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An integral component to understanding lithospheric rheology, fault 

mechanics, and geodynamic processes is knowledge of the subsurface thermal regime. 

This study presents thermal data from 26 new borehole sites drilled during the 

installation of borehole strain meters as part of the Plate Boundary Observatory 

(PBO). These data extends existing coverage for heat flow and radiogenic heat 

production measurements for California, which helps constrain the role of temperature 

in geologic processes such as the spatial and temporal pattern of deformation within 

this plate boundary zone. The boreholes are clustered in five areas: Anza (n=5), 

Parkfield (n=7), San Juan Batista (n=5), San Francisco (n=5), and Northern California 

(n=4). Temperature measurements are made to the bottom of each borehole, which 

vary in depth from 97 to 245 m. Measured temperatures were corrected for the 3-

dimensional effects of terrain and more than 900 thermal conductivity and 68 

radiogenic heat production measurements were determined from drill cuttings and 

core samples. Terrain corrected thermal gradients are combined with harmonic mean 

thermal conductivities to calculate heat flow. New heat flow values fall between 



 

    

approximately 52 and 95 mW m-2 in Anza, 42 and 121 mW m-2 in Parkfield, 67 and 

109 mW m-2 in San Juan Batista, 82 and 93 mW m-2 in the San Francisco Bay Area, 

and 38 and 65 mW m-2 in Northern California. New heat flow measurements reported 

for Northern California are low to moderate, consistent with values typically found in 

continental fore-arc regions along subduction zones. Heat flow values in the other 

areas show elevated heat flow that is characteristic for the California Coast Ranges. 
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1. Introduction 

 All geological processes involve the transfer of energy and quantifying the 

variation of heat flux from the Earth’s interior is a powerful tool for interpreting solid-

Earth processes and recent tectonic activity. Collecting thermal data and quantifying 

heat flow has led to a better understanding of Earth dynamics including plate boundary 

processes, the behavior of active fault systems, earthquake nucleation and rupture 

processes, and magmatism. 

 The objective of the Plate Boundary Observatory (PBO), a component of the 

EarthScope initiative, is to address outstanding scientific questions in modes and 

driving forces of distributed plate boundary deformation, time-dependent deformation 

and rheology of the lithosphere, and episodic tremor and slip [Williams et al., 2010].  

Focused studies of the continental seismic structure, strength of the lithosphere, modes 

of deformation, patterns of stresses and strain, and investigating the manner in which 

the lithosphere responds to excitation during earthquakes are therefore all a high 

priority.  The thermal state of the lithosphere, as indicated by heat flow, is a common 

factor linking these objectives and provides a strong observational constraint. Proxies 

for the thermal state of the lithosphere are ambiguous in their interpretation: seismic 

velocity anomalies are a function of mineralogic and fluid contrasts, elevation is 

sensitive to the underlying density structure, and the depth extent of seismicity is 

sensitive to strain rate and lithology.  Given the relevance of subsurface thermal 

conditions to physical processes controlling variations of lithospheric deformation, a 

greater knowledge of the subsurface thermal regime is an important contribution to the 
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verall objectives of EarthScope and the PBO experiment specifically. 

 Part of the instrumentation associated with the PBO involves drilling holes for 

the installation of strain meters.  These boreholes provided access to the subsurface 

allowing measurements of thermal gradients and rock cuttings for which thermal 

conductivity and heat production were measured. The focus of heat flow 

measurements reported here is along the San Andreas Fault System through California 

and areas north east of the Mendocino triple junction in Northern California. 

A heat flow map of California reveals regional characteristics related to the 

tectonic history of California [Blackwell and Richards, 2004]. The data coverage in 

California is reasonable for studies of regional scale processes but only a few areas, 

such as Parkfield, have coverage that allows detailed resolution of tectonic processes. 

There are at least two motivations for increasing the density of measurements in the 

heat flow database: (1) crustal scale geologic processes are strongly influenced by 

thermal regime; and (2) increased measurement density helps improve the signal-to-

noise ratio with respect to perturbations in subsurface temperatures introduced by the 

surface terrain. Because heat flow is a gradient measurement, it is very sensitive to 

extraneous signals in the shallow subsurface that come from the surface due to 

variations in solar radiation and topography as well as advective transport of heat from 

fluid flow. Increased measurement density helps improve the signal-to-noise ratio with 

respect to some of these influences, thereby providing data that are more 

representative of tectonic signals of interest. 
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This study adds to the California heat flow database by documenting 25 

additional heat flow measurements clustered in five areas (Figure 1). Four areas are 

along the San Andreas Fault: Anza, Parkfield, San Juan Bautista, and San Francisco. 

