production; (3) local temperature differences caused by
the intrusions of hot (or cold) material; and (4) convection of
groundwater. Also, Birch (1950) and most recently Blackwell
ct al (1980) pointed out that apparent anomalies will arise from
topographic fcatures. Numcrical modcls showing the effect of
thermal conductivity contrasts were reported by Simmons (1965)
and other authors. We develop a simple continuation method for
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conductive heat flow in a homogencous 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 heat -
flow anomalies. If the source of the anomaly is a distribution of &_
temperature, then the sourcc configuration can be directly cal- &
culated. If the source of the anomaly is related to heat generation
variations, then the interprctation is more complicated.

The continuation of surface heat flow data to determine sub- .
surface temperature distributions is a useful method for inves- .
tigating the subsurface in some geothermal areas. Constructed 3%
isotherms will converge around the anomaly sources and have a -
direct relationship to the location of the sources. For example,
a geothermal anomaly which is caused by hot circulating fluid
in a ‘‘simple reservoir’’ is considered. The term simple reservoir
is used to describe a volume consisting of highly permeable rocks
with fluid circulation within the volume or reservoir, surrounded
by effectively impermeable rocks. The circulating fluid tends to -
keep the temperature uniform in the reservoir; hence, the boundary
of the reservoir is approximately an isotherm. Outside the reser-
voir, the heat transfer mechanism is only conduction since the '
rocks are impermeable. Utilizing the surface geothermal gradient
in a continuation method, one can construct an isothermal sur-
face which is the same temperature as the reservoir. The isother-
mal surface can then be used to investigate the relationship of -
the possible reservoir to geologic or other geophysical informa- .
tion and in resource analysis.

The major problem in the calculation of subsurface temperature
distributions is the spatial diffusion of heat. Since the flow of Z&
heat is not restricted to the vertical direction, the estimation of
subsurface temperatures by extrapolation of surface gradients is
erroncous. The correct solution of this problem involves a down-
ward or sourceward continuation which accounts for spreading
of heat in all dircctions. The spatial distribution of hcat 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 %,
intrusive body). For such cases the correct solution must also
account for the time dependency of the temperature distribution. :
Continuation techniques have been described for gravity and ;“:
magnetics by Grant and West (1965, chapter 8) and many other __'-"'.
authors. Although the cquations describing steady-statc heat
flow, gravity, and magnetics are very similar, most gravity and
magnetic continuation techniques cannot be applicd usefully to
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neat-Now data. A problem arises trom the basic difference be-
tween gravity and magnetic data sets compared 0 heat flow
datat scts measured on the surface of the cuarth. Gravity and
magnetic data comprise a set of potential gradient (ficld strength)
values spatially distributed on a plane whose potential also has
4 lateral variation.

Heat flow data comprise a sct of field strength values, but the
valucs are spatially distributed on a planc of essentially uniform
potential (the surface temperature). Thus when continuing heat
tflow data, image sources must be considered. The heat-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 the continuation path is required
(Bodvarsson, 1973).

In the first part of this paper, we present a technique for the
sourceward continuation of hcat flow data obtaincd on a plane
surface by which subsurfuce temperaturcs can be directly esti-
maled for either the stcady-state or time-dependent case. The
technique consists of constructing cquivalent point sources,
similar to the method of Dampney (1969) for modeling gravity
data.

In a second part, the basic continuation method developed for
a plane surface is extended to a form that can be used to obtain
terrain corrections. The naturc of the terrain correction problem
allows it to be identified as the ‘‘spaccward’’ (away from the
source) continuation problem where the topographic 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 method described here is based on a funda-
mental potential field property: Outside the boundaries of a vol-
ume containing sources, the field, once defined, is unique. Even
though there is always a family of sourcc solutions which will
generate the same field, any source solution which satisfies the
surface field strength values can be used to calculate the field
parameters at any point outside the volume containing the sources.
The source solutions used in this continuation method are an
array of line or point sources for the two-dimensional (2-D) or
three-dimensional (3-D) case, respectively. By solving simul-
taneous equations, the source strengths are determincd from
known surface heat-flow data or geothermal gradicnts.

The assumptions for obtaining the source strengths are (1) the
heat transfer mechanism is by conduction alone; (2) a homo-
geneous isotropic medium in which no heat is generated occupies
the space between the sources and surface; and (3) the sources
are continuous in time and have constant heat generation with
timc. Once the source solution is known, the subsurface tem-
perature can be calculated directly.

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

VET = (1/x)aT /o, M

where 7 is temperature, « is diffusivity, 1 is time, and V2 is the
Laplacian (V2 = 82/3x% + 92/9y? + 92/az%). The geothermal
gradient g is the negative of the partial derivative of the tem-
perature T along the vertical direction z,

g = —oT/az. )

The differential equation for the conduction of heat degenerates
into the Laplace equation

Cir=0 (3)

for the steady-state case.

The infinitc-medium solutions tor the steady-state and time-
dependent temperature and gradient for point and line heat sources
of constant hcat generation are listed in Table 1 (from Carslaw
and Jacger, 1959, chap‘mrs 10 and 14). The solutions are written
in two parts: a sourcc term S and a distance term (D for tempera-
tures and G for gradients). Individual solutions for single sources
can be superimposed since they arc the solutions of second-order
linear differential equations. This property is cssential because it
allows a complex ficld to 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 usc of the image sources and the basic ideas of the
continuation method are discussed below.

Consider the 2-D model in Figure la. The surface geothermal
gradients g;, i = 1, N, at the points P;, i = 1, N (located on
the reference plane z = 0) are known. Also, the surface tem-
perature of the reference plane is a constant T, which is known.
By using the linear properties of the line source solution for the
gradient from Table 1, the contribution to the surface gradient
gij at the point P; from the source @, and its image Q; can be
expressed by

85 = 5;Gy + S5;Gy, (4a)

where §; and §; are source terms which are functions of their
respective constant source strengths Q; and Qj, and G and
G arc gradient distance terms (sce Figure la and Table 1).
Since S} is the image source term of §;, §; = —S;, and since
P; is an cqual distance from §; and §; but in a different vertical
direction, G; = —G ;. Therefore equation (4a) may be written as

By superposition of all the N set of sources and images, the total
gradient g7 at the point P; is

N
gl =2 2 5Gy. (5)
ji=1
Similar expressions can be written for the total gradient at each
ith point, i = 1, N. The parameters defining the distance terms
G; are known, but the individual source strengths Q; are not
known. Since there are N equations and N sets of sources and
images, the soufce terms can be calculated by solving the set of
simultaneous equations.
The temperature T, at any arbitary point Py below the surface
and above the source plane depth can be calculated using the
following expression (see Table | and Figure 1b)

N
Te=T,+ 2 S;(Dy — Dy), (6)
j=1
where §; are the source terms obtained by solving the simultaneous
equations, T, is a known constant surface temperature, and the
parameters defining the temperature-distance terms Dy; and Dj;
arc known.

If the time when the sources were emplaced (turned on) is
known, the time-dependent 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 point source and distance
terms are given in Table 1. The only additional complexity is
another summation needed to account for the third dimension.
For point sources on an n X m grid, the surface gradient g is
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FIG. ta. Gzometry for the continuation model. Sources Q;-;, Q;. and Q;,; arc on the plane z = a. with image sources ‘Q}_l; -
Q. and @/, , on the plane z = —a. The surface gardients arc known at points P;_,. P;, and P;., on the planc z = 0. The distance =
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FiG. 1b. Geometry for the continuation model used to compute the subsurface temperature at point P, which is between the planes &

z=10and z = a at depth zq.
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FIG. lc. Geometry for the terrain correction model. Line doublets o; _ | . o;, and &; . ; arc on a reference plane. The surface temperatures

and the elevation differences of the points P; _,, P;, and P; ., are known. The vertical distance from the reference plane to point Py
and the gradient at P, are known.
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Table 1. Solutions for constant and continuous point and line sources (Carstaw and Jaeger, 1959).

Source werm

Temperature (T), 7= S5 - D

Point source S = Q/4n«

Line source S = Q/4nx
Geothermal gradicnt (g). g = § - G

Point source S = Q/4nk

Line source S = Q/4nux

Steady-state

Time-dependent
distance term

distance term

D = (1/R) erfc(R/ Vi) D=1/R

D = —Ei(—R*/4«t) where
~Ei(=x) = f e /uhdu D = =2 In(R)

G ={{z - z")/R?)* G=1(~72)/R®
[Q2R/ Vmki) exp(=R?/4xr) +
eefe(R/ V)]

G =2z - ")/R?*}* G =2z-:)/R?

exp(—R?/4k1)

@ is source strength, ¢ is time, « is diffusivity, and R is the distance from the source to the ficld point.

R2=(x —x')2+ (v — y)2% + (z = 2')? for the point source and

R% = (x = x)2 + (z — 2')? for the line source, where (x, v, 2) is the field point and (x', ', 2’) is the source point.

expressed at a point P by

g8i=2 2 2 SuGiu. )

k=1 =1

and temperature Tj; is expressed at a point Py by

n m
Tj= 2 2 Su (Dgu = Dgw) + Te. ®)
k=11=1

If the models have a known uniform-background geothermal
gradient g, it can be introduced in the gradient equations [equa-
tions (5) and (7)] by adding it to the right-hand side of the
equations, and to the temperaturc equations [cquations (6) and
{8)] by adding the product (goz) of a uniform background gradient
and the vertical distance to the reference plane to the right side
of the equations.

TERRAIN CORRECTION TECHNIQUE

The terrain correction involves a spaceward (away from the
source) continuation. Since the surface temperature 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 technique (see Grant and West 1965; Carslaw
and Jaeger, 1959). The same fundamental potential field proper-
tics, assumptions, and restrictions which apply to the continuation
method discussed above also apply to this terrain 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 written in two parts, a source term o and a dis-
tance term (A for temperature and I for gradients). Again, indi-
vidual doublets can be superimposed since they are also solutions
for a second-order linear differential equation (1) or equation (3).

" This superposition property is essential because it allows a com-

plex temperature 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 terrain correction method are
discussed below.

Consider the 2-D model in Figure lc. The topographic relicf
is shown by a line and surface temperatures T;, i = |, N arc
known at points P;, i = 1, N, respectively. The observed gra-
dient g is known at point Py , ;. Using the line doublet solutions
for the temperature from Table 2, a general equation for the

Tabhle 2. Solutions for constant and continuous point and line doublets (Carslaw and Jaegar, 1959).

Steady-state

Source term distance term
Temperature (T), T =0 - A
Point doublet o = Q/4nk A=(z—-2)/R®
Line doublet o = Q/4nx A =20~ ')/R?
Gradient (g), g = o -
Point doublet o = Q/4nk I'={1 - 3@z - z")2/R%}/R?
Line doublet o= 0/dnk =201 - 2(z - 2')2/R?)/R?

Q is the source strength, « is diffusivity, and R is the distance from the source to the field point.

R%2=(r - x')2 + (y — y)? + (z — z')? for point doublets and

RZ = (x — «")2 + (z — 2')? for line doublets, where (x, y. 2) is the field point and (x', y', z') is the source point.
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temperature 7; at £; can be written as

"
= 2 (0jdy) + e 9)
=l
where the dipole source terms o arc a function of their respective
source strengths, the temperature distance terms A; are functions
of the distance from their respective sources to the point P;, 2; is
the distance from the reference planc to the point P;, and a is the
undisturbed regional gradicnt (Figure Ic and Table 2). Using
the doublet solutions for the gradient from Table 2, the gradient

Brott et al

g at Py oy can be written as

N
g:: >_4 (Uer,llj)‘“ﬂ. (‘0)

j=1

where the source terms are the same as above, the gradient dis-

tance terms Iy 4y ; are a function of the distance from their

respective source to the point Py . |, and e is the sume undisturbed
gradicnt as above.

Since the parameters defining the temperature and gradient

distance terms A and 'y, ¢, j are known, these terms can be cal-

400 [ SURFACE GEOTHERMAL GRADIENT (°C/KM) 2
300
200
=
X100
|&
SURFACE TEMPERATURE 15°C ISOTHERMS IN °C
0.0
25
— 1
s
x
=
Iy 1
[338]
(&)
0.5 | -

! 2
—+ — KILOMETERS

TO

FIG. 2. A steady-state 2-D fault mode! with surface geothermal gradient shown above the model. The fault has a constant temperature
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 are shown by dashed lines where they diverge from the
numerical model isotherms. A constant background gradient of 54°C/km and a uniform surface temperature of 15°C are used in

this model.
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culated (Table 2). Since there are N+ 1 equations, the N source
terms «; and the undisturbed gradient « can be found by solving
the equations simultancously.

The purpose of a terrain correction is usually to find the un-
disturbed gradient o, but if the subsurface temperatures are needed,
they can be calculated by using the source terms o, and the un-
disturbed gradient as showa in cquation (11). By using the linear
propertics of the solutions in Table 2. the temperature 7y at point
Py in Figure lc can be calculated by

N
Ty = 2, (rjA,U-+z,,or. (1)

j=
where the temperature distance terms A ; are a function of dis-
tance from their respective source to the point P,. The source
terms o; and the undisturbed gradicnt o arc obtained from the
simultancous solution of cquations (10). The parameters defin-
ing the temperature distance terms A ; and zy, and the distance
from the reference plane z = 0 to Py, arc known. Equation (11)

can now be solved directly.

In three dimensions, the point doublet solutions for the tem-
perature and gradient from Table | are used, and the only addi-
tional complexity is the summation of the third dimension. The
temperature Tj; at a point Py due to point doublets on an n X m
grid is expressed by

n m
TU = zya + 2 . Z UUAU“' (12)
k=1 (=1

and the gradient g; at a point Pj; is expressed by

n m
gij=“+ Z z O'Ur,jk[. (13)

=11{=1
The source and dipole solutions discussed in this and the pre-
vious section can be combined and a modified equation derived
to find subsurface temperatures when a gradient distribution (due
to subsurface lateral variations in heat flow) is known on a sur-
face with topographic relicf. The equations are easily derived
from the equations presented for the separate solutions; they are
not included here.

Dipoles are chosen to match the surface temperature, which
varies as a function of position on the boundary surface (also
is a function of position) because they can be used to define a
specific temperature more readily than sources. Birch (1950)
similarly used a dipole distribution to derive his time-dependent
terrain correction.

UTILIZATION OF THE CONTINUATION METHOD

The continuation method discussed here requires that the sur-
face heat flow data be digitized on a grid. It is convenient to use
cqual grid spacing. An interpolation polynomial can be used
10 obtain the data values at other than measured points (Carnahan
ct al, 1969, chapter 1; and many other authors). Alternatively, a
least-square polynomial or a Fourier series may be fitted to the
data and the value at cach data point obtained from evaluation
of the resulting polynomial or series (Clacrbout, 1976, chapter 6;
Henderson and Cordell, 1971).

Sharp irregularities or variations in the surface heat fiow data
which may be duc to shallow anomalics (Simmons, 1967) or
crroneous data can cause serious problems when applying the
continuation method. Ku et al (197!) pointed out, with reference
to sourceward continuation of gravity data, that the Gibbs phe-
nomenon, or high-amplitude oscillations, occur at places of sharp
variation in surface data and that a low-pass filter could be used
10 reduce or eliminate these oscillations. Thus smoothing of the

‘

surface data, which reduces these sharp variations, can be used
as a low-pass filter, allowing continuation of the temperature
to greater depths than would be possible with the unsmoothed
data. A very simple way of applying a low-pass tilter to discrete
data is 0 increase the grid spacing, since the wavelength of the
anomaly is dircetly related to the depth of the source (Ku et al,
1971). The sampling rate of the surface data is critical because,
for large grid spacing, aliasing of short-wavclength anomalies
can occur. Since short-wavelength anomalics are the result of
shallow sources. increased grid spacing or low-pass filtering
allows continuation to greater depths without oscillations: how-
cver, detailed information contained in the data is lost.

The depth of the planc of point or line sources below the sur-
face can be estimated in a manner similar to finding the depths
to the center of bodies producing gravitational anomalies. Sim-
mons (1967) developed methods for estimating the depth of
theoretical surface heat flow anomalies, and these methods can
be used to approximate the depth of the source planc. The height
of the image source planc above the surface is equal to the depth
of the source planc below the surface.

The solution of the large number of simultaneous cquations
needed to determine the source terms can be performed using
matrix methods. The size of the matrix becomes very large for
the 3-D case and requires a large amount of computer storage.
Future work is planned to use the continuation method to deter-
mine filter coefficients so that sourceward continuation can be
done by use of the Fourier transform. Sourceward continua-
tion of gravity data using the Fouricr transform, coupled with
filter coefficients, is described by Odegard and Berg (1965),
Kanasewich and Agarwal (1970), and others. By using the
Fourier transform, less computer storage would be needed and
an analog for fast Fourier transformation (Cooley and Tukey,
1965) could be used to reduce the computing time. Because of
the sparse data sets usually available for geothermal interpreta-
tion, use of the more formal data analysis technigues may not
be justified.

STEADY-STATE FAULT MODEL

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

Subsurface isothecrms were calculated using the continuation
method discussed above, given the surface gradient from the
finite-difference solution and using steady-statc line sources. The
terms, constants, and equations used in the continuation method
are as follows: The source S and the distance (G, D) terms for
the gradient and temperatures used for steady-statc line sources
were of the form shown in Table 1. The depth to the linc sources
and height to the image sources were chosen to be 0.8 km, and
the gradicnt profile was first sampled at horizontal intervals
of 0.4 km (open circles in Figure 2). The depth of 0.8 km was
chosen to show that constructed isotherms will converge around
the fault.

The simultancous equations used to cvaluate the source terms
were derived using the 2-D surface gradient equation [equa-
tion (5)]. The subsurfuce temperatures were calculated using
the 2-D temperature equation {equation (6)]. Isotherms were
constructed from these temperatures. At depths greater than 0.3
km, the isotherms showed oscillations below the sharp peak of
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the surface gradicnt. In order to calculatc temperatures below
0.3 km, the surface gradient duta were smoothed by increasing
the interval (grid spacing) of the surfacc gradient to 0.8 km
(effectively applying a low-pass filter to the surface data). The
oscillations below the surface gradient pcak were reduced, and
continuated 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 continuation technique closcly follow the isotherms calculated
by the finite-difference technique (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 fault, as
do calculated isotherms greater than 100°C. By continuation of
the potential field (surface gradient) below the circulating 100°C
water at the tip of the fault (0.2 km), onc of the basic continua-
tion premises was violated.

The circulating 100°C water along the fault is the actual source
which causes the observed surface gradient; therefore, solutions

obtained by continuation below the actual source depth are not N
valid. By smoothing the surface ficld data, the depth to the source TERRAIN MODEL E‘
in the real case appeared deeper, and continuation below the Figurc 3 shows a 2-D terrain model from Birch (1967). The ‘T
actual source depth was accomplished. Isotherms that fold under temperature T at any point can be calculated by ‘*
TR

Brott et al

themselves as shown in the model only occur below the circulat-
ing 100°C water (the actval source). Similarly shaped isotherms
cannot be obtained by a continuation technique using a gen-
eralized source distribution.

The above 2-D model demonstrates that continuation of the
surface data is uscful in defining spatial limits to a simple re-
servoir which is a combined problem of convection and con-

duction. The shape and size of the upper part of the simple -f

reservoir (circulating 100°C water along the fault) is dclineated
by the 100°C isotherm. The source solution obtained is not

unique because any of the constructed isotherms could be used %F

to define the upper part of a corresponding simple reservoir with
that temperature. In order to determine reliably which isotherm

defines the actual reservoir, knowledge of the temperature or . °%

depth of the rescrvoir is essential.

The maximum possible depth to the rescrvoir can be estimated %

by applying the half-width rule to the surface gradient profile.
Using the depth obtained from the half-width rule (0.25 km), the
corresponding temperature would be 100°-125°C.

GRADIENT (*C/km)
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- } i h| - 1
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FiG. 3. 2-D terrain model from Birch (1967). The model has a uniform surface temperature of 10°C, and the undisturbed gradient:;
at depth is 100°C/km. Dots on the surface of the model show the sampling locations of surface temperature. Mode! isotherms are
shown as solid lincs. The dashed lines show locations where the isotherms constructed by the continuation technique deviated from
the model isotherms. The dotted vertical line shows the location of the gradient-depth curve to the right of the model. The solid 3
triangles on the model and on the gradient-depth curve show the location of the known gradient used in the illustration of the terrain
correction technique. ;
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T(x.2) = Ty + alz = ae™* cos k). (14)

where z is the depth, positive downward: v distance, Ty surface
iemperature, k wavelength, and « the undisturbed vertical gradient.
The surface (z) varies nearly sinusoidally with x and is defined by

k2 cos ke, (15)

z = ae”

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

aT

— = al + kae ™ cos k). (16)

az
The values of the parameters used in the model shown in Figure
Jare a=17.5 m, k=2m/300 m~'. Ty = 10°C, and o =
100°C/km. Model isotherms are shown as solid lines, and a
model gradient-depth curve at a horizontal position of 325 m
(dashed line) is shown to the left of the model.

The terrain correction method developed above was applied to
the model to find the undisturbed gradient and to construct sub-
surface isotherms. The terms, constants, and equations used are
as follows: The doublet sources o and the distance I 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 actual 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 surfacc
and at a horizontal displacement of 325 m as shown by the solid
triangle. The simultancous equations used to evaluate the source
terms were derived from the 2-D temperature and gradient cqua-
tions [equations (9) and (10)]. The subsurface temperatures and
gradients are calculated at intervals of 25 m for several depths.

The isotherms constructed from the terrain correction method
closely follow the model isotherms (Figure 3). The calculated
undisturbed gradicnt is 100.6°C/km. whereas the undisturbed
model gradient is 100°C/km (0.6 percent error). The vertical
gradient-depth curve for 325-m horizontal displacement is also
shown in Figure 3. The constructed gradient-depth curve very
closely follows the model gradient-depth curve. The model uscd
to test the terrain correction technique is very simple but illus-
trates that the technique can be used to calculate corrected geo-
thermal gradients from wells located in arcas of topographic
relief. The terrain correction problem is very complex, and this
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FIG. 4a. Marysville surface heat flow and geothermal gradient 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 gradient and heat flow studies are shown as
solid circles. The upper number of each pair is the terrain corrected geothermal gradient in ®*C/km. The lower figure is the terrain corrected
surface heat flow value in pcal/cm? sec. Gradient values which are shown in parentheses have been adjusted for thermal conductivity

variation (see Blackwell et al, 1975). The crosses are section corners.
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discussion is not intended as o complete discussion of the problem well et al, 1975 Blackwell and Morgan, 1976). The geothermal
(sce Blackwell et al, 1980). anomaly appears to be bounded to the northeast by the subcrop of
A difficulty with fitting the surface temperatures often occurs a Mesozoic granodiorite body. the Marysville stock, as shown
in the vulleys because the surface there is relatively tar from the in Figure 4b; and a fault has been mapped along the south side of
planc of dipoles, yet it has very abrupt changes in temperature the Marysville stock. Results from a 2.1-km test well drilled -
7

duc to microclimatic effects. The technique described above can
be modilied so that the dipoles are spuced a fixed distance dbove
the topography (say 100 m), and the surface of dipoles thus mimics
the topography. As long as the location of cach dipole is specified
so that the distance term is known, the solution proceeds exactly
as discussed above. We have used this featurc to calculate de-
tailed terrain corrcctions involving very complicated surface
temperature variations.

THE APPLICATION OF THE HEAT FLLOW CONTINUATION
METHOD TO GEOTHERMAL AREAS

Marysville, Montana

The Marysville geothermal area in Montana is characterized
by high heat flow (up to 19.5 pcal/em? sec; 81.5 mW/m?; Figure
4a), a ncgative gravity anomaly, high clectrical resistivity, nearby
microseismic activity, and low seismic ground noisc (sec Black-

close to the peak of the geothermal anomaly (Figure 4a) indicate
that the anomaly is caused by hydrothermal convection along
distributed fracture zoncs in a Cenozoic granite porphyry. Maxi-

mum temperatures of 100°C were measured in the test well, and =

the modeled system is assumed to act as a simple reservoir with
a tcmperature of about 95°C at its upper surface.

Heat Now data from the Marysville anomaly were continued
sourceward using steady-state point sources. The heat flow map
was digitized on a 15 X 15 square grid with spacing of 500 m,
and the data were assumed to be on a datum plane located at the
mean level of the actual topography. The heat flow values Q
were used to determine surface vertical geothermal gradients
using the onc-dimensional (1-D) steady-state heat conduction
equation '

Q = gk, (17

where K is the rock thermal conductivity. A valuc for K of
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FiG. 4b. Murysville stock and geothcrmal reservoir (Blackwell ct al, 1975). The outcrop and maximum subcrop of the stock are
shown as dark and light shadcd regions, respectively. The subcrop extent of the stock is based on the interpretation of magnetic
data. The dark line shows the location of a major fault along the south edge of the stock. The depth to the contours of the geothermal
reservoir is based on the continuation of surface heat flow data and is the same as 95°C isotherm, assumed to be the reservoir tempera-
ture. The location of the deep geothermal well (MGE #1) is shown by the derrick symbol. The crosses are section corners.
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7.5 meal/em-sec-°C (3.1 W/m°K) was used based upon the mean
thermal conductivity of core samples trom the heat flow bore-
holes. The source term § and the distance terms (G and D) for
the stcady-state point sources used for the surface gradient and
emperatures are given in Table 1. The sources and image sources
were located 2.5 km below and above the datum plane, respec-
tively. and the simultancous cquations uscd to calculate the
cource terms were derived from the 3-D gradient cquation [equa-
aon (4)]. Using the 3-D temperature cquation jcquation (8)],
subsurface temperatures were calculated on several plancs below
the datum planc and the 95°C isotherm was contoured on cach
of the planes.

Figurc 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 stock. The 95°C
isothcrmal surface is interpreted to have approximately the same
configuration as the geothermal rescrvoir. Very stcep sides to
the reservoir are indicated on the north and northeast, with rela-
tively steep sides on the west and southwest. A complex shape
is indicated in the south and southcast. The northern and eastern
part of the reservoir is apparently bounded to the north and
northcast by the Marysville stock. A narrow east-west salient of
the 95°C isothcrm is observed south of the stock. The narrowness
of this salient suggests that its origin may be geothermal fluid
moving along a narrow zone, such as a fault, either flowing cast
away from or west into the main reservoir. A fault has been
mapped on the south side of the Marysville stock (Figure 4b)
which could be the structure controlling this narrow zone of
subsurface fluid flow.
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The svurce of the Marysville geothermal anomaly wis already
known before the heat flow continuation method was applied.
and it was from the deep test well data that the 95°C isothermal
surface was chosen to represent the upper surface of the reservoir.
Even without the deep well data, the subsurface temperatures
from the continuation of the shallow heat flow data give an in-
dication of the source of the anomaly. Since the distance be-
tween the 3 to 15 HFU contours in Figure 4a in the northeast is
approximately 1 km, application of the half-width rule indicates
the maximum source depth to be 0.5 km where the calculated
temperature is approximately 100°C.

Simple extrapolation of the surface heat flow data using cqua-
tion (17) to map the 95°C isothermal surface results in a st of
contours similar to the heat flow contours shown in Figure 4a.
The fine detail of the reservoir shape is not delincated and the
narrow cast-west salient is not defined, so the anomaly cannot be
as dircctly related to the mapped fault. This example illustrates
the power of the continuation technique in the geologic inter-
pretation of surface geothermal anomalics.

East Mesa, lmperial Valley, California

The East Mcsa geothermal anomaly is in the Imperial
Valley, California, on the eastern flank of the Salton trough, the
sediment-filled structural depression that forms the northern ex-
tension of the Gulf of California and East Pacific Rise. A range
of geophysical and geochemical surveys all outline the same
general target area covering an arca of 40 km? where the heat
flow is in excess of § pcal/cm? sec (210 mW/m?) as shown in
Figure 5a. Five deep wells have been drilled into the anomaly,
the locations of which arc also indicated on Figurc 5a. The re-
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FIG. 5. (a) (%eneralizcd heat flow map of the East Mesa geothermal anomaly {after Swanberg, 1975). Heat flow contours of 3.0, 5.0, and
7.0 weal/m? sec (125, 210, and 295 mW/m2) are shown, together with the locations of the five deep wells (open circles 31-1, 5-1,
6-1, 6-2 and 8-1) and the fault mapped by Combs and Hadley (1977). (b) Computed isotherms between 75 and 175°C at 25°C intervals
on a plane 0.8 km below the surface. The deep wells and fault are as shown in Figure 5a.
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FiG. 6. Tempcrature-depth data from deep Mesa wells (6-1, 8-1, 31-1, 6-2, and 5-1). The measured temperatures are open circles
and the calculated temperatures are triangles. The calculated temperatures as offset by 10°C for clarity.
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sults from the deep drilling and surface geophysics were sum-
marized by Swanberg (1974).

Heat flow data from the East Mesa anomaly were digitized on
a 15 X 1S prid with a grid spacing of 1.6 km. Subsurface
temperatures were caleulated using the sourceward continuation
method following exactly the same procedure used for the Marys-
ville data described above, cxcept that a thermal conductivity
appropriate to the Mesa sediments, 3.8 mcal/cm-sec-°C (1.5
w/m°K), was used in equation (17). The sources and image
sources were located on a planc 3 km below and above the datum
plane, respectively. Isotherms are constructed 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
decp test wells shown in Figure 6. Three of the curves for wells
6-1, 6-2, und 8-1 become isothermal at temperatures in the
range of 175°-200°C, whereas the curves for wells 31-1 and 5-1
become isothermal in the range of 100°-150°C. Therefore, the
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.

Figurc 5b shows contours of the 75° to 175°C isotherms 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-
western portion of the anomaly have a complex shape. A salient
from this portion of the anomaly projects approximatcly southeast
and strongly suggests fluid flow along a narrow zone, probably
along a fault.

A fault has been mapped by Combs and Hadley (1977) close
to this salient which could be the surface expression of this nar-
row high-temperature zone. The 150°C isotherm has a very
complex shape with two additional salients pointing to the north
and northeast. These two lobes suggest other zones of fluid flow
approximately perpendicular to the southeast salient. The smaller
southeast portion of the anomaly has greater horizontal tem-
perature gradients than the main anomaly, especially to the north-
east. A small lobe in the 175°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 the
temperature-depth data from the five deep test wells in Figure
6. Above the reservoir the calculated temperatures are slightly
lower than the observed temperatures, indicating that too low a
value was assumed for the mean surface temperature, There is
basically very good agreement between the calculated and ob-
served shape of the temperature-depth curves in the area of ap-
plicability of the continuation technique, i.e., outside the reser-
voir. The observed and computed curves diverge inside the
reservoir.

Simple cxtrapolation of the surface heat flow data would have
rcvealed none of the complexities in the subsurface isotherms
which were obtained from the continuation method. The extra-
polated isotherms would simply reflect the surface heat flow pat-
tern in Figure 5a. The results of the continuation clearly show
the anomaly to be caused by fluid flow along the narrow zones
and indicatc a complex relationship between the zones. The
origin of the anomaly as flow along a fault interscction and the
radiating fault zones is suggested by the resulting temperature
model.

DISCUSSION

The simple continuation mcthod described here is a useful
technique to estimate subsurface isotherms in a geothermal area.

As demonstrated in the 2-D model and the Marysville and Eust
Mesa geothermal arcas, this method can be applicd where
thermal convection occurs at depth if the zone of fluid convec-
tion can be treated as a boundary coadition for a conductive solu-
tion. This method is uscful in defining spatial limits of such
geothermal rescrvoirs. By application of the half-width rule to
the surfacc gradient profile, the temperature range of the reser-
voir may be indicated, but better resolution and reservoir delinea-
tion are obtained if the depth or temperature is known. The use of
the present continuation method is limited to cases where the heat
flow anomaly is not related to 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 uscd for time dependent as well as steady-state thermal
conditions, although no examples have been discusscd. The solu-
tion technique is identical, except the time of initiation of the
continuous sources and sinks must be independently known be-
cause a different solution exists for each different time. The
time-dependent technique was used by Blackwell et al (1978) to
interpret a regional heat flow anomaly in the Cascade range in
the Pacific Northwest.

The method used for continuation assumes that the source
distribution can be represented by a large number of line or point
sources on a planc and requircs a large amount of computer
storage to solve the large number of simultaneous equations used
to determine the source terms. Even though the use of the point
or line sources is a crude approximation of the actual heat source,
the method does give accurate subsurface temperatures. A similar
method using different types of source distributions can easily
be developed. However, the amount of known heat flow data in
geothermal areas is limited and the use of more sophisticated
types of source distributions is not justified.

The terrain correction discussed here can be used as an alter-
native mathematical solution to the terrain correction solution
discussed by Blackwell et al (1980). With inclusion of the micro-
climatic effects discussed by Blackwell et al (1980), an alter-
native terrain correction technique can be developed. The con-
tinuation and terrain correction techniques can be combined to
solve more complex problems. The mathematical formalization
is not presented, but the development of the combined technique
is very similar to the derivation of the continuation or terrain
correction techniques presented.

ACKNOWLEDGMENTS

We wish to extend our thanks to M. J. Holdaway, E. Herrin,
J. Combs, W. J. Peeples, and G. Salaita for critically reviewing
this manuscript and making helpful suggestions. John Steele of
Southern Mecthodist University supplied several of the finite-
difference models which were used. Jacqueline Landon did the
typing. The work was supported by National Science Founda-
tion grant no. HES 74-19550A01 and U.S.G.S. grant no.
1408-001-G-425 to Southern Mehodist University.

REFERENCES

Birch, F., 1950, Flow of heat in the Front Range, Colorado: GSA Bull.,
v. 61, p. 567-630.

1967, Low values of oceanic heat ow: J. Geophys. Res., v. 72,
p. 2261-2262.

Blackwell, D. D., Brott, C. A., Goforth, T. T., Holdaway, M. J., Morgan,
P., Petefish, D., Rape, T., Steele, J. L., Spafford, R. E., and Waibel,
A. F., 1975, Geological and gecophysical exploration at Marysville
geothermal area: NSF-RANN tech. rep. NSF-RA-N-74031b, 104 p.

Blackwell, D. D., Hull, D. A., Bowen, R. G., and Steele, J. L., 1978,




1744

Heat flow of Oregon: Oregon Dept. of Geol. and Mincral Ind. spece.
aper 4, 42 p. .

Blackwell, D. D., and Morgan. P.. 1976, Geological and peophysical
exploration of the Marysville geothermal area, Momana, USA: Proc.
2nd U.N. Symp. Dev. of Geothermal Potential, Washington, D.C..
U.S. Govi. Printing Office. p. 895-902,

Blackwell, D. D.. Stecle, J. L., and Broit, C. A.. 1980, The terrain
effect on terrestrial heat flow: 1. Geophys. Res.. v. 85, p. 4757-4772,

Bodvarsson, G., 1973, Downward continuation of constrained potential
fields: J. Geophys. Res., v. 78, p. 1288-1292.

Camahan, B., Luther, H. A.. and Willers, J. D.. 1969, Applied nu-
merical methods: New York. John Wiley and Sons. Inc.. 604 p.

Carslaw, H. S., and Jaeger, J. C., 1959, Conduction of heat in solids.
2nd ed.: Oxford, Clarendon Press, 510 p.

Claerbout, J. F., 1976, Fundamentals of geophysical data processing
with applications to petroleum prospecting: New York., McGraw-Hill,
Inc.. 274 p.

Combs, J., and Hadley. D. M., 1977, Microcathquake investigation of
the Mesa geothermal anomaly, Imperial Valley. California: Geophysics,
v. 42, p. 17-33.

