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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
volcanism/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 loca and a regiona basis,
affects heat-flow measurements. Typical heat -flow values for
the Basin and Range province average 85 + 10 mWmi’. The
higher estimates are probably based on biased sets of heat-
flow measurements, and actual averages are on the order of
100 + 10 mWmi>. Geothermal systems appear to be related to
deep fluid circulation in an active tectonic setting rather than
to young silicic volcanic rocks. Young volcanoes occur along
the 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 exceedi ngl?/ 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 aluvial deposits in the
valleys and by the exposure of different strati?raphic 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 oontrols 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 therma 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 gedogy,
hydrology and volcanic history.

The history of heat flow studies in the Basin and
Range province dates back to the late 1960s.
Reconnaissance data in the Basin and Range were
discussed by Roy et al. (1968b? and Sass et al. (1971).
The most recent detailed heat flow map of northwestern
Nevada was presented by Sasset 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
typica of the province average (surface heat flow values
of about 85 + 10 mMWm™*); aregion of above avegage heat
flow (surface heat flow values of 100 + mWm™) which
was designated the Battle Mountain Heat Flow High; an
area of below average heat flow values which was named
the Eureka Heat Flow Low (surface heat flow values of
less than 60 mWm™2). 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 geotherma systems
subsequent to the major discussions in 1978, especialy 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
Volcanism and Intrusion
Extension
Thermal Refraction-Structure
Radioactive Heat Production
Erosion and Deposition
Loca Groundwater Flow
Geotherma Systems

* 41.84 mWm™ = 1 x 10° cal/cmPsec = 1 HFU
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observations, the regional effects on heat flow will be
discussed. These regiona 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, laterd 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 tota of 93 heat-flow measurements
for the Nevada portion of the Basin and Range province are
shown. The spacing of heat-flow stations is quite dense for a
continental region, but as will subsequently become obvious,
it is not dense enough to determine many of the
characteristics of the heat-flow pattern. Superimposed on the
heat-flow map are the contours of the Eureka Heat Flow Low
and Battle Mountain Heat_ Flow High. Heat-flow values
generally exceed 100 mWm within the area identified as the
Battle Mountain Heat Flow High. Elsewhere within the Basin
and Range province, heat-flow values are typically 85 + 10
mWm™ The thermal boundaries of the Basin and Range
province are very sharp against the Wasatch Mountains-
Colorado Plateau region on the east (Bodell and Chapman,
1982; Keller et al., 1979; Reiter et al., 1979) and the Sierra
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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.

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 avalley. On Figure 1, no “regiona” heat flow data
from the valleys are shown, so the two data sets do not
overlap geographically or geologicaly, 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 CONTROLSON 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 volcanism. 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 alarge part of the
high heat flow observed at the surface. Indeed, the
Lachenbruch and Sass (1978) models have a one-to-one
correlation between extension rate and intrusive
emplacement. These models were also applied to areas of
large-scale silicic volcanism such as Yellowstone and
Long Valley. In these areas, much more of the anomalous
surface heat flow is associated with intrusion than with
extension!
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Limits on the amount of extension are related to
isostatic effects. As stretching occurs, continental crustal
material is replaced by mantle material with a Iarﬁe
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—
dimensional 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 (bs), 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 eL:jplift (anet 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 dlightly lower than would be the case if
extension h 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
values of 1.5 to 2. Taking isostatic effects into account, a
net subsidence of 1.5 to 2.4 km is associated with the
required heat-flow anomaly of 40 to 60 mWm™?. These
observations can be compared to the mean topographic
height of the Basin and 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
lithospheric thickness of 94 km and a background heat flow
of 40 mWm? were assumed. Extension rates in percent per

million years are shown for each curve. The dashed line on
the plot is the locus of pointswithab value of 1.5.

These results may be compared to the various heat flow
subregions in the Basin and Range province. A typica
background heat flow_in the Basin and Range is
approximately 85 mWm2. The reduced or mantle heat flow
(the heat flow from below the upper crustal radioactivity
layer) is 59 mWm = approximately 50% of which is
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FIGURE 2. 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 extensiona 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 aea B is the region of the graph
consistent with present crustal thickness.

TABLE2. COMPARISON OF MECHANICAL SUBSIDENCE AND THERMAL UPLIFT
IN BASIN AND RANGE PROVINCE FOR 17 M.Y.