An additional cluster of boreholes is distributed in an area north of the Mendocino 

triple junction (MTJ). Temperature-depth profiles were measured in each borehole and 

are corrected for the 3-dimensional effects of topographic relief and variations in solar 

insolation at the surface. Rock samples were collected at various depths to measure 

thermal conductivity at 24 sites and radiogenic heat production at 15 sites. 
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Figure 1. Heat flow sites with values between 20 and 120 mW m-2 from previously 
published data (circles), new PBO locations (black diamonds) and the areas for 
discussion (black boxes) in this study. White has been assigned to values less than 20 
mW m-2. Approximate boundaries of major physiographic provinces (white lines) 
discussed in the text are adapted from Mase et al. [1982] and Erkan and Blackwell 
[2008].  BR, Basin and Range; GV, Great Valley; CAS, Cascades; CR, Coast Ranges; 
GV, Great Valley; MB, Mojave Block; MTJ, Mendocino triple junction; PR, 
Peninsular Ranges; SN, Sierra Nevada; ST, Salton Trough.
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2. Geologic and Tectonic Setting of California 

California lies along the boundary between the Pacific (PAC) and North 

American (NAM) plates and has eleven physiographic provinces determined on the 

basis of broad-scale subdivisions in texture, rock type, and geologic structure and 

history [California Geological Survey, 2002]. Physiographic provinces serve as a 

useful tool to understand regional distributions of geologic terranes that are largely 

reflective of their tectonic history. A brief review of major physiographic provinces 

relevant to this study, their thermal regime, and tectonic history germane to their 

formation is given below. 

Evolution of the plate boundary along the west coast of North America has 

been the dominant tectonic process controlling the nature and distribution of 

physiographic provinces. Prior to ~30 Ma the plate boundary was marked by the 

subduction of the Farallon, Kula, and possibly other unnamed plates beneath North 

America [Atwater, 1970; Atwater and Stock, 1998]. Subduction zones are generally 

characterized by low heat flow in the forearc, high heat flow and volcanism in the 

magmatic arc and lower but relatively high heat flow in the backarc [e.g., Ziagos et 

al., 1985; Lewis et al., 1988; Currie and Hyndman, 2006]. The forearc has relatively 

low heat flow due to thermal energy being advected downward by the down-going 

oceanic plate, thereby isolating it from high asthenospheric temperatures [Currie & 

Hyndman, 2006; Erkan and Blackwell, 2009].  In Cascadia, heat flow decreases by 

about 30 mW m-2 over the forearc [Lewis et al., 1988].  The ascent of magma and 
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volatiles through the magmatic arc elevates heat flow values and in Cascadia heat flow 

reaches as much as 120 mW m-2. The transition in heat flow between the forearc and 

magmatic arc occurs over a lateral distance of ~30 km indicating a sharp thermal 

gradient. However, the ascent of volatiles or advective fluid flow through porous 

volcanic rocks can be present in some locations and not in others such that magmatic 

arcs often display a wide range of heat flow values over short lateral distances [Mase 

et al., 1982]. Heat flow in the backarc decreases but generally stays high relative to the 

continental average of 50 mW m-2. The southern Cordillera backarc of Cascadia is 

characterized by heat flow of ~ 75 mW m-2 [Lewis et al., 1988] and heat flow in 

California is still influenced by this pattern of low forearc and high backarc heat flow.  

At approximately 30 Ma the Pacific-Farallon ridge system came in contact 

with the North America-Farallon trench south of the southern California – Baja border 

[Atwater, 1970].  This tectonic interaction resulted in the formation of two triple 

junctions, a transform-transform-trench triple junction, the Mendocino triple junction, 

and a ridge-transform-trench triple junction, the Rivera triple junction.  With time the 

MTJ has migrated north and the Rivera triple junction has migrated south.  As these 

triple junctions have diverged, a transform plate boundary has replaced the subduction 

plate boundary along California and is marked by the San Andreas Fault. North of the 

MTJ the PAC-NAM boundary is still marked by the subduction of Farallon remnant, 

the Gorda microplate. 

The tectonic history and heat flow of individual physiographic provinces are 
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reviewed by starting in the east. In the interest of time and space, discussion is focused 

on those provinces which are most germane to this study. 

 Sierra Nevada. The Sierra Nevadas are the uplifted remnants of a Cretaceous 

magmatic arc [Schweickert, 1981; Reid and Hamilton, 1987] that formed about 120 

Ma to 80 Ma and terminated in the Late Cretaceous. This magmatic arc intruded a 

previously sutured margin that juxtaposed ophiolitic rocks on the west with 

continental crust on the east [Dickinson, 2004]. This was followed by uplift of the 

Sierra Nevada batholith which stated started as early as 20 Ma and has accelerated to 

the present. 

The heat flow in the Sierra Nevada is less than 50 mW m
-2

 and is enigmatic 

because uplift and erosion tends to elevate heat flow [Saltus and Lachenbruch, 1991].  