Cooley, J. W., and Tukey, J. W., 1965, An algorithm for the machine
calculation of complete Fourier series: Math. Comp., v. 19,

Brott et al

p. 2970-2%71.

Dampney. C. N. G.. 1969, The equivalent source technique: Geophysics,
v. 3, p. 39-53.

Grant, F. 5., and West, G. F..
geophysics: New York, McGraw-Hill, Inc., 584 p.

Henderson, R, G., and Cordell, L., 1971, Reduction of unevenly spaced
potential field data to a horizontal planc by means of finite harmonic
serics: Geophysics, v. 36, p. 856-866.

Kanasewich, E. R., and Agarwal, R. G., 1970, Analysis of combined
gravity and magnetic ficlds in wave number domain: J. Geophys.
Res., v. 75, p. 5702-5712.

Ku, C. C., Telford, W. M., and Lin. S. H., 1971, The use of linear
filtering in gravity problems: Geophysics, v. 36, p. 1174-1203.

Odegard, M. E.. and Berg. J. W., Jr., 1965, Gravity interpretation using
the Fourier integral: Geophysics, v. 30, p. 424-438,

Simmons, G., 1965, Effect of thermal conductivity contrasts on measured
heat flow (abst.): AGU Trans. v. 46, p. 176.

1967, Interpretation of heat flow anomalies: Rev. Geophys.,
v. 5. p. 41-52.

Swanberg, C. A., 1974, Heat flow and geothermal potential of the East,

Dev. of Geothermal Energy Resources, National Science Foundation |
.NSF-R4-N-74-159., p. 85-98.

1965. Interpretation theory in applied =

Y

Mesa KGRA, Imperial Valley, California: Proc. Conf. on Res. for




GEOPHYSICS, VOL. 46. NO. 12 (DECEMBER 1981): P. 1732-1744, 6 FIGS., 2 TABLES.

Continuation of heat flow data: A method to construct

isotherms in geothermal areas

Charles A. Brott*, David D. Blackwellt, and Paul Morgans

ABSTRACT

A continuation technique for conductive heat 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-state conductive hcat flow problems for a homo-
gencous half-space with plane surface and a surface with
topographic relief. The technique is demonstrated by com-
parison with a steady-state fault model and the terrain cor-
rection problem; it is also compared to observed hcat flow
data in two geothermal areas (Marysville, Montana and
East Mesa, Imperial Valley, California). Calculated sub-
surface temperature distributions are compared to analytical
models and the results of geophysical studies in deep
drillholes in geothermal systems. Even in geothermal sys-
tems, where convection is involved in the heat transfer,
the boundaries of the *‘rescrvoir’’ associated with the con-
vective system can be treated as a boundary condition and
the depth and shape of this boundary can be calculated,
since many geothermal systems are controlled by permea-
bility barriers. These barriers may either be due to the
natural development of a trap or to self-sealing. Continua-
tion of surface heat flow data‘is a useful technique in the
initial evaluation of geothermal resources as well as an
additional tool in the interpretation of regional heat-flow
data.

INTRODUCTION

Heat flow anomalies at the carth's surface can be caused by
one or more of the following: (1) contrast of thermal conductivity
and the resulting refraction of heat; (2) contrast in the sources
of heat production; (3) local temperature differences caused by
the intrusions of hot (or cold) material; and (4) convection of
groundwater. Also, Birch (1950} and most recently Blickwell
et al (1980) pointed out that apparent anomalies will arise from
topographic fcatures. Numerical modcls showing the effect of
thermal conductivity contrasts were reported by Simmons (1965)
and other authors. We develop a simple continuation method for

Manuscript received by the Editor December 21, 1979: revised manuscript received May 18, 1981,
*Phillips Petroleum Company, Research and Development, Bartlesville, OK 74004.

$Department of Geological Sciences, Southern Methodist University, Dallas, TX 75275.
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conductive heat flow in a homogeneous isotropic media, whic
utilizes surface heat-flow data, and use it to put spatial and tem
poral limits on the sources or temperatures associated with hea
flow anomalies. If the source of the-anomaly is a distribution of 3
temperature, then the source configuration can be directly cal
culated. If the source of the anomaly is related to heat generahon 3
variations, then the interpretation is more complicated. !

The continuation of surface heat flow data to determine sub-
surface temperature distributions is a useful method for inves- {3
tigating the subsurface in some geothermal areas. Constructed}
isotherms will converge around the anomaly sources and have
direct relationship to the location of the sources. For example
a geothermal anomaly which is caused by hot circulating fluid
in a *‘simple reservoir’* is considered. The term simple reservoi
is used to describe a volume consisting of highly permeable rocks
with fluid circulation within the volume or reservoir, surrounded ;
by effectively impermeable rocks. The circulating fluid tends to 3
keep the temperature uniform in the reservoir; hence, the boundary .
of the reservoir is approximately an isotherm. Outside the reser
voir, the heat transfer mechanism is only conduction since the
rocks are impermeable. Utilizing the surface geothermal gradient
in a continuation method, one can construct an isothermal sur-
face which is the same temperature as the reservoir. The isother-
mal surface can then be used to investigate the relationship of
the possible reservoir to geologic or other gcophysxcal informa- A
tion and in resource analysis.

The major problem in the calculation of subsurface temperature :
distributions is the spatial diffusion of heat. Since the flow of 5
heat is not restricted to the vertical direction, the cstimation of '
subsurface temperatures by extrapolation of surface gradients is
erroncous. The correct solution of this problem involves a down-
ward or sourceward continuation which accounts for spreading
of heat in all dircctions. 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 _
intrusive body). For such cases the correct solution must also
account for the time dependency of the temperature distribution.
Continuation techniques have been described for gravity and
magnetics by Grant and West (1965, chapter 8) and many other
authors. Although the cquations describing stcady-state heat
flow, gravity, and magnelics arc very similar, most gravity and
magnetic continuation techniques cannot be applicd uscfully to
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heat-flow data. A problem arises from the basic difference be-
iween gravity and magnetic data sets compared to hcat flow
data scts measured on the surface of the earth. Gravity and
magnetic data comprise a sct of potential gradient (ficld strength)
values spatially distributed on a plane whose potential also has
a lateral variation.

Heat flow data comprise a set of field strength values, but the
values are spatially distributed on a plane of essentially uniform
potential (the surface temperature). Thus when continving heat
flow data, image sources must be considered. The heat-flow
data can be continued by similar techniques as gravity and
magnetic fields. However, to compute the subsurface tempera-
rures (an essential parameter in any geothermal investigation),
a very complex integration over the continuation path is required
+Bodvarsson, 1973).

In the first part of this paper, we present a technique for the
sourceward continuation of heat flow data obtained on a plane
:urface by which subsurface temperatures can be directly esti-
mated for either the steady-state or time-dependent case. The
wzchnique consists of constructing equivalent point sources,
similar to the method of Dampney (1969) for modeling gravity
data. _

In a second part, the basic continuation method developed for
z plane surface is extended to a form that can be used to obtain
terrain corrections. The nature of the terrain correction problem
zllows it to be identified as the ‘‘spaceward’’ (away from the
~aurce) continuation problem where the topographic relief with
he nonuniform surface temperature distribution can be repre-
sented by a source distribution located on or above the surface
-Birch, 1950; Blackwell et al, 1980).

CONTINUATION TECHNIQUE

The continuation method described here is based on a funda-
mental potential field property: Qutside the boundaries of a vol-
zme containing sources, the field, once defined, is unique. Even
srough there is always a family of source solutions which will
cznerate the same field, any source solution which satisfies the
:=rface field strength values can be used to calculate the field
~zrameters at any point outside the volume containing the sources.
The source solutions used in this continuation method are an
zrray of line or point sources for the two-dimensional (2-D) or

ZFree-dimensional (3-D) case, respectively. By solving simul-

zneous equations, the source strengths are determined from
wmown surface heat-flow data or geothermal gradients.

The assumptions for obtaining the source strengths are (1) the
“2zt transfer mechanism is by conduction alone; (2) a homo-
- -eous isotropic medium in which no heat is generated occupies
s2 space between the sources and surface; and (3) the sources
=72 continuous in time and have constant heat generation with
<me. Once the source solution is known, the subsurface tem-
~erature can be calculated directly.

The differential equation for the conduction of heat in a homo-
#2neous isotropic medium in which no heat is generated is

2T = (1/x)aT /o, N

-2re T is temperature, k is diffusivity, ¢ is time, and V2 is the
~<placian (V2 = 8%/3x% + 8%/ay? + 92/92%). The geothermal
sTxdient g is the negative of the partial derivative of the tem-
~erature T along the vertical direction z,

g = —oT/az. @)

The differential equation for the conduction of heat degenerates
o the Laplace equation

Vir=o (3)

for the steady-state case.

The infinite-medium solutions for the steady-state and time-
dependent temperature and gradient for point and line heat sources
of constant heat gencration are listed in Table 1 (from Carslaw
and Jaeger, 1959, chapnérs 10 and 14) The solutions are written
in two parts: a source tern § and a distance term (D for tempera-
tures and G for gradients). Individual soiutions for single sources
can be superimposed since they are the solutions of second-order
linear differential equations. This property is essential because it
allows a complex field to 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 the
continuation method are discussed below.

Consider the 2-D model in Figure 1a. The surface geothermal
gradients g;, { = 1, N, at the points P;, i = 1, N (located on
the reference plane z = 0) are known. Also, the surface tem-
perature of the reference plane is a constant 7, which is known.
By using the linear properties of the line source solution for the
gradient from Table 1, the contribution to the surface gradient
g at the point P; from the source Q; and its image Q; can be
expressed by

g‘§,=S,Gu+SJ'G;,, (4&)

where §; and § ,’ are source terms which are functions of their
respective constant source strengths Q; and @}, and Gy and
G} arc gradient distance terms (see Figure la and Table I).
Since §; is the image source term of §;, §; = —S;, and since
P; is an equal distance from §; and §; biit in a different vertical
direction, Gj; = —G;. Therefore equation (4a) may be written as

g5 = 25;Gy. (4b)

By superposition of all the N set of sources and images, the total
gradient g7 at the point P; is

N
gf =22 5G;. )

Similar expressions can be written for the total gradicnt at each
ith point, i = 1, N. The paramecters defining the distance terms
G are known, but the individual source strengths Q; are not
known. Since there arc N equations and N sets of sources and
images, the soufce terms can be calculated by solving the set of
simultancous equations.

The temperature Ty at any arbitary point P, below the surface
and above the source plane depth can be calculated using the
following expression (see Table | and Figure 1b)

=T+ 3 5Dy = Dy), (6)
Jj=1
where §; are the source terms obtained by solving the simultaneous
equations, 7, is a known constant surface temperaturc, and the
parameters defining the temperature-distance terms Dy and D
are known.

If the time when the sources were emplaced (turned on) is
known, the time-dependent 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 planc z = «
and images on a plane z = —a. The point source and distance
terms are given in Table !|. The only additional complexity is
another summation needed to account for the third dimension.
For point sources on an n X m grid, the surface gradient g;; is
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Table 1. Solutions for constant and continuous point and line sources (Carslaw and Jaeger, 1959).

Source term
Temperature (T), T =S - D
Point source S = Q/4nx
Line source S = Q/4nx
Geothermal gradient (g), g =S5+ G
Point source S = @/4nx
Line source S = Q/4nx

Time-dependent

Steady-state
distance term

distance term

D = (1/R) exfc(R/ Vaxr) D=1/R
D = —Ei(-R%/4xt) where

—Ei(—x) = j x{e™"/u)du = -2 In(R)
G =[(z - 2')/R?]* G=(z-12)/R?

[(2R/ V1) exp(—R%/4ki) +
erfc(R/ Vaxr)]

G =[2(z - 2')/R?]*
exp(~R?/4x1)

G =2z~ z)/R?

Q is source strength, ¢ is time, « is diffusivity, and R is the distance from the source to the field point.

R%2=(x~x')2+ (y — y')2+ (z — z')? for the point source and

R? = (x - x')2 + (z — 2')? for the line source, where (, y, z) is the field point and (x', y', 2’} is the source point.

expressed at a point P; by

n m
8 =2 > -2 SuGmts (7
k=1 Ilmw]
and temperature Tj; is expressed at a_point Pj; by
n m
;= kZI IZI Sut - Dt — D) + T 8

If the models have a known uniform-background geothermal
gradient g, it can be introduced in the gradient equations {equa-
tions (5) and (7)] by adding it to the right-hand side of the
equations, and to the temperature equations {equations (6) and
(8)] by adding the product (g 2) of a uniform background gradient
and the vertical distance to the reference plane to the right side
of the equations.

TERRAIN CORRECTION TECHNIQUE

The terrain correction involves a spaceward (away from the
source) continuation. Since the surface temperature is a boundary,
the topographic relief and nronuniform 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 technique (see Grant and West 1965; Carslaw
and Jaeger, 1959). The same fundamental potential field proper-
ties, assumptions, and restrictions which apply to the continuation
method discussed above also apply to this terrain correction
technique.

The solutions for the vertical line and point doublets are listed
in Table'2 (from Carslaw and Jaeger, 1959, chapters 10 and 14).
The solutions are written in two parts, a source term o and a dis-
tance term (A for temperature and I” for gradients). Again, indi-
vidual doublets can be superimposed since they are also solutions
for a second-order linear differential equation (1) or equation (3).
This superposition property is esscntial because it allows a com-
plex temperature 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 terrain correction method are
discussed below.

Consider the 2-D model in Figure 1c. The topographic relief
is shown by a line and surface temperatures 7;, i = 1, N are
known at points P;, i = 1, N, respectively. The abserved gra-
dient g is known at point Py, ;. Using the line doublet solutions
for the temperature from Table 2, a general equation for the

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

Steady-state

Source term distance term
Temperature (T), T =0 - A
~Point doublet o = Q/4nx A=(:-:)/R?
Line doublet o = Q/4nx A=2:-2)/R?
Gradient (g), g = o - I
Point doublet o = Q/4nx =01 -3 - )?/R?}/R®
Line doublet o = Q/4mn« =201 - 2(z - 2')2/R®])/R?

@ is the source strength, « is diffusivity, and R is the distance from the source to the field point.

RZ=(x - x')2+4 (y — y')% + (z = 2')? for point doublets and

R? = (x — x')% + (z — z')® for line doublets, where (x, y, 2} is the field point and (x’, y, 7'} is the source point.
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temperature T; at P; can be written as
n
Ti= 2 (044 + zia, ©
i=1

where the dipole source terms o; are a function of their respective
source strengths, the temperature distance terms A; are functions
of the distance from their respective sources to the point 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 at Py . ) can be written as

N

g= 2 (0;Tnsr)) +a, (10) 3
j=1

respective source to the point Py . 1, and o is the same undisturbed
gradient as above. %

Since the parameters defining the temperature and gradient k-
distance terms A ;; and Ty 4, ; are known, these terms can be cal- '3

400 I SURFACE GEOTHERMAL GRADIENT (°C/KM) -
] J
300 _
200 [ 4
= )
X100 | , ]
o — P
oo SURFACE TEMPERATURE 15°C ISOTHERMS IN °C
25
-
=
x
I
'0‘_ 1
73]
(&)
0.5 4

. e

TC
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FiG. 2. A steady-state 2-D fault model with surface geothermal gradient shown above the model. The fault has a constant temperature
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 are shown by dashed lines where they diverge from the
numerical model isotherms. A constant background gradient of 54°C/km and a uniform surface temperature of 15°C are used in

this model.
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culated (Table 2). Since there are N + | equations, the N source
terms ¢; and the undisturbed gradient a can be found by solving
the equations simultancously.

The purpose of a terrain correction is usually to find the un-
disturbed gradient a, but if the subsurface temperatures are needed,
they can be calculated by using the source terms o, and the un-
disturbed gradient as shown in equation (11). By using the lincar

properties of the solutions in Table 2, the temperature T}, at point.

P, in Figure lc can be calculated by
N
Tk = z O’J‘AU + z;a, (n
i=1
where the temperature distance terms A,; are a function of dis-
tance from their respective source to the point P,. The source
terms o; and the undisturbed gradient o arc obtained from the
simultaneous solution of equations (10). The parameters defin-
ing the temperature distance terms A4; and z,), and the distance
from the reference plane z = 0 to Py, arc known. Equation (11)
can now be solved directly.

In three dimensions, the point doublet solutions for the tem-
perature and gradient from Table | are used, and the only addi-
tional complexity is the summation of the third dimension. The
temperature Tj; at a point Py; due to point doublets on an n X m
grid is expressed by

n m
TU = yo + E . 2 GUAU*I‘ (12)
k=1 I=1

and the gradient g;; at a point Py; is expressed by

n m
gi=a+ 2 2 oyl (13)
k=11=1

The source and dipole solutions discussed in this and the pre-
vious section can be combined and a modified equation derived
to find subsurface temperatures when a gradient distribution (due
to subsurface lateral variations in heat 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 to match the surface temperature, which
varies as a function of position on the boundary surface (also
is a function of position) because they can be used to define a
specific temperature more readily than sources. Birch (1950)
similarly used a dipole distribution to derive his time-dependent
terrain correction.

UTILIZATION OF THE CONTINUATION METHOD

The continuation method discussed here requires that the sur-
face heat flow data be digitized on a grid. It is convenient to use
cqual grid spacing. An interpolation polynomial can be used
to obtain the data values at other than mecasured points (Carnahan
ct al, 1969, chapter 1; and many other authors). Alternatively, a
lcast-square polynomial or a Fourier series may be fitted to the
data and the value at each data point obtained from evaluation
of the resulting polynomial or series (Claerbout, 1976, chapter 6;
Henderson and Cordell, 1971).

Sharp irregularities or variations in the surface heat flow data
which may be due to shallow anomalies (Simmons, 1967) or
crroneous data can cause serious problems when applying the
continuation method. Ku et al (1971) pointed out, with reference
to sourceward continuation of gravity data, that the Gibbs phe-
nomenon, or high-amplitude oscillations, occur at places of sharp
variation in surface data and that a low-pass filter could be used
to reduce or eliminate these oscillations. Thus smoothing of the
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surface data, which reduces these sharp variations, can be used
as a low-pass filter, allowing continuation of the temperature
to greater depths than would be possible with the unsmoothed
data. A very simple way of applying a low-pass filter to discrete
data is to increase the grid spacing, since the wavelength of the
anomaly is directly related to the depth of the source (Ku et al,
1971). The sampling rate of the surface data is critical because,
for large grid spacing, aliasing of short-wavelength anomalies
can occur. Since short-wavelength anomalies are the 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 data is lost.

The depth of the plane of point or line sources below the sur-
face can be estimated in a manner similar to finding the depths
to the center of bodies producing gravitational anomalies. Sim-
mons (1967) developed methods for estimating the depth of
theoretical surface heat flow anomalies, and these methods can
be used to approximate 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 equations
needed to determine the source terms can be performed using
matrix methods. The size of the matrix becomes very large for
the 3-D case and requires a large amount of computer storage.
Future work is planned to use the continuation method to deter-
mine filter coefficients so that sourceward continuation can be
done by use of the Fourier transform. 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 others. By using the
Fourier transform, less computer storage would be needed and
an analog for fast Fourier transformation (Cooley and Tukey,
1965) could be used to reduce the computing time. Because of
the sparse data scts usually available for geothermal interpreta-
tion, use of the more formal data analysis techniques may not
be justified.

STEADY-STATE FAULT MODEL

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

Subsurface isotherms were calculated using the continuation
method discussed above, given the surface gradient from the
finite-difference solution and using steady-state line sources. The
terms, constants, and equations used in the continuation method
are as follows: The source § and the distance (G, D) terms for
the gradient and temperatures used for steady-state line sources
were of the form shown in Table 1. The depth to the line sources
and height to the image sources were chosen to be 0.8 km, and
the gradient profile was first sampled at horizontal intervals
of 0.4 km (open circles in Figure 2). The depth of 0.8 km was
chosen to show that constructed isotherms will converge around
the fault.

The simultancous cquations used to evaluate the source terms
were derived using the 2-D surface gradient equation [equa-
tion (5)]. The subsurface temperatures were calculated using
the 2-D temperature equation [equation (6)). Isotherms were
constructed from these temperatures. At depths greater than 0.3
km, the isotherms showed oscillations below the sharp peak of
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the surface gradient. In order to calculate temperatures below
0.3 km, the surface gradient data were smoothed by increasing
the interval (grid spacing) of the surface gradient to 0.8 km
(effectively applying a low-pass filter to the surface data). The
oscillations below the surface gradient peak were reduced, and
continuated 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 continuation technique closely follow the isotherms calculated
by the finite-difference technique (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 fault, as
do calculated isotherms greater than 100°C. By continuation of
the potential field (surface gradient) below the circulating 100°C
water at the tip of the fault (0.2 km), one of the basic continua-
tion premises was violated.

The circulating 100°C water along the fault is the actual source
which causes the observed surface gradient; therefore, solutions
obtained by continuation below the actual source depth are not
valid. By smoothing the surface field data, the depth to the source
in the real case appeared deeper, and continuation below the
actual source depth was accomplished. Isotherms that fold under

Brott et al
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themselves as shown in the model only occur below the circulatd

ing 100°C water (the actual source). Similarly shaped isothermg ':
cannot be obtained by a continuation technique using a gen; ?
eralized source distribution, LR
The above 2-D model demonstrates that continuation of the e
surface data is useful in defining spatial limits to a simple re-# 2
servoir which is a combined problem of convection and con:¥ ",:.:5
duction. The shape and size of the upper part of the simpleiii
reservoir (circulating 100°C water along the fault) is delineat 'v‘
; 2

by the 100°C isotherm. The source solution obtained is noti
unique because any of the constructed isotherms could be used
to define the upper part of a corresponding simple reservoir wi
that temperature. In order to determine reliably which isotherm
defines the actual reservoir, knowledge of the temperature or;
depth of the reservoir is essential. o

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

TERRAIN MODEL i

Figure 3 shows a 2-D terrain model from Birch (1967). Th':
temperature T at any point can be calculated by

GRADIENT (°C/km)
]
R 50 100
\ : 15°¢C
100 | T a - 100 -
E H
= - { = 1
s : H
2 : . hd
:  —_— e
T H T
g = A
H a.
a I : ] W
—  — @s
200 | : - 200 | -
: 30°C ]
R 1 L [ ) R A . . N 1 A
o 200 400 600 800
DISTANCE (meters)

Fig. 3. 2-D terrain model from Birch (1967). The model has a uniform surface temperature of 10°C, and the undisturbed gradient
at depth is 100°C/km. Dots on the surface of the model show the sampling locations of surface temperature. Model isotherms are-
shown as solid lines. The dashed lines show locations where the isotherms constructed by the continuation technique deviated from
the model isotherms. The dotted vertical line shows the location of the gradient-depth curve to the right of the model. The solid -§
triangles on the model and on the gradient-depth curve show the location of the known gradient used in the illustration of the terrain

correction technique.
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T(x,2) = Ty + a(z — ae™* cos kx), (14)

where z is the depth, positive downward; x distance, Ty surface
temperature, k wavelength, and a the undisturbed vertical gradient.
The surface (z) varies nearly sinusoidally with x and is defined by

z = ae™* cos kx, (15)

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

L a(l + kae™* cos kx). (16)
dz
The values of the parameters used in the model shown in Figure
3ae a=17.5m, k=21/300 m~ !, Ty = 10°C, and a =
100°C/km. Model isotherms are shown as solid lines, and a
model gradient-depth curve at a horizontal position of 325 m
(dashed line) is shown to the left of the model.

The terrain correction method developed above was applied to
the model to find the undisturbed gradient and to construct sub-
surface isotherms. The terms, constants, and equations used are
as follows: The doublet sources o and the distance I 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 actual 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 to evaluate the Source
terms were derived from the 2-D temperature and gradient equa-
tions [equations (9) and (10)). The subsurface temperatures and
gradients are calculated at intervals of 25 m for several depths.

The isotherms constructed from the terrain correction method
closely follow the model isotherms (Figure 3). The calculated
undisturbed gradient is 100.6°C/km, whereas the undisturbed
model gradicnt is 100°C/km (0.6 percent error). The vertical
gradient-depth curve for 325-m horizontal displacement is also
shown in Figure 3. The constructed gradient-depth curve very
closely follows the mode! gradient-depth curve. The model used
to test the terrain correction technique is very simple but illus-
trates that the technique can be used to calculate corrected geo-
thermal gradients from wells located in areas of topographic
relief. The terrain correction problem is very complex, and this
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FIG. 4a. Marysville surface heat flow and geothermal gradient 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 gradient and heat flow studies are shown as
solid circles. The upper number of each pair is the terrain corrected geothermal gradient in °C/km. The lower figure is the terrain comrected
surface heat flow value in pcal/cm? sec. Gradient values which are shown in parentheses have been adjusted for thermal conductivity

variation (see Blackwell et al, 1975). The crosses are section corners.
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discussion is not intended as a complete discussion of the problem
(see Blackwell et al, 1980).

A difficulty with fitting the surface temperatures often occurs
in the valleys because the surface there is relatively far from the
plane of dipoles, yet it has very abrupt changes in temperature
due to microclimatic effects. The technique described above cén
be modified so that the dipoles are spaced a fixed distance dbove
the topography (say 100 m), and the surface of dipoles thus mimics
the topography. As long as the location of each dipole is specified
so that the distance term is known, the solution proceeds exactly
as discussed above. We have used this feature to calculate de-
tailed terrain corrections involving very complicated surface
temperature variations.

THE APPLICATION OF THE HEAT FLOW CONTINUATION
METHOD TO GEOTHERMAL AREAS

Marysville, Montana

The Marysville geothermal area in Montana is characterized
by high heat flow (up to 19.5 p.t:al/cm2 sec; 81.5 mW/m?; Figure
4a), a negative gravity anomaly, high electrical resistivity, nearby
microseismic activity, and low seismic ground noise (see Black-

well et al, 1975; Blackwell and Morgan, 1976). The geothermal ‘38
anomaly appears to be bounded to the northeast by the subcrop of
a Mesozoic granodiorite body, the Marysville stock, as shown #
in Figure 4b; and a fault has been mapped along the south side o

close to the peak of the geothermal anomaly (Figure 4a) indicate
that the anorhaly is caused by hydrothermal convection along
distributed fracture zones in a Cenozoic granite porphyry. Maxi
mum temperatures of 100°C were measured in the test well, anid
the modeled system is assumed to act as a simple reservoir with
a temperature of about 95°C at its upper surface. :
Heat flow data from the Marysville anomaly were continued *
sourceward using steady-state point sources. The heat flow map -
was digitized on a 15 X 15 square grid with spacing of 500 m, °
and the data were assumed to be on a datum plane located at the
mean level of the actual topography. The heat flow values Q
were used to determine surface vertical geothermal gradients
using the one-dimensional (1-D) steady-state heat conduction -
equation

Q = gK, (1

where K is the rock thermal conductivity. A value for K of..
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FiG. 4b. Marysville stock and geothermal reservoir (Blackwell et al, 1975). The outcrop and maximum subcrop of the stock are
shown as dark and light shaded regions, respectively. The subcrop extent of the stock is based on the interpretation of magnetic .
data. The dark line shows the location of a major fault along the south edge of the stock. The depth to the contours of the geothermal 3
reservoir is based on the continuation of surface heat flow data and is the same as 95°C isotherm, assumed to be the reservoir tempera- -4
ture. The location of the decp gcothermal well (MGE #1) is shown by the derrick symbol. The crosses are section corners. 3
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7.5 mcal/cm-sec-°C (3.1 W/m°®K) was used based upon the mean
thermal conductivity of core samples from the heat flow bore-
holes. The source term § and the distance terms (G and D) for
the steady-state point sources used for the surface gradient and
temperatures arc given in Table 1. The sources and image sources
were located 2.5 km below and above the datum plane, respec-
tively, and the simultancous equations used to calculate the
source terms were derived from the 3-D gradient equation [equa-
tion (4)]. Using the 3-D temperature equation [equation (8)],
subsurface temperatures were calculated on several planes below
the datum plane and the 95°C isotherm was contoured 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 stock. The 95°C
isothermal surface is interpreted to have approximately the same
configuration as the geothermal reservoir. Very steep sides to
the reservoir are indicated on the north and northeast, with rela-
tively steep sides on the west and southwest. A complex shape
is indicated in the south and southeast. The northern and eastern
part of the reservoir is apparently bounded to the north and
northeast by the Marysville stock. A narrow east-west salient of
the 95°C isotherm is observed south of the stock. 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 into the main reservoir. A fault has been
mapped on the south side of the Marysville stock (Figure 4b)
which could be the structure controlling this narrow zone of
subsurface fluid flow.
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The source of the Marysville geothermal anomaly was already
known before the heat flow continuation method was applied,
and it was from the deep test well data that the 95°C isothermal
surface was chosen to represent the upper surface of the reservoir.
Even without the deep well data, the subsurface temperatures
from the continuation of the shallow heat flow data give an in-
dication of the source of the anomaly. Since the distance be-
tween the 3 to 15 HFU contours in Figure 4a in the northeast is
approximately 1 km, application of the half-width rule indicates
the maximum source depth to be 0.5 km where the calculated
temperature is approximately 100°C.

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

East Mesa, Imperial Valley, California

The East Mesa geothermal anomaly is in the Imperial
Valley, California, on the eastern flank of the Salton trough, the
sediment-filled structural depression that forms the northern ex-
tension of the Gulf of California 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 heat
flow is in excess of 5 pn,cal/cm2 sec (210 mW/m?2) as shown in
Figure 5a. Five deep wells have been drilled into the anomaly,
the locations of which are also indicated on Figure 5a. The re-
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flc. 5.(a) Gzeneralized heat flow map of the East Mesa geothermal anomaly (after Swanberg, 1975). Heat flow contours of 3.0, 5.0, and
7.0 pcal/m* sec (125, 210, and 295 mW/m?) are shown, together with the locations of the five deep wells (open circles 31-1, 5-1,
6-1. 6-2 and 8-1) and the fault mapped by Combs and Hadley (1977). (b) Computed isotherms between 75 and 175°C at 25°C intervals
on a plane 0.8 km below the surface. The deep wells and fault are as shown in Figure Sa.
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sults from the deep drilling and surface geophysics were sum-
marized by Swanberg (1974).

Heat flow data from the East 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 data described above, except that a thermal conductivity
appropriate to the Mesa sediments, 3.8 mcal/cm-sec-°C (1.5
w/m°K), was used in equation (17). The sources and image
sources were located on a plane 3 km below and above the datum
plane, respectively. Isotherms are constructed 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 test wells shown in Figure 6. Three of the curves for wells
6-1, 6-2, and 8-1 become isothermal at temperatures in the
range of 175°-200°C, whereas the curves for welis 31-1 and 5-1
~ecome isothermal in the range of 100°-150°C. Therefore, the
:zmperatures at the top of the reservoir are 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 175°C isotherms 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-
western portion of the anomaly have a complex shape. A salient
from this portion of the anomaly projects approximately southeast
=nd strongly suggests fluid flow along a narrow zone, probably
zlong a fault.

A fault has been mapped by Combs and Hadley (1977) close
to this salient which could be the surface expression of this nar-
row high-temperature zone. The 150°C isotherm has a very
complex shape with two additional salients pointing to the north
and northeast. These two lobes suggest other zones of fluid flow
approximately perpendicular to the southeast salient. The smaller
southeast portion of the anomaly has greater horizontal tem-
~erature gradients than the main anomaly, especially to the north-
zast. A small lobe in the 175°C contour projects toward the main
znomaly and is aligned with the mapped fault, suggesting an
origin related to the main anomaly.

The calculated subsurface temperatures are compared to the
emperature-depth data from the five deep test wells in Figure
6. Above the reservoir the calculated temperatures are slightly
jower than the observed temperatures, indicating that too low a
value was assumed for the mean surface temperature. There is
nasically very good agreement between the calculated and ob-
served shape of the temperature-depth curves in the area of ap-
~licability of the continuation technique, i.e., outside the reser-
voir. The observed and computed curves diverge inside the
TEServoir.

Simple extrapolation of the surface heat flow data would have
revealed none of the complexities in the subsurface isotherms
which were obtained from the continuation method. The extra-
polated isotherms would simply reflect the surface heat flow pat-
ern in Figure 5a. The results of the continuation clearly show
the anomaly to be caused by fluid flow along the narrow zores
=nd indicate a complex relationship between the zones. The
origin of the anomaly as flow along a fault intersection and the
radiating fault zones is suggested by the resulting temperature
model.

DISCUSSION

The simple continuation method described here is a useful

technique to estimate subsurface isotherms in a geothermal area.

As demonstrated in the 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 conductive solu-
tion. This method is useful in defining spatial limits of such
geothermal reservoirs. By application of the half-width rule to
the surface gradient profile, the temperature range of the reser-
voir may be indicated, but better resolution and reservoir dclinea-
tion are obtained if the depth or temperature is known. The use of
the present continuation method is limited to cases where the heat
flow anomaly is not related to contrasting thermal conductivity
and resulting refraction of heat.

An advantage of this approach to interpretation of heat flow
is that it is not mode! dependent, and complicated heat flow
anomaly patterns can be interpreted more easily. The solution
can be used for time dependent as well as steady-state thermal -
conditions, although no examples have been discussed. The solu-
tion technique is identical, except the time of initiation of the
continuous sources and sinks must be independently known be-
cause a different solution exists for each different time. The
time-dependent technique was used by Blackwell et al (1978) to
interpret a regional heat flow anomaly in the Cascade range in
the Pacific Northwest.

The method used for continuation 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
to determine the source terms. Even though the use of the point
or line sources is a crude approximation of the actual heat source,
the method does give accurate subsurface temperatures. A similar
method using different types of source distributions can easily
be developed. However, the amount of known heat flow data in
geothermal areas is limited and the use of more sophisticated
types of source distributions is not justified.

The terrain correction discussed here can be used as an alter-
native mathematical solution to the terrain correction solution
discussed by Blackwell et al (1980). With inclusion of the micro-
climatic effects discussed by Blackwell et al (1980), an alter-
native terrain correction technique can be developed. The con-
tinuation and terrain correction techniques can be combined to
solve more complex problems. The mathematical formalization
is not presented, but the development of the combined technique
is very similar to the derivation 'of the continuation or terrain
correction techniques presented.
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Localized heat flow and Tertiary mineralization in southern New Mexico
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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 heat flow ap-
pears roughly to overlie a Tertiary granitic body at a
depth of about 600 m within an area of known hy-
drothermal mineralization. The presence of the apoma-
ly, believed to be of subsurface origin, implies an active
heat source centered at a depth of 1140 m, perhaps
associated with hydrothermal circulation. Higher radio-
active hieat production in granites may contnbute to
convective instability and explain the apparent lateral

coincidence between the anomaly and the b(_)d){ 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 at a previous time 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 et al, 1910; Lasky and Wooton, 1933; Tal-
mage and Wooton, 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 of a 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 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 activity began in the Early Cretaceous and culminated in
the Middle Tertiary with the emplacement of a 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 to 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-
duction in the crust. In order to investigate the present-day
thermal regime in our study 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 the measurements was based on the
availability of subsurface data from previous deep drilling. It
was hoped that these determinations might reveal some ad-
ditional information on the area’s thermal history; at the same
time, the uncertainties as well as the potential of shallow land-
based heat flow measurements could be explored.

Idealized

1
1 KM

F1G. 1. Relative position of heat flow stations (numbered dots),
the local zone of volcanic and sedimentary topographic relief
and an idealized granite body (dashed circle) for the study area
in southern New Mexico.