Extensional Mechanical Therma Net Surface

Strain Rate b Subsidence Uplift Subsidence Heat Flow

(WM.Y)) (I7M.Y.) (km) (km) (km) mwm2
0.8 114 0.67 0.24 0.43 78
1.7 1.29 1.33 0.54 0.79 84
25 143 1.83 0.73 1.10 93
3.6 161 243 0.91 152 104
4.6 1.78 2.87 1.02 1.85 117
5.6 1.95 3.25 111 111 128
6.5 211 354 117 2.37 140
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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
mWni?, and the reduced heat flow in the Battle Mountain
Heat Flow High according to Lachenbruch and Sass (1977,
1978) ranges from 85-100 mWni“, or approximately 30-45
mWm? in excess of the normal 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 obvioud
associated with geothermal systems rather than wit
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 volcanic activity, might be
expected. A generalized volcanic age map for the area
shown in Figure 1 is shown in Figure 3. The pattern has
been discussed by many people, recently including Stewart
and Carlson (19782 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 617
M.Y. and only aong the margins of the province are
younger, extensive silicic volcanic features found.

Various types of volcano/therma 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 volcanic/intrusive event. The
peak heat flow will depend on the actua distribution of
magma within the crust and lithosphere. However, after 1.5
M.Y. or so of cooling, al 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 tﬁat the higher estimates of heat
flow in the Battle Mountain Heat Flow High are too high to
be explained by the volcanic model if no silicic volcanism
in the areais younger than 6 M.Y. Because the heat flow is
also too high to be explained by extension, the apparent
mafgnitude of the regional heat flow pattern is somewhat
difficult to explain.
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FIGURE 3. Age of silicicvolgn.ism (generalized frogn
Stewart and Carlson, 1978). Light lines are 60 mWm™ h
flow contours.
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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 heat-flow variations due to sub- and intracrustal
sources, groundwater flow, thermal refraction and so forth,
would not have significant effects on the heat flow
distribution. Such linear arrays have been observed in
many places throughout the world (Roy et al., 1968a;
1972). Early studies of heat flow versus heat production for
the Basin and Range province indicated a regional linear
relationship 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 alinear relationship
between heat flow and heat production in this data set,

EOGIIIIIII'II Ll

{mwWmt)
HEAT FLOW

o

[}

o # BATTLE WM
5'0 E ] ﬂﬂ"' HIGH =
B B EURERA LOW

0.0 25 5.0 T.5
HEAT PRODUGTION, A, (oWnT®)

FIGURE 5. Surface heat flow as a function of surface
heat production (after Lachenbruch and Sass, 1977).

although most of the data lie between two lines with
intercept values of 50 mWm? and 90 mWm? (with slopes
of 9.4to 10 km).

In the Basin and Range province, unlike the Sierra
Nevada Mountains, it is not possible to avoid systematic

effects on the heat flow data, even by drilling heat-flow
holes only in granitic rocks, in large part because granitic
rocks represent only a small fraction of the exposed
bedrock of Nevada (2.8%, Archbold, 1972). Therefore, the
data shown in Figure 5 have al sorts of exraneous (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 apProxi mately 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 geothermal 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 regiona 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 spatia 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 vertica
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
SHeié;_h were made in very high thermal conductivity

imentary rocks. Average thermal conductivities at
these sites are over 4 Wmi*K™!. The thermal conductivity of
the granites where subsequent heat-flow values were
obtained is typically about 3 Wni'K™* (Sass, persona
communication, 1980). Typical therma conductivities
from some of the basins are 1-1.5 Wm'K'™. 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 refraction is
important in the results, consequently, heat-flow values
from any one geologic terain may not represent true
regional values.
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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).

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 distribution 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 varying therma 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
between gradient and conductivity. In fact, the reverse situation
is observed in each case.

Also down 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 volcanic rocks. Thus
some of the geologic complexities of the northern Basin and
Range in Nevada are more subdued in the part of the Basin and
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 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 holesin the valleysin Arizona
which are, asin 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 discussion is that
there may be a bias in heat flow toward too-high values if data
only from the ranges (including the high thermal conductivity
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 filled 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 greder. As a result of this contrast,
heat flows preferentially into the ranges, resulting in
systematically high valuesin 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-dliptical or semi-circular cylinder embedded in an
otherwise uniform media (see Jaeger, 1965). In this case, for
txpical 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-
boundigg 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 valey 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.
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FIGURE 8. Comparison of heat flow and thermal
conductivity at heat-flow sites in Arizona. The bars represent
ranges of values as observed in specific holes or areas.

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 midto 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 a great depth. In the extreme
limit, the model would be characterized more by constant
temperature than by constant heat flow, in which case (except
again in the immediate vicinity of the boundaries of the
inhomogeneities) the mean heat flow would be simply
proportional to the integrated thermal resistance from the
constant temperature plane to the surface.

A typicad model is shown in Fi%ure 9. A Basin and Range
vallely filled with rocks having a thermal conductivity of 1.7
Wm'K™* is embedded in material with a conductivity of 3.35
WK™, The geometry of the model is constant into and out of
the paper, and repeats that shown sideto-side. In a steady-state
case, it is assumed that the heat flow is uniform at great dezpth. If
the avera?e regional heat flow is assumed to be 72 mWm*, then
the heat flow observed in the valley 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? this
represents a 25% variation between the high and low heat-flow
values and an error in regiona 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 measurements in the ranges would be
16% higher than the regional average, and would be greater than
25% higher than the values measured in the adjoining valleys.