Shallow subduction of the oceanic plate has been invoked to explain the low heat flow 

of the Sierran heat flow province [Blackwell, 1971; Roy et al., 1972; Henyey and Lee, 

1976].   This scenario is analogous with low heat flow in southern Mexico associated 

with a shallowly subducting slab that is ongoing [Ziagos et al., 1985].  If the 

conductive lithosphere is at least 60 to 90 km thick surface values of heat flow would 

not yet be warmed [Saltus and Lachenbruch, 1991] from the convective removal of 

the southern Sierra Nevada batholith root that is hypothesized to lead to the isostatic 

uplift [Zandt, 2003]. 

 Great Valley. The Great Valley of California lies between the Coast Ranges and 

the Sierra Nevada and is bounded to the north by the Klamath Mountains and to the 
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south by the Transverse Ranges. The Great Valley is a forearc basin nearly 700 km 

long, averaging 80 km wide, with marine sequences and clastic strata as much as 10-

15 km thick [Dumitru, 1988].  The western flank of the Great Valley is underthrust by 

the Franciscan assemblage and the eastern flank lies on the Sierra Nevada magmatic 

arc.  The Great Valley Sequence consists predominantly of mudstone, siltstone and 

conglomerates ranging in age from Late Jurassic to latest Cretaceous and derived 

igneous and subordinate metamorphic rocks of the Sierra Nevada and Klamath 

Mountains.  

Heat flow is the Great Valley is generally low relative to continental averages 

with values between about 25 and 35 mW m
-2

, almost 50% below the continental 

average.  These low values are attributed to the lingering impacts of subduction and 

the transient effects of sedimentation [Erkan and Blackwell, 2008, 2009].  

 Cascade Range. The Cascade Range consists of a chain of Quaternary 

volcanoes roughly parallel to Cascadia subduction zone where the Gorda and Juan de 

Fuca plates are subducting beneath North America. This province extends south to 

near the landward projection of the Mendocino transform and fracture zone that 

represents the southern edge of the subducting Gorda plate.  In California, the Cascade 

Range is bounded to the east by the Basin and Range and the west by the Klamath 

Mountains and is the modern magmatic arc. In the California portion of the Cascade 

Range heat flow is variable, ranging from 10 to 80 mW m-2 [Mase et al., 1982].  The 

low values are attributed to the downward advection of heat by fluid flow.  The large 
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downward advective flux is attributed to the combination of large topographic relief, 

high rates of precipitation, and the presence of permeable volcanic rocks. 

 Coast Ranges. The Coast Ranges along the western edge of the Great Valley 

and California are the product of the recent rearrangement of tectonic forces along the 

PAC-NAM plate boundary when the subduction of the Farallon plate reached 

completion. This dextral transform boundary has transported rocks such that the Coast 

Ranges along the San Andreas Fault are complex collections of several terranes that 

include sedimentary, metamorphic, and igneous rock. Two terranes stretch along much 

of the Coast Ranges in California, the Salinian Block and Franciscan subduction 

complex. The Salinian Block is dominantly Cretaceous granites overlain by Tertiary 

marine sedimentary rocks while the Fransican subduction complex consists of a 

heterogenous mélange of mainly greywache, shale, greenstone, and chert [Page et al., 

1998].   

Heat flow in the Coast Ranges north of the MTJ is relatively low falling 

between 20 and 60 mW m
-2

, attributed to the continued subduction of the Gorda 

microplate. The heat flow transition between the Coast Ranges and the Great Valley is 

sharp and occurs over a short distance, especially in the north. The sharp change in 

heat flow has been partially attributed to heat refraction due to contrast in thermal 

conductivity between rocks comprising the Great Valley and Coast Ranges, and partly 

by high surface heat flow caused by fast erosion in the Coast Ranges region [Erkan 

and Blackwell, 2008, 2009].  
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Heat flow in the Coast Ranges south of the MTJ is influenced by the Pacific-

Farallon spreading center intersecting the subduction trench ~30 Ma with relatively 

high values at 75 +/- 25 mW m-2 [Henyey and Wasserburg, 1971; Lachenbruch and 

Sass, 1980], which is 50% above the continental average [Erkan and Blackwell, 2008]. 

These high values extend 200 km south of the MTJ and then decrease to 

approximately the latitude of Los Angeles where the triple junction initially formed 

[Furlong and Schwartz, 2004]. This feature, called the Coastal Ranges thermal 

anomaly (CRTA), was initially explained by a slab-window model where the 

migrating MTJ leaves a gap within the lithosphere allowing upflow of hot 

asthenosphere [Dickinson and Snyder 1979; Lachenbruch and Sass, 1980]. Citing 

several features in the heat flow data that could not be explained by a slab-window, the 

idea was modified with a similar stalled-slab scenario by Erkan and Blackwell [2008]. 