Manuscript received by the Editor August 19, 1982; revised manuscript received December 29, 1982.
*Dept. of Geochemistry and Minerals, Guif Research and Development Company, P.O. Drawer 2038, Pittsburgh, PA 15230.
{Formerly Dept. of Geological Sciences, University of Rochester Rochester, NY 14627; presently Marathon Oil Company, P.O. Box 3128,

Houston, TX 77001.
© 1983 Society of Exploration Geophysicists. AII rights reserved.




C b b Sk, 10 L Lt b Rt ad a0 2

‘DEPTH (m)

DEPTH (m)

DEPTH (m)

DEPTH (m)

TEMPERATURE (°C)
14 10 18 20 22

[} A - —

[}
[}
[}
1
[}
.
1
[}

104

20

STATION 1

304

24

40

STATION 6

304

40

STATION 8

Heat Flow and Mineralization

1213

TEMPERATURE (°C)

114 " 21
- A v N

10

204

20

30

STATION §

14 18
o n

20

40

STATION 7

20

STATION ©
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F1G. 3. Observed surface air temperatures for the study area in
southern New Mexico, [rom October 1, 1979 (day 0) to October
31, 1980 (day 396). The solid curve is the best fit sinusoid.

MEASUREMENTS

The orientation of the heat flow 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 into each borehole and obtaining equilibrated
readings from 5 to 35 m in 5 m increments. The thermistor
output was monitored with a digital ohm-meter operating in
the 4-wire mode and converted to temperature by a previously
determined calibration function (Steinhart and Hart, 1968).
Considerable laboratory testing of the measurement system
against a platinum resistance thermometer and resistance
bridge allows estimates of absolute accuracy at about 0.02°C
and relative error at <0.002°C. Because of the long equili-
bration time of the thermistor probe, only 2 sites could be

Table 1. Summary of thermal results.

Station  p g T A R? K q
1 10.5 510 2001 931 9996 571 291
3 41 359 1982 1251 9924 302 108
4 129 491 2072 586 9996 6.72 3.30
5 0.1 772 20.18 8.60 9992 554 428
6 16.7 438 21.39 782 9995 831 3.64
7 100 381 19.57 932 9999 550 209
8 87 307 1943 1152 9998 495 152
9 6.7 294 1954 1433 9993 4.11 1.2l

u = Thermal diffusivity (x 10~ * cm? sec™!

¢ = Geothermal gradient (x 10™* °C cm ™%}

T, = Mean surface temperature (°C)

A = Amplitude of the surface temperature change (°C)
R? = Coefficient of determination

K = Thermal conductivity (x 1072 cal °C™' cm™" sec™!)

g = Heat flow (x 107® cal cm ™2 sec™")

completed per day resulting in a total 4 day sampling period. i
The results of these measurements are shown in Figure 2 (black
dots). . f
The temperature values shown in Figure 2 were obtained ina 8
depth interval where it is likely that the dominant transient :
component of the temperature field results from the seasonal .
fluctuation of surface temperature. The indirect method of Lee
(1977) was used to remove this transient component from the 2
temperature profiles and to obtain an estimate of the mean
equilibrium geothermal gradient and a value of the average
thermal diffusivity over the depth interval for each station.
More specifically, the procedure uses a linearized form of the
solution for heat conduction in a homogeneous half-space with
sinusoidally varying surface temperature (period = 1 year),

Ti=T +gz;+ 8;x, + &y )]
where ‘

8; = A sin o(t; - (o),

g; = —A cos w(t; — to),
and

x; = exp (—2;/w/2y) cos (z;/ w/2n),
Yi=exp (—2,{/0/2p) sin (z;/©/2p).

T, are the temperatures measured at depth z; at time ¢, T, is the
mean surface temperature, A is the amplitude ol the annual
surface temperature variation, g is the geothermal gradient, ®
is the angular velocity of the annual temperature variation
(2 x 1077 sec™), t, is the time when T(z=0)=T,, and p is
thermal diffusivity. A minimum root-mean-square (rms) error
solution to equation (1) is sought after assigning discrete values
of p ranging from 0.001 to 0.020 cm?/sec in increments of 10~
cm?/sec, which covers the range of values normally observed
for most 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 to equation (1) by the indirect
method of Lee (1977) without imposing one additional con-
straint. This was obtained from daily surface air temperature
measurements (recorded at a U.S. Weather Service station lo-
cated 55 km away) for a period of | year prior to our field
measurements (Figure 3). The solid curve in Figure 3 is the
best-fit sinusoid (period = I year) to the data. This allows an
estimate of 1, and hence t; — 1, could be specificd in cquation
(1) for each station assuming there is no difference in phase
between the annual air temperature and ground temperature
fluctuations at the surface. '

. The results of reduction of the temperature data in Figure 2
are summarized in Table 1. The theoretical temperature profiles
corresponding to the parameters in Table | are plotted along
with the data in Figure 2 (solid curves). The dashed lines in
Figure 2 indicate the computed geothermal gradient for each
station resulting from removal of the periodic component from
the temperature data. Based on the values of the coeflicient of
determination R? obtained (Table 1), there is in general a good
fit (R* =1 would indicate a perfect fit) of the data to the
assumed conductive theory [equation (1)]. The values of 7, in
Table 1 average about 4°C higher than the mean annual air
temperature (Figure 3). This is no doubt the result of direct
radiative heating of the ground. (The air temperatures were
recorded in a covered shed.) Because of this effect, Kappelmeyer
and Haenel ( 1974) stated that workers often recommend the
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FiG. 5. Observed (dots) and theoretical heat flow (curve) along
section A-A’ in Figure 1. g, is background heat flow and ¢* is
the additional heat flow from a spherical source. Below is the
simplified geometry of a subsurface granitic body. Depth and
lateral extent are based on information from deep boreholes.

rule of thumb addition of 1°C to the mean annual air temper-
ature to estimate mean ground temperature. Clearly, from
Table 1, this difference can be significantly larger. The site-to-
site variation in T, (Table 1) is most likely due to differences in
the exposure of the ground to incident solar radiation since
differences in albedo caused by variations in ground cover over
the area are probably insignificant.

For most of the stations the lithology corresponding to the
temperature measurement interval comprised undifferentiated
Quaternary gravel, soil, and alluvium. The values of u obtained
from the data reduction (Table 1) are therefore highly variable,
as might be expected; however, for station | and possibly
station 7 measurements were obtained in dolomite. These are in
excellent agreement with measured values reported in the
literature (Kappelmeyer and Haenel, 1974). The values of g in
Table 1 were used to obtain a rough estimate of thermal
conductivity K for each station. This was done by plotting
average values of thermal conductivity versus average thermal
diffusivity for a wide range of lithologies (Figure 4). The data
are from the compilation of Kappelmeyer and Haenel (1974).
Included also is a theoretical relation (dashed curve) for un-
consolidated sediments (Bullard, 1963). A least-squares line fit
to the data over the range appropriate for consolidated rocks
leads to the relation K = 1.3 x 10”3 + 0.42 p which was used
to compute the thermal conductivity given in Table 1. Implicit
in this procedure is the assumption that, over the range appro-
priate to consolidated rocks, variations in the density and heat
capacity of rocks are small compared with variations in ther-
mal conductivity. The data in Figure 4 sufficiently support this
assumption for the present purposes. This estimate of K in turn
allows an estimate of relative heat flow ¢ = Kg for each site,
which is also given in Table 1.

Transient temperature disturbances caused by thermal con-
vection within the boreholes (Diment, 1967; Gretener, 1967)
cannot be ruled out a priori lor the temperature data in Figure
2. This effect does not, however, appear to present a problem to
the data set in general. The level of agreement of the data set to
conductive theory (Figure 2 and Table 1) and the uniformity of
computed parameters (Table 1) do not suggest the presence of
serious random temperature perturbations, particularly in view
of the sizeable and remarkably systematic trend observed in the
heat flow values, which will be seen in the next section.

RESULTS

The results of the heat flow estimates for each station (Table
1) are plotted in Figure 5 as a function of relative position
projected on line A-A’ (Figure 1). The lower section of Figure S
shows the suggested position of a subsurface granitic body
(Figure 1) approximated by a hemisphere. The approximate
depth and lateral extent of the granite as well as its approxi-
mate location with respect to the heat flow measurements are
based on information from deep boreholes provided by Gulf
Mineral Resources Company. The continuity of the body and
the existence of the mother layer are somewhat speculative and
largely for the purpose of the heat flow interpretation.

The relative heat flow values in Figure 5 exhibit a large and
systematic increase as the ridge province (Figure 1) is
approached from the south-southwest. The maximum ob-
served increase in relative heat flow of 3 HFU (1 HFU =
1078 cal cm~? sec = 41.8 mW/m?) appears to be centered
around station 5. Since the magnitude of the observed increase
is too large to be accounted for by heat conduction effects of
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l

T(r,0)

Tm

F1G. 6. Geometry for applying the method of images to a buried
sphere.

surface topography, nor does it relate to individual station
elevation or slope orientation, a subsurface cause must be
responsible.

Hardee and Larson (1980) arrived at a relation for the steady
state surface heat flow as a function of horizontal position u for
a sphere of radius a at constant temperature T,,, buried at
depth D in a medium initially at zero temperature, with a
horizontal surface held at constant temperature T, (see Figure
6). Their result was that

2)-2
ST o

. 2aK(T,—T)
"= - &)

where

is the maximum heat flow (at r = D, 0 = 0). The solid curve in
Figure 5 is the result of applying equations (2) and (3) to the
heat flow data. Equation (2) was used to estimate {rom the data
the depth D to the center of a spherical source capable of
creating the observed anomaly (D = 1140 m). The heat flow
values at stations 3 and 9 suggest a background heat flow
qy(u— o0) of about 1 HFU so that a value of g* = 3 HFU is
then required to fit the observations near the crest of the
anomaly. From equation (3), for example, a temperature excess
of 50°C (for K = 7 mcal °C™" cm~! sec™'), its position and
depth coinciding with 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
with the measurements. This result suggests a possible associ-
ation between the granite body and the observed relative heat
flow. Furthermore, it is clear from the magnitude of the re-
quired temperature excess that heat conduction effects resulting

from possible contrasts in thermal properties and radioactive '8

heat production (between the granite and surrounding rock)
alone are incapable of accounting for the observed anomaly.

In order to test the possibility that the suggested temperature
excess is the result of transient cooling of the body from an
originally molten state, we have applied the method of images
to a sphere cooling from some initial temperature 7,,. From the
solution for an infinite region,

T + - 2/t
T(r,t)=7'"(efr a r—a \/FT

—erf -
er;T: erz\/'; r

“{exp [—(r — a)*/4ue] —exp [—(r + a)’/4w]}) (4)

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

T, r+a r—a 2/m
T(r, t) = == {erf —erf - :
0= {"’ NN R

“{exp [~(r — a)*/4pt] —exp — (r + a)’/4ut}}

T, r+a r—a 2\/;;
— = lerf —erf - .
5 {er 2\/; er 2\/; r'ﬁ

“{exp [—(r' — a)*/4ur] ~ exp [~ (" + 0)2/411']}}- 5)

where
. =[r? + 4D* — 4rD cos 0]'%.

The solution for heat flow g is

dT
= —-K—
1 d" =0
D 2
=_KT,,.exP(—( +a))[ : _a+D_2\/;;]
4 Jrwe D/mu DAL /x

.D=-a\[ -1 a+D 2/u

T,exp( - - (6
¥ exp( 4t >[\/nur D npt+Dzﬁ] ©

In Figure 7 we have plotted heat flow versus time from
equation (6) for a cooling sphere with T, = 1000°C, K =

7mcal °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 heat flow as heat from the
buried sphere reaches the surface and then a decrease as that
heat is eventually lost. The important result, however, is that all
this occurs within 100,000 years. Thus, if the granite body,
approximated by a sphere, is of Tertiary age, no residual heat
flow would be expected to remain at present time. Our theoreti-
cal treatment of the cooling granite body neglects possible
cooling by convective heat transfer. However, incorporating
convection in our model would decrease the estimated cooling
time and, therefore, would not alter our conclusion.

It is also possible to speculate on the existence of a somewhat
deeper mother layer (Figure 5) of considerable lateral extent as
a source of residual transient heat flow. The heat flow solution
for a cooling, buried half-space (used to represent a cooling
granitic batholith in Goguel, 1976), given by
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F1G. 7. Theoretical cooling of a buried half-space (at depth h) and cooling sphere. Dimensions and geometry are inset.

—2KT,
q= = exp (—h2/4pl), (7

2. /mut

was used to explore this possibility. These results are also
plotted in Figure 7 for the same parameters as the cooling
sphere but for depths h = 610 m (corresponding to the top of
the sphere) and h =D = 1140 m. In both cases (Figure 7)
significant residual heat flow remains after 107 years. Thus a
mother layer cooling from mid-Tertiary time is capable of
supplying enough heat to account for the observed ¢* of
3 HFU. Still, transient cooling of a smaller wavelength granite
body as a mechanism is insufficient to account for the shape of
the observed heat flow anomaly even if heat is supplied by the
mother layer. The effect of the thermal conductivity contrast
between granite and limestone or dolomite is far too smali
(Lovering, 1935) to offset the rapid cooling time of a sphere or
hemisphere of an appropriate size (Figures 5 and 7).

Based on these results, it must be concluded that the heat
flow anomaly observed in the study area is not the direct result
of transient cooling of a granite body, but must be indicative of
an active (or recently active) process such as hydrothermal
circulation. The heat flow estimated {or stations 3 and 9, 1.08
and 1.21 HFU, is less than most published values from the
surrounding area, ~2.0 HFU (Reiter et al, 1975; Edwards et al,
1978; Shearer and Reiter, 1981). Although the absolute accu-
racy of the shallow heat flow determinations in Table ! is not
well established, the range of values does not significantly
depart from that observed via deep borehole observations in
areas of extensive volcanic activity in northeastern New
Mexico and southeastern Colorado (Edwards et al, 1978). The
low background heat flow (g, =1 HFU) suggested earlier
could imply low reduced heat flow as well as a low contribution
from crustal radioactive heat production. Leaching of radioac-

P

tive elements by moving groundwater has been suggested to
explain locally nonrepresentative crustal radioactivity in Ari-
zona (Shearer and Reiter, 1981). In that same study, forced and
free convection by moving groundwater was called upon to
explain some of the variability of heat flow measurements taken
shallower than 650 m. The heat flow pattern shown in Figure §
also might be the result of a local redistribution of heat by

. hydrothermal convection occurring at depth. In this case the

low values at stations 3 and 9 could be indicative of removal of
heat as in the case of a downgoing limb of a convection cell.
Higher concentrations of heat-producing elements in the gran-
ite body, while incapable of producing 3 HFU to cause the
observed anomaly, may contribute to the convective instability.
Such a mechanism might focus the convection and explain the
location of the heat flow high over the granite body.

CONCLUSIONS

There appears to be spatial coincidence between a present-
day heat flow anomaly, a Tertiary granitic body, and hy-
drothermal mineralization within a localized area in southern
New Mexico. Based on the heat flow values obtained, hy-
drothermal circulation is believed to be the most likely expla-
nation for the heat flow anomaly. Higher radioactive heat
production in the granite body may explain the spatial coin-
cidence between the anomaly and the body. The situation
appears analogous to the regional association between zones of
high heat flow, metalliferous mincralization, and intrusive
bodies in England and Wales (Brown et al, 1980). There it was
postulated that Caledonian age intrusive bodies focused the
development of hydrothermal systems responsible for post-
Carboniferous mineralization, and that these systems have per-
sisted through time to create the present-day high heat flow.
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Our results suggest the possibility of such occurrences on a
local scale and the potential of shallow thermal measurements
as an aid in locating and understanding them.
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Localized heat flow and Tertiary mineralization in southern New Mexico

\

Gary W. Zielingki* and Gail Moritz DeCoursey}

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 heat flow ap-
pears roughly to overlie a Tertiary granitic body at a
depth of about 600 m within an area of known hy-
drothermal mineralization. The presence of the apoma-
ly, believed to be of subsurface origin, implies an active
heat source centered at a depth of 1140 m, perhaps
associated with hydrothermal circulation. Higher radio-
active heat production in granites may contribute to
convective instability and explain the apparent lateral
coincidence between the anomaly 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 et al, 1980). In
both cases, mineralization is associated with granitic in-
trusion that has occurred at a previous time which is
much greater than the thermal time constant for cooling
bodies. Shallow heat flow determinations may he 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 et al, 1910; Lasky and Wooton, 1933; Tal-
mage and Wooton, 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 of a 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 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 activity began in the Early Cretaceous and culminated in
the Middle Tertiary with the emplacement of a granitic pluton,
an apophysis of which is ¢xposed nearby. Hydrothermal min-
eral deposits, including varying concentrations of gold, silver,

copper, lead, and zinc, recognized prior to 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-
duction in the crust. In order to investigate the present-day
thermal regime in our study area in relation to local volcanism
and mincralization, a suite of 8 shallow {(~ 35 m) relative heat
flow determinations was attempted in November, 1980. The
particular location of the measurements was based on the
availability of subsurface data from previous deep drilling. It
was hoped that these determinations might reveal some ad-
ditional information on the area’s thermal history; at the same
time, the uncertainties as well as the potential of shallow land-
based heat flow measurements could be explored.

Idealized

Granite

1 KM

F1G. 1. Relative position of heat flow stations (numbered dots),
the local zone of volcanic and sedimentary topographic relief
and an idealized granite body (dashed circle) for the study area
in southern New Mexico.
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TEMPERATURE (°C)

2;0 ;0 J;O u;o
TIME (DAYS)

F1G. 3. Observed surface air temperatures for the study area in
southern New Mexico, from October 1, 1979 (day 0) to October
31, 1980 (day 396). The solid curve is the best fit sinusoid.

MEASUREMENTS

The orientation of the heat flow 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 into each borehole and obtaining equilibrated
readings from 5 to 35 m in 5 m increments. The thermistor
output was monitored with a digital ohm-meter operating in
the 4-wire mode and converted to temperature by a previously
determined calibration function (Steinhart and Hart, 1968).
Considerable laboratory testing of the measurement system
against a platinum resistance thermometer and resistance
bridge allows estimates of absolute accuracy at about 0.02°C
and relative error at <0.002°C. Because of the long equili-
bration time of the thermistor probe, only 2 sites could be

Table 1. Summary of (hermx;l results.

Station p g T, A R? K q
1 10.5 510 20.01 931 9996 571 291
3 41 359 1982 1251 9924 302 108
4 129 491 20.72 586 9996 6.72 330
) 10.1 772 20.18 860 9992 554 4.28
6 167 438 21.39 782 9995 831 364
7 100 381 1957 932 9999 550 209
8 87 307 1943 11.52 9998 495 1.52
9 67 294 1954 1433 9993 411 121

# = Thermal diffusivity (x 10~ * cm? sec™!

¢ = Geothermal gradient (x 1074 “Ccm™")

T, = Mean surface temperature (°C)

4 = Amplitude of the surface temperature change (°C)
R* = Coefficient of determination

K = Thermal conductivity (x 1072 cal °C~! ¢cm ™" sec™")
g = Heat flow (x 107 cal cm "% sec™ ')

completed per day resulting 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 transient
component of the temperature field results from the seasonal
fluctuation of surface temperature. The indirect method of Lee
(1977) was used to remove this transient component from the
temperature profiles and to obtain an estimate of the mecan
equilibrium geothermal gradient and a value of the average
thermal diffusivity over the depth interval for each station.
More specifically, the procedure uses a linearized form of the
solution for heat conduction in a homogeneous half-space with
sinusoidally varying surface temperature (period = | year),

Tj,-=7;+gz,-+8,.§,.+ejy‘. (N
where

8, = Asin a(t; — t,),

g;= —A cos aft; — to),
and

x; = exp (—2,/a21) cos (2, /w/2n),
yi = exp (—z;/©/2y) sin (z; /©/2u).

T, are the temperatures measured at depth z; at time 1, T, is the
mean surface temperature, A is the amplitude of the annual
surface temperature variation, g is the geothermal gradient, @
is the angular velocity of the annual temperature variation
(2 x 1077 sec™'), 1, is the time when T(z =0) = T;, and p is
thermal diffusivity. A minimum root-mean-square (rms) error
solution to equation (1) is sought after assigning discrete values
of u ranging from 0.00! to 0.020 cm?/sec in increments of 10™*
cm?/sec, which covers the range of values normally observed
for most 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 to equation (1) by the indirect
method of Lee (1977) without imposing one additional con-
straint. This was obtained from daily surface air temperature
measurements (recorded at a U.S. Weather Service station lo-
cated 55 km away) for a period of | year prior to our field
measurements (Figure 3). The solid curve in Figure 3 is the
best-fit sinusoid (period = | year) to the data. This allows an
estimate of {4 and hencé t; — to could be specified in equation
(1) for each station assuming there is no difference in phase
between the annual air temperaturc and ground temperature
fluctuations at the surface.

. The results of reduction of the temperature data in Figure 2
are summarized in Table 1. The theoretical temperature profiles
corresponding to the parameters in Tablc 1 arc plotted along
with the data in Figure 2 (solid curves). The dashed lines in
Figure 2 indicate the computed geothermal gradient for each
station resulting from removal of the periodic component from
the temperature data. Based on the values of the coefficient of
determination R? obtained (Table 1), there is in general a good
fit (R? =1 would indicate a perfect fit) of the data to the
assumed conductive theory [equation (1)]. The valucs of T, in
Table 1 average about 4°C higher than the mean annual air
temperature (Figure 3). This is no doubt the result of direct
radiative heating of the ground. (The air temperatures were
recorded in a covercd shed.) Becausc of this effect, Kappelmeyer
and Haencl (1974) stated that workers often recommend the

5
-4
%
]

Apbel i, i e s SRR

{13

DAl st




Sogad

el

o~

[T T

SHRENEEN b e v P pp bR

Heat Flow and Mineralization . 1215

151
]

>~ .

(=0

L

D ‘o 101

23

Z

S'e A

00

© s

<5

z%

w = 59

I x B

X
- ’
1l - r2=092

I”

0 ¥ A ¥ 1] L] L Al L} ¥ ) 4 ] A ] ki A L S )
0 10 20 30

THERMAL DIFFUSIVITY (x103cm2sec™)
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squares fit to the data. The dashed line is an empirical repre-
sentation of thermal diffusivity versus thermal conductivity (or
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HEAT FLOW
(x10"6cal cm~2ge¢’ )

Ll T
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STATION NUMBER

: MOTHER LAYER

Horizontal and vertical scales :
0o S00

meters

F1G. 5. Observed (dots) and theoretical heat flow (curve) along
section A-A’ in Figure 1. g, is background heat flow and ¢* is
the additional heat flow from a spherical source. Below is the
simplified geometry of a subsurface granitic body. Depth and
lateral extent are based on information from deep boreholes.

rule of thumb addition of 1°C to the mean annual air temper-
ature to estimate mcan ground temperature. Clearly, from
Table 1, this dilference can be significantly larger. The site-1o-
site variation in 7, (Table 1) is most likely duc to difterences in
the exposure of the ground to incident solar radiation since
differences in albedo caused by variations in ground cover over
the area are probably insignificant.

For most of the stations the lithology corresponding to the
temperature measurement interval comprised undifferentiated
Quatcrnary gravel, soil, and alluvium. The valucs of u obtained
from the data reduction (Table 1) are therefore highly variable,
as might be expected; however, for station 1 and possibly
station 7 measurements were obtained in dolomite. These are in
excellent agreement with measured values reported in the
literature (Kappelmeyer and Haenel, 1974). The values of p in
Table 1 were used to obtain a rough estimate of thermal
conductivity K for cach station. This was done by plotting
average values of thermal conductivity versus average thermal
diffusivity for a wide range of lithologies (Figure 4). The data
are from the compilation of Kappelmeyer and Haenel (1974).
Included also is a theoretical relation (dashed curve) for un-
consolidated sediments (Bullard, 1963). A least-squares line fit
to the data over the range appropriate for consolidated rocks
leads to the relation K = 1.3 x 10™* + 0.42 u which was used
to compute the thermal conductivity given in Table 1. Implicit
in this procedure is the assumption that, over the range appro-
priate to consolidated rocks, variations in the density and heat
capacity of rocks are small compared with variations in ther-
mal conductivity. The data in Figure 4 sufliciently support this
assumption for the present purposes. This estimate of K in turn
allows an estimate of relative heat flow g = Kg for each site,
which is also given in Table 1.

Transient temperature disturbances caused by thermal con-
vection within the boreholes (Diment, 1967; Gretener, 1967)
cannot be ruled out a priori for the temperature data in Figure
2. This effect does not, however, appear to present a problem to
the data set in general. The level of agreement of the data set to
conductive theory (Figure 2 and Table 1) and the uniformity of
computed parameters (Table 1) do not suggest the presence of
serious random temperature perturbations, particularly in view
of the sizeable and remarkably systematic trend observed in the
heat flow values, which will be seen in the next section.

RESULTS

The results of the heat flow estimates for each station (Table
1) are plotted 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 position of a subsurface granitic body
(Figure 1) approximated by a hemisphere. The approximate
depth and lateral extent of the granite as well as its approxi-
mate location with respect to the heat flow measurements are
based on information from deep boreholes provided by Gulf
Mineral Resources Company. The continuity of the body and
the existence of the mother layer are somewhat speculative and
largely for the purpose of the heat flow interpretation.

The relative heat flow values in Figure 5 exhibit a large and
systematic increase as the ridge province (Figure 1) is
approached from the south-southwest. The maximum ob-
served increase in relative heat flow of 3 HFU (1 HFU =
107 cal cm™2 sec = 41.8 mW/m?) appears to be centered
around station 5. Since the magnitude of the observed increase
is too large to be accounted for by heat conduction effects of
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F1G. 6. Geometry for applying the method of images to a buried
sphere.

surface topography, nor does it relate to individual station
elevation or slope orientation, a subsurface cause must be
responsible.

Hardee and Larson (1980) arrived at a relation for the steady
state surface heat flow as a function of horizontal position u for
a sphere of radius a at constant temperature T,,, buried at
depth D in a medium initially at zero temperature, with a
horizontal surface held at constant temperature T, (see Figure
6). Their result was that

27-2
@]
where
2aK(T,— T,
+=_ a (sz x)’ (3)

is the maximum heat flow (at r = D, 8 = 0). The solid curve in
Figure 5 is the result of applying equations (2) and (3) to the
heat flow data. Equation (2) was used to estimate from the data
the depth D to the cénter of a spherical source capable of
creating the observed anomaly (D = 1140 m). The heat fiow
values at stations 3 and 9 suggest a background heat flow
gy (u— o0) of about | HFU so that a value of g* =3 HFU is
then required to fit the observations near the crest of the
anomaly. From equation (3), for example, a temperature excess
of 50°C (for K =7 mcal °C~! cm ™" sec™!),"its position and
depth coinciding with 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
with the measurements. This result suggests a possible associ-
ation between the granite body and the observed relative heat
flow. Furthermore, it is clear from the magnitude of the re-
quired temperature excess that heat conduction effects resulting

from possible contrasts in thermal propertics and radioactive
heat production (between the granite and surrounding rock)
alonc are incapable of accounting for the observed anomaly.

In order to test the possibility that the suggested temperature
excess is the result of transient cooling of the body from an
originally molten state, we have applied the method of images
1o a sphere cooling from some initial temperature 7,,. From the
solution for an infinite region,

rfr+a—c r—a_Z\/m.
N NTERNE

{exp [~(r — a)*/Aur] — exp [~ (r + a)2/4w]}) @)

f

T(r, t) = % <e

(Carslaw and Jaeger, 1959), the solution for a semi-infinite
medium (Figure 6) becomes
- 2/t
—erf i \/ll—

NN RN

{exp [—(r — a)*/4ut] —exp — (r + a)’/l‘ud}
. r'+a r—a 2\/;1—1

— e —erf - .
5 {er 2\/; erl 2\/;; r'\/;

fexp [—(" ~ a)* /4] —exp [ (" + 0)2/411']}}, ()

r+a

T
T(r, 1) = ?'" {erf

T,

~where
r =[r*+4D* — 4rD cos 0]"/%.
The solution for heat flow q is

T
q=—’<z

=0

- KT @+a\[ 1|  a+D 2/u
IR R [t T p?
K rut D /mut D \/1_1:

, (D—a)2>[ -1 a+D L/ut]
+T, - - - (6
exp( 4yt Jrut  D/mut * Dz\/;t ©

In Figure 7 we have plotted heat flow versus time from
equation (6) for a cooling sphere with T, = 1000°C, K =
7mcal °C™ ' em ™ 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 heat flow as heat from the
buried sphere reaches the surface and then a decrease as that
heat is eventually lost. The important result, however, is that all
this occurs within 100,000 years. Thus, if the granite body,
approximated by a sphere, is of Tertiary age, no residual heat
flow would be expected to remain at present time. Our theoreti-
cal treatment of the cooling granite body neglects possible
cooling by convective heat transfer. However, incorporating
convection in our model would decrease the estimated cooling
time and, therefore, would not alter our conclusion.

[t is also possible to speculate on the existence of a somewhat
deeper mother layer (Figure 5) of considerable lateral extent as
a source of residual transient heat flow. The heat flow solution
for a cooling, buried half-space (used to represent a cooling
granitic batholith in Goguel, 1976), given by
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FiG. ?.'Theore(ical cooling of a buried half-space (at depth h) and cooling sphere. Dimensions and geometry are inset.

—2KT
q= = exp (—h*/4pr), )]

2 /nut

was used to explore this possibility. These results are also
plotted in Figure 7 for the same parameters as the cooling
sphere but for depths h = 610 m (corresponding to the top of
the sphere) and h =D = 1140 m. In both cases (Figure 7)
significant residual heat flow remains after 107 years. Thus a
mother layer cooling from mid-Tertiary time is capable of
supplying enough heat to account for the observed q* of
3 HFU. Still, transient cooling of a smaller wavelength granite
body as a mechanism is insuflicient to account for the shape of
the observed heat flow anomaly even if heat is supplied by the
mother layer. The effect of the thermal conductivity contrast
between granite and limestone or dolomite is far too small
(Lovering, 1935) to offset the rapid cooling time of a sphere or
hemisphere of an appropriate size (Figures 5 and 7).

Based on these results, it must be concluded that the heat
flow anomaly observed in the study area is not the direct result
of transient cooling of a granite body, but must be indicative of
an active (or recently active) process such as hydrothermal
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 et al, 1975; Edwards et al,
1978; Shearer and Reiter, 1981). Although the absolute accu-
racy of the shallow heat flow determinations in Table | is not
well established, the range of values does not significantly
depart from that observed via deep borehole observations in
arecas of extensive volcanic activity in northeastern New
Mexico and southeastern Colorado (Edwards et al, 1978). The
low background heat flow (g, = 1 HFU) suggested earlier
could imply low reduced heat flow as well as a low contribution
from crustal radioactive heat production. Leaching of radioac-

tive elements by moving groundwater has been suggested to
explain locally nonrepresentative crustal radioactivity in Ari-
zona (Shearer and Reiter, 1981). In that same study, forced and
free convection by moving groundwater was called upon to
explain some of the variability of heat flow measurements taken
shallower than 650 m. The heat flow pattern shown in Figure 5
also might be the result of a local redistribution of heat by

. hydrothermal convection occurring at depth. In this case the

low values at stations 3 and 9 could be indicative of removal of
heat as in the case of a downgoing limb of a convection cell.
Higher concentrations of heat-producing elements in the gran-
ite body, while incapable of producing 3 HFU to cause the
observed anomaly, may contribute to the convective instability.
Such a mechanism might focus the convection and explain the
location of the heat flow high over the granite body.

CONCLUSIONS

There appears to be spatial coincidence between a present-
day heat flow anomaly, a Tertiary granitic body, and hy-
drothermal mineralization within a localized area in southern
New Mexico. Based on the heat flow values obtained, hy-
drothermal circulation is believed to be the most likely expla-
nation for the heat flow anomaly. Higher radioactive heat
production in the granite body may explain the spatial coin-
cidence between the anomaly and the body. The situation
appears analogous to the regional association between zones of
high heat flow, metalliferous mineralization, and intrusive
bodies in England and Wales (Brown et al, 1980). There it was
postulated that Caledonian age intrusive bodies focused the
development of hydrothermal systems responsible for post-
Carbonilerous mineralization, and that these systems have per-
sisted through time to create the present-day high heat flow.
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Our results suggest the possibility of such occurrences on a
local scale and the potential of shallow thermal measurements
as an aid in locating and understanding them.

ACKNOWLEDGMENTS

The authors wish to thank Tom Heidrick, Jerzy Maciolek,
lan Lerche and two anonymous reviewers for helplul comments
which led to improvements in the original manuscript. We also
thank Gulf Oil Corporation for permission to publish the heat
flow data and Tom Heidrick for encouraging us to make the
measurements.

REFERENCES

Brown, G. C,, Cassidy, J., Oxburgh. E. R., Plant, J., Sabine, P. A, and
Walson. J. V., 1980, Basement heat flow and metalliferous mineral-
ization in England and Wales: Nature, v. 288, p. 657-659.

Bullard, E. C., 1963, The flow of heat through the floor of the ocean, in
TheSea: M. Hill, Ed., v. 3, p. 218-232.

Callaghan, E., 1953, Volcanic rocks of southwestern New Mexico:
N. Mex. Gcol. Soc., 4th Field Conference.

Carslaw, H. S., and Jaeger, J. C., 1959, Conduction of heat in solids:
Oxford University Press, Oxford.

Diment, W. H., 1967, Thermal regime of a large diameter borehole:
Instability of the water column and comparison of air- and water-
filled conditions: Geophysics, v. 32, p. 720-726.

Edwards, C. L., Reiter, M., Shearer, C., and Young, W., 1978, Terres-

trial heat low and crustal radioactivity in northeastern New Mexico
and southeastern Colorado: GSA Bull,, v. 89, p. 1341-1350.
Goguel, J.. 1976, Geothermics: New York, McGraw-Hill Book Co.
Gretener, P. E., 1967, On the thermal instability of farge diameter
wells—An observational report: Geophysics, v. 32, p. 727-738,
Hardee, H. C., and Larson, D. W, 1980, Thz,rmdl techniques for
chdr.lclerizing magma body gcomelncs Geothermics, v. 9, p. 237~

Kap‘pclmcycr. O.. and Haenel, R, 1974, Geothermics with special

erence 1o application: Geoexploration Monographs, series 1, no.
4, Gebriider Borntraeger, Berlin.

Lusky. S. G., and Wooton, T. P, 1933, The metal resources of New
Mexico and their economic features: N, Mex. School of Mines, State
Bur. Mines and Mineral Res. Bull. 7.

Lee, T-C.,, 1977, On shallow-hole temperature measurements—A test
study in the Salton Sea geothermal field: Geophysics, v. 42,
p. 572-583.

Lindgren, W., Graiton, L. C., and Gordon, C. H,, 1910, The ore deposits
of New Mexico: U.S.G.S. Prof. Paper 68.

Lovering, T. S, 1935, Theory of heat conduction applied to geological
problems: GSA Buit,, v. 46, p. 69-94.

Northrop, S. A., 1959, Minerals of New Mexico: Albuquerque Univ. of
N. Mex. Press revised edition.

Reiter, M., Edwards, C. L., Hartman, H., and Weidman, C., 1975,
Terrestrial heat flow along the Rio Grande rift, New Mexico and
southern Colorado: GSA Bull., v. 86, p. 811-818.

Shearer, C., and Reiter, M., 1981, Terrestrial heat flow in Arizona: J.
Geophys. Res., v. 86, p. 6249-6260.

Steinhart, J. S., and Hart, S. R, 1968, Calibration curves for thermis-
tors: Decp-Sea Res., v. 15, p. 497-503.