These results are consistent with the distribution of gradients
shown in Figure 7, and to some extent with the distribution of
heat-flow values shown in Figure 6, if the most thermally
conductive sedimentary rocks are not considered typical andthe
values in the granites are used for comparison instead. It is
interesting to note that peak heat-flow values associated with the
boundary of the range would be 96 mWmi?, 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 province
isso limited, it is argued that use of these sites for the
getermi nation of regional heat -flow values may have alarge

ias.
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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.




BLACKWELL

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 structura 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 Adquifers. 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 al 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 Rain 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 Palciauskas (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
hi?he;t 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 usualy 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 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 fow 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 commercialy 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 valeys (for example, the Desert Peak
geotherma 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 geotherma 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 Geotherma 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 areaincludes several geothermal
systems, one of which is Gerlach Hot Springs, but in
addition a really extensive data outside the geothermal
systems were also calibrated. Typica heat-flow values in
the Black Rock Desert are 40-60 mWni? along the axis of
the \alley, rising to 80-100 mWmi? 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 magjor gap in the data is that
few values are available from the ranges to compare to the
basin. A heat-flow value measyred in the granite of
Pahisupp Mountain was 188 mWmi*, clearly much in excess
of any possible regional value, and affected in some way by
ageothermal system.
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EXPLANATION

Quatemary playa, lake, alluvial tan, and
Gune deposits

Pre-Quatomary voicanic rocks and meta -
morphic rocks

Bor3 Granodorite {foliated southwest of Gertach)

~—~— Contact
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H 10 KM
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FIGURE 10. Heat-flow cgntours (solid line: 60, 80,
100, 200, 300, 500 mwWm<“) 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. Geothermal systems and published geothermal gradient/heat flow studies or data reports.

L ocation

Black Rock Desert

San Emedio Desert

Humbolt Sink

Carson Sink

Clan Alpine Mts.
Pueblo Mountains

Steamboat Hills

BuenaVista 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

Reference
Swanberg and Bowers, 1982
Sasset al., 1979
Sasset al., 1976
Mackelprang et al., 1980
Mackel prang, 1982

Benoit et al., 1982

Hill et al., 1979

Olson et al., 1979

Earth Power Prod. Co., 1980
White, 1968

McManneset al., 1981

Smith, 1983
Pilkington et al., 1980
Sasset al., 1977
Welchet al., 1981
Mase and Sass, 1980

Sasset al., 1976
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Superimposed on the heat-flow values are the depth-to-
basement contours, also from Mase and Sass (1980). There
is a good correlation between the heat-flow values and the
depth to basement, with the lowest heat-flow values bein
associated with the deepest part of the basin. Mase an
Sass (1980) suggested that regional downflow is occurring
inthe 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 ur)flow in the valleys (Mifflan, 1968).
Unfortunately, the lack of datain the ranges does not allow
a complete test of the Mase and Sass (1980) hypothesis.
Furthermore, geothermal 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 aong
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 geotherma sysems 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 additiona
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 geotherma systems
themselves. Many of the geotherma systems are
associated with the range-valley contacts; however, some

stems 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 wfficient{la?/
constrained to allow description of the nature of a “typical”
geothermal flow system in the Basin and Range province.

DISCUSSION

The object of this paper has been to investigate the
effects 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 therma source is
approximated by a body a a temperature of 1350°C
emplaced between 10 and 20 km. The 1350°C includes the
regiona background, which was calculated for a Basin and
Range heat flow of 80 m\Wni® 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.

Hesat -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 mWm, with a variation from below 100
to over 120 mWm?, except in the vicinity of the range-
bounding faults, where variations would be more extreme. If
the intrusive has cooled for a period of 10 M.Y ., then the
mean heat flow drops to 90 mWmi® while the heat flow
varies from about 80 mWmi in the valleys to 100 mWmi? in
the ranges. The variation of observed heat-flow values for
the valleys and the ranges in the Battle Mountain Heat Flow
SHeigh, ignoring the extremely high heat-flow values in the

imentary 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 + 5M.Y.
would approximate the midpoint of the range of observed
data. There is dlightly 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
iaxtgnsion would be required to keep the heat flow at a high
evel.

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 permesability crust
(due to the extension) with relatively high gradients due to
high re?ional heat flow results in the obsaved pattern of
heat flow and geothermal systems. Geothermal
manifestations are associated in many cases with range-
bounding faults, although there is no simple relationship
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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 redigtic and accurate pattern of heat-flow
distribution and the controls on that distribution in the
Basin and Range province can be devel oped.
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