Talmage, S. B,, and Wooton, T. P., 1937, The non-metallic mineral
resources of New Mexico and their economic features; N. Mex.
School of Mines, State Bur. Mines and Mineral Res. Bull. 12.

e

<&




Ve PRI TewaL T o

TS VT LI LA S R

A R T Y PICTIB N 4 NL  EE I S IR 3

EITFTYITTT TAFVAR I

GEOPHYSICS. VOL, 48, NO, 7 (JULY 1983): P. 975-996, 14 FIGS.. S TABLES,

Geothermal prospecting with Shallo-Temp surveys

L. A. LeSchack* and J. E. Lewis}

ABSTRACT

The Shallo-Temp® survey is an incxpensive and rapid
**first look"" geophysical tcchnique that is useful in planning
the more traditional and costly reconnaissance drilling geco-
thermal exploration programs. The technique is based on
making many soil temperature measurements at 2-m depths
over a given exploration area and corrccting 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 ouitput from the model is the normally expected 2-m
temperature for the given sitc at the date for which input
data were provided. The difference between the measured
and computed 2-m temperature data represents effects of
geothcrmal heat flow. A Shallo-Temp residual map is com-
pared both to a 2-m temperaturc map for a specific date
(September, 1977) and to a mean annual 2-m temperature
map for the Coso known ‘geothermal resource arca pro-
ducing the same anomaly pattern in each casc. Additional
case history studics at Upsal Hogback in Nevada, and
Animus Valley in' New Mexico provide evidence to support
the applicability of the Shallo-Temp technique throughout
the Basin and Range Province. The technique developed is
not designed to replace reconnaissance drilling but rathier
help focus standard reconnaissance programs. The two
potentially most rcliable applications of the technique are
in cxtending trends where standard reconnaissance holes
have been drilled or filling in detail between widely spaced
holes, and in surveying for near-surface anomalies that
might be developed for direct heating applications.
®Registered trademark of LeSchack Associates, Ltd.

INTRODUCTION
Background

Shallow temperature mcasurements (2—-5 m) have becn 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 casc histories where the shallow
temperature survey method was used in eastern California, Nevada,
and New Mexico, and the results can be compared with existing

relatively deep reconnaissance temperaturc gradient and  hcat
flow mecasurcments.

An carly example of shallow temperature surveying at a geo-
thermal area was presented by Kintzinger (1956) in his survey of
hot ground near Lordsburg in New Mexico. Using thermistors
emplaced at a depth of 1 m, he observed a temperature anomaly of
some 10°C surrounding a hydrothermal arca. Cartwright (1968)
showed that thermistors emplaced at a depth of 50 cm could
closely approximate theoretical témperature anomalics at the sur-
face owing to shallow lying aquifers. Birman (1969), emplacing
thermistors at a depth of 3 m, measured temperature variations
caused by groundwater flow- in southem California dnd began

" actively using shallow temperature geothermal surveying as one

of a combination of geophysical and geologic techniques for
locating groundwater on a commercial basis. O'Bricn (1970) also
conducted studies of a groundwatcr flaw using shallow tempera-
ture survey techniques.

A detailed study of the application of this technique to locating
salt domes and shallow faults in the Netherlands was provided by
Poley and Van Steveninck (1970). Their lechmque was used most
satisfactorily in southern California by Sabins (1976). Noble and
Ojiambo (1975), empldcing thermistors at 1-m depth, helped
delineate a geothermal area in Kenya. Lee (1977a), using data ob-
tained at depths greater than we consider shallow (up'to 15 m),
showed the potential of cxtrapolatmg near-surface temperatire
gradients to much greater depths in known geothermal areas. Lee
and Cohen (1979) measured, at 2-m dcpth, geothermal gradients
at various sites at the Salton Sea, Califoraia, wherc thermal gra-
dients ranged from 0.02°C/m to 4.3°C/m. Lachenbruch et al
(1976) provided a temperature map of the Long Valley area at a
depth of 10 m. They concluded that as long as synoptic observa-
tions are used at these sites, essentially the same temperature
pattern emerges for contours at the 6-m depth, and much of it per-
sists at 3 m. This observation provided strong motivation for us
to commence our shallow temperature studics at Long Villey,
Coso known geothermal resource area (KGRA), Californid, and
discussed in LeSchack et al (1977). .

Despite the previous rescarch cited, little attempt has been
made to usc the shallow temperature survey technique as an
operational geophysical cxploration tool, especially for geo-
thermal reconnaissance surveys. This, we suspect, is because
adequate case histories of known geothcrmal arcas where this
technique has been used have not been presented in the literature,

Manuscript received by the Editor March 5, 1982; revised manuscript received October 8, 1982.
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and potential perturbing cffects on the shallow temperature data,
real or imagined, have not been subjected to adequate scrutiny.,

The advantages and disadvantages of shallow temperature
surveys

The obvious advantage of a shallow tempcerature survey is that
it is rapid and inexpensive. Whelan (1977) determined that an
ovcrall average cost in 1975 for drilling relatively decp thermal
gradicnt or heat flow holes was approximately $60/m. We estimate
an approximate cost of $50 per hole for such drilling when 100 or
more 2-m holes are to be emplaced at a given survey site.

The economic advantages of shallow temperature surveying arc
clear. The overall disadvantages arc clear also, and have long becn
known. The major purpose of our study has been to compensate
for various perturbing effects (discussed below) which impinge
on temperature measurements at 2-m depths to permit cost-effective
use of shallow temperature reconnaissance surveys for gcolhcrmal
cxploration.

Lovering and Goode (1963), Poley and Van Steveninck (1970),
and Kappelmeyer and Haencl (1974) very adequately covered the
perturbing effects which are of concern to us, and which have in
fact encouraged decp reconnaissance drilling ajmost to the ex-
clusion of shallow mecasurements. These effects are due to
(1) diurnal solar heating variation, (2) annual solar heating varia-
tions, (3) aperiodic solar heating variation$, (4) variations in sur-
face albedo, which affects amount of energy absorbed, (5) varia-
tions in surface roughness, which affect amount of heat convected
away due to turbulent flow of the wind, (6) variations of soil
thermal diffusivity,.(7) slope and exposure of the terrain, (8) varia-
tions in elevation, and (9)variations in level of groundwater and
groundwater movement.

Temperature variations from these effects are generally negligi-
ble below a depth of 20—30 m, with the exception of groundwater
movement. Hence, the great majority of reconnaissance surveying
has been conducted below this level to avoid these effects; and.to
obtain a relatively long vertical section along which temperature
gradients can be measured. In the interests of developing a rapid,
cost-effective thermal reconnaissance surveying technique, how-
ever, we have developed along the lines shown by Birman (1969)
and Poley and Van Steveninck (1970) a methodology for evaluat-
ing the perturbing effects (with the exception of groundwater
inovement) and correcting for them at a depth of 2 m. Thesc per-,
turbirig effects -are, in fact, what physically produces the annual
temperature wave at 2 m. If the annual temperature wave can be
simulated from a simple set of observations, then these perturbing
cffects (which are considered noise) can be subtracted thus ‘ob-
taining the geothermal signal. As a result, we believe that at least
for certain areas, the many perturbing effects often held up as dis-
advantages to shallow temperature surveying can be eliminated
or shown to have little effect, leaving for the shallow temperature
surveying technique the advantages of speed and low cost.

FIELD PROCEDURES

Three case histories studied

In the past few years data from rclatively deep reconnaissance
heat flow holes and complementary geologic and gcophysical data
have become available for the Coso Geothermal areas of eastern
California, the Upsal Hogback arca of Nevada, and the Animus
Valley of New Mexico. As a result, it was possible to cxamine
the efficacy of shallow temperature measurement as a reconnais-
sance mapping tool at these three areas. Direct comparisons with

deeper temperature and heat flow measurements were made and
arc discussed.

Our basic ticld procedure involves augering a 2-m deep hole
for cach measurement location, inscrting a thermistor probe, back-
filling the hole, waiting until the thermistor cquilibrates, and
finally making a mcasurement of the temperature at that site. Gen-
crally, drilling was accomplished using a two-operator General
Hole Digger (Model 21) powered by a 3-hp Tecumseh 2-cycle
gasolinc cngine with a 5-cm (2-in) auger (LeSchack et al, 1977).

The thermistor probes were constructed by taping a Ycllow
Springs Instrument Company (YS1) no. 401 thermistor to the end
of a 2.1-m long, 1.3-cm (0.5 inch) diamcter PVC pipe. Both
single and multiclement thermistor probes were used at the Coso
site. The thermistors arc guaranteed by the manufacturer to be
interchangeable to a tolerance of =0.1°C within the temperature
range of 0°-80°C, the range in which we worked. They were
read, after equilibrium was reached, with 2 YSI model 46 TUC
Tele-thermometer, a Wheatstone bridge that has an dCCUl‘dCy of
*0.15°C.

DATA COLLECTION

_ The data discussed here were coliected at Coso by the authors,
at Upsal Hogback in Nevada by the U.S. Geological Survey, and
at Animus Valley in New Mexico (the site of Kintzinger's work
in 1956) by the authors for New Mexico State University. The
Coso case history study is more detailed than at the other sites and,
therefore, we have chosen to discuss this first to illustrate the
various clements of the Shallo-Temp® technique.

During the 1977 summer, 102 l-element probes were emplaced
at Coso as shown in Figure 1. The criteria for emptacement were
easy accessibility, i.e., along roads or trails, and knowledge that a
geothermal 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 at each of 24 selected sites. Four 6-
element probes, cmplaced at representative locations around the

anomaly, were read approximately every six hours between noon .

of September 24 to noon of September 25, 1977.

EXAMINING THE DATA

As expected from Birman (1969), Poley and Van Steveninck
(1970), and- Sabins (1976), emplacement of probes at 2-m depth
avoided completely the. effect of diurnal variations of solar
input. Figure 2 shows the soil temperature variations over one
diurnal cycle for four representative sites at Coso. It can be seen,
therefore, that at these sites diumal variation is negligible below

“a depth of 'l m.

At a depth of 2 m, however, our probes arc well within the
range of the annual temperature cycle which can usually be ob-
served to a depth of some 20 m. Corrections must be made for the
effects of this annual wave. The cffect of aperiodic solar varia-
tions of any period have been deemed negligible as far as our data
are concerned because they can be assumed to cause temperature
changes during a typical survey less than those caused by the
annual variation.

Elevation and topographic corrections
to 2-m temperature data

it would be expected that the temperature at 2-m depth would
be affected by the mean annual temperature at the surface. As-
suming an adiabatic lapse rate of —1.0°C/100 m of elevation, it
is clear that a noticeable mean annual surface temperature differ-

®Registered trademark -of LeSchack Associates, Ltd.
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cnee would be expericnced between the highest and lowest sites
at the Coso arca. We tested this by computing the correlation
coefticicnt for the 2-m temperature-clevation sets at Coso. We
chose two relatively flat arcas. one to the west of the anomaly and
the other to the north, where there was a large difference in
mein clevation but relatively litde temperature or clevation
variation within cach of the arcas. The correlation coefficicnt
among all these data is —0.87, indicating a significant ncgative
correlation between temperature and elevation. This negative

+

LeSchack and Lewis

correlation would be expected if the temperawres were affected
by temperature change due to clevation.

The mean clevation difference between the northern data set
and the western data set is 434 m (1424 ft). With an adiabatic
lapse rate of —1.0°C/100 m clevation change, the calculated
mean temperature difference should be 4.34°C. The mcasured
mean temperature difference is 3.81°C. The 2-m temperatures
have been corrected to an arbitrarily picked datum of 1036.3 m
(3400 ft), using the adiabatic lapse rate of —1.0°C/100 m.
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At Coso we took care to see that topographic disturbances were
kept to a minimum. We made cvery attempt to gather our data
where the stope of the terrain was close to zero and therefore the
exposure of this surface to the sun would vary little from place
to place.

With onc exception we kept our sites far ecnough away from
large topographic features, i.c.. hills. gorges. ctc.. so that topo-
graphic effects as cstimated according to the techniques de-
scribed by Lachenbruch (1968) would be minimal. In the onc
exception, site 16 at Coso was deliberately chosen closc to a sharp
drop-off. Site 17, its ncighbor 15 m away, was sufficiently re-
moved to be unaffected. The measured temperature difference
between the sites, 0.5°C, was consistent with the valuc estimated
according to Lachenbruch's technique. Therefore, the corrections
caused by topographic cffccts arc negligible at this case history

sitc. We have substantiated this theoretically at Coso using the
Lee FINITEG model (Lec. 1977b) in a separate analysis (Le-
Schuck, et al, 1980).

Seasonal variations of the 2-m temperatures at Coso

Figurc 3 is a contour map' of the 2-m temperature values re-
corded at Coso in Scptember 1977, corrected for clevation. An
arca of higher temperature coincided well with the clectrical re-
sistivity and acromagnetic anomalies independently obtained by
Fox (19784, b). Two-meter temperaturcs were also measured at
three additional times, February in 1978, May in 1978, and

YAll of the contour maps were gencrated by SYMAP computer pro-
gram and the contours redrawn from the computer output. The contour
intervals were objectively determined by the SYMAP program.
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FIG. 3. 2-m temperature contour map for Coso. September 1977, corrected for elevation. Temperature in °C.
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August in 1978, permitting a 1-year temperature eycle 1o be ob-
served (LeSchack et al, 1979).

Examination of the four temperature contour nups shows only
minor temperature pattern differences. Overall temperatures vary
with the scason. but the character of the pattern remains much
the same. A decision to proceed with further exploration could
undoubtcdly have been made based on any one of the contour
maps independently.

It is important to investigate the cause of these temperature
pattern differences over time. The differences do not significantly
alter the shape of the temperature pattern at Coso because of the
high signal-to-noise (S/N) ratio at this prospect. However, this
would not be the case with a weuker anomaly clsewhere. From
sensitivity tests conducted with our annual wemperature model
(to be discussed later), it is clear that variations in soil thermal
diffusivity play thc most significant role in affecting tempcerature
variation at 2-m depth. We have computed a value of thermal
diffusivity at each of the 102 sites at Coso using the phase lag
mcthod.?

From data collected in September in 1977, and February, May,
and August in 1978, we plotied an annual temperature curve at
2-m depth. We assumed at 2 m the curve would be sinusoidal
Ifollowing the proccdures outlined in Van Wijk (1966)] and
therefore fitted a sine curve to the data points. The annual minimum
at the surface was assumed to be December 21. From the curves
constructed for cach sitc, the time lag in wecks between the
minimum at the surface and the minimum at 2 m was computed.
A valuc of thermal diffusivity integrated between the surface and
2 m, and integrated over time, was-calculated using the following
relationship: '

K. = P l
T e ~ 1) ()
where x is the thickness of layer (cm), K is the thermal diffusivity
of layer (cm?/sec), P is the period of the annual temperature
wave (sec), and 1, ~ ¢, is the time lag between temperature waves
at the ground surface and at the base of layer (scc).

Lag times ¢, — t4 are due to the thermal diffusivity and varied
from 10-15 weeks. The values of thermal diffusivity K, for cach
site werc then computed. From those valucs a contour map of
thermal diffusivity was prepared (Figure 4). From cach annual
curve we also computed the annual mean temperature at 2-m
depth. These values corrected for clevation are contoured in
Figure 5.

The mecan annual temperature map is the ideal map to be ob-
tained from 2-m temperature data. It is not practical for explora-
tion purposcs, since a yecar’s data must be collected; however, it
is uscful in the present study. When the mean temperaturc map
is compared with the thermal diffusivity map. little correspondence
can be scen because thermal diffusivity variations are purely a
function of the ncar surface (0-2 m) soil conditions. On the
other hand, the thermal diffusivity values produce broad, smooth
contours which strengthen our assumption that thermal diffusivity
valucs have physical significance.

Although the range of thermal diffusivities at Coso is re-
latively small, they do affect temperature variations at a depth of
2 m. It is instructivc to examine these time variations in tempera-
turcs from place to place, especially between September and

2This method for estimating thermal diffusivity is not the procedure used
when conducting an operational Shallo-Temp® survey. The operational
method is discussed in a later section of the paper.

February when the greatest differences oceur. The intra-annual
range of temperature dilferences is from 5.4°C 10 12.7°C. This
range provides a measure of temperature ditferences that are
likely to oceur in other locations with similar soil and surface
meltcorological conditions.

THE ANNUAL WAVE CORRECTION MODEL

Introduction

As can be scen from the above, the usc of 2-m temperatures
for geothermal cexploration at a specified date is predicated on
removal of the annual temperature wave which masks the geo-
thermal signal. This annual cffect must be mathematically spe-
cified and filicred from obscrved data before assessing the geo-
thermal potential of a target region.

The partitioning of cnergy flux (radiant, sensible, evaporative,
and soil) at the carth’s interface is a function of metcorological
and surface conditions. Meteorological parameters such as solar
radiation and wind velocity, and surface conditions such as albedo
and surface roughness, will determine the amount of cnergy
propagated into the soil. Once the energy is conducted into the
soil matrix, the physical properties of the soil will determine the
magnitude and speed of propagation of the soil heat flux. There-
fore, the soil's thermal diffusivity and conductivity properties,
which are conditioned by mincral, water, and air content, in-
flucnce the amplitude and phase of the annual tcmpcrature wave
at 2 m.

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

Appendix A describes the theoretical form of the AWCM and
presents some of the model’s underlying assumptions. The nu-
merical schemes are outlined with emphasis on methods of con-
structing the soil's temperature profile.

Inputs and output of the AWCM

.Input.—The AWCM requires six data parameters and 15 mean
monthly values for cach of the cight data variables.

The parameters include (fixed values once specified): soil
properties, climatological properties, and numcrical node con-
stants for the model. Data variables are climatological variables,
and surface characteristics. .

The soil propertics necded as input are thermal conductivity
and diffusivity. Thermal diffusivity (cm?/sec) is obtained by mea-
suring the temperature amplitude decrease with depth or tempera-
ture phasc change with time, or in conjunction with in-situ soil
thermal conductivity measurements with a probe (LeSchack et al,
1979).

The two climatological parameters arc the mcan temperature
(°C) for the 15 monthly average temperature values and a cloud-
type carrection factor which modifics cffective outgoing radiation
values. as specified in Sellers (1965). The node spacing for the
soil was tested for numerical stability. and a valuc of 100 cm was
found satisfactory. The instrument shelter (standard Stevenson
screen) height of 150 cm was used as the atmosphere's upper
boundary condition. These latter parameters remain constant for
the 15 month test period and for each site location.

The two sets of data variables consist of five climatological and
four surface variablcs. These variables are submitted to a Fourier
mathematical smoothing routine which computes a value for each
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variable at 91 time steps, producing output data spaced cvery five
days over the |5-month period, The input climatological variables
are: mean monthly dew point (°C). mean monthly percent clear
skics (percent), mecan monthly atmospheric pressure (corrected to
mean clevation of 1258 m) (mbar), mcan monthly air temperature
(°C). and mean monthly wind speed (cm/sec). These variables
were obtained between January 1977 and March 1978 from the
weather facility at the Naval Weapons Center, China Lake,
California, located 25 miles south of Coso. The values are con-
sidered uniform over an extensive arca, justifying their cxtra-
polation to the Coso region.

The surface characteristics values are: surface acrodynamic
roughness (cm). thermal diffusivity, surface reflectivity-albedo
(percent), and surface relative humidity (percent). The acro-
dynamic roughness is calculated from measured geometric prop-
crtics of the surface following techniques outlined in Lettau
(1969). The surface 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 to the total incoming solar (global)® radia-
tion. Albedo and surface roughness were measured at 24 in-
dividual ficld sites. Surface relative humidity was calculated from
soil samples taken at these same locations. The soil samples were

YGlobal radiation is the sum of direct beam and diffuse radiation on a
horizontal surface.

scaled in double plastic bags and sent to u taboratory for analysis.
Once a surface characteristic was determined, it was assumed
constant for a given site over the 15-month period for which
metcorological data were gathered. Given the arid to semiarid
nature of the test location, we feel this assumption is correct.
Thesc surface values were handled as follows:

Surface roughness.—This was mcasured at Coso sites
1-24. Photographs were taken at all 102 sites. The 24 mca-
sured sites had surface roughness valucs Zg ranging from 0. |
to 16.! cm. From the photographs, the range of these values
appeared to be roughly representative of the remainder of
the arca. For the purpose of evaluating our correction model
and reducing the number of individual computations, we
divided surface roughness into four catcgorics 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 D a mean value of 18 ¢cm. From cxamina-
tion of the photographs of the mcasured sites, i.c., 1-24,
we subjcctively assigned the remaining sites into appropriate
surface roughness categories.

Thermal diffusivity.—Thermal diffusivity was com-
puted at Coso using the phasc lag method as described by
equation (1). The values ranged from 0.0012 to 0.0025
cm?/sec. In exploration practice, thermal diffusivity can be
obtained rapidly in conjunction with a thermal conductivity

Table 1. Temperature, thermal diffusivity, roughness/diffusivity group, computed normal temperatures, and residuals for Coso KGRA.

Temp. °C? Thermal®
Station® (Sept. 1977) ditfusivity
| 27.0 1.62
2 25.5 1.51
3 26.0 1.31
4 27.0 1.62
5 27.7 2.27
6 3.2 1.22
7 301 1.54
8 26.2 1.62
9 27.3 1.51
10 25.7 1.75
" 26.7 1.75
12 253 1.62
13 25.8 1.75
14 23.5 1.62
15 25.6 1.62
16 26.3 1.91
17 26.7 227
18 28.6 1.75
19 294 1.51
20 26.1 1.40
21 26.3 1.75
22 25.0 1.62
23 25.1 1.62
24 25.7 1.91
25 235 1.22
26 26.0 1.62
27 25.0 1.40
28 25.7 1.91
29 259 1.62

*Nuo data were taken at station 47,

Temperature values in °C have all been corrected for elevation differences. Corrections based on an adiabatic lapse rate of —1.0°C/100 m. Corrections are

keyed to an arbitrarily picked datum of 1036 m elevation.
“Thermal diffusivity is cxpressed in em¥/sec X 1073, .

Thermal diffusivity/ Computed Residual
surface-roughness class* temp. (°C) Q)
2B 23.7 33
2B 23.7 1.8
IB 22.6 3.4
2A 248 2.2
58 25.8 1.9
IB 226 10.6
2B . 239 6.4
2B 237 - 2.5
2C 233 4.0
3A 25.6 0.0
B 24.4 2.2
D 23.0 23
aB 24.4 1.4
2A 24.8 -1.3
2C 233 2.3
3A 25.6 0.7
5A 27.0 -0.3
3B 24 4 4.2
2B 23.7 6.7
1B 22.6 35
3B 244 1.9
2C 233 1.7
28 237 .4
3B 24.4 1.3
1C 22.2 1.3
2A 24.8 1.2
IB 22.6 2.4
3C 241 1.6
28 23.7 2.2

“Surfuce roughness (A-D) and thermal diffusivity classes (1-5) were determined according to procedures discussed in the section input variables.
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Table 1. {cont.) Temperature, thermal difTusivity, roughness/dilTusivity group, computed normal temperatures, and residuals for Coso KGRA.
Temp. °C" Thermal® Thermal diffusivity/ Computed Residual
Station® (Sept. 1977) diffusivity surface-roughness cluss® temp. (°O) O
30 26.7 1.40 1A 23.6 31
o 3 26.5 1.40 IH] 22.6 39
32 26.7 1.40 1D 21.9 4.8
- 33 28.8 .91 ic 24.1 4.7
& 34 26.5 1.40 - IB 22.6 3.9
o 35 26.0 1.51 28 23.7 2.3
S 36 25.4 1.91 D 237 1.7
. 3 26.9 1.62 2D 23.0 39
= 38 28.0 1.62 2D 23.0 5.0
: 39 29.1 1.51 2B 237 5.4
’ 40 37 1.3 1B 22.6 9.1
41 33.3 1.91 ic 24.1 9.2
42 3.2 207 4C 24.7 6.5
43 25.0 1.75 iB 24.4 0.6
44 231 1.62 2C 2313 -0.2
45 23.6 2.07 48 25.1 -1.6
46 24.7 2.48 5B 25.8 =1
48 24.8 1.91 B 24.4 0.4
. 49 25.3 2.7 4B 25.1 0.2
it 50 29.9 1.62 2A 24.8 5.1
i 51 30.8 1.62 2B 23.7 7.1
il 52 33.8 2.27 SA 27.0 0.8
Vit 53 25.1 1.75 iB 24.4 0.7
R4S 54 26.2 1.91 3B 24.4 t.8
" 55 28.0 2.27 SA 27.0 1.0
* 56 283 1.62 2A 24.8 3.5
“ 57 26.9 1.40 1C 222 4.7
7 58 27.6 1.62 2B 23.7 3.9
K 59 26.7 1.62 2C 233 34
a8 60 26.7 1.40 1B 22.6 4.1
- 61 27.0 1.40 [A 23.6 3.4
62 26.1 1.62 2C 23.3 2.6
63 26.7 .51 2A 24.8 1.9
64 26.3 1.62 2A 24.8 1.5
65 24.7 1.62 2A 24.8 =01
66 25.0 1.75 3A 25.6 -0.6
67 25.2 1.62 2A 24.8 04
68 23.8 1.62 2A 24.8 -1.0
69 23.1 1.40 1A 23.6 -0,5
70 24.3 1.75 3B 24.4 -0.1
71 25.7 1.62 2B 23.7 2.0
72 249 1.40 1A 23.6 1.3
73 26.9 1.62 2A 24.8 2.1
74 26.6 1.75 3A 25.6 1.0
75 24.9 1.40 1IC 22.2 2.7
76 25.6 1.22 IB 22.6 3.0
77 25.7 1.51 2B 23.7 1.9
78 25.6 1.62 2B 23.7 1.9
79 26.6 L.75 3B 24.4 2.2
80 ! 26.6 1.75 3A 25.6 1.0
81 25.4 1.51 2A 24.8 0.6
82 26.8 1.91 3A 25.6 1.2
83 25.7 1.75 ) 3C 24.1 1.6
84 25.2 1.90 3B 244 0.8
85 24.7 1.75 3A 25.6 -0.9
86 24.5 1.75 3A 25.6 1.1
. 87 243 1.62 2B 23.7 0.6
25 g 88 23.2 1.75 3A 25.6 -24
T 89 23.5 1.75 3B 24.4 -0.9
= 90 23.7 1.91 3B 24.4 -0.7
=4 91 241 1.91 iB 24 4 -0.3
o 92 241 1.91 iB 24.4 ~-0.3
3 93 25.1 2.07 4A 26.3 =12
1'{7 94 23.8 1.51 28 23.7 0.1
b 95 247 1.91 3B 244 0.3
5t 96 24.8 1.91 JA 25.6 -0.8
s 97 27.2 1.31 1B 22.6 4.6
}‘f_ 98 30.2 1.22 1A 23.6 6.6 .
b 99 25.6 1.51 2D 23.0 2.6
& 100 253 1.62 2D 23.0 2.3
» 101 26.7 1.40 IA 23.6 3.1
v 102 26.0 1.51 28 23.7 2.3
3 103 26.3 1.40 iB 22,6 3.7
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Table 2. Surface roughness/thermal diffusivity combinations and
other model input values.

Thermat Diffusivity Class (em?/scc)

Surface
e 2 3 4 5
(cm)
0.0013 0.0016 0.00185 0.0021 0.0024
A 3 3 3 3 3
0.0013 0.0016 0.00185 0.0021 0.0024
° 8 8 8 8 8
0.0013 0.0016 0.00i85 0.0021
¢ 12 12 12 12
0.0013 0.0016 0.00185
P I8 18 18

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

probé (LeSchack et al, 1979). As above, 10 reduce the
number of computations, we divided the thermal diffusivity
values into five categories as follows:

Mean thermal diffusivity

Category (cm?/sec)
1 0.0013
2 0.0016
3 0.00185
4 0.0021
5 0.0024

Surface albedo.—Duiing preliminary evaluation of the
annual wave correction model, variation of surface albedo
from 25-40 percent had little noticeable effect on 2-m

' tcrﬁberatures. We used the mean value of 33 percent de-

Table 3. Computed ‘“‘normal’’ temperatures for 17 sets of model in-
put data based on surface roughness/thermal diffusivity classes.
Temperatures in °C.

Surface Thermal diffusivity class
roughness

class 1 2 3 4 5

(cm) — S —_— —_ I
A 236 . 2438 25.6 26.3 27.0
B 22.6 23.7 24.4 25.1 25.8
C 22.2 23.3 24.1 24.7
D 219 23.0 23.7

rived from 24 sitc measurements, which we felt were repre-
sentative of the remainder of the Coso arca.

The AWCM has an attached solar radiation generator®, which calu-
culates mean 5-day global radiation values corrected for changing
sky cover conditions.

Output.—Thc model output consists of 5-day interval values
for sensible, latent, soil heat flux, and net radiation. At each time
step, a soil temperature profile is printed consisting of tempera-
tures at a l-m nodc spacing down to a depth of 10 meters.

EVALUATING THE ANNUAL WAVE CORRECTION MODEL

To evaluate the AWCM and obtain a residual gcothermal
anomaly map, we would be required to make 102 computations of
normal temperatures at 2-m depths. However, since the main in-
put variables for each site, i.e., surface roughness and thermal
diffusivity, appeared repetitive in various combinations, we di-
vided both variables into four surfacc roughness categories and
five thermal diffusivity categories, as discussed above. Each site
was given a surface roughness-thermal diffusivity classification;
they are listed along with the September, 1977, temperatures
corrected for clevation in Table 1. Table 2 shows the various
combinations. Using this technique, we reduced the number of
computations from 102 to 17. In view of the uncertainties in the
model and the input data, a larger range of classifications with an
increase in the number of computations was not considered
justifiable.

Using the 17 sets of input variables shown in Table 2, we chose
to cvaluate the model for data gathered during September 22-24,
1977, because at that time of year the 2-m temperatures are close
to their peak annual value. This results in maximum temperature
contrast between areas of low and high thermal diffusivity. The
computed normal temperatures are shown in matrix form in
Table 3.

PREPARING A RESIDUAL MAP

In theory, if there is no anomalous geothermal heat flux, evalua-
tion of the AWCM at each site for a given date should produce a

* 2-m temperature value equal to thit actually measured for the
. same date. Any measured temperature gr2ater than that computed

by the model could be assumed to be cauzec by higher than normal
heat flow. Values for the site, the roughness-diffusivity group,
the measured temperature for September, 1977, corrected for
elevation, and the computed temperatures are listed in Table 1.
The differences between the measured values minus the computed
values, i.e., the residuals, are tabulated. Residual temperatures
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 to the
mean annual temperature map for Coso, as in Figures S and 6,
the close association can also be seen. In short, the same map that
was developed using a year's temperature data can be duplicated
in much less time using temperatures recorded at a specific time
(Scptember 22-24) along with appropriate corrections through the
use of AWCM.

“John Davics of McMaster University provided the algorithm for this
solar radiation routine. ' -
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A TEST OF THE MODEL'S RELIABILITY

Because the model has not yet been fully refined, and because
there is uncertainty in the accuracy of our input data, we have
cvaluated on a statistical basis the reliability of our simulated
normal temperatures. Using the residual map as a guide, we chose
two arcas: the southwest and the north where there are a number
of data points and geothermal heat flow appcars to be normal. At
cach site we compared the observed temperatures with their re-
spective computed temperatures using the Student-/ test, a statisti-
cal test for comparing data populations. The values arc listed in
Table 4. At both arcas we can accept the null hypothesis that there
is no significant difference between the means at the 5 perceat
level, i.e., there is a 95 percent probability that the computed and

measured values come from the same population. If this is so, it
suggests that the residual values for the entire Coso arca arc prob-
ably accurate to *£1.4°C, bused on the root-mean-square (rms)
of the standard deviation of £0.96°C for the observed temperatures
corrected for elevation and a standard deviation of £0.94°C for
the associated computed values, in the nonanomalous areas.

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

Other researchers have independently gathered geologic and
geophysical data at Coso that appear wholly consistent with our
data. Electrical resistivity surveys (Fox, 1978a) and low-altitude
acromagnetic surveys (Fox, 1978b) show anomalies coincident

/
e

ol
Outer limit of anomalous
heat flow >10htu.;
Combs, 1975
4 /

/
l
\
\

FIG. 6. Residual temperature contour map for Coso in °C.
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Table 4. A comparison of September, 1977 temperatures, recorded at two nonanomadous areas at Coso and corrected for elevation, with lemper;a-
tures computed for the same site and time with the annual wave correction model,
West North
: Temperature °C Temperature °C
’~ Station obscrved computed Station observed computed
x 16 26.3 25.6 65 24.7 24.8
: 17 26.7 27.0 66 25.0 25.6
by 22 25.0 233 67 25.2 248
. 23 25.1 23.7 68 23.8 24.8
. 82 26.8 25.6 69 23.1 23.6
" 83 25.7 24.1 70 24.3 24.4
' 84 25.2 24.1 71 25.7 23.7
85 24.7 25.6 72 24 23.6 i
86 24.5 25.6 Computed 1 valuc = 0.44926 i?
87 24.3 237 l
! 88 23.2 25.6 !
. 89 23.5 24.4 STD of computed values = +0.94 ‘
& 90 23.7 24.4 STD of observed values = +0.96 !
Py N 24.1 24.4 !
A 92 24.1 24.4
z 93 2511 26.3 I
E,; 94 23.8 23.7 :[‘
5 95 24.7 24.4 i
* 96 24.8 25.6 |
Computed ¢ value = 0.03187 " d
; "
k.
F:"; 1
:’f”f L "(l. 30€ § !
z | !
%Z’ . i
§
1. I
g i
i j
il
. f
‘
21.6 !
CACTUS PEAK
ig
SUGAR LOAF "
. MOUNTAIN
o
?,72
LIMILE N
t 1 KM ) i
1
Fic. 8. A computer-generated 30-m temperature contour map at Coso based 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 data were
corrected as described in the text. A clear similarity of the anomaly patterns can be seen.
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FIG. 9. Upsal Hogback area showing temperature ata depth of ! m, December 2, 1975 (after Olmsted, 1977).
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FiG. 10. Upsal Hogback area showing temperature in test wells at a depth of 30 m, Scptember 1975 (after Olmsted, 1977).
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FiG. 11. Corrected i-m temperature contour map for Upsal Hogback. Temperaturc in °C.

with our shallow temperature anomaly. A mapping of surface
hydrothermal alteration products coincides with our temperature
anomaly. These coincident anomalies are shown in Figure 7, pre-
parcd by Hulen (1978). ) '

From the point of view of exploration strategy, however, it is
valuable to compare the temperature patterns obtained by Combs
(1975, 1976) using standard reconnaissance drilling to 30 m with
our corrected 2-m anomaly (Figure 8). Exploration decisions that
could have becen made from the standard 30-m temperature map
could probably have been made using our technique.

Tabhle 5. Temperatures at § common points at Upsal Hogback.

Temperatures °C

Point Location AT
(Section)* June October December (Junc-Dec)

30 20.8 17.8 10.8 10.0

8 (8.9 {5.9 10.9 8.0

36 22.3 18.4 13.0 9.3

KR 18.0 15.8 11.5 6.5

18 18.8 17.3 11.9 6.9

32 19.2 18.1 12.8 6.4

19/30 19.2 18.2 13.2 6.0

31 20.4 19.3 14.4 6.0

?See Olmsted (1977), Figure 13,

CORRECTING 1-M TEMPERATURE DATA AT UPSAL
HOGBACK FOR THERMAL DIFFUSIVITY VARIATIONS

Olmsted (1977) reported 1-m temperature data taken at Upsal
Hogback in Nevada (necar Carson Sink) in June, October, and
Dccember, 1975. These data were recorded at a site where tem-
serature data for a number of 30-m holes were availablc. He
compared the uncorrected [-m temperature data for December
with the 30-m data and concluded that without making proper
corrections for the shallow temperature data there is no meaning-
ful correlation that would be useful for predicting the observed
anomaly at 30 m. The compared 1-m and 30-m data arc shown
in Figures 9 and 10.

Having examined the cffects of thermal diffusivity at Long
Valley and Coso, respectively, 150 and 240 miles south of Upsal
Hogback, and recognizing some similarities in the geologic

settings, we then asked if corrections to Olmsted’s data could be.

derived from the information he presented (Olmsted, 1977). If
so, would the corrected data be-more useful in targeting the 30-m
anomaly than the uncorrected data?

Examination of thc 1-m temperature data presented by Olm-
sted shows that cight points are common to the June, October,
and December temperature maps. From these maps wc have
estimated the temperatures for the eight points and listed them in
Tablc 5. There were not sufficient data during the year to cal-
culate the thermal diffusivities at these points, but it appears from
Table 5 that the first three data points with a mean T of 9.1° may
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FIG. 12. 30-m temperaturc contour map. Data values derived from contour map shown in Figure 10. Temperature in °C.

have a significantly higher thermal diffusivity than the remaining
five points with a mean T of 6.4°C. We have assumed the five
points with the lower Ts represent the thermal diffusivities of the
majority of the data points used to prepare Olmsted’s December
map (Figure 9), i.e., the majority of the ddta points have essen-
tially the same thermal diffusivity. T

Accordingly, becausc it is clear that the first three data points
have signiﬁcantly higher thermal diffusivitics than thc majonity,
we eliminated ‘them from Olmsted’s December data set and re-
contoured the December 1-m temperatufc map. Figure 11 shows
the new contour map with elevation corrections (although these
were relatively small). The SYMAP program was used to contour
these data and avoid personal bias. For comparison, we recon-
toured Olmsted’s 30-m data by the same program (Figurc (2).
Comparing the two maps with corrections for surface cffects,
Olmsted's 1-m temperature data correlate well with the 30-m
temperature anomaly and would have becn useful for targeting
the deeper anomaly. Olmsted (1978) later confirmed our inter-
pretation, indicating that he had taken additional data (unpub-
lished) at his site for a complete annual cyclc. His mean annual
1-m temperature contours were consistent with our interpretation
shown in Figure 11. :

In summary, Qlmsted correctly points out that his uncorrected
1-m temperatures do not correlate weli with 30-m temperatures at
the same location. However, when we correct the data set by re-
moving key data points that do not have the same thermal diffusiv-

ity, we get better targeting of the 30-m anomaly. This is addi-
tional strong evidence for gathering thermal diffusivity data when
making a shallow temperature survey.

A SHALLOW ANOMALY
AT ANIMUS VALLEY, NEW MEXICO

Two-m temperature data were collected at Animus Valley in
New Mexico at a site studied by Kintzinger (1956). The survey
areas arc 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 rcsources at depth. A con-
ductive, steady-state thermal source at depth behaves like other
potential fields and can be expressed by the Laplace equation.
Accordingly, depth cstimation by the half-width method (Nettle-
ton, 1940) will provide a likely maximum depth at which the
anomaly may occur. The caveat, of course, is that although our
technique does indecd remove time variations of the thermal
anomaly so that we are effectively measuring stcady state tem-
perature, it is never clear how much of the anomaly is the re-
sult of conductive heat transfer and how much the result of con-
vective flow. The half-width method 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 at which a purely conductive source
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FiG. 13, Geothermal map. Temperature | m below surface; con-
tour interval 2°C (redrawn from Kintzinger, 1956).

could be found is 200 m (Figure 14). This is not indicative of a
substantial source, but we should point out that at this site hot water
. at a temperature of 96°C is pumped from wells at a depth of 27 m
and is used commercially to heat grecnhouses. Using hindsight,
shallow temperature measurements might have predicted this.
For comparison, the Coso anomaly has a computed maximum
depth of 1500 m. Ongoing commercial exploration thcre has
brought in six wells that are producing an abundant supply of
high-quality geothermal luids and dry stcam from a steam zonc
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 cost are important. However, we have seen from the fore-
going work that a procedure exists for rapidly acquiring not only
the 2-m temperatures but also the associated soil, surface, and
meteorological data nceded to develop the equivalent of a
“‘normal’’ soil temperature map at a depth of 2 m. We call this
procedure the Shallo-Temp survey. The generalized steps for
conducting this survey are as follows:

S

2m corvecton emosrsiuses °C, Amemn Vory, .M.

— |

® o UCIOn g ®vw SACTON ¥

FiG. 14. Corrected 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 thermistor probe in one, thermal conductivity
probe in the other.

(3) Take soil sample for type determination.

(4) Measure surface roughness, surface albedo, and thermal
conductivity.

(5) After cquilibration read thermistor probe.

(6) Using annual wave correction program, input 18-24

months of weather data from nearest Weather Bureau

station, thermal diffusivity (calculated from thermal

conductivity), surface roughness and albedo. Output is

normal 2-m temperature for given location and time.

Subtract normal 2-m teinperatures from obscrved 2-m

temperatures corrected for elevation to obtain residual

geothermal anomaly.

Y

~—

With experience, the ancillary data can be obtained and pro-
cessed rapidly and a corrected 2-m temperature map can be con-
structed that reflects only geothermal heat flux at 2 m.

We are cor{stanl]y confronted with horror stories of explora-
tionists who, obtaining an exciting anomaly at 30, 50, or 100 m
depth, embark upon an expensive deeper drilling program only to
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find that their anomaly has disappeared at some greater depth,
Clearly, in those cuses a 2-m survey can, at best, mirror the
anomalies developed at these 30, 50, or 100 m levels. 1t cannot
predict the disappearance of the anomaly below some depth. On
the other hand, the Shallo-Temp survey is relatively quick and
incxpensive, and it can be a uscful tool for developing exploration
stratcgy and focusing the standard reconnaissance cffort in the
examination of a prospect. Of great significance is the fact that
governmental permits are relatively casy to obtain. Because most
of our drilling has been conducted with a hand-held auger, im-
plying little potential for ‘damage to the environment, Burcau of
Land Management officers have been quick to provide the appro-
priate permits when we have requested them.

The sizc and shape of the 2-m temperature anomalics are, in
themselves, indicative of the potential value of the survey. High
temperature anomalies of limited areal extent such as the onc at
Animus Valley strongly suggest a very shallow heat source. In
this case, such a survey could have predicted the possibility of a
shallow source of heat for space heating. Indecd. this may be-
come the most important application of the Shallo-Temp survey
because its cost is within the acceptable range for small land-
owners and developers.®

CONCLUSIONS

The Shallo-Temp survey, when used in an appropriate geologic
setting such as exists in the Basin and Range Province and when
applied as a first-look geophysical tool, with an understanding of
its physical limitations, can be a cost-effective geothermal re-
connaissance technique to help develop exploration strategy. It is
inherently quicker and less expensive than other techniques that
require drilling, because the holes are so shallow and federal
permits arc rclatively easy to obtain. It is not designed to replace
reconnaissance drilling but rather help focus standard reconnais-
sance programs. The two potentially most reliable applications of
Shallo-Temp surveys are in extending trends in prospects where
standard reconnaissance holes have been drilled or filling in detail
between widely spaced holes, and in surveying for near-surface
anomalies that might be developed for direct heating applications.
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APPENDIX

Model structure

Theoretical basis of model.—The radiation balance for a par- |

ticular surface (SFC) is expressed for clear sky conditions as
0* = (1 —a)(Q + q) + e0Tiky ~ €0Tsrc, (A=)

where Q* is'net radiation, a is albedo, Q + ¢ is beam plus diffuse
solar radiation, ¢ is the Stefan-Boltzmann constant, and € jis
emissivity. For a complete description of this formulation, the
reader should consult Sellers (1965), Oke (1978), and Montieth

(1973). The sky radiation is estimated using the empirical equa-

tion

eoTeky = Thr(a + bVe),
where a and b are empirical constants 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

Q*=(l — a)(Q + q) + oThwla + bVe) — oTéc. (A-3)

- (A-2)

Since a, (Q + g), Tam. and e arc assigned as data, Q* can be
calculated explicitly as a function of surface temperature Tgec.
Equation (A-3) is for clcar sky conditions. Variations in radia-
tion input induced by changing cloud cover are corrected by using
percent clear sky and a correction factor for the cloud type follow-
ing Sellers (1965). EQuution (A-3) is rewritten as
0*=(1 - a)(Q + q) + [oThr(a + bVe) — aTi] -
<[P+ (1 = P)Cr]. (A=4)
where P, is percent clear sky and Cy is cloud correction factor.
The nonradiative components of the cnergy balance need to be

specified to complete the total energy exchange at the carth’s inter-
face. The nonradiative transfers are

Q*=Qn+t QL+ Q. (A-5)

where Q0 = sensible energy flux, Q, = latent energy flux, and
Q; = soil energy flux.

The first two transfers of encrgy occur in the surface layer (a

layer of the atmosphere up to approximately 10 m) by turbulent

transfer, whereas soil hcat flux occurs through a conductive
process.

Sensible energy flux.—Sensible heat is transported by turbulent
eddies which are a function of the stability regime of the lower
atmosphere. Therefore, any expression describing sensible energy
transfer must incorporaté a stability-dependent function. The
annual simulation model uses the Businger-Dyer (Businger, .1971;
Dyer, 1967) formulation for calculation of sensiblé¢ energy flux in
the surface layer. An assumption characteristic of all surface layer
calculations is that the energy flux .is cohstant throughout this

layer.
The stability of the surface layer is determined by the Richardson
number: T
Ri 2 0 (5_0)2 (A-6)
1 = —_— — N -
£ az 9z

where g is acceleration duc to gravity, 8 is the potential tem-
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 ncutral condition;
from >0 to <0.4 is a stable statc. Finally, values for the Ri num-
ber >.4 definc a laminar condition wherc essentially all turbulent
motion is suppressed.

" Under ncutral atmosphere conditions the mean wind flow is
logarithmic with height
U  u*
_—=—, (A-7)
dz  kz
where u* is friction vclocity and & is the von Karman constant.
If cquation (A-7) is integrated from some reference height Z,,
(Zo = surface roughness), onc obtains

U= (w*/4) In (i) (A-8)

20

If Z, is the instrument height and U is the mean wind speed
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from Zo(U/ = 0) o Z,,, then

w¥ =k Ufln (i) (A-Y)

where «* is a scaling parameter for the wind.
Similarly. from

— = 0%/, (A-10)
where 8* scales temperature, onc obtains
zU
6* = (0., — 0y)/In <—> (A-11)
2o
Now the sensible.heat flux can be calculated by
Qu = pcku*o*, (A-12)

where pe = volumetric heat capacity of air, p = air density,
and ¢ = specific heat.

Under nonneutral conditions cquations (A~9) and (A-11) are
modificd by subtracting {, and ¢, which are functions of atmo-
spheric stability (Paulson, 1970).

From the original work of Businger {1971) and Dyer (1967),
Paulson showed that s, is given for unstable conditions by

W =2 +X)/2] + In [(1 + X?)/2] - 2tan"' X + g
(A=13)

z 174
X=[(1-~v=] . A-14
(1-+3) (A-14)

v is an empirical constant, and z/L is a stability function such
that

where

Ri = Zm/L,

where Zm is gcometric mean height of the layer and L is ‘the
Obukov length given by

= —u*’pcT/kg Qu.

For stable temperatures the following expression is used

U, =21In[(1 + X%)/2]. (A-15)
Under stable conditions, ’
L =Zy(l — TRi)/Ri, (A-16)
and
da =4y =7 (i’) (A-17)

When Ri = 0 (ncutral conditions), the stability paramcters s,
and P> arc cqual to zero.

Latent energy flux.—The transfer of latent cnergy is ob-
tained by using thc Bowen ratio in conjunction with cquation
(A-12). The Bowen ratio is an cxpression of encrgy partition
between sensible and latent energy flux

B =&. (A-18)

n

Q4 and @, can be written in terms of a gradient rclationship as
follows:

Al

Qu=-pcky
az

(A=19)

and

dgq
QL= -pck,—.
dz

(A-20)

where p is air density, L is latent heat of vaporization, ¢ is
specific humidity, and Ky and K, are the eddy diffusivity coeffi-
cicats for heat and moisture, respectively.

Dividing cquations (A-19) and (A-20), one obtains the Bowen
ratio; if Ky = K. which is the gencral assumption, then

- Qullq: — q1)

Q (02 — 8y)

(A=21)
Serious questions exist as to the legitimacy of long tcrm arith-
metric mean valucs in the computation of average Richzgrdson
numbers and encrgy fluxes at time scales considered in this model.
The physical reality of these assumptions remains to be tested.

Soil energy flux.—Soil heat flux is related to the time-rate-of-
change of the soil heat content by
' ah

Q:=—. (A-22)
at

The heat content for a column of soil at depth z and unit arca is

h=pczT, (A-23)

where T is mean tempcerature of the soil. Setting cquation (A~23)
cqual to the time rate change of temperature produces

ah T
Q. =—=prz—. (A-24)

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

aT
Q. =k PR (A-25)
z

where & is thermal conductivity of the soil. Then

30, ar'a(ar)
—— =pc —=—1[k—]).
az

A-26
daz at, az ( )

When £ is constant with depth, the Fickian diffusion equation
is obtaincd by rewriting equation (A-26) to producc

aT k(3T [a2T
—=— =) =k (=) (A-27)
at pc \dz° az-

where K, is the soil thermal diffusivity.

The solution of equation (A-27) for equally spaced nodes is the
method for obtaining the time history of soil temperatures given a
periodic surface forcing function. Q; is calculated from equation
(A-26) after the temperature distribution is computed.

In a dcsert region such as Coso, it is assumed that convection
of heat by percolating water in the soil is small, especially aver-
aged over 5 days, and that no frecze-thaw phasc changes occur.
In addition, a major assumption of the mode! at the specificd time
scale is that mean tcmperature profiles in the soil over a five-day
period are lincar.

Numerical scheme

The finite-difference equations are developed for the Richard-
son number, scnsible encrgy, and latent energy fluxes (Goodwin,
1972; Outcalt, 1972). The Fickian diffusion equation (A-28) is




996 LeSchack and Lewis

developed in the finite form utilizing a back-differencing method.
The temperature at depth Zy in the soil at time increment 7 is
given by

Tel) = Tl = 1) + K —A'——[T (-1
N N Y (az%) Nt

=2Tn(l = 1) + Ty (1 = D). (A-28)

where Ty is the temperature at some depth Zy 4 > Z, K is soil

thermal diffusivity, and ¢ and z are the time increment and depth

increment, respectively. This equation is solved for 10 nodal

points with Az equal to | m and At equal to 4.32 X 10° sec (or

5 days). The quantity K, (A1/Az2%) has very intcresting propertics

and is referred to as the Fourier modulus. This modulus can be

used to determinc the computational stability of equation (A-28).
The stability critcrion is

At [
0<K,—5 <-—.
A 2

The numerical solution of ecquation (A-28) for cqually

spaced nodes is stable (real) only if the above condition is satis-

fied. Inseniing the range of values for soil thermal diffusivity and

the time-depth increments, the stability criterion is always satisticd
within the context of the Coso simulation. The flinite-difference
cquation for soil heat flux at time / is then

Q) = k(Ty — Tsec)/Az.

The complete 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 encrgy transfer on the metco-
rological (M) and surface (G) bascd data. The four components of
surface cnergy transfer arc net radiation Q*, and the soil Q,.
sensible Qy, and latent Q, hcat fluxes. These can be specified as
transcendental in surface temperature T in the familiar energy con-
scrvation equation

Q*(G. M. T) = Q(G.T) = Qu(G. M. T)
+* 0, (G, M T)=0.

An intcrval-halving algorithm is selected to carry out a scarch
for that temperature which will drive the above equation to a zero
sum condition. Thus, at each iteration, the surface temperature
and all of thec components of surface encrgy transfer arc output in
addition to the substrate (soil) temperature profilc (Pease ct al,
1976).

(A-29)

(A-30)
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Thermal hydrology and heat flow of Beowawe
geothermal area, Nevada

Christian Smith*

ABSTRACT

Inflections in temperature-depth profiles from forty
150 m thermal gradient holes define a shallow thermal
flow system in ghc‘Whirlwind Valley near the Beowawe
Geysers. U.S. Geological Survey hydrologic data reveal
the vertical and west-to-cast components of cold water
flow at the water table above the thermal flow system.
The temperature inflections break most abruptly in
arcas with a downward componcnt 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 water may rise
from the deep reservoir into the alluvium. These leakage
areas may be viable geothermal exploration targets.
Even if the temperatures of the leakage were subecono-
mic, knowledge of where upwelling occurs could be
helpful in assessing the potential for energy production.
The systematic acquisition of hydrologic data js recom-
mended as a standard component of hydrothermal re-
source exploration programs.

Measurements of thermal conductivity from chip
samples from the shallow holes and from Chevron Re-
sources Company's Ginn 1-13 geothermal exploration
hole (2917 m T.D.) enable inferences based on heat flow.
The average heat flow east of the Dunphy Pass fault
zone, 110 mW/m?, may be representative of background
in this portion of the Battle' Mountain high heat flow
province. Thermal gradijent and conductivity data from
the deep well have a wide range of values (65-
144°C/km, 1.59-5.95 Wm™'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 with
similarly high surficial heat flow extends as far east as
the Dunphy Pass fault zone, suggesting that this Mio-
cene rift boundary may form the eastern margin of the
Beowawe hydrothermal system.

INTRODUCTION

The geysering action of vandalized wells drilled in the late
1950s for geothermal exploration at Beowawe, Nevada, may
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 1.
They were spudded in a | km long opaline sinter terrace on the
south flank of the Whirlwind Valley in Eureka and Lander
Counties, Nevada, approximately 50 km east of the town of
Battle Mountain. At this time (spring 1981), The Geysers play
intermittently.

Struhsacker (1980) gave the most thorough description of the
stratigraphic and structural framework of the Beowawe area.
Other recent geologic summaries were given in Zoback (1979)
and Garside and Schilling (1979). As shown in Figure 1, 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 fault 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 aecromagnetic and structural
feature called the Oregon-Nevada lineament (Stewart et al,
1975).

The Tertiary volcanic section within the graben is approxi-
mately 1400 m thick; east of the Dunphy Pass fault zone, it is
only 100 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 cu-
geosynclinal sediments that are part 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
geothermal 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 with the Oregon-Nevada Lineament and

Presented at the 50th Annual International SEG Meeting, November 18, 1980, in Houston. Manuscript received by the Editor April 29, 1981;
revised manuscript received June 24, 1982.

*Formerly Earth Science Laboratory, University of Utah Research Institute, Salt Lake City; presently Chevron Resources Co., P.O. Box 7147, San
Francisco, CA 94107-7147.

© 1983 Society of Exploration Geophysicists. All rights reserved.
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alluvium along the buried extension of the Malpais fault zone
to the west of The Geysers (Smith, 1979). Since water level and
vertical hydraulic gradient data arc 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 lows laterally along the fault zone. If this
were the case, vertical hydraulic gradient data would probably
show only 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 of the Malpais fault zone allows

Smith

water to rise from depth. I it does. it 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 cach of the 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 et 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 conductivities mea-
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FiG. 10. Generalized lithology, thermal gradients and conductivities, and computed heat flow, Chevron Resources Co. Ginn 1-13
geothermal test well, Whirlwind Valley. Lithologic symbols given in Figure 2.
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FiG. 11. Map of shallow heat flow, with generalized, variable contour interval in mW/m?2. Discrepancies among neighboring values
have been ignored. These differences may be due to the wide range of depths over which the thermal gradient is calculated.

sured for these sedimentary units may be 20-30 percent too
large. The matrix porosity of the competent rocks probably
averages less than 10 percent and the required correction less
than 15 percent.

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 significaiitly.
The high thermal conductivity and standard deviation com-
puted for the Valmy formation reflect the preponderance of
quartzite in the measured sample and a highly variable lithol-
ogy.

An equilibrium temperature log of the Ginn 1-13 geothermal
test well is shown in Figure 10 (Chevron Resources Co., 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 2400 m within the 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 formation. Given the fractured character of
the Valmy (Evans and Theodore, 1978), it is likely that it could
contain a high-temperature hydrothermal reservoir.

Above 1600 m, thermal gradients range from 23 to 144°C/km
and thermal conductivities from 1.59 to 5.79 Wm™!K "', The

inverse relationship between the gradients and conductivities
produces a nearly constant conductive heat flow averdging 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 thermal water must find
permeable structures to rise from depth. '

Values of surficial heat flow were computed using linear
segments of the shallow temperature-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 to receive heat not only from the deep reservoir but also
from additional shallower sources. In the Whirlwind Valley, the
shallow thermal flow system 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 1. While it is possible that
this area contains conduits for upwelling thermal water, hy-
draulic head data would be required to resolve whether the
fault zone channels water to or'away from The Geysers.

A different thermal regime is apparent east of the Dunphy
Pass fauit zone. Four of the values of heat flow along the
Malpais Rim average 110 mW/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 castern margin of the Beowawe hydrothermal system. The
110 mW/m? average value may be realistic for background
heat flow.,

RECOMMENDATIONS

The hydraulic head of the shallow 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 aquifer. In
addition, a shallower companion 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 of the resouirce.

Converting ungrouted thermal gradient holes to piezometers
may not provide reliable liydraulic head values because of the
difficulty of ensuring that the perforated interval is open to only
an isolated portion of the aquifer (Benson et al, 1980). However,
it should be possible to obtain both hydrologic and thermal
data from piezometers that are later converted to thermal
gradient holés. In areas where shallow drilling is planned, holes
that intersect an aquifer could be initially completed as piezomi-
eters. A screen and a wellpoint would be attached to pipe and
set at the bottom of the hole, 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 with
cement 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 prograris.

At any geothermal prospect where drilling enicounters water,
the water is a source of data. The hydrologic-thermal field
procedure 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 that it is worthwhile to gather as much meaningful
data as possible at a reasonable price. The possibility of lo-
cating viable deep drilling targets with groundwater hydrology
should encourage geothermal exploration managefs to incor-
porate hydrologic data acquisition in their exploration plans.
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Thermal hydrology and heat flow of Beowawe
geothermal area, Nevada

Christian Smith*

INTRODUCTION
ABSTRACT -
The geysering action of vandalized wells drilled in the late
Inflections in temperature-depth profiles from forty 1950s for geothermal exploration at Beowawe, Nevada, may
150 m thermal gradient holes define a shallow thermal have been the most spectacular hydrothermal phenomenon
flow system in the Whirlwind Valley near the Beowawe created artificially in the United States. The location of the
Geysers. U.S. Geological Survey hydrologic data reveal blowing wells, known as The Geysers, is shown in Figure 1.
the vertical and west-to-cast components of cold water They were spudded in a 1 km long opaline sinter terrace on the
flow-at the water table above the thermal flow system. south flank of the Whirlwind Valley in Eureka and Lander
The temperature inflections break most abruptly in Counties, Nevada, approximately 50 km east of the town of
areas with a downward camponent of flow-at the water Battle Mountain. At this time (spring 1981), The Geysers play
table. The inflections are thought to indicate the level interfnitlently
where the buoyant thermal water maintains a dynamic Struhsacker (1980) gave the most thorough description of the
equilibrium with the overlying cold water. Combining stratigraphic and structural framework of the Beowawe area,
thése geophysical and hydrologic data suggests areas ‘Other recent geologic summaries were given in Zoback (1979) ¥
away from'The Geysers where thermal water may rise and Garside and Schilling (1979). As shown in Figure 1, The ¥
from the deep reservoir into the alluvium. These leakage Géysers lie along the Malpais fault zone at the base of the 3
areas may be viable geothermal exploration targets. Malpais Rim. The steep fault-scarp slope faces north-northwest
Even if the temperatures of the leakage were subecono- towards the Whirlwind Valley. Tertiary lava flows and tuffa-
mic, knowledge of where upwelling occurs could be ceous sediments crop out on the Malpais dip slope. The Mal- 1
helpful in assessing ‘the potential for energy production. pais scarp exposes an older normal fault system, the Dunphy )
The systematic acquisition of hydrologic data js recom- Pass fault zone, that has a northwest trend. This Oligocene to
mended as a st'a'ndard component of hydrothermal re- Miocene fault zone forms the eastern margin of a major
source exploration programs. northwest-trending graben that is part of the southern exten-
Mcasurements of thermal conductivity from chip sion of a 750 km long linear aeromagnetic and structural T
samples from the shallow holes and from Chevron Re- feature called the Oregon-Nevada lineament (Stewart et al, T
sources Companys Ginn 1-13 geothermal exploration 1975).
hole (2917 m T.D\) enable inferences based on heat flow. The Tertiary volcanic section within the graben is approxi- R
The average heat flow east of the Dunphy Pass fault mately 1400 m thick; east of the Dunphy Pass fault zone, it is i
zone, 110 mW/m?, may be reprcsentatxv;: of background only 100 m thick. The detailed volcanic stratigraphy of Struh- £
in this portion of the Battle"Mountain high heat flow sacker (1980) is included in Figure 2. The underlying Ordovi- %
province. Thermal gradient and ‘conductivity data from cian Valmy formation is a shattered sequence of siliceous eu- ,’q
the deep well have a wide range of values (65- geosynclinal sediments that are part of the Roberts Mountains i}
144°C/km, 1.59-595 Wm™'K™') but produce a rela- thrust sheet. Carbonaceous siltstone, chert, and quartzite of the
tively constant heat flow of 235 mW/m? above a'depth Valmy formation crop out along the Malpais east of the )
of 1600 m. The shallow data indicate that the area with Dunphy Pass fault zone and are encountered by the deep 2%
similarly high SUTﬁC|3l heat flow extends as far east as géqthermal test wells in the Whirlwind Valley. Tertiary diabase 1
the Dunphy Pass fault zone, suggesting that this Mio- dikes that intrude both the Valmy and the volcanic rocks are e
cene rift boundary may form the eastern margin of the thought to be the source for the pronounced aeromagnetic ;ﬁ
Beowawe hydrothermal system. anomaly associated with the Oregon-Nevada Lineament and ,:
?5
Presented at the S0th Annual International SEG Meeting, November 18, 1980, in Houston. Manuscript received by the Editor April 29, 1981; ]
revised manuscript received June 24, 1982, ¥
*Formerly Earth Science Laboratory, University of Utah Research Institute, Saft Lake City; presently Chevron Resources Co., P.O. Box 7(47, San 3
Francisco, CA 94107-7147. g
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FiG. 1. Location and generalized structure of the Beowawe area (after Struhsacker, 1980).

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

In the 1970s, exploration for a hydrothermal resource capa-
ble of sustaining electrical power generation was conducted by
Chevron Resources Co. and Getty QOil 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
temperature-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 heat and water flow in the shallow subsur-
face. Mapping these flows can contribute to the exploration
effort by locating upflow zones or widespread horizons with
enhanced permeability.

THERMAL HYDROLOGY

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

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

ing formation at one depth only, generally at the bottom, as
schematically shown in Figure 4. The annulus between 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 the piezometer indicates the
total 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:

P
H=z+—, (1)
Pg

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

Under nonisothermal conditions, observed head values are
corrected for density differences. In most groundwater studies
these differences are small enough to be neglected. At geother-
mal areas with cold water aquifers, the less-dense thermal water
generally plumes upward to float on the colder water or emerge
as hot springs. Where the thermal water is not sufliciently hot
and buoyant, the weight of the overlying cold water may hold it
down. The result can be a temperature inversion within the
aquifer.

Water flows from areas of higher hydraulic head to areas of
lower hydraulic head. Figure 4 is a sketch of the relation given
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THERMAL
MAP LITHOLOGIC CONDUCTIVITY NUMBER
CODE UNIT Mean ¢+ Std. Dev. SAMPLES
(Wem='K
Qs Opaline Sinter _—
. Qis Landslide
Qal Alluvium. 168 + O. 14 8
Tg Coarse Gravel 160 1
Tb Basalt 1.60 2
Twe]| Tuffaceous Sediment
of White Canyon
glassy 1.33 £ 0.12
silty 1.65 £ 0.08 9
Td Dacite
porphyritic 202 +0.13 =)
Tv vitrophyric 1.20 2
argillized 1.67 £ 0.22 4
Tba] Basaltic Andesite 2.26 + 0.06 5
Tts| Early tuffoceous 1.58 % 0.01 4
material
Tha| Hornblende 1907t 0.17 5
Andesite
Ti Diagbase dikes 2.09 * 0.17 3
Ov Valmy Formation 444 + 1.01 (<] ‘

FiG. 2. Stratigraphy of Beowawe area with measured thermal conductivity values.

i

by equation (1). The elevations of standing water (corrected for
temperature where necessary) in a number of piezometers com-
pleted in the same horizon and distributed over an area, as in
Figures 5a and 5b, are used to produce maps of hydraulic head.
The differences in water levels seen in plan view can be used to
compute the horizontal component of hydraulic 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 adjacent piezometers completed at differ-
ent depths, illustrated by Figures 5c and 5d. The difference in
elevation of standing water in adjacent piezometers can be used
to compute the vertical hydraulic gradient. Since elevation is
positive upward, a negative vertical hydraulic gradient implies
that there is a downward component of groundwater flow at
that location. A positive value is computed wherever water rises
from depth.

In areas where water flow affects heat flow, hydraulic head
data should be able to delineate zones of upwelling hot 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 thermal 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 elevation of
the water table appears to decrease systematically down the
valley from west to east, reflecting the topography. It is within a
few meters of the surface in the center of the valley. Much of the
groundwater in the valley is presumably discharged by evapo-
transpiration at a playa lake beyond the eastern edge of Figure
3. Some may reach the 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 negative; water at the water table flows
downward as well as toward the center of the valley. The
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Temperature in Degrees C FI1G. 6. Temperature-depth profiles with similar thermal gradi-
ents, Whirlwind Valley, with inferred depths to top of thermal

o 2 3 40 so flow system. Lithologic symbols given in Figure 2.

vertical gradient is positive in the piezometer pairs in the center
of the valley. In this area, water flows upward as well as
eastward, perhaps responding to evaporation at the water
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 negative
gradient; its temperature profile is concave upward, reflecting
the downward flow of water (Sorey, 1971). Upward fluid flow is
shown by the concave downward profile of hole C-11 near the
center of the valley.

The 68°C/km gradient in hole C-54 is similar to those in
holes C-11 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 of thermal flow system,
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depth is said to be cold; water at higher temperatures is ther-
mal.

Many of the temperature-depth profiles in the Whirlwind
Valley contain abrupt downward inflections that are diagnostic
of vertical transport of heat by groundwater. The inflections
occur at depths ranging between 24 and 134 m and at témper-
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 (1 inch) pipe was not grouted. This method 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. Differences 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 of the column of cold
water above. They indicate the level where a dynamic equilibri-
um is maintained in the hole between rising thermal water and
heavier cold water. Their depths probably do not strictly corre-
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FiG. 9. Map of elevation at top of thermal flow system, contours
in meters.

late to the top of a particular aquifer or to a true hydraulic
head. These data are not optimal but they are usable. They
form a mappable horizon interpreted to represent the top of the
thermal flow system.

Figure 8 is an illustration of the temperature at the top of the
thermal flow system as inferred from inflections like those in
Figures 6 and 7. The hot springs around the base of the sinter
terrace at The Geysers provide additional data. The near radial
symmetry of the temperature distribution suggests that the area
of The Geysers contains the principal source of thermal water
flowing into the alluvium of the Whirlwind Valley. This sym-
metry also suggests that the temperature mﬂecuons reveal a
single, laterally continuous 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 plezometers -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 southwest
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
léss 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 water 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
show only a smal] 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 of the Malpais fault zone allows

Smith

water to rise from depth. If it does, it 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 devnauons of
the measured thermal conductivities for each of.the 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 et 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 conductivities mea-
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sured for these sedimentary units may be 20-30 percent too
large. The matrix porosity of the competent rocks probably
averages less than 10 percent and the required correction less
than 15 percent.

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 significaritly.
The high thermal conductivity and standard deviation com-
puted for the Valmy formation reflect the preponderance of
quartzite in the measured sample and a highly variable lithol-
ogy.

An equilibrium temperature log of the Ginn 1-13 geothermal
test well is shown in Figure 10 (Chevron Resources Co., 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 2400 m within the Valmy formation. Between
1600 and 2400.m, the temperature gradient decreases system-
atically. The hole either penetrates a hot water-bearing struc-
ture or 4 permeable formation. Given the fractured character of
the Valmy (Evans and Theodore, 1978), it is likely that it could
contain a high-temperature hydrothermal reservoir.

Above 1600 m, thermal gradients range from 23 to 144°C/km
and thermal conductivities from 1.59 to 579 Wm~!'K~!. The

inverse relationship between the gradients and conductivities
produces a nearly constant conductive héat 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 thermal water must find
permeable structures to rise from depth.

Values of surficial heat flow were computed using linear
segments of the shallow temperature-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 to receive heat not only from the deep reservoir but also
from additional shallower sources. In the Whirlwind Valley, the
shallow thermal flow systém 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 1. While it is possible that
this area contains conduits for upwelling thermal water, hy-
draulic head data would be required to resolve whether the
fault zone channels water to or away from The Geysers.

A different thermal regime is apparent east of the Dunphy
Pass fauit zone. Four of the values of heat flow along the
Malpais Rim average 110 mW/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 hydrotl'rennal system. The
110 mW/m? average value may be realistic for background
heat flow.

RECOMMENDATIONS

The hydraulic liead of the shallow thermal flow system at
Beowawe and ‘most other hydrothermal exploration targets
could be readily obtained by converting existing therinal gradi-
ent holés to piezometers. The conversion would consist of
perforating the casing below the top of the thermal aquifer. In
addition, a shaliower companion 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 of the resouirce.

Converting ungrouted thermal gradient holes to piezorheters
may not provide reliable hydraulic head values because of the
difficulty of ensuring that the perforated interval is open to only
an isolated portion of the aquiifer (Benson et al, 1980). However,
it should be possible to obtain both hydrologic and thermal
data from piezometers that are later coriverted to thermal
gradient holés. In areas where shallow drilling is planned, holes
that intersect an aquifer could be initially completed as piezomi-
eters. A screen and a wellpoint would be attached to pipe and
set at the bottom of the hole, 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 with
cement and the hole filled with water, ‘converting it to a thermal
gradient hole. Companion piezometers would be needed to
obtain vertical hydraulic gradrent data. This procedure is re-
commended as an integral part of future hydrothcrmal explora-
tion programis.

At any geothermal prospect where drilling encounters water,
the water is a source of data. The hydrologic-thermal field
procedure 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 that it is worthwhile to gather as much meaningfiil
data as possible at a reasonable price. The possibility of lo-
cating viable deep drilling targets with groundwater hydrology
should encourage geothermal exploration manageis to incor-
porate hydrologic data acquisition in their exploration plans.
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DEVELOPMENT OF DOWNHOLE GEOTHERMAL HEAT FLUX AND THERMAL CONDUCTIVITY TRANSDUCERS

H. F. Poppendiek
D. J. Connelly
A. J. Sellers
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Solana Beach, California 92075

ABSTRACT

Two new downhole geothermal transducers were
developed for the Department of Energy* for the
purpose of measuring the geothermal heat flux and
thermal 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 amnular
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 ab-
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 thermal 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,

*Contract EG-77-C-03-1318
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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. [t is felt that the in-situ
measurement of heat flux and thermal 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 analytica)
closed form functions). The solution contains ‘two
unknowns, namely, the thermal 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 zolution
was performed for a range of system parameters.

The equations for the temperature distribution
along the rod heat flux transducers are functions
only of the thermal conductivity of the earth, the
temperature gradient, and the physical character-
istics of the transducers. The equation for one
transducer can be divided by the equation for the
other. The resulting ratio is then only a function
of the earth thermal conductivity because the un-
known earth temperature gradient cancels out.

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.

p -2

—1 2= -1

HEAT FLUX —|
TRANSDUCER

EARTH

Figure 1. Idealized thin rod transducer system.

B. Thermal Conductivity Probe

Consider the idealized cylindrical thermal
conductivity probe system shown in Figure 2.
Mathematical heat transfer analyses were used to
relate the earth thermal conductivities (and the
thermal capacities per unit volume) to the time-
temperature measurements, the electrical surface
heat addition and the system geometry. Also in-
¢luded was the effect of a fluid annulus between
the probe and the borehole wall. The analytical
functions are given in the Appendix. (5) (6)

The thermal conductivity probe consisted of a
long cylindrical section containing a surface
heater over part of its length and a thermopile
that measured the temperature rise of the heated
surface relative to the unheated surface. Typi-
cally, the heater was operated at 0.64 amps and
64 volts. This power level was maintained for a
period of about one hour. Ffrom 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 thermal capacity per unit
volume controls; for longer time periods after
heating initiation, the thermal conductivity con-
trols.
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TIME DEPENDENT
TEMPERATURE
_LoNG  PROFILES
TIMES

N~ TIMES\

CVLINDRICAL/

HEATER

EARTH

Idealized thermal conductivity probe
system.

Figure 2.

TEST SITE DESCRIPTION

The well used by Geoscience for these tests
vwas located near Middletown, California. It had
been drilled by the Phillips Petroleum Company as
a temperature observation well in June of 1977.
The dri1ling 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 thermal conductivities and geothermal
heat fluxes at the three primary depths that re-
sulted are given in Table I.




TABLE 1

Rod Heat Flux Transducer Results

r = 0.91 meter
0
Depth k,, W/m-K q/A (HFU)
m H-cal/sec cm
52 . 1. 2.6
76 1.2 2.3
110 5.1 2.4

B. Thermal Conductivity Probe

The data derived from the thermal conductivity
probe were evaluated using the methods given in the
Appendix. The data obtained from the thermal
conductivity probe were corrected for the smal)
temperature drop across the stainless steel wall
of the probe. The results are shown in Table II.
The thermal capacity per unit volume (£ Cp.) is
shown in Table II, as it is also a parameter in
the analysis.

TABLE II

Thermal Conductivity Probe Results

Depth £, Sp k  W/m-K qg/A (HFU)
m J7m3K « u-cal/sec cm
52 2.0x10% 1.2 2.6

76 2.3 x 10° 1.2 2.3

no  1.ax10® 3.6 1.9

SOME INTERPRETATIONS

The literature thermal conductivity range for
the type of rock described by Phillips Petroleum
for its well ranged from approximately 0.5<k,
<4 W/m-K; (7) the measured values presented in

. this document fall within the range of T<k

<5 W/m-K.

Both sets of data presented indicate that the
heat flux did not change significantly for the
three depths (as would be expected) yet the thermal
conductivity and the thermal capacity per unit
volume did change significantly at the 110 meter
level. These changes are believed to be related
to the different lithology that occurred at that
level (as pointed out by Phillips Petroleum staff).
Some rock cuttings were obtained from Phillips
Petroleum for the 110 meter level and thermal con-
ductivity, specific heat and density measurements
were made in the laboratory; the thermal conduc-
tivity was found to be approximately 3.3 W/m-K and
the specific heat was found to be 750 J/Kg-K. The
thermal properties of a reconstituted rock test
sample would not be the same as the in-situ rock;
thus, the agreement between laboratory and field
thermal conductivities and thermal capacities per
unit volume found in this study is believed to be
reasonable.
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The comparison of thermal conductivity and
heat flux results as measured by the two different
transducers (Table I and Table II) is encouraging
at this stage of the transducer development. B8oth
transducers tested can play a role in downhole
thermal conductivity and heat flux measurement
efforts in future geothermal exploration evalu-
ations.

NOMENCLATURE

A , Ccross sectional area of the rod
, thickness of the thin slab

, undisturbed vertical temperature gradient
in the earth

Po » specific heat of the earth
D] , thermal diffusivity of the thin slab
02 , thermal diffusivity of the semi-infinite
solid
k , thermal conductivity of the rod
k] , thermal conductivity of the thin slab
k2 , thermal conductivity of the semi-infinite
solid
K thermal conductivity of the infinite solid
® thermal conductivity of the earth
L , half length of the rod
P > perimeter of the rod
q » the constant heat release per unit length
(%) » constant heat flux addition at x = 0
0
r , radial distance from the cylinder center-
line
r; , radius of the rod
radius at which the undisturbed Vinear
r temperature field in solid exists
° radius of the cylinder
Re » equivalent end thermal resistance of the
solid surrounding the rod
R, » equivalent radial thermal resistance of
the solid surrounding the rod
temperature
t rod temperature (above the rod midpoint
* | temperature datum)
temperature at distance r
tw » the linear lateral temperature variation
(above the rod midpoint temperature datum)
in the solid at a radial distance suf-
ficiently great so that the presence of the
rod does not effect it
X , distance into the semi-infinite solid

measured from the outer surface of the
thin slab
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z , distance along rod from rod midpoint
9 , time

P, density of the earth

APPENDIX

Recapitulation of the Mathematical Models for
the Heat Flux and Thermal 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)
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Wnhen 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 thermal resistance of the fluid
annulus, Ran, is added to the cylindrical earth
resistance to obtain an increased value for R
(i.e., R* = R + Ry,). Similarly, the effect of
fluid at the end of the transducer is also in-
cluded, resulting in a modified R'e (end heat con-
duction into a two region system).

B. Thermal Conductivity Probe

The transient heat transfer performance of
the thermal conductivity probe can be described by
the cla§sica1 step function surface heating bounda-
ry condition for a long cylinder (see Figure 2),
namely, (5)
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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)
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From the evaluation of this two-slab system it *

was shown that the temperature difference across
the annulus is small in comparison to the trans-
ducer surface temperature rise above the initial i
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 cylindrical coordinate system consisting of
the fluid annulus and the surrounding semi-infinite
earth, the annulus time constants and temperature
drops will likewise be small compared to transducer
values. [If 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),
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ABSTRACT

Following geological, geophysical, and geo-
chemical surveys of the Makushin geothermal area,
three 1,500+-foot temperature gradient holes
(TGH) were sited and drcilled. 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-1 both
encountered diorite only. TGH E-1 exhibited high
temperatures (195°C) and corresponding geochem-
ical indicia. TGH 1-1 was cool (~80°C), but
showed pgeochemistry indicative of a paleo-
geothermal environment. The high thermal gradi-
ents (l45°C to 692°C/km), 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 lkm 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 ere 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,
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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
145°C/km up to 642°C/km) 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 1is 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

about 250 feet to T.D. and appears to be a rela-
tively conductive system with gradients of
49°C/km to 91°C/km and a maximum temperature of
79.8°C (175.6°F) at 1,400 feet. The date in
Figure 4 also shows that there is a small temper-
ature reversal (2.3°C) 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-1 was fortu-
itously located end that it achieved one of the
major project objectives.

As in the other two holes, the general type
of chemical anomaly is the same. The upper 700
feet of TGH I-1 contains several zones of Hg, As,
8, Li, and F enrichment, some of which correspond
with one another and some of which are isolated.
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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 indicetion of past or
present hydrothermel 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.

SUMMARY 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 & fourth gradient hole will
have been drilled to the north to better help
define the arcal extent of the system.
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In-situ determination of heat flow in unconsolidated sediments

J. H. Sass,* J. P. Kennelly, Jr.,x W. E. Wendt,* T. H. Moses, Jr.,* and J. P. Ziagost

Subsurface thermal measurcments are the most effective, least ambiguous tools for locating geothermal resources. Mcasurements of
thermal gradient in the upper few tens of meters can delineate the major anomalies, but it is also desirable to combine thesc gradients with
reliable estimates of thermal conductivity, to provide data on the cnergy flux and to constrain models of the heat sources responsible for
the anomalies. Problems associated with such heat flow measurements include the economics of casing or grouting holes, the long waits
and repeated visits neccssary to obtain equilibrium temperature 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 to months.,

We have developed a technique that provides reliable real-time determinations of temperature, thermal conductivity, and hence, of
heat flow in unconsolidated sediments during the drilling operation. Temperature, gradient, and thermal conductivity can be measured
in one operation in 1 hour using a long (1.5 to 2 m) thin (6-mm diameter) probe containing three thermistors 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 temperature record
is obtained for each thermistor, allowing calculation of the equilibrium temperature gradient. A line source heater is then switched on and
a 10- to 15-minute 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 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 of the alluvial and lacustrine valleys of the western United
States have potential for the exploitation of geothermal energy.
Of the various exploration techniques available, heat flow drilling
is the most direct and the least ambiguous, and exploration pro-
grams involving drilling patterns of holes to depths of between 10
and 500 m are common in geothermal prospecting. Thermal
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 heat flow estimates, which, in turm, provide valuable infor-
mation concerning the energy budget and can be used to constrain
hypotheses on the 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 data on the
thermal 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
litle 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 porosity are necessary to convert these data into mean-
ingful estimates of formation conductivity.

Another problem in the highly competitive geothermal explora-

tion 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 months, 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 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 thermal conductivity
and hence of heat flow, in unconsolidated sediments, essentially
in real time. Because formation 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 that mechanical
disturbances to the formation are kept to a minimum,

The first comprehensive field trials of the system were held in
the Black Rock Desert (Figure 1) 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:

Manuscript received by the Editor August 17, 1979; revised manuscript received February 25, 1980.
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FIG. 1. Geologic sketch map of Gerlach 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 mcal cm™!s~toCc-?
= 0.418 Wm™'K™Y),
heat flow (1 HFU = 10~¢
cal cm™2s71 = 41.8 me‘z),
Temperature gradient = °C km™! = mKm™!,
Pressure = 1 kPa = 0.145 psi.

q
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B GENERAL DESCRIPTION OF THE SYSTEM
"‘_’ Figure 2 illustrates the essential features of a downhole probe

Y

test. The probe is basically 2.13 m of heat-treated 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,
1.15 m above the tip. (A shorter version for use in stiffer materials
has the thermistors 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 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 with molten woods metal. The
woods metal expands slightly on freezing, thereby facilitating
thermal contact among heater, thermistors, and probe wall. The
switching instrumentation is attached at the top of the probe, and
the entire probe is mated to the 3/16-inch (4.8 mm) OD four-
conductor armored logging cable by means of an oil field type
well logging cablehead. FIG. 2. Schematic diagram of field setup for downhole probe
At the depth selected for the test, the driller thickens the mud experiment.
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TEHMPERATURE versus TINE

3

TEMPERATURE, DEB, C.
e

TINE, SEC.

F1G. 3. Temperature-time graph obtained during and after complete
penetration of the downhole probe in hole GRE. Solid lines connect
discrete temperaturc observations at 20-sccond intervals. Num-
bers refer to probe thermistors (1, lowermost). Thermistor 1 is Q.15
m, thermistor 2, 0.65 m, and thermistor 3, 1.15 m above the tip.
In this case, the drilling fluid is scveral degrees warmer 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 string just above the rotary
table. The probe is lowered into the drill stem until the piston on
the driving mechanism (*‘pusher’’) enters the smooth-bored drill
collar immediately above the 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. At the same time, the pack-off pump is used to
tighten the packer assembly (Figure 2) to the point where only a
small amount of fluid is leaking out of the top of the 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 wall-of the
probe when pressure is applied to the drill column, allowing the
piston to drive the probe into the formation. When the cable moves
downward a few centimeters, the water pressure is released to
allow the return springs to move the pusher up the probe and the

TINE, SEC.
so 18 288 INF
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FiG. 4. Temperature-versus-1/time for the probe test shown in
Figure 3. The time origin relative to Figure 3 is 225 sec.

column is pressurized again. This process is repeated until 1.65 m
of penetration is achicved or until the pressures approuch the me-
chanical strength of the probe (~15.000 kPa). During this period,
the clectrical resistunce of cach thermistor is monitored at 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 to that shown in Figure 3 is gencrated in real
time by the digital x — ¥ plotter. The passive temperature record
is run for 1500 seconds, typically allowing 1000 to 1200 seconds
for the decay of the thermal transient resulting from the friction
between probe and formation. This time interval is not ncarly
sufficicnt to achieve thermal cquilibrium, but when a smooth
record is obtained (as in Figure 3). the data may be extrapolated
to cquilibrium valucs in a manner similar to that employed for
the Bullard type of oceanic heat flow probe (Bullard, 1954;
Langseth, 1965). One simple extrapolation scheme involves
plotting temperature (T) as a function of 1/r(sce Table |, Lachen-
bruch and Brewer, 1959) where ¢ is the elapsed time reckoned
from approximatcly the midpoint of the penetration interval (about
225 seconds for Figure 3). This reduction is illustrated in Figure 4
for the corresponding curves in Figure 3. For time ¢ large relative
1o the time taken to penetrate the formation, the curves should be
linear. and indeed they are (Figure 4). Note also that even though
the final measured temperatures are in reverse order (i.e.. thermis-
tor 3 hotter than 2 hotter than 1), the extrapolation to 1/7 =0
provides (at least qualitatively) the expected increase in tempera-
ture with depth.

Upon completion of the passive temperature run (Figure 3), a
constant .current of about 100 mA is applied to the heater loop,
the specific resistance of which is about 700 m ~'. The heat input
to the formation is thus about 7 watts per meter of probe length.
Representative temperature-log time curves are shown in Fig-
ure 5. The differences in tempcrature among the three thermistors
are the result of differences in contact resistance between thé heater
and probe wall. The temperatures plotted in Figure 5 are not cor-
rected for the rate of downward drift resulting from the decay of
the thermal transients associated with frictional heating during
penetration. This drift rate was calculated at the midpoint of the
conductivity run (r = 2000 sec) from the slope of the T-versus-1/¢
lines (e.g.. Figure 4) and a correction-was applied to the observed
temperature. This resulted in a small but significant increase in the
slope of the T-versus-log ¢ line (e.g., Figure 5). Consequently,

TEMPERATURE versus LOG TIME
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F1G. 5. Temperaturc-versus-log time data for conductivity run
corresponding to the downhole test shown in Figure 3.
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Table 1. Summary of downhole probe experiments, Hole GRF, Black Rock Desert, Nevada.

= Temperature Gradient Heat tlow
Depth (m) Penctration °C) (°Clkm) Conductivity (HFU)
Rit Thermistor (m) Probe Log Probe Log (HCU) Probe Log
61 1.65
61.5 16.241 16.258 2.69
62
62.0 16.272 16.303 g 2.70
9
62.5 16.321 16.332
80 76 2.70 2.16 2.0
121.9 1.65
122.4 21.627 21.656 2.41
13
122.9 21.665 21.703 2.39
76
123.4 21.721 21.752 2.44
95 95 2.41 2.29 2.29
Mean 2.23 2147
Interval heat low
62-123 m 88.7 89.0 2.55 2.26 2.27
Least-squares intervals
42-83 m 74.420.3 2.70£0.01 2.01£0.02
84-126 m 92.5+0.2 2.41+0.02 2.23+0.02
Best value 2.2%0.1

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

T Q l 0 ( ! ) (1
(n P + ; )
where Q is the rate of heating and K, the thermal conductivity
(Lachenbruch, 1957; Jaeger, 1958; Von Herzen and Maxwell,
1959). The terms of the order of 1 /¢ become unimportant in equa-
tion (1) within two minutes for this probe, and sufficient re-
dundancy of data 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
out of the formation. Thereafter, the probe is raised to 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 to provide comparisons with in-situ determinations
of thermal conductivity. As the study progressed, however, we
dispensed with coring and settled on a scheme whereby probe
tests were made at depths of 61 and 91 m (200 and 300 ft). Total
time required for insertion, 25-minute drift test, 10- to 15-minute
conductivity test, and retrieval of the probe was about an hour,
or roughly the time required for a coring trip at these depths. At
one sitc (GRF, Table 1), we established that the probe would
penctrate fully at ~120 m (400 ft).

COMPARISON OF DOWNHOLE PROBE RESULTS
WITH CONVENTIONAL MEASUREMENTS

Introduction

Comparisons between probe and conventional determinations
of temperatures, gradients, and thermal conductivities are shown
in detail in Appendices A and B of Sass et al (1979). In this sec-
tion, we discuss briefly the various comparisons and some of their
implications. The statistics for the relation y = Ax (where y is
the probe value and x the value derived from conventional mea-
surements) 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 depths; 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 better than *+0.3 m.
Temperatures obtained from linear extrapolation of the tempera-
ture-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 heat 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 temperature log by the harmonic mean thermal
conductivity over the designated least-squares intervals.

Thermal conductivity

Cores corresponding to the depths of the probe tests were ob-
tained in hole GRZ (the first drijlled); then in GRA, GRB, and
GRC (Figure 1). At this stage, we were satisfied that the down-
hole conductivities were, in fact, comparable to those obtained
with a needle probe on core, and coring was discontinued (see,
for example, the comparison between conductivities, columns 8

Table 2. Coefficients of the least-squares regression line y = Ax for the
comparison between thermal parameters derived from downhole probe
measurements (y) and those (x) determined by conventional methods.*

Correlation ms
Parameter coefficient A residual}
Conductivity 0.96 1.05 0.12 HCU
Temperature 1.00 1.00 0.04°C
One-meter gradients 0.99 0.94 5.6°C/km
Heat flow (1-m) 0.99 0.96 0.13 HFU
Heat flow
(neighboring probe runs) 1.00 1.02 0.05 HFU

* *“Equilibrium’" temperature logs for temperatures and gradients; needle-
probe determinations on core for thermal conductivity.
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needle-probe determinations on core. [Sec Appendix B, Sass ct al recent tcmperature log.

(1979) for details. ]

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

Temperature Gradient Conductivity Heat flow
Depth (m) Penctration °C) (°C/km) (HCU) (HFU)
Bit Thermistor (m) Probe Log Probe Log Probe Core Probe Log
30.5 1.65
310 13.596 13.582 1.96 1.83
64
315 13.628 13.620 2.03 1.82
88
320 13.672 13.667 2.03 1.82
76 85 2.01 1.82 1.54 1.5
67.10 1.65
67.6 16.126 16.125 2.30 2.31
50
68.1 16.151 16.168 2.24 2.24
98
68.6 16.200 16.205 2.35 2.30
74 80 2.30 2.28 1.70 1.82
91.44 1.40
91.7 18.257 18.229 2.23 2,10 k4
48* -
92.2 18.281 18.226 2.23 2.21 -
15 -
92.7 18.288 18.307 2.2| 2.08 -
32+ 78 2.22 2,13 (0.7)* .66 5
Mecan 1.62 1.68 }’; |
Interval heat Aows ;Ef
32-69 m 66.6 69.3 2.15 2.05 1.42
69-93 m 86.6 87.2 2.26 2.20 i 1.92
3293 m 76.1 76.4 2,18 2.08 1.59
Least-squares intervals :::
20-40 m 82.8x0.4 1.91%0.1 1.58£0.00 Y
61-103 m 85.820.2 2.23+0.04 1.9120.04 2
30-103 m 76.2+0.3 2112008 1.61+0.07 ;_'_/_
Best value 1.720.2 2

* Electrical noise in record. Excluded from means.
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F1G. 8. Temperature gradients (°C/km) over 1 m from downhole
probe experiments versus thosc determined from the most recent
temperature log.

and 9. Table 3). The scatter is fairly small (Figure 6). The coeffi-
cient of correlation is 0.96, and downhole probe conductivitics
arc systematically higher than those measured on core by about
5 percent (Table 2). We attribute this difference to slight struc-
tural changes in the core caused by the removal of the core from
its environment, and thus we prefer the downhole values (suffi-
cient conductivities were measurcd along the axis of the core to
confirm that there was no measurable anisotropy). The most strik-
ing example of physical changes occurred in the core from 30.5
to 32 m in hole GRA (Table 3). When a hole was drilled into
the wall of the core liner' to allow access for the ncedle probe,
there was a pop and a muddy slurry was extruded from the core.
We sece in this instance (conductivity columns, Table 3) that

4
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]
g ?f 4,
a
1 3
o L R A .
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F1G. 9. Heat flow (HFU) over intervals of between 6 and 60 m deter-
mined hetween neighboring downhole probe runs versus heat flows
determined over the same intervals from conventional temperature
logs.

needle-probe conductivities are systematically lower than in-situ
valucs by about 10 percent at this depth.

Formation temperatures

Temperatures obtained from all probe runs by least-squarcs
extrapolation of the later parts of the T-versus-1/¢ lines (generally
for the last 200 to 300 seconds) arc plotted against temperatures
at the same depth from the most recent temperature log in Fig-
urc 7. The correlation is excellent (Table 2). and the value for A
of 1.00 tends to confirm our suggestion (Appendix B. Sass ct al,
1979) that the tempcerature differences are random and are caused
primarily by the uncertaintics in depth measurement that can re-
sult in 3 maximum crror of up to 0.1°C.

Gradients over one meter

The largest source of uncertainty in obtaining gradients over a
I-m interval results from the ~0.01°C resolution in relative
temperatures  between  thermistors.  Even  though ‘individual
thermistors were calibrated to within a few millidegrees and the
drift rate of each thermistor calibration is slow, small and unpre-
dictable changes in calibration 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 calibration were noted and in-
cluded in the temperature reduction part of the program 50 that all
thermistor temperatures were relative to a common dafim. Even
with these procedures, our maximum possible error in the gradient
over 1 m is £20°C/km. clearly not accurate cnough for single
point determinations of regional heat flow, but certainly sufficiently
sensitive to delineate the type of anomaly associated with possible
sources of geothermal encrgy.

Although there is a fairly large scatter (Figure 8), 1-m gradients
from the probe experiments correlate very well with those deter-
mined from least-squares fits to the six points from the most rccent
temperature log spanning the 1.5-m interval penetrated by the
probe (Table 2). Only results from completé’ penetrations were
uscd in this comparison. Where only two thermistors entered the
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FiGg. 10. Temperaturcs measured at 00.3-m intervals on dates in-
dicated (solid lines) in hole GRG. and downhole probe measure-
ments made during drilling (open circles). Elevated temperatures
on the carlier log indicate the interval in which the annulus is
filled with cement grout. Numbers beside circles refer to probe
thermistors (I lowermost). The well was drilled on September 27,
1978. Dashed linc represents an extrapolation of the upper portion
of the profile (between ~30 and 60 m).
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FiG. 11. Penetration record for downhole probe run in Hole GRG,
91 m. Numbers refer to probe thermistors (1 towermost). Lines
at lower left are continuations of the original decay curves
(rg = 1600 sec).

formation, the scatter was much greater. 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 affected
by the invasion of drilling fluid.

Heat flow

Since, in most instances, the downhole conductivities were used
for both the probe and conventional heat flow estimates over [ m,
the same comments as those made with respect to the [-m gradient
determinations apply to the one-m heat flow determinations,
Another approach to heat flow determinations involves comput-
ing gradients and mean thermal conductivities over one or more
intervals between probe runs (‘‘Interval heat 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 errors of

*0.01°C in relative temperaturcs become negligible. Only one
thermistor need penctrate the formation for cach yun, a require-
ment that was met in every trial. The interval approach is man-
datory when the short probe (all three thermistors in the lowermost
0.3 m) is used. With onc exception, the heat flow cstimates over
the larger intervals agree very well with those calculated from the
most recent temperature log (Figurc 9). The one exception, hole
GRG (Figure 10 and Table 4), suggests that the downhole probe
may be the superior technique quite apart from its other advantages.

For the probe test at 91 m in GRG, only two thermistors pene-
trated well into the formation (thermistor 3 was perhaps 2 cm, at
most S cm below the 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 to get the probe into the formation. From the penctration
record (Figure 11), thermistor | had repeated episodes of fric-
tional heating, whercas the temperature of thermistor 2 dropped
immediately as it entered the formation with a cooling curve quite
different from cither | 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 that the extra-
polated equilibrium temperature for thermistor | lies on the ex-
tension of the very smooth profile in the upper 60 m (Figure 10),
whereas that for thermistor 2 lics precisely on the most recent
temperature log, which is quite irrcgular below 60 m. If we interpret
the 1-m heat flow at 61 m and the interval heat flow (62-92 m) for
thermistor 2 literally (Table 4), then we arrive at a most likely
value of between 1.4 and 2 HFU for the heat flow. To reconcile
this with the observed gradient of >90°C/km above 60 m, we must
assume an implausibly low thermal conductivity of ~2 HCU for
the upper part of the hole (sec ‘‘Least-squares intervals’’ column,
Table 4). If, on the other hand, we assume that the conductivities
measured at 61 and 91 m are representative of the entire hole and
that, 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-

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

Tcm;:crmure Gradient Heat flow
Depth (m) Penetration Q) (°C/km) Conductivity —__HFUY)
Bit Thermistor (m) Probe Log Probe Log (HCU) Probe Log
61 1.65
61.5 16.162 16.241 2.90
26
62.0 16.175 16.272 2.85
75
62.5 16.213 16.302 2.45
S1 58 2n 1.39 1.58
91.44 .16
92.0 18.281 18.266 2.63
1800
92.5 19.167* 18.300 2.85
1800* 65 2.74 ~49* 1.78
Interval heat flows
62-92 m 70.2 66.5 2.73 1.92 1.82
62.5-92.5 m 98.5 66.6 2.73 2.69 1.82
Least-squares intervals
30-56 m 93.5+0.2 2.0 1.87
2.737 2.55
60-102 m 66.1+0.2 2.73+0.02 1.80>0.02
Best value 2.6

*See Figures 10 and 11 and discussion in the text.
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ber 1. Since there is no change in lithology between the upper and
lower parts of the hole, it seems more probable that the drill
opened @ channel below ~60 m between two intervals with a slight
head difference. 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 obscrved.

SUMMARY AND CONCLUSIONS

A downhole probe capable of precise determinations of forma-
tion temperature and thermal conductivity and rough estimates of
the thermal gradient over | m can be inserted through a drill bit
into unconsolidated sediments, activated, and removed in the time
normally taken for a coring run. Two or more penetrations of the
probe provide a heat flow determination comparable in accuracy
to a conventional heat flow measurement without the necessity of
casing the hole or rclogging it after completion of drilling. The
heat flow detcrmination is made during the drilling process; thus,
there is no time delay in obtaining data, no surface hazard asso-
ciated with protruding casing, and no opportunity for unauthorized
entry to boreholes in sensitive or competitive prospects. Becausc
the hole need not be cased, grouted, or visited repeatedly, the tech-
nique also is very cost effective. The components necessary for a
downhole probe system (described in detail by Sass et al, 1979)
can be assembled and added to a preexisting digital temperature-
logging system at a modest cost (in the neighborhood of $2,000 to
$3.000 at 1980 prices).

Useful information was obtained in all 29 runs in the present
study, demonstrating 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 water movement even though the
casing was grouted in.

Many prospectively important geothermal systems are located
within or adjacent to the alluvial and lacustrine sedimentary for-
mations of the westemn United States. Using the technique out-
lined in this report, it should be possible to obtain 4 or 5 probe
runs per day to depths of between 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 und program objectives call for casing the wells, the reliable
determinations in situ of thermal conductivity and the real time
estimates of heat flow make the downhole probe a valuable adjunct
to the standard 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 thermal measurements are the most 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 to combine these gradients with
reliable estimates of thermal conductivity, to provide data on the cnergy flux and to constrain models of the heat sources responsible for

the anomalies. Problems associated with such heat low measurements include the economics of casing or grouting holes, the long waits

and repeated visits necessary to obtain equilibrium temperature 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 to months.

We have developed a technique that provides reliable real-time determinations of temperature, thermal conductivity, and hence, of
heat flow in unconsolidated sediments during the drilling operation. Temperature, gradient, and thermal conductivity can be measured
in one operation in 1 hour using a long (1.5 to 2 m) thin (6-mm diameter) probe containing three thermistors 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 temperature record
is obtained for each thermistor, allowing calculation of the equilibrium temperature gradient. A line source heater is then switched on and
a 10- to 15-minute 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 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 tion industry is the security of cased thermal test wells. These

Many of the aliuvial and lacustrine valleys of the western United holes must be left for at least a few days, and preferably for sev-
States have potential for the exploitation of geothermal energy. eral weeks to months, to allow the thermal disturbance introduced
Of the various exploration techniques available, heat flow drilling by the drilling process to subside. During this period, the hole
is the most direct and the least ambiguous, and exploration pro- can be entered easily, and ‘‘midnight logs’’ can be made by un-
grams involving drilling patterns of holes to depths of between 10 authorized people. A hole that has been left open for a few days
and 500 m are common in geothermal prospecting. Thermal to weeks may become artesian, leading to surface damage and
gradients alone generally are sufficient for discovering and de- contamination of aquifers. Pipes left standing above the ground
lineating thermal anomalies. However, if the thermal conductivity on playa surfaces may also present a hazard to vehicles.
can be characterized, the temperature gradients can be.converted We describe a downhole heat flow probe which eliminates
to heat flow estimates, which, in turn, provide valuable infor- most of the problems outlined above. It gives satisfactory deter-
mation concerning the energy budget and can be used to constrain minations of both temperature gradient and thermal conductivity
hypotheses on the ultimate sources of the anomalous heat (e.g., and hence of heat flow, in unconsolidated sediments, essentially
Lachenbruch and Sass, 1977; Mase et al, 1978; Olmsted et al, in real time. Because formation temperatures are measured below
1975; Ward et al, 1978). the bit during the drilling operation, the hole need not be cased

One of the major problems in.obtaining useful data on the and can be backfilled immediately upon cessation of drilling.
thermal conductivity of unconsolidated sediments is the high cost Thermal conductivitics are measured in situ so that mechanical
and difficulty of recovering suitable core samples. In many disturbances to the formation are kept to a minimum.
prospects, repeated attempts produce little or no core, and what The first comprehensive field trials of the system were held in
little is recovered may not be representative of the formation. the Black Rock Desert {(Figure 1) near Gerlach, Nevada, during
Even when extreme care is taken in handling samples, irreversible September, 1978. Holes were drilled in fine-grained unconsoli-
changes in their mechanical properties may occur before the con- dated Pleistocene or Holocene lake sediments, typically rich in
ductivity determinations can be made. The conductivities of the clay, with some sandy layers a few centimeters thick. The re-
solid component can be measured on drill cuttings, but reliable sults from 29 probe runs in 12 holes (GRA through GRK and
values of porosity are necessary to convert these data into mean- GRZ, Figure 1) are described herein and compared with con-
ingful estimates of formation conductivity. ventional determinations of gradient, conductivity, and heat flow.

Another problem in the highly competitive geothermal explora- The following symbols and units are used:

Manuscript received by the Editor August 17, 1979; revised manuscript received February 25, 1980.

*U.S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025.

$Formerly U.S. Geological Survey, Mento Park, CA; presently Southem Methodist University, Dallas, TX 75222.
0016-8033/81/0101-0076$03.00. ' ’
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EXPLANATION

Quaternary playa, lake, alluvial fan, and
dune deposits

Pre-Quaternary volcanic rocks and meta-
morphic rocks

# Granodiorite (foliated southwest of Gerlach)

Contact
—-= Faylt 5 10 KM
/#  Hot Springs S S —

FI1G. 1. Geologic sketch map of Gerlach 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 =
! mcal cm™1s~1°C!
= 0.418 Wm~ 1K),
heat ﬁow(l HFU = 10°¢
cal cm~%s7! = 41.8 me"z), ]
Temperature gradient = °C km"l = mKm™!,
Pressure = 1 kPa = 0.145 psi.

q

GENERAL DESCRIPTION OF THE SYSTEM

Figure 2 illustrates the essential features of a downhole probe
test. The probe is basically 2.13 m of heat-treated 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,
1.15 m above the tip. (A shorter version for use in stiffer materials
has the thermistors 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 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 with molten woods metal. The
woods metal expands slightly on freezing, thereby facilitating
thermal contact among heater, thermistors, and probe wall. The
switching instrumentation is attached at the top of the probe. and
the entire probe is mated to 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

Marker 31 1.65m
abova pack-off

F1G. 2. Schematic diagram of field setup for downhole probe
experiment.
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TEMPERATURE, OEB. C.

TIME, SEC.

F1G. 3. Temperature-time graph obtained during and after complete
penetration of the downhole probe in hole GRE. Solid lines connect
discrete temperature observations at 20-second intervals. Num-
bers refer to probe thermistors (1, lowermost). Thermistor 1 is 0.15
m, thermistor 2, 0.65 m, and thermistor 3, 1.15 m above the tip.
In this case, the drilling fluid is several degrees warmer 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 string just above the rotary
table. The probe is lowered into the drill stem until the piston on
the driving mechanism (*‘pusher’’) enters the smooth-bored drill
collar immediately above the 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. At the same time, the pack-off pump is used to
tighten the packer assembly (Figure 2) to the point where only a
small amount of fluid is leaking out of the top of the 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 wall of the
probe when pressure is applied to the drill column, allowing the
piston to drive the probe into the formation. When the cable moves
downward a few centimeters, the water pressure is released to
allow the return springs to maye. the pusher up the probe and the

TINE, SEC.
100

" " i

TEMPERATURE, DES. C.

2 18 12 8
| /TIME®$@83, SEC™-[

FIG. 4. Temperature-versus-1/time for the probe test shown in
Figure 3. The time origin relative to Figure 3 is 225 sec.

column is pressurized again. This process is repeated until 1.65 m
of penetration is achieved or until the pressures approach the me-
chanical strength of the probe (~15,000 kPa). During this period,
the electrical resistance of each thermistor is monitored at 20-
second intervals and converted to tempcrature by the data-reduction
program. The temperature-time data are stored on magnetic tape,
and a graph similar to that shown in Figure 3 is generated in real

time by the digital x — y plotter. The passive temperature record . ;2

is run for 1500 seconds, typically allowing 1000 to 1200 seconds
for the decay of the thermal transient resulting from the friction
between probe and formation. This time interval is not nearly
sufficient to achieve thermal equilibrium, but when a smooth
record is obtained (as in Figure 3), the data may be extrapolated
to equilibrium values in a manner similar to that employed for
the Bullard type of oceanic heat flow probe (Bullard, 1954,
Langseth, 1965). One simple extrapolation scheme involves
plotting temperature (T) as a function of 1 /1 (see Table 1, Lachen-
bruch and Brewer, 1959) where ¢ is the elapsed time reckoned
from approximately the midpoint of the penetration interval (about
225 seconds for Figure 3). This reduction is illustrated in Figure 4
for the corresponding curves in Figure 3. For time ¢ large relative
to the time taken to penetrate the formation, the curves should be
linear, and indeed they are (Figure 4). Note also that even though
the final measured temperatures are in reverse order (i.e., thermis-
tor 3 hotter than 2 hotter than 1), the extrapolation to 1/t =0
provides (at least qualitatively) the expected increase in tempera-
ture with depth.

Upon completion of the passive temperature run (Figure 3), a
constant current of about 100 mA is applied to the heater loop,
the specific resistance of which is about 700 £im ~!. The heat input
to the formation is thus about 7 watts per meter of probe length.
Representative temperature-log time 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-
rected for the rate of downward drift resuiting from the decay of
the thermal transients associated with frictional heating during
penetration. This drift rate was calculated at the midpoint of the
conductivity run (¢ = 2000 sec) from the slope of the T-versus-1/1
lines (e.g., Figure 4) and a correction was applied to the observed
temperature. This resulted in a smal! but significant increase in the
slope of the 7-versus-log ¢ line (e.g., Figure 5). Consequently,

TEMPERATURE veraus LOG TIME
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FiG. 5. Temperature-versus-log time data for conductivity run
corresponding to the downhole test shown in Figure 3.
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Table 1. Summary of downhole probe experiments, Hole GRF, Black Rock Desert, Nevada.

= Temperature Gradient Heat flow
Depth (m) Penetration ({®) (°C/km) Conductivity (HFU)
Bit Thermistor (m) Probe Log Probe Log (HCUL) Probe Log
6! 1.65
61.5 16.241 16.258 6 2.69
62.0 16.272 16.303 o 2.70
62.5 16.321 16.332
80 76 2.70 2.16 2.05
121.9 1.65
122.4 21.627 21.656 3 2.41
{l
122.9 21.665 21.703 7 2.39 -
123.4 21.721 21.752 2.44
95 95 2.41 2.29 2.29
Mean 2.23 2.17
Interval heat flow
62-123 m 88.7 89.0 2.55 2.26 2.27
Least-squares intervals
42-83 m 74.420.3 2.70x0.01 2.01+0.02
84-126 m 92.5+0.2 2.41+0.02 2.23+0.02
Best value 2.2+0.1

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

T(r) = Int + 0 (%) (1)

4K
where Q is the rate of heating and K, the thermal conductivity
(Lachenbruch, 1957; Jaeger, 1958; Von Herzen and Maxwell,
1959). The terms of the order of 1 /s become unimportant in equa-
tion (1) within two minutes for this probe, and sufficient re-
dundancy of data 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
out of the formation. Thereafter, the probe is raised to the surface
by reeling in the cable and drilling is resumed.

In the first few holes, many probe tests were performed and cores
werc obtained to provide comparisons with in-situ determinations
of thermal conductivity. As the study progressed, however, we
dispensed with coring and settled oh a scheme whereby probe
tests were made at depths of 61 and 91 m (200 and 300 ft). Total
time required for insertion, 25-minute drift test, 10- to 15-minute
conductivity test, and retrieval of the probe was about an hour,
or roughly the time required for a coring trip at these 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 between probe and conventional determinations
of temperatures, gradients, and thermal conductivities are shown
in detail in Appendices A and B of Sass et al (1979). In this sec-
tion, we discuss briefly the various comparisons and some of their
implications. The statistics for the relation y = Ax (where y is
the probe value and x the value derived from conventional mea-
surements) arc shown in Table 2. Some individual comparisons
are made in Tables 1, 3, and 4. For these tables, the first three

.columns give reference depths; 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 better than 0.3 m.
Temperatures obtained from linear extrapolation of the tempera-
ture-versus-{ /time curves (see Figure 4) are compared with those
obtained from the most recent temperature logs in columns 4 and S,
and comparisons among other quantities are presented in the re-
maining columns. The bottom segments of these tables have
comparisons between heat 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 temperature log by the harmonic mean thermal
conductivity over the designated least-squares intervals.

Thermal conductivity

Cores corresponding to the depths of the probe tests were ob-
tained in hole GRZ (the first drilled); then in GRA, GRB, and
GRC (Figure 1). At this stage, we were satisfied that the down-
hole conductivities were, in fact, comparable to those obtained
with a needle probe on core, and coring was discontinued (see,
for example, the comparison between conductivities, columns 8

Table 2. Coefficients of the least-squares regression line y = Ax for the
comparison between thermal parameters derived from downhole probe
measurements (y) and those (x) determined by conventional methods.*

Correlation i rms
Parameter coefficient A residual}
Conductivity 0.96 1.05 0.12 HCU
Temperature 1.00 1.00 0.04°C
One-meter gradients 0.99 0.94 5.6°C/km
Heat flow (I-m) 0.99 0.96 0.13 HFU
Heat flow
(neighboring probe runs) 1.00 1.02 0.05 HFU

***Equilibrium"* temperature logs for temperatures and gradients: needle-
probe determinations on core for thermal conductivity.
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FiG. 6. Comparison between average downhole probc con-
ductivitics over 1 m and_the corresponding averages for 3 to 6
needlc-probe determinations on core. [See Appendix B, Sass et al
(1979) for details. ]

Table 3. Summary of downhole probe experiments, Hole GRA, Black Rock Desert, Nevada.
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FiG. 7. Formation temperatures (°C) deduced from downhole
probe tests versus temperature at the same depth from the most
recent temperature log.

Temperature Gradient Conductivity Heat flow
Depth (m) Penetration (°C) (°C/km) (HCU) (HFU)
Bit Thermistor (m}) Probe Log Probe Log Probe Core Probe Log
30.5 1.65
310 13.596 13.582 1.96 1.83
64
3s 13.628 13.620 2.03 1.82
88
320 13.672 13.667 2.03 1.82
76 85 2.01 1.82 1.54 1.55
67.10.3 1.65
67.6 16.126 16.125 2.30 2.3
50
68.1 16.151 16.168 2.24 2.24
98
68.6 16.200 16.205 2.35 2.30
74 80 2.30 2.28 1.70 1.82
91.44 1.40
91.7 18.257 18.229 2.23 2.10
48*
92.2 18.281 18.226 2.23 2.21
15*
927 18.288 18.307 2.21 2.08
32* 78 2.22 2.13 0.7)* 1.66
Mean 1.62 1.68
tnterval heat flows
32-69 m 66.6 69.3 215 2.05 1.43 1.42
69-93 m 86.6 R7.2 2.26 2.20 1.96 1.92
3293 m 76.1 76.4 2,18 2.08 1.66 1.59
Least-squares intervals
20-40 m 82.8x0.4 1.91x0.1 1.5820.09
61-103 m 85.8+0.2 2.23+0.04 1.9120.04
30-103 m 76.2+0.3 2.11+0.08 1.61£0.07
Best value 1.7+0.2

*Electrical noisc in record. Excluded from means.
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F1G. 8. Temperature gradients (°C/km) over 1 m from downhole
probe experiments versus those determined from the most recent
temperature log. '

and 9, Table 3). The scatter is fairly small (Figure 6). The coeffi-
cient of correlation is 0.96, and downhole probe conductivities
are systematically higher than those measured on core by about
5 percent (Table 2). We attribute this difference to slight struc-
tural changes in the 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 that there was no measurable anisotropy). The most strik-
ing example of physical changes occurred in the core from 30.5
to 32 m in hole GRA (Table 3). When a hole was drilled into
the wall of the core liner to allow access for the ncedle probe.
there was a pop and a muddy slurry was extruded from the core.
We sce in this instance (conductivity columns, Table 3) that

.
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FI.G‘ 9. Heat flow (HFU) over intervals of between 6 and 60 m deter-
mincd between neighboring downhole probe runs versus heat flows
determined over the same intervals from conventional temperature
logs.

needle-probe conductivities are systematically lower than in-situ
values by about 10 percent at this depth.

Formation temperatures

Temperaturcs obtained from all probe runs by least-squares
extrapolation of the later parts of the T-versus-1/r lines (gencrally
for the last 200 to 300 seconds) are plotted against 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 1.00 tends to confirm our suggestion (Appendix B, Sass et al,
1979) that the temperature differences are random and are caused
primarily by the uncertainties in depth measurement that can re-
sult in a maximum error of up to 0.1°C.

Gradients over one meter

The largest source of uncertainty in obtaining gradients over a
I-m interval results from the ~0.01°C resolution in relative
temperatures between thermistors.  Even though “individual
thermistors were calibrated to within a few millidegrees and-the
drift rate of each thermistor calibration is slow, small and unpre-
dictable changes in calibration do occur. Calibrations were
checked in the field by comparing each thermistor -td a single
thermistor mounted in a lagged aluminum cylinder.” Departures
(usually a few millidegrees) from calibration were noted and in-
cluded in the temperature reduction part of the program S0 that all
thermistor temperatures were relative to a common datum. Even
with these procedures, our maximum possible error’in the gradient
over 1 mis *20°C/km, clearly not accurate enough for single
point determinations of regional heat flow, but certainly sufficiently
sensitive to delineate the type of anomaly associated with possible
sources of geothermal energy. '

Although there is a fairly large scatter (Figure 8), 1-m gradients
from the probe experiments correlate very well with those deter-
mined from least-squares fits to the six points from the' most recent
temperature log spanning the 1.5-m interval penctrated by the
probe (Table 2). Only rcsults from completé’ penctritions were
used in this comparison. Where only two thermistors entcred the

TEMPERATURE, °C.
1".e 19.0 16,8 17.0 10.0 n.e

s-
]
3
[ ]
E Y
T
F
a
W
a
nt

109 " Y e 4o b

FiIG. 10. Temperatures measured at 0.3-m intervals on dates in-
dicated (solid lincs) in hole GRG. and downhole probe measure-
ments made during drilling (open circles). Elevated temperatures
on the carlier log indicate the interval in which the annulus is
filled with cement grout. Numbers beside circles refer to probe
thermistors (1 lowermost). The well was drilled on September 27,
1978. Dashed line represcnts an extrapolation of the upper portion
of the profile (between ~30 and 60 m).
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Fi1G. 11. Penetration record for downhole probe run in Hole GRG,
91 m. Numbers refer to probe thermistors (1 lowermost). Lines
at lower left are continuations of the original decay curves
(1o = 1600 sec).

formation, the scatter was much greater. 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 affected
by the invasion of drilling fluid.

Heat flow

Since, in most instances, the downhole conductivitics were used
for both the probe and conventional heat flow estimates over 1 m,
the same comments as those made with respect to the 1-m gradient

+0.01°C in relative temperatures become ncgligible. Only on
thermistor need penetrate the formation for cach run, a require
ment that was met in every trial. The interval approach is man
datory when the short probe (all three thermistors in the lowermos
0.3 m) is used. With one exception, the heat flow cstimates ove;
the larger intervals agree very well with those calculated from the
most recent temperature log (Figure 9). The one exception, hol
GRG (Figure 10 and Table 4), suggests that the downhole probe-¥
may be the superior technique quite apart from its other advantages

For the probe test at 91 m in GRG, only two thermistors pene
trated well into the formation (thermistor 3 was perhaps 2 cm, at’
most 5 cm below the 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 to get the probe into the formation. From the penctration
record (Figure 11), thermistor | had repeated episodes of fric-
tional heating, whereas the temperature of thermistor 2 dropped
immediately as it entered the 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 with the drilling
fluid. It is curious and probably not coincidental that 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 the most recent
temperature log, which is quite irregular below 60 m. If we interpret
the 1-m heat flow at 61 m and the interval heat flow (62-92 m) for
thermistor 2 literally (Table 4), then we arrive at a most likely
value of between 1.4 and 2 HFU for the heat flow. To reconcile
this with the observed gradient of >90°C/km above 60 m, we must’
assume an implausibly low thermal conductivity of ~2 HCU for
the upper part of the hole (see ‘‘Least-squares intervals'’ column,

determinations apply to the one-m heat flow determinations. Table 4). If, on the other hand, we assume that the conductivities
Another approach to heat flow determinations involves comput- measured at 61 and 91 m are representative of the entire hole and
ing gradients and mean thermal conductivities over one or more that, below 60 m, the hole is disturbed, then our preferred heat
intervals between probe runs (‘‘Interval heat flows’ column, flow will be about 2.6 HFU, about 30 percent higher than that
Tables 1, 3, and 4). When intervals of a few tens of meters are obtained from the literal interpretation and consistent with the
used, the uncertainties due to reference levels and the errors of interval heat flow (62.5-92.5 m, Table 4) for thermistor num-
Table 4. Summary of downhole probe experiments, Hole GRG, Black Rock Desert, Nevada.
Temperature eradicm Heat.flow
Depth (m) Penetration O - (C/km) Conductivity (HFU)
Bit Thermistor (m) Probe Log Probe Log (HCU) Probe Log 3
+
61 1.65
61.5 16.162 16.241 2.90 g
26 L
62.0 16.175 16.272 2.85 4
75 =
62.5 16.213 16.302 2.45 3
' 51 58 R7) 1.39 1.58 3
91.44 1.16 §
92.0 18.281 18.266 2.63 E
1800 . |
92.5 19.167* 18.300 2.85
1800* 65 2.74 ~49* 1.78
Interval heat flows )
62-92 m 70.2 66.5 2.73 1.92 1.82
62.5-92.5 m 98.5 66.6 2.73 2.69 1.82
Least-squares intervals
30-56 m 93.5%0.2 2.0? 1.87
2.73? 2.55
60-102 m 66.1+0.2 2.73%0.02 1.80x0.02
Best value 2.6

*See Figures 10 and 11 and discussion in the text.
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ber I, Since-thére-is no'change in lithology between the upper-and
lower parts of the hole, it seems more probable that the drilt
'opened:a channel below ~60 m between two intervals with a s]ight
head differerice, and that water has been movmg downward in the
annulys 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 of (see temperature log for 9130/78 » Figure 1.
This -explanation m:ghl be applicablé to. other afeas in which,
within an apparently usiiform' lithology, an' abript change in
température gradient'is observed.

SUMMARY AND CONCLUSIONS'

A downhole probe capable of precisé detérminations of forma-
tion temperature and thermal conductivity and rough estimates.of

the thermal gradient over | m can be inserted through a drill bit
into unconselidated sediments, #ctivated, and removed in the.time

normally taken for a coring run. Two or more penetrations of.the
probe provide a heat flow determination comparable. in accuracy
to & conventional heat low measurement without the necessity -of

casing the hole or relogging it after completion of dritling. The

heat low determination is made. during the dnlhng process; thus,

there is no time de]ay in obtaining:data, no surface: hazard asso-
ciated with protruding casing; and no opportumty for unauthorized
entry to boreholes in sensitive or competitive prospects. Becavise

the hole need not be cased; grouted, or visited répedtedly, the tech-

nique also is very cost effective, The compornients necessary for'a
downhgle probe system (described in detail by Sass et al, 1979)
can be assembled and added to a preexisting digital temperature-

logging system at'a medest'cost (in the neighborhood of $2,000.to.

$3,000 at 1980 prices). )
Useful information was obtained in all 29 runs in the present
study, demonstrating the robustness and the reliability of the equip-

ment. In one hole, :data obtained with the downhole probé pro--
vided evidence that the drilling process aliered the thérmal regime.

locally by permitting vertical water mavement even though ‘the

casing was grouted in. '
Many prospectively important geotliermal ‘systems are located

within or adjacent to the alluvial and lacustring sedimentary for-

mations of the western United States. Using the. technique -out-
lined.in this report, it should. be possible to gbtain 4 or 5 probev

runs per day to depths-of between S0 and ISCI m in these forma-
tions, thus allowing- two high- qua]ny heat flow data or several
reconnaissance heat flow. estimates per day Even if the field ¢on-

ditions and program objectives call for casing.the wells, the reliable:
determinations<in situ of thermal conductmty and thé real time
estimates-of heat flow make-the downhole: probe a valuablé adjunct’
to the standard approach.
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ON SHALLOW-HOLE 'l"EMPERATURE MEASUREMENTS—

eokPird

A TEST STUDY IN THE SALTON SEA GEOTHERMAL FIELD

TIEN-CHANG LEE*

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
on nonlinear least-squares curve fitting are de-
rived to remove the efféct of annual temperature
wave at the ground 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 S to 7 thermistors was
permanently buried inside the individual pipes
with dry sand. Consistent gradient determinations
have been obtainéd with both numerical methods
from six monthly observations. By linearly ex-
trapolating the depths to the 100°C and 200°C
isotherms from the calculated gradients and mean
ground temperatures, we have found good 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 CO; 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 1 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 (~1.5 m) of the diurnal solar tem-
perature wave. A set of data is routinely col-
lected within a short 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 2 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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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 repofted for drill
holes <2 m deep, except in deep sea énvironments
where there are nearly isothermal bottom waters
and the sedimentation or erosion rates are small.

The feasibility of using shallow-hole (<20 m)
temperature measurements to deducé deeper geo-
thermal gradient has been appraised by Lovering
and Goode (1963). If the thérmal diffusivity of
rocks is known, 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_the temperature
reaches the annual mean temperature are known,
the gradient and diffusivity can be estimated in
situ. Either approach requires prior knowledge of
the ground temperature characteristics or rock
property, and an uneconomically large time span
of observation. Furthermore, graphical solutions
obtamed 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 of the thermal diffusivity and
the surface temperature as a function of time. A
by-product of the methods is a means to estimate
in-situ thermal diffusivity. Parasnis (1974) has
used an iteration scheme to calculate in-situ diffu-
sivity. His method réquires an initial guess on the
values of four parameters and neglects geothermal
gradient in the calculation. Since the objective of
this study is to find the geothermal gradlent dnf-
ferent procedures are needed.

MATH EMATICAL FORMULATION

Suppose that the earth within a small area can
be approximated by a homogeneous half-space in
whlch the temperature distribution is governed by

9T ° 2°T . :
ar M ez (0
where T = temperature, ¢ = time, u = thermal

diffusivity, and Z = distance with positive direc-
tion pointing into the ground ‘Suppose further
that the temperature on the ground surface is

IBWEAL  BIWA/A SR saEa

where k = thermal conductmty and g= geother-
mal gradient. Then, the temperature distribution
in the ground is

T=T,+gZ. |
+ A e VTsinfo( ~ ) — Zvel2a],  (2)

where w is the frequency of the annual temper-
ature wave and A is its amplitude at Z = 0, and 7,
is the time when the temperature crosses its mean
temperature (twice a year). Perturbation from this
idealized distribution 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 T,
A, Ty, and u are previously known. In practice
these parameters are unknown and need to be
estimated in addmon to g. Sinice T is a nonlinear
function of (1, Z, u), the linear least-squares
method cannot be used directly to find g and other
parameters. With suitable t_ransformation of vari-
ables, however, equation (2) can be linearized.

rTaaw  weea was R

Direct method

The first method requires measurements be
made at two given depths at different times. Since
no assumption is made, this method is herein
called the direct method.

At given depth Z,, equation (2) becomes, after
trigonometric expansion,

Ty = a + Bix, + vy, (3)
where the nevi"parameters
a,=T,+g2,
B, = A e ZVel® cos (wit, + Z,\/w/on), (4)
and
vi= —A e uVoT% sin (wt, + Z, \/w/ ),

are determined by (linear least-squares) fitting the
dependent variable T, to the “independent” vari-
ables x, = sin wt, and y, = cos wi,, with subscript j
representing discrete observation times, j = 1, 2,

,n(n24). Another set of . measurements at
depth Z,,, provides a means to calculate the

gradlent
Si+vya = (aln - al)/(zl+l - Zt)’ (5)

and thermal diffusivity
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Subscript i + 1/2 indicates a quantity determined
for the depth range from z; to z,4,. 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 of
the medium. If temperatures are measured at
more than two depths, any pair of data sets will
yield values of g and p. Deviations of the individ-
ual g and u from their means indicate their depth
dependencxes 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

115°39'w 115°37"
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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 possible values for one of five parameters:
T. g, A, u, and (. Since the range of thermal
diffusivity for common rocks is small (2 X 10-" 10
2 X 107¢ m?%ec™') as compared to other parame-
ters, it is chosen for scanning. This method is
herein called the indirect method.

At a given time 1, equation (2) becomes after
trigonometric expansion

Tj_‘ = Ts + ng + 6xi + (373 (7)
where the parameters Ty, g,

l'5°35. |'5.33'w
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F1G. 1. Locations of shallow holes (X) and deep welis (solid circles). Numbers refer to hole names,
UCR-SSS-1 to UCR-SSS-6 series; letters refer to well names cited in Table 3.
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y . . . 0.00
: are determined by fitting the dependent variable .
" T;. to the “independent’ variables Z,, T e 14
o
- a E
x, = e~% \©T% cos (Z\/w/ ), o de =
2 w 366 -
- W
34 and 7 ) :—; . g
yi = -4 O sin (Z, \/w/2n), 2 %%
[+ 4
2 withi = 1,2,...,mandm > 5. By scanning 731 o
3, through the possible values of u at an increment
‘1; of 2.5 X 107® m?sec™', a minimum in the misfit as 9.14 o
3 1 1 i 1 1 1

2% indicated by the standard deviation will emerge.
¥ Since m = 4 gives an exact fit to determine four
parameters, m > S is needed to find the minimum.

is mini is taken as the weighted  '7'®S 1T . )
The u for this minimum 5 line indicates a malfunctioned thermistor). Depth

average of the thermal diffusivity in the depth  reqer ™10 the ground surface and relative depth
range covered. Then the gradient g is one of the _ refers to the second thermistor from the top. -

F1G. 2. Temperature vs depth as a function of time
near the Obsidian Butte, UCR-SSS-1. Horizontal
lines indicate depths of measurements (dashed
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- parameters directly determined from the least-
squares method for the chosen u.

A comparison of the two methods is in order.
The indirect method has the advantage of saving
time because it requires measurement at one given
time, 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.

- Direct methods give information on depth de-
pendencies but indirect method gives the weighted
average only.

EXPERIMENT

To test the applicability of the two methods for
finding geothermal gradients we made several
monthly observations in six shallow holes, which
were drilled in the Salton Sea geothermal field
(Figure 1). These holes range in depth from 7 to
13 m, reflecting the different degree of difficulty in
drilling at various places. Each hole was cased
with a 3/4 inch OD PVC pipe to prevent the
spacing of thermistors from changing during in-

.- stallment of the sensors. A set of seven thermis-

_ tors, each housed respectively in'a 1/8 inch OD
stainless steel tube 6 inches long, was hung per-
manently inside the pipe with the lead wires. The
rest of the pipe was filled with dry, fine sand in
order to improve thermal contact and minimize
air convection inside the pipe; and both ends of

the pipe were sealed to keep water from seeping
into thermistor probes even though the probe has
been shown to 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
with a nominal resistance around 2000 Q at room
temperature (~4000 Q is recommended for future
work, so that the resistance of thermistor stays
about a few £Q at borehole temperature of 50°C).
The largest lead wire resistance is ~19Q, hence no
compensation was made for it. All thermistors
together with their protective probes were cali-
brated in a constant temperature bath (Neslab
TE70) from 5°C to 45°C at an increment of 5°C
against a quartz thermometer (Hewlett Packard
2800 A) of which the calibration was traceable to
the U.S. Bureau of Standards. A calibration curve
of thetype T = B + CIn R + D (In R)® was fitted
to the calibration points (see Appendix) where T
= temperature in °K, R = resistance in ohms, and
B. C. D are coefficients to be determined from
calibration. For laboratory calibrations and field
measurements, the same Wheatstone bridge,
standard decade resistor, and null meter were
used. Resistance was read to the nearest 0.1 Q:
and the calibration constants 8, C, and D were
used to convert a resistance reading into its
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FiG. 3. Temperature vs depth as a function of time near the mud volcanoes, UCR-SSS-2. 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 thermistor from the top.

equivalent temperature. The precision was a few
0.001°C, and accuracy was around 0.01°C be-
cause of calibration error, lead wire resistance,
thermistor drifting, and other errors in- measure-
ment.

Because the thermal conductivity of sediments
cannot be estimated in situ with the suggested
methods, we have used the needle probe method
(Von Herzen and Maxwell, 1959) to measure ther-
mal conductivities 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-1 to UCR-SSS-6, respec-
tively. The first set of measurements in each hole
was made at least 1l days after the hole was
drilled. According to equation (63) of Jaeger
(1965), the transient temperature disturbance due
to drilling will die away within 5 days for a drilling
time of 3 hours and a hole radius of 3 cm. Distur-
bance due to PVC-pipe casing is negligible. Our
measurements thus represent values at equilib-
rium with the ambient temperature. Both the di-
rect and indirect methods have been used to fit
these data, except that recorded by the topmost
thermistor in each hole, because its relative depths
to other thermistors are not accurately known.
The differences between the observed temperature
and the values calculated from the coefficients of
least-squares fit are smaller than the graphical
resolution. We have therefore omitted the fitted
curves drawn from equation (2) and connected
the discrete observation points only with line seg-
ments to demonstrate temperature as a function

of time and depth. All thermistors installed ap-
pear to behave properly as of the last measure-
ments in February 1976 (except for one thermistor
at UCR-SSS-1 one month after instaliment).
Tablé | summarizes the results of data reduc-
tion with the indirect method. Because the itera-
tion scheme of this method requires more than S
depth points, the geothermal gradient and ther-
mal diffusivity cannot be determined for UCR-
SSS-5, where only 4 thermistors are usable. The
standard deviations of the 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 of the Red Hill, UCR-SSS-3. Horizon-
tal lines indicate depths of measurements (dashed
line indicates a malfunctioned thermistor). Depth
refers to the ground surface and relative depth
refers to the second thermistor from the top.



Holes A B n n A u g
1 08/08/75 08/19/75 5 7 0.001 219+ 15% 0.401 + 1.0%
2 08/09/75 08/29/75 6 7 0.012 3.96 + 42% 1.658 + 0.9%
3 08/09/175 08/19/75 6 8 0.004 2.69 + 32% 0.561 + 0.4%
4 08/18/75 09/03/75 6 6 0.010 7.88 + 24% 0.356 + 1.1%
6 08/19/75 09/03/75 6 6 0.021 4.56 £ 10% 0.334 + 1.2%
' Date A = drilling date; Date B = date of first temperature measurements; # = number of thermistors

used in data reduction; m = number of monthly measurements; u = mean thermal diffusivity in units of [0-" 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 4 and g are standard deviations from the means.

respective means. They are negligibly small but
the maximum standard deviations (<£0.02°C) of
temperature fittings are about twice the maximum
error in our thermistor calibration. Errors in the
individual determinations of thermal diffusivity
may reach as much as 42 percent of the mean. An
examination of the gradients corresponding to
different diffusivity values, which are a few incre-
ments (2.5 X 10~® m%ec~') more or less than the
chosen value, indicates that uncertainty in the in-
situ determination of diffusivity may lead to an
error of <0.008°C m~' in the reduction of
gradient. This error is ~2 percent of the gradient
in the Salton Sea geothermal field and ~10 per-
cent in the areas of normal geothermal gradient
(~0.060°C m~"! in unconsolidated sediments).
The results of data reduction with the direct
method are summarized in Table 2. In general, the
standard deviations of temperature fittings with
the direct method are greater than those with the
indirect method. Except at UCR-SSS-1 and
UCR-SSS-3 where the thermistor sets were buried
at relatively greater depth, fittings at relative
depth 0.0 m are here considered unacceptable
(standard 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
data which indicate that the amplitude of annual
temperature wave is slightly greater at deeper
level. Such cases are doubly starred in Table 2.
Excluding the starred values, there is no system-

£ atic variation in cither the geothermal gradient or

diffusivity with depth.

Geothermal gradients reduced from both the
direct and indirect methods are listed in Table 3.
The mean value derived from the direct method is
slightly less than that derived from the indirect
method except at UCR-SSS-6. For a given hole,

the ‘*direct mean gradient” and ‘‘indirect
gradient™ differ no more than 8 percent from each
other. 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 with the indirect gradient. However, system-
atic time variation in the bottom gradients have
been observed in areas of relatively high thermal
diffusivity. For example, at UCR-SSS-5, the bottom
gradient cannot be estimated from the raw data
because of the large time variation in temperature.
Standard deviations of the direct gradients are
greater than that of indirect gradients. Since the
former reflects the variations of gradient with
depth as well as times, while the latter reflects time
variations, greater standard deviations do not im-
ply that the direct method is inferior to the in-
direct method. If heat flux at a given locality is
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FIG. 5. Temperature vs depth as a function of
time, UCR-SSS-4. 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 thermistor from the top.
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FiG. 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 thermistor from the top.

constant, variation in gradient should be accom-
panied by conductivity variation. The mean ther-
mal conductivity of sediments in the five individ-
ual localities (Table 3, Figure 1) range from 1.05
to 1.90 Wm~! °C. The latter appears unusually
high for unconsolidated sediments but it is not
impossible for saturated soils and deep-sea sedi-
ments with high quartz content (Clark, 1966; K a-
sameyer et al, 1972). Conductivity variation is also
consistent with the variation in the in-situ mea-
sured diffusivity. Such variations suggest that the
gradient variation with depth as determined by
the direct method may be real. At present, we do
not have sufficient data to substantiate depth vari-
ations.

To test whether the shallow hole temperature
measurements can be used to estimate qual-
itatively the depths to the geothermal reservoir,
we have calculated the depths to 100°C and
200°C isotherms by linear extrapolation using the
geothermal gradient and the calculated mean tem-
perature at relative 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
individual shallow holes (Figure 8). Below 200°C
isotherm convection may play a major role in the
heat transfer processes so that further extrapola-
tion based on conduction is invalid (convection
may occur at temperature less than 200°C, too,
depending upon reservoir conditions). Deep well
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FiG. 7. Temperature versus depth as a function of time, UCR-S88S-6. 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 thermistor from the top.
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Hole  Depth a u g Hole  pepln a u g
| 0.00 0.010. 4 0.0 0.122
1.50* 0.920* * 0.140*
1.83 0.022 1.83 0.015
2.27 0.575* 5.36 0.282
3.66 0.007 3.66 0.007
’ 4.90 0.400 7.08 0.292
7.31 0.003 5.49 0.007
. 0.398 - 4.10 0.366
9.14 0.002 7.32 0.002 2 44 0.357
mean 3.58 0.399 9.14 0.003 . .
2 0.0 0.067 mean . 474 0.324
2.59* 1.656*
1.83 0.032
6.39 1.160* bl 0.00 0.181
3.66 0.010 5.07* 0.363*
1.58 1.518 1.83 - 0.020
5.49 0.003 4.22 0.494
*e 1.687 3.66 0.024
7.32 0.008 4.02 0.406
*= 1.664 5.49 0.015
9.14 0.007 mean 4.12 0.450
- mean - -3.98 1.623
3 0.0 0.008 6 0.0 0.117
3.91 0.530 6.18* 0.217*
1.83 0.010 1.83 0.010
1.94 0.517 3.38 0.426
3.66 0.008 3.66 0.012
1.92 0.521 5.58 0.302
5.49 0.006 5.49 0.005
b 0.541 2.47 0.385
7.32 0.008 7.32 0.009
b 0.572 2.80 0.325
9.14 0.008 9.14 0.003
mean 2.36 0.536 mean 3.56 0.360

' Depth = relative depth in umts of m, used in fitting at a given depth; u = thermal diffusivity in uvnits of
10-7” m? sec™'; A = standard deviation of temperature fitting, in °C.

* Data may be affected by diurnal wave.
** Unreliable determination in diffusivity.

data 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 of the respective depths 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 200°C isotherms, respectively (excluding
River Ranch data). Shallow hole data and their
extrapolation are therefore acceptable in the vi-
cinity of these four sites.

Large discrepancies occur, however, at UCR-

‘- $8S-3 in the volcanic Red Hill and at UCR-SSS-2

near the active CO, mud volcanoes. The extrapo-
lated depths to the 200°C isotherm are, respec-

tively, 210 m and 430 m shallower than the nearby
deep well data. If the River Ranch data are used
for comparison, the discrepancies become larger.
The shallower isotherm (380 m) was measured in
1964 near the time the River Ranch was flowed,
and the deeper isotherm (730 m) was measured in
1968 about two years after the well was last
flowed for 254 days. Both values are probably not
representative of the thermal regime there. High
geothermal gradient at UCR-SSS-2 reflects very
likely that hot fluid has moved to shallow depth
recently. We saw mud bubbling up during drill-
ing, but activity of mud volcanoes was weak then

and there was no surface manifestation of pre-

vious activity around the site of our measurement,
In the Red Hill, bubbling did not occur during
drilling.

Heat-flow data based on the calculated gradient
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Gradient K 0 Depth Dist Depth Well.name

1 Direct 0.399 £ 0.3% 1.15 460(11) 180/430 0.6 210/440 Magmamax2 A
Indirect 0.401 = 1.0% 460(11) 180/430 1.1 210/400 Magmamax3 B
Bottom 0.399 + 0.4% 460(11) 180/430

2  Direct 1.623 + 5.6% 1.10 1870(45) 45/105 0.3 230/738 River Ranch C

/3

Indirect 1.658 + 0.9% 1910(46) 40/100 0.8 210/530 Sportsman | D
Bottom 1.678 + 1.7% 1930(46) 40/100

3  Direct 0.536 + 4.1% 1.05 560(13) 130/320 0.5 210/520 1ID2 E
Indirect 0.561 + 0.4% 590(14) 125/300 1.1 210/540 [ID1 F
Bottom 0.571 £ 1.5% 600(14) 120/300

4  Direct 0.324 £ 13.4% 1.90 620(15) 235/545 0.2 170/360 Magmamax1l G
Indirect 0.356 + 1.1% 680(16) 215/495 0.2 /490 Woolsey 1 H
Bottom 0.362 + 18.5% 690(16) 210/490

5  Direct 0.450 + 13.8% 1.87 840(:20) 170/390 0.3 170/360 Magmamax! G

6  Direct 0.360 + 15.7% 1.41 510(12) 210/490 0.5 200/500 Elmore | K
Indirect 0.334 + 1.2% 470(11) 230/530 0.2 210/400 Magmamax3 B
Bottom 0.334 + 13.0% 470(11) 230/530

.‘Gradient in units of °C m~'; K = conductivity in units of Wm~' C-1;

= heat flux in units of 10-*W m~2,

number in parenthesis in units of 10-® cal/cm®sec; depth = depth to 100°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 at UCR-
SSS-6. The highest flux is 1943 mWm~? (46 u
cal/cm?sec) at UCR-SSS-2 near the mud volcanos
and lowest flux 460 mWm-=2 (11 ucal/cm’sec) at
UCR-88S8-1 near the Obsidian Butte.

DISCUSSION

Our data reduction from shallow-hole temper-
ature measurements is based on an idealized tem-
perature distribution, equation (2). Perturbations
from that may be caused by time-dependent
boundary conditions on the ground surface be-
sides the annual wave. Although diurnal varia-
tions are attenuated to 37 percent of their ground
values at oné 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
still significantly large for the accuracy required in
the shallow hole heat-flow measurements. Poor
temperature fitting at relative depth 0.0 m at UCR-
S$SS-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 percent of that at the
depth 0.0 m. Consistent with the theory, the atten-

uation of diurnal variation over equal depth inter-
val are greater for area of low thermal diffusivity.
Fitting error at 0.0 m in UCR-SSS-1 and UCR-
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FiG. 8. Depths to 100°C and 200°C isotherms.
Diagonal line represents ideal agreement between
extrapolation and interpolation. Vertical bar in-
dicates the range of depths to 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 | and Table 3.



the dittusivity 1s also relatively smaller compared
to other sites, but the cause of greater error at 1.83
m in UCR-SSS-1 cannot be attributed to 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 diffusivity is reliable. It is noted that 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 time and depth are
too large to resolve the effect of diurnal variation.
At relative depth 1.83 m or greater, the fitting
error is about the same order of magnitude of
. experimental error. The diurnal effect cannot be
estimated and removed from the error analysis of
attenuation. Some interval gradients which may
be affected by diurnal variation therefore have
been starred in Table 2 and excluded from averag:
ing. In this sense, the mean geothermal 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 direct gradient in each hole.

Annual temperature variation 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 not be exactly
six months from its trough. Our measurements
are results of aperiodic annual and diurnal waves
coupled with long-term climatic variations and
irregular temperature change due to natural
causes or human activities. The amplitude of long
period climatic variation is very unlikely to exceed
two percent in the Salton Sea geothermal field
(heat flux >420 X 107*Wm~? or 10 ucal/cm?sec),
although our observation time and depth were
insufficient to detect these effects. Abrupt temper-
ature change could have happened at UCR-SSS-4
~ owing to the development of the geothermal field
from the crop field. Our six-month observations
" with the indirect method show only 1.1 percent
- variation (Table 3) and hence did not differentiate
the effect of a step-function-like event which had
occurred two to three years before the hole was
drilled.

A fluid column in a vertical hole may become

ureener, 1¥yo/, ana reierences wnerein ),
( AT) _gaT |
AZ cri Cp

g = gravitational acceleration,
a = volume coefficient of thermal expansion,
T = absolute temperature,
C, = specific heat,
B = constant (216 for a tube whose length >>

Bvk
gar®’

where

diameter),
k = thermal conductivity,
p = density,

= k/pc = thermal diffusivity,
kinematic viscosity, and
radius of the hole.
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For a 2-cm hole (» = | cm) which was used in this
study, the critical gradient is 0.87°C/m for pure
water and 2.14°C/m for dry air. In areas of nor-
mal geothermal gradient (~0.030°C/m), stable
temperature measurements in either the water-
filled or air-filled holes are expected. In the Salton
Sea geothermal field, however, the geothermal
gradient may locally exceed the critical gradient
(e.g., UCR-SSS-2), and temperature oscillation
due to convection on the order of 0.01°C with
period ranging from minutes to hours, as reported
by Diment and Gretener elsewhere in large diame-
ter wells, may have occurred. To avoid the devel-
opment of temperature oscillation, the cased holes
were filled with 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 not yet de-
tected its existence.

Groundwater movement outside the holes may
affect the temperature measurement either di-
rectly or indirectly by changing the physical prop-
erties of sediments and soils. Because the thermis-
tors used were located below the groundwater
table, the effect of the vertical movement of water
or vapor is probably negligible. A detailed dis-
cussion on this diurnal effect has been presented
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 at
deeper level. Topographic effect is negligible be-
cause the ground is essentially flat in this part of
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poses some proolems 10r Linear extrapolation 1o
greater depth. No attempt has been made to cor-
rect those effects. By comparing to the deep-well
data, we have established the feasibility of using
shallow-hole temperature measurements to de-
duce the depths to the 200°C isotherm, which is
probably within the regime dominated by con-
duction heat transfer.

Discrepancy between the extrapolated and in-
terpolated depths to the 100°C and 200°C iso-
therms at UCR-SSS-2 and UCR-SSS-3 suggests
that there are probably two thermal and/or hy-
drographic regimes separated by a NW-trending
fault near Red Hill. Existence of such a fault is
also suggested but not yet confirmed conclusively
by a resistivity survey and a seismic refraction
profile. Degassing of CO, and activity of mud
volcanoes appear to have been restricted to the
northeast of thé proposed fault. A detailed study
is now taken to resolve whether there are two
regimes; in one area the shallow hole data can be
used for extrapolation whereas in another area the
extrapolated values are not reliable.

CONCLUSIONS

We have demonstrated the applicability of shal-
low-hole temperature measurements in geother-
mal study by (1) showing consistency in gradient
determinations with the direct and indirect meth-
ods, and (2) comparing the linearly extrapolated
depths to 100°C and 200°C isotherms with the
direct interpolation from deep well data. Success
in gradient determination is due in part to favor-
able hydrological conditions in the study area be-
cause a shallow groundwater table (I ~ 2 m)
prevents drastic time-depth oscillation in thermal
conductivity and diffusivity which may arise from
an oscillating change of moisture contents in the
sediments. Our methods are based on the assump-
tions of medium homogeneity and time-independ-
ent physical properties of sediments.

Depths to 100°C and 200°C isotherms for four
shallow-holes are found to 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 conditions near the
carbon-dioxide mud volcanoes (UCR-SSS-2) and
possibly near the volcanic Red Hill too (UCR-
SSS-3).
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absolute temperature T qualitatively by

R=Ae"m, (A-1)

where E and A4 are constants. However, a calibra-
tion curve of the form (with an additional term for
second order correction),

InR=a+8/T+ v/T, (A-2)

does not meet the precision required for temper-
ature measurement. Polynomial curves of the
form,

T= i a,R"'.

l=1

(A-3)

have been claimed to be acceptable for calibration
by Goss (1974) for n = 5 and Parasnis (1974) forn
= 3.

According to 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),
I/T =a + BIn R + ¥)In R)® + &(In R),(A-5)

may deteriorate the fitting.

Contrary results have been reported by Bennett
(1972) who claims that (A-5) will improve fitting
to the same data set as used by Steinhart and
Hart. Results of our curve fittings show that (A-5)
i1s not necessarily superior to (A-4). For some
thermistors (A-5) improves the fitting, but for
others (A-5) deteriorates the fitting. 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
equations. Since both (A-4) and (A-5) fit the data
equally well;-we have chosen the form with fewer
coefficients, although (A-5) is independent of the
resistance units used (Bennett, 1972).
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The Calorimetry of Steaming Ground in Thermal Areas
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r the Dominion Physical Laboratory,
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nlatlng, . Abstract—A portable calorlr{lef,er .that measures heat output from t.he steaming groun_d found
i 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 107 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
*uctm% temperatures measured at a depth of 35 cm is shown for measurements at 27 different sites.
, 1955 ,
No. 62 Introduction—The total natural output of heat Orip feed
% ) from a thermal region can be a useful guide to N Theeenos
system F its potentialities as a source of underground % =—a I :""‘“ \ .
fj 3:‘% steam for the generation of electric power. The | Awmometer] [nstrument [
7. 4| main thermal regions of New Zealand occur in | et =3 1 Ne
of the | country formed of very permeable pumice \:oar&'»‘:é’mn J et b
s Yoik | preccia, and they are characterized by extensive f s M’;*"’ e
nt,ras\% | tracts of ground through which steam slowly i . . /\{Eﬁ
g At] npercolates. The amount of heat lost in this way RIS =2 S AL
%] is comparable to the heat output of the more ~ //?/l/""’ A
icity of.] 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

Fra. 1—Schematic section of calorimeter box

where it gains heat from the ground. It is

from steaming ground. Important features are
(1) 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
good 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 of apparatus—The calorimeter is
essentially a box, formed of sheet aluminum on
a light frame, and having an open bottom 25 by

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 S, these are lined 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

i 80 cm. The box is pressed slightly into the ground shown that steaming ground may emit as
nteriorj| S0 as to seal off the portion of ground below it. much as 50 X 10~* cal/cm? sec, and it was
Intaridf} Ports in the top allow a fan to draw air through estimated that the present calorimeter would

the box at a measured rate, and the temperature
and humidity of the air are measured as the air

need to pass seven liters of air per second if the
dry-bulb temperature were not to rise by more

r
5:;& ¥} enters and leaves the box. From these measure- than 20°F in the most unfavorable weather
shaptet} ments the flow of heat into the box can be conditions (85°F and 80 pct relative humidity).

3 calculated. Using entry and exit ports of area 100 cm? it

Air enters at A (Fig. 1) past differential
thermocouples which detect the wet-bulb and
dry-bulb temperatures. It passes a hot-wire
anemometer and then traverses the chamber S

was found that this rate of flow produced no
measurable pressure deficiency in the sampling
chamber. I'he chamber was made 12 ¢ deep so
that the air velocity would not exceed one mile an
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F1e. 2—Completed box with its potentiometer

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 sttu 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 thermojunctions 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 th?é
Meteorological Office for wet- and dry-bulh:
temperatures observed within a screen. 5
The reference junctions of all the thermocouples
are embedded, together with a mcrcury-m-glass
thermometer, in paraffin wax within a sm
vacuum flask housed in the top of the box. A
temperatures can therefore
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 thermopilei{
at inlet and outlet, and (4) the differential emf
between wet and dry thermopiles at the inlet;
and at the outlet. &
Laboratory tests—Tests in which moisture and
heat were presented to the calorimeter in a.e
variety of proportions showed that it would,
account for heat flows in the range 10 to 70 X 10~
cal/cm? sec with an accuracy better than ten'
per cent. Below 10 X 10~* cal/cm? see the
accuracy was =1 X 107% cal/cm? scc. ¥
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l!s¢ an the filll—An arca of steaming ground
was chosen which could be reached only by
poat and was therefore unlikely to be disturbed
by casual visitors. Fourteen sites were pegged at
ten-meter intervals in a straight line over ground
that was 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 were
surveyed on only one occasion, for it proved
dificult 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-
measured 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 measurements—
The 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
be in continuous action.

(2) Measurements of heat output made in the
afternoon tend to be a little higher (10 to 15 pct)
than measurements made in the morning. This
extra heat is probably that fraction of the solar
heat 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
thermocouples make work difficult except in
calm weather or in light winds. Some thermal
lugging of the thermocouples might reduce this
difficulty.

(4) Heat outputs at the 14 sites showed large
daily 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
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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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EARTH TEMPERATURE AT A DEPTH OF 35 CM

Fi1c. 3—A scatter diagram relating the heat output
of each site with the temperature at 35 cm; crosses
indicate sites in the hotter 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 texture or nermeahility
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HEAT FLOW IN THE NORTHERN BASIN AND RANGE PROVINCE

David D. Blackwell

Department of Geological Sciences
Southern Methodist University
Dallas, Texas 75275

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
voleanism/intrusion modified by the local conductive
effects of thermal refraction (complicated structural
settings), variations in radioactive heat production,
erosion and sedimentation. In addition to these
conductive effects, groundwater flow, both on a local and
a regional basis, affects heat-flow measurements.
Typical heat-flow values for the Basin and Range
province average 85 10 mWm™2. The higher estimates
are probably based on biased sets of heat-flow
measurements, m}d 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 voleanie rocks. Young
voleanoes occur along the borders of the Basin and Range
province, but not in the part of northern 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
alluvial 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 end
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 of 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 averpge (surface heat flow
values of about 85 t 10 mWm™“*); a region of above
averagf 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 Flog Low (surface
heat flow values of less than 60 mWm™). These heat
flow subdivisions were maintained in later discussions by
Lachenbruch and Sass (1977, 1978). In contrast,
Blackwell {(1978) argued that the highest overall energy
loss within the Basin and Range province was along the
eastern and western 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 northwestern 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 will 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
Voleanism and Intrusion
Extension
Thermal Refraction-Structure
Radioactive Heat Production
Erosion and Deposition
Local Groundwater Flow
Geothermal Systems

*+41.84 mWm2=1x106 o.al/cm2 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 and 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 et 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 FIOEJ 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™4. 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; Keller et al., 1979; Reiter et al.,

o 30 A 62-83

a 30-40 e 83-104
a 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). Arrow in northwestern Nevada indicates
three holes in granite discussed in text.
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1979) and the Sierra Mountains on the west (Roy et al.,
1968b, 1972; Sass et al., 1971). To the north there is 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 geologically, and it cannot
necessarily be anticipated that the geothermal regimes
will be the same in the ranges and in the valleys.
Another important aspect of the geothermal systems is
the maximum temperature of the system, which is
controlled 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 thermal effects
are mechanical-thermal effects associated with the late
Cenozoic extension, and the thermal effects of mid and
late Cenozoic intrusion and volecanism. Although these
two effects will be discussed separately, in fact they are
interrelated, and 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 Range 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 ocean basin formation, so the favored
models discussed by Lachenbruch and Sass (1978) actually
depend on basalt intrusion to supply a large 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 volecanism 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 (8s), 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 Range province during the late
Cenozoic, and was the period of time of extension
assumed in the analysis of Lachenbruch and Sass (1978).

Typical extension proposed (Lachenbruch and Sass,
1978) ranges from 50 to over 100%, corresponding to
B values of 1.5 to 2. Taking isostatic effects into
account, a net subsidence of 1.5 to 2.4 km is associatqld
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 Range 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), and 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 Range 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, an initial
lithospherie thickness of 94 km and a background heat

BLACKWELL
flow of 40 mWm™2 were assumed. Extension rates in
percent per million years are shown for each curve. The
dashed line on the plot is the locus of points with a
8 wvalue of 1.5,

These results may be compared to the various heat
flow subregions in the Basin and Range 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 bzelow the upper crustal
radioactivity layer) is 59 mWm™*, approximately 50% of

FIGURE 2.
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Thermal effect of extension calculated
using model of Jarvis and McKenzie, 1980. Age range of
extension in the Basin and Range 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. COMPARISON OF MECHANICAL SUBSIDENCE AND THERMAL UPLIFT
IN BASIN AND RANGE PROVINCE FOR 17 M.Y.

Extensional Mechanical
Strain Rate ] Subsidence
(%/M.Y.) (17 M.Y.) (km)
0.8 1.14 0.67
1.7 1.29 1.33
2.5 1.43 1.83
3.6 1.61 2.43
4.6 1.78 2.87
5.6 1.95 3.25
6.5 2.11 3.54

Thermal Net Surface
Uplift Subsidence Heat Fl%w
(km) (km) (mWm™%)
0.24 0.43 T8
0.54 0.79 84
0.73 1.10 93
0.91 1.52 104
1.02 1.85 117
1.11 1.11 128
1.17 2.37 140
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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 norglal
Basin and Range reduced heat flow, and 60-75 mWm™* in
excess of a "normal” continental reduced heat flow.

It is clear 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 thermal 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 essentially 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; Blackwell,
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 and the heat flow, especially in the case
of the continental crust characterized by rhyolitic
voleanic activity, might be expected. A generalized
voleanic 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 and 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 volecanic 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 followed by
cooling after the end of the voleanic/intrusive event.
The peak heat flow will depend on the actual distribution
of magma within the crust and lithosphere. However,
after 1-5 M.Y. or so of cooling, all 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 Blackwell (1978). On Figure 4, the typical
heat flow in the Basin and Range province and the heat-
flow range 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 voleanism in the area is
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17-34 M.Y.

[] 34-ssmx.

FIGURE 3. Age of silicic volcanism (generalized t'rorg
Stewart and Carlson, 1978). Light lines are 60 mWm~
heat-flow contours.
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FIGURE 4. Thermal models for regional volcanic and
intrusive events in the Basin and Range 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 pattern 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, and 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 hest-flow
variations due to sub~ and intracrustal sources,
groundwater flow, thermasl 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 with an intercept heat flow of
approximately 59 mWm™ and a slope of approximately
9.4 km (Roy et 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 llnes with intercept values of 50 mWm™ and 90
mWm™Z (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 {low data, even by drilling heat-flow
holes only in granitic rocks, in large part because granitic
rocks represent only a small 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 are 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 and 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 geothemal 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 spatial distribution of
thermal conductivity, the thermal conductivity of the
rocks should either be uniform or should vary 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 thermal
conductivity of the rock and the geothermal gradient,
resulting in constant heat flow with depth. However, the
geologic structure of the Basin and Range province is
anything but layer cake. In order to investigate possible
systematic effects of thermal 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
thermai zfonductivities at these sites are over
4 Wm ™K™', The thermal conductivity of the granites
where subsequent heai -flow values were obtained is
typically about 3 Wm™ K-l (Sass, personal communica-
tion, 1980). Typical thermal conductivities from some of
the basins are 1-1.5 Wm™IK"l. 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 Valley area (Sass et al., 1976; Welch

et al,, 1981). A strong positive correlation between the

heat flow and thermal conductivity is demonstrated in
Figure 6. This correlation suggests that thermal 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. .
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FIGURE 6. Comparison 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 sedimentary rocks, and in valley fill 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 follows: if the measurements had
been made in horizontal units of wvarying 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, - and there would be ‘good correlation
betwéen 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 Range 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 granitic
bedrock, generally lower relief, fewer known geothermal
systems, and older voleanic 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
Range 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
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FIGURE 7. Histograms of gradient in Battle Mountain
Heat Flow High and Arizona Basin and Range province
(dotted lines). 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 valleys 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 large
overlap between the data from the Battle Mountain Heat
Flow High and from central Arizona, excluding the very
high heat flow values in the high thermal conductivity
sedimentary rocks in the northern Basin and Range
province. The conclusion of this disecussion 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 sedimentary rocks) are used to calculate
province average values.

Of course, detailed evaluation of the structural
effects on heat flow has to be considered individually 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 generally
filed with low thermal conductivity Cenozoic
sedimentary rocks. In the ranges, older sedimentary,
igneous and metamorphic rocks generally have thermal
conductivity values two to three times greater. As a
result of this contrast, heat flows preferentially into the
ranges, resulting in systematically high values in the
ranges, and systematically low values in the valleys with
respect to the regional mean value. This large-scale
effect of a valley is sometimes modeled as a single, semi-
elliptical or semi-circular cylinder 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
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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 valley embedded in an otherwise
semi-infinite media with conductivities typical of the
ranges. The effect of repeated ranges and valleys is
interaction (Lee and Henyey, 1974), so that larger
refraction effects than calculated from the single ellipse
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 allowed 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.
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 and
Range valley filled with rocks having a thermal
conductivity of 1.7 Wm ™ K™ is enlbedded in material
with a conductivity of 3.35 Wm™l1K~l, The geometry of
the model is constant into and out of the paper, and
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

In the extreme limit, the model would be .
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away from the bounding fault would be 60 mWm™~, while
the heat flow observed in the range away from the
bounding fault would be 80 mWm™4; this represents a 25%
variation between the high and low heat-flow values and
an 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 8, 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 mWm™, 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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FIGURE 9. Surface heat flow effects of Basin and

Range structure and a crustal intrusive. Range of
observed values refers to Battle Mountain Heat Flow
High.
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province is so limited, 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 basins 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 relief developed in the last few million years in
the Basin and Range 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 and depositional environments of the ranges
and valleys. 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 valleys.

CONVECTIVE HEAT-FLOW EFFECTS

Shallow Groundwater Aquifers. The effects of
subsurface water movement on heat flow can be many,
complex, and on different scales. The most common
effect is that of water table fluid flow, which is probably
present in varying degrees at almost all sites. Water
movement in very large aquifers may affect the heat
flow so severely that it is virtually 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 al., 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 overall 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
Paleiauskas (1973) and applied to basins in the Rio Grande
rift by Morgan et 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-valley flow system. Aquifer heads
are typically highest in the ranges and lowest in the
valleys. As drill holes are deepened in the ranges, each
successive aquifer usually has a lower head, and as drill
holes are deepened in the valleys, each successive aquifer
usually has a higher head. This observation implies
recharge in the ranges and discharge in the valleys of the
groundwater flow systems. Thus low heat-flow values
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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 likely 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 carbonate terrain in
eastern and south-central Nevada. This phenomenon may
be related to the existence of the Eureka Heat Flow Low
(Sass et al., 1971).

Geothermal 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) and the background
geothermal gradient. These geothermal convective
systems can be local or they can be regional. Near many
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 and 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 Blackwell and Chapman (1977), Sass et
al. (1976), Benoit et al. (1983), and Benoit and Butler
{1983). Extensive thermal data are 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 Utah. 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 and 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 mWén‘2
along the axis of the valley, rising to 80-100 mWm™ at
the margins of the valley. Several large high heat-flow
anomalies 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 measurgd 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 (solid line: 60, 80,

100, 200,300, 500 mWm™2) and depth-to-basement

contours (dotted line: 0,0.5, 1.0, 1.5, 2.0, 2.5 km) in
the western Black Rock Desert. Location of heat-flow
points (solid circles) for reference. Major normal
faults are also indicated. After Mase and Sass (1980).

TABLE 3.
Location

Black Rock Desert

San Emedio Desert

Humbolt Sink

Carson Sink

Clan Alpine Mts.
Pueblo Mountains
Steamboat Hills
Buena Vista Valley
Crescent Valley
Independence Valley

Grass Valley

Buffalo Valley

Geothermal System

McFarland H.S.
Gerlach H.S.

San Emedio West

Colado
Humbolt House

Desert Peak
Brady H.S.
Stillwater
Soda Lake
Fallon-NAS

McCoy
Baltazor H.S.
Steamboat H.S.
Kyle H.S.
Beowawe H.S.
Tuscarora

Leach H.S.
Parker Canyon

Geothermal systems and published geothermal gradient/heat flow studies or data reports.

Reference
Swanberg and Bowers, 1982
Sass et al., 1979
Sass et al., 1976
Mackelprang et al., 1980

Mackelprang, 1982
Benoit et al., 1982
Hill et al., 1979

Olson et al., 1979

Earth Power Prod. Co., 1980
White, 1968

McMannes et al., 1981

Smith, 1983
Pilkington et al., 1980
Sass et al., 1977
Welch et al., 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 baseinent, 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 valleys. 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 allow a complete test of the
Mase and Sass (1980) hypothesis. Furthermore, geo-
thermal systems are often associated with the contact
between the valleys and the ranges and 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 southeastern 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 an 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 area 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 valleys. 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 et al., 1982), Ziagos and Blackwell (1980, 1983)
have discussed modeling of temperature-depth 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
valley side, some to the range side, some to the faults,
and some involve intrabasin/range fluid flow.
Consequently, convective systems can be imagined which
might involve flow in ranges only, valleys only, ranges
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.
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DISCUSSION
The object of this paper has been to investigate the
effects and 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 reliable 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 thermal
source is approximated by a body at a temperature of
1350°C emplaced between 10 and 20 km. The 1350°C
includes the regional background, which was culated
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 allowance
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 emplaced 5 M.Y. ago,
then the mean heat flow would be 112 mWmp™“, 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 periog of 10 M.Y,, then the mean heat flow
drops to 90 mWm™“ while the heat flow vgries from about
80 mWm™2 in the valleys 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 and those that are certainly associated
with geothermal systems, is shown on the plot. The heat-
flow pattern associated with a cooling period of 10 = §
M.Y. would approximate the midpoint of the range of
observed data. There is slightly larger variation in heat
flow than is predicted by this model between the ranges
and the valleys, which might suggest some superimposed
small effects of fluid circulation. The calculated age has
little significance because the model is very approximate,
and if extension effects are superimposed on a magmatic
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 and 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 of 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
permeability 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



no simple relationship between the faults and the
geothermal systems. Some of the geothermal systems
are on the range side, some are on the valley side, some
involve ranges and valleys, and 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 pattern. Drilling 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 will 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 CONDITIONS{

WILLIAM H. DIMENT*

Temperatures were measured as a function 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 effectively sealed from influx of ground water, The measure-
ments reveal that: (1} Temperature differences between the air-filled hole and the water-filled hole (aftér dissipation
of the water injection disturbance) do not.exceed 0.05° C at the same depth.. (2) Temperatures in the water-filled
hole exhibit oscillations at all depths where temperature increases downward but are stable at the bottom and near
the surface where. temperature decreases with depth. (3) The temperature oscillations.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 geothermal gradient near the point of measurement, thus suggesting that the size of
cells or-eddies are rather constant and that the distance of water movement is no more than several times the inner
diameter of the casing. (5) No oscillations were detected in the air-flled hole, but because the time constants of the

instrument are:long in an air-filled hole, the possibility of short period oscillations cannot be excluded,

INTRODUCTION

Hales (1937 has shown that a fluid column in
a vertical tube becomes unstablé. when the tem-
perature gradient exceeds a certain critical value
which depends on the properties of the fluid and
the size of the tube. Krige’s (1939, p. 451)
formulation of this is commonly cited (Misener
and Beck, 1960, Garland and Lennox, 1962,
Beck, 1965):

Covk

gaat

6= gaT
Co

where G is the critical gradie_n”t, g the acceleration
due to gravity, T the.absolute temperature, a
the coefficient of thermal expansion, C, the spe-
cific heat, » the kinematic viscosity, & the ther-
mometric conductivity (diffusivity), ¢ the radius
of the tube, and C is a constant which has the
value 216 for a tube whose length is great com-
pared with its diameter.

The first term in this expression is the adiabatic
gradient which is about 0.2°C/km for water and

about 10°C/km for dry air at 20°C. Cleatly,"

adiabatic gradient is exceeded in alniost all water-
filled holes.. The second term is much larger for
water-filled 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) dianiond drill holes are usually

t Manuscript received by the Editor'30 October 1966: revised mannarrint racatrad 11 Taeo -

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 witer.

‘Although Hales’ theory provides a condition
for instability, it does not indicate how the fluid
will move or to what extent it will influence the
distribution of temperature within 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 425 cm dry hole and
in the same hole witer it had filled with water.
Van Orstrand (1924) found no evidence for con-
vection .in water-filled holes less than 20 c¢m in
diameéter” Krige (1939), in comparing results in
theoretically stable and unstable parts of holes,
found no evidence of a convective disturbance.
Diment and Robertson (1963) found 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,

~7 In recent years, thermistor probes with re-
sponse times of several minutes or less have been
widely used, and small température oscillations
have undoubtedly been observed by many, We
have observed them, 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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stability between large and small diameter holes.
However, with exception of the recent reports of
Gretener (1967) and Diment and Werre (1966)
we find no published record of the phenomenon,
probably because there is usually some question
as to whether the oscillations are a consequence
of the inherent instability of the water column or
the result of exchange of water between the hole
and 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 casing 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 from 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 uv 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.
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CHARACTERISTICS OF OSCILLATIONS

Recordings of the variation of temperature
with time 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 minutes. 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
column.

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 type are observed repeatedly but they
differ in detail and are quasi-periodic at hest

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 time during this nine hour period can be seen
in Figure S. Here we have averaged the tempera-
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F1c. 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
temperature 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

wsnvintinn at Adanth hatuwraon 141 and 182 m in
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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 amplitude 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
maximum 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 (system 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 ..
corri;féxity 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 movements over a distance of no more than
several times the diameter of the pipe. If we were
to view the water column as a series of vertically
juxtaposed convection cells or eddies, we could
say that the height of the cells was no more than
several times their width. Clearly, the actual mo-
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 column.

If the dimensions of the eddies are, in fact,
mainly influenced by the diameter of the pipe, we
chnanld enenert (if the nronerties of the water and
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cells and, hence, amplitude of the oscillation
would decrease with decreasing pipe diameter.

STABILITY OF AIR COLUMN

The multi-element thermistor cable (system A)
was installed in the air-filled hole on 20 August
1964, where it remained undisturbed until
28 August 1964, when the hole was filled with
water. During this interval 25 observations were
made 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 (system B) at 30 m intervals on
19 August 1964,7and 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-
filled hole, does not necessarily preclude their
existence. The time constants of both systems are

high frequency components would be greatly
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 existéed'ifi“the air column,
forms similar to those in the water column would
not be expected because the response of the hole
to a change in temperature of the air would be
much 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 10°C/km and somewhat less
in other atmospheres (Hess, 1959). Thus, accord-
ing to Krige’s (1939) formulation, the air-filled
hole is much 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 months—a conclu-
sion that can also be reached from theory (Jaeger,
1956). The differences of Table 1 are probably not
significant. There is an uncertainty of several
hundredths:of a degree because of the thermal
instability of the water column and the fact that
data for less than an hour were averaged to obtain
the temperatures. Moreover, anomalous drift
rates observed in the laboratory after the experi-
ment 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 small
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
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Table 1. Difference between temperatures mea-
sured in air-filled hole (T@) in August 1964,
and in water-filled hole (Tw) in July 1965

System B
Tw—Ta
(Degree centigrade)

Depth System. A
(meters) (Degree centigrade)
15 +0.03
61
137 +0.01
152
168 +0.04
214 —-0.05
259 +0.03
274 +0.05
290 —-0.02
305 —-0.01
321 —-0.01
336 —-0.03

—0.02
—-0.03

-0.03

—0.03

unstable when the geothermal gradient exceeds a
certain value and that this instability manifests
itself primarily in vertical water movements of
short periods that do not exceed several diameters
of the hole. The completely independent inves-
tigation of Gretener (1967) yields similar results
and, thus, confirms and lends generality to the
observation.

A practical result of the instability is that we
must expect oscillations of several hundredths of
a degree in large diameter holes, the exact amount
depending on hole diameter, gradient, and proper-
ties of the fluid. Unfortunately, this forms a limit
to which the geothermal method can be applied
in resolving the details of stratigraphy. Gretener
has investigated some ways in which the in-
stability can be reduced.
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ON THE THERMAL INSTABILITY OF LARGE DIAMETER WELLS—

AN OBSERVATIONAL REPORTY¥

PETER E: GRETENER

A fluid in a tube subjected to a thermal gradiént will be stable as long as this gradient does not exceed a certain
critical value, Observational evidence is presented that the fluid in large diameter wells; such as oil wells, subjected
to the normal geothermal gradient is, indeed, unstable as predicted by the theory. Qur:independent observations
support the evidence presented by Diment (1967) in a companion paper.

INTRODUCTION

When a long tube filled with & fluid (pr gas) is
subjected to a thermal gradient, the fluid will

becomeé unstable and start to convect as soon as .

the gradient exceeds a certain critical value,
Hales (1937) treated this problem from a theoreti-
cal point of View and derived a formula for the
critical gradient, His computation has generally
been accepted as a valid criterion (Krige, 1939,
Garland and Lennox, 1962, Diment and Robert-
son, 1963). However, it has often been found
(Krige, 1939, Garland and Lennox, 1962) that
the theory predicts instability while the mea-
surements indicate stable conditions to prevalil,
The apparent enigma finds its s¢lution 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’ formula only predicts the
onset of instability but does not characterize the
unstable condition. It is evident that the temiper-
ature anomalies pfoduced under unstable condi-
tions will strongly depend on the size of thé 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—:;ganémall to be detected by temperature
measurements using mercury maximum ther-
mometets, In the following, evidence.is presented
that this is exactly the situation as encountered
in a large diameter bore hole such as an oil well.

Hales’ formula reads as follows (in Krige’s
formulation):

A gal Byx
AZ ) erit. €y gaat

g=acceleration of gravity
«=volume coeflicient of thermal
expansion
T =absolute temperature
¢p=">pecific heat
B=constant (216 for a tube where
2>>2r)
A =thermal conductivity
~ p=density
k=M\/pcp=thermal diffusivity
v =kinematic viScosity
a=radius of the hole

where

The first term of the above formula gives the

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
first-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 mears that the phenom-
enon of thermal instability is a characteristic of
large diameter holes. Table 1 gives a few values

for the critical gradient for wells of various diam-

eters. In sedimentary areéas the geothermal

t Manuscript received by the Editor 1 November 1966; revised manuscript received Qjanuary 1967,
* Shell Development Company, Houston, Texas, Now .at the Department of Geology, University of Calgary,

Malonvir AThatta (Canada.
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Table 1. Critical geothermal gradient in

°F/100ft
Well Diameter
(in inches) 2 S 8
water 77°F 1.6 0.055 0.017
212°F 0.22 0.004 0.004
crude oil  77°F 55 3.1 0.4
212°F 5.5 0.22 0.11

gradient is seldom less than 1°F/100 ft and, as a
consequence, most oil wells must 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 Chapman No. 1 (Figure 1). The former
is an abandoned oil well about 50 miles north of
Houston, drilled in 1943 to 8289 ft with a S-inch
ID casing. This hole has been idle for many years
and was solely used for instrument testing. Chap-
man No. 1 was drilled in 1962 to 20,800 it 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

MEXICO

F1G. 1. Location of the test wells.

F16. 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
bas an adverse effect on the time 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
gradient). It can be seen that the time required
to come within about S 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 Nullmeter
and a TI Servoriter. The records cover periods of
24 hours or more.

—re. o

MEASUREMENTS

Observations were made 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 heen reneated
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several times over a period of more than a year
and the values are fully r‘epf‘oduciblewi‘thiﬁ the
limits shown below. Figure 5 gives the. tempera-
ture variations at various levels in the hole while
the cable was kept stationary. The fluctuations
range, from less than 0.02°F to about 0.08°F, The

magimum variations are obsérved in the area of

the large temperature gradient.

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 in.Figures 7 and 8: The maximum varia-
tion is again. recorded at- the depth ‘where the
geothermal gradient is largest. Fluctuations range

‘Gretener -

from 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

‘indicated in some instances. The shallow records

show some drift due to the change of the resis-
tance of the copper wires 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 where most of the cable
is on the drum and, thus, exposed to the varying
surface temperatiire. Insulation of the cable will
remove any short time changes but not the daily
variation as seen in Figure 9. For a dépth 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 ten minutes will
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F16: 7. Tlie thermal fluctuations at: sele‘cted levels.in the well Chapman No. 1.
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F16. 8. More thermal fluctuations at selected levels in the well Chapman No. 1.

be increasingly suppressed due to the time con-
stant of ‘the thermistors (Figure-3).

The- temperature fluctuations are not induced
by the movement of the cable. This is demon-
strated in Figure 10 where two records are shown

for the samé depth with a time initerval of eight

days, during which the cable remained stationary.
No decay of the température variations is appar-
ent. ‘

Figure 11 shows a record taken while the ther-
mistor was in an uncontrolled temperature bath.

Apart from a slow drift—since the bath is un-

controlled—no fluctuations are. registéréd, thus
the system is stable. The observations presented
here, thus, truly represent teimperature varlatlons
within 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 taken 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 cofrelation ap-
parent. In all instances the records runin 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 requires a complete exchange of the
well fluid, a major operation in a deep hole such as
our test holes. Thus,'we attempted to decrease the
hole diameter. For this purpose we lowered the
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F1G. 10. Temperature variations one and eight days after the installation of the cable at a given depth.
Thermistor no. 20 at 182 m; 23, 24 January 1965 (top); 30, 31 January 1965 (bottom).
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therimistor inside a plastic tube 14.1t long and 1§
inch in diameter. As a test depth we chose 600
ft in Foster No. 6, where previous measurements,
(Figure 5) had indicated that particularly severe
temperature fluctuations existed. Hales’ formula
indicates.a critical hole radius for this part of the

Gretener .

shows that just previous to our experiment the
conditions in the hole were as shown‘in Figure §

o

T
R

F16. 14. Stabilization of the well by introducing plastic tubes. Foster Nla & a+ KON #+
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not surprising since the annulus (the plastic tube
was equipped with centralizers) is too large to ex-
pect stability. In a further attempt, we lowered
the bundle of tubes shownin 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 rediicing 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 / 7

A

thus acted as.z filter passing some long period

- . N w - R . . (WALI. OF WEL
disturbancés. While the. main fluctuations seen to : - k

THERMISTOR

have a period of about 15 minutes, this experi- gy, 15 Cross section of bundle of tubes used to stabilize
ment supports the suspicion that longer period well, Length of tubes 14 ft,
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disturbances are also present. It 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 isfor this reason
that no Fourier analysis has been attempted.

INSTABILITY .AS A FUNCTION OF THE
GEQTHERMAL 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 prevaﬂmg geothermal gradient. The
correlation factors are 0.90 for Chapman, No. 1
and 0.83 for Foster No. 6, indicating a definite
correlation, as oné would expect. The slopes of the
regression lines are:3.12°F/°F/100 ft for Chapman
No. 1-and 2,63°F/°F/100 ft for Foster No. 6. This
is'a small difference in slope-considering that the
bole diameters differ by a factor of nearly 2.
This is explained by the-fact that at the time of
thé:measurements Chapman No. 1 was filled with
a highly viscous mud while Foster No. 6 contained
pure water. The viscosity of the fliid exerts a

10

JAM 12 TO FER. 3, 1963

2 10720
m.

R 3T max.,
\ |
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/ - » ACRITICAL GRADIENT OF
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5 ) 2 3
°F 7I00F4

Fig. 17. Same as Figure 16 for Foster No. 6.

Gretener S

damping effect as shown,in Hales’ formula,
Clearly if -the described phehomenon g%

terest, controlled experiments are needed a e

merely casual observations as reported hefald

CONCLUSIONS

15 mmutes Longer penods seem 4ls0 to be. | -pressy
ent. The current equipment did not allow:
proper. registration of very short period flue
tions.

3.. The instability is a function of the geother
mal gradient. The double amplitude of the va
tions increases with increasing gradient for othérZ
wise constant conditions. -

4. Simultaneous recordings spaced as closeh
as one foot did not reveal any correlation in m
tion. ;

5. Preliminary experimentation indicates tha
such holes may be stabilized by either decreasi
the well radius or mcreasmg the fluid v1sc051t 5

in large. diamet‘er wells.
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