Furlong and Govers [1999] propose the Mendocino Crustal Conveyor model, where 

heating is governed by viscous coupling within an evolving slab window. This model 

has been able to explain a long list of geologic and geophysical features including 

patterns in crustal deformation, transient crustal thickening and thinning, and the 

associated topographic, heat flow, and seismic character of the crust [see Furlong & 

Schwartz, 2004]. However, the CRTA is in a tectonically complex setting, reflected in 

the large scatter in heat flow, where tectonic forces are reworking crustal rocks by 

several processes which complicate its interpretation.  

 Mojave Block. The Mojave Block lies along the southern boundary of Sierra 



12 
 

    

Nevada and is bounded at the southwest by the “big bend” in the San Andreas Fault, 

the Garlock Fault to the northwest, Colorado River to the east, and adjoins the narrow 

junction between the northern and southern segments of the Basin and Range province 

[Glazner et al., 2002]. This region is relatively small compared to other provinces in 

California but lies at the junction of several physiographic provinces with a 

complicated history of transpressive, strike-slip, and extensional tectonic forces since 

the late Oligocene [Glazner et al., 2002]. 

The Mojave Block is characterized by moderate to high heat flow with a mean 

of 72 +/- 20 mW m-2. This heat flow is attributed primarily to ongoing extension in the 

Basin and Range that thins the crust as well as  tectonic movement in the Eastern 

California shear zone that accommodates ~20% of the relative motion between the 

Pacific and North American plates in California [see Dokka and Travis, 1990; Savage 

et al., 1990; Sauber et al., 1994; Gan et al., 2000; Miller et al., 2001].  

 Peninsular Ranges. The Peninsular Ranges province southwest of the Mojave 

Block shares many traits with the southern Sierra Nevada, such as origin and rock type 

[Sedlock, 2003]. The Peninsular Ranges were emplaced as a batholith with 

compositionally distinct regions but are generally described as granodiorites [Sedlock, 

2003]. Heat flow is low-to-moderate (<70 mW m-2), generally decreasing in 

magnitude southward along the Baja California peninsula. 
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3. Heat Flow Determinations 

Heat flow through a medium is the product of the thermal gradient and thermal 

conductivity of that medium. If heat flow (ݍ) is one dimensional and conductive it can 

be expressed by Fourier’s equation, 

ݍ  ൌ െ݇ ο்ο௭,  (1) 

where ݇ is thermal conductivity, and 
ο்ο௭ is the thermal gradient determined from 

temperature measurements, ܶ, at depth, ݖ, with positive being downwards. The minus 

sign denotes that heat flows outwards from the interior of the Earth. Computations of 

heat flow therefore require measuring the temperature with depth and collecting rock 

samples to determine the gradient and thermal conductivity, respectively.  

Analysis of thermal data and computation of heat flow is based on a 

standardized methodology that consists of the following steps [Birch, 1950; Blackwell 

et al., 1980]: (1) visually inspecting temperature-depth profiles for depth intervals with 

constant gradients; (2)  correcting the thermal gradient for the 3 dimensional effects of 

terrain; (3) computing the harmonic mean thermal conductivity across the intervals 

corresponding to thermal gradient determinations. 

3.1 Temperature measurements 

Temperature-depth measurements were made to the bottom of each borehole, 

typically 200 m deep or greater, located in five areas of California (Table 1). 

Temperature-depth data from the San Francisco area was collected between 2001-
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2002 and in other areas between 2006-2007. Temperatures were logged with U.S. 

Geological Survey (USGS) portable logging equipment and measured every foot using 

a thermistor probe, four-conductor cable, and digital ohmmeter as the probe was 

continuously lowered and logged on a laptop computer. The precision and accuracy of 

this equipment is estimated to be better than 0.01 K and 0.1 K, respectively. 

Measurements were made weeks after the holes were drilled to minimize the lingering 

thermal perturbations introduced by drilling. 

Observed temperature-depth measurements often contain signals related to 

variations in surrounding terrain that mask the background thermal gradient related to 

tectonic signals of interest. Temperature-depth data acquired in areas with rugged 

terrain, as is the case for borehole locations in this study, require a correction to 

account for these disturbances. 

3.2 Terrain Correction 

The presence of topographic relief introduces measureable perturbations to 

subsurface temperatures in the upper few hundred meters, masking the regional 

thermal regime. In general, these effects perturb subsurface isotherms so they are 

compressed under valleys and spread out under mountains, increasing and decreasing 

the thermal gradient, respectively. In the past, semi-quantitative estimates have often 

been used to argue that terrain corrections are small and their effects remain as a 

component of noise. In many cases this was adequate because boreholes dedicated for 

heat flow measurements were located away from significant changes in topography.  
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As boreholes of opportunity that are less desirably located are used for heat flow 

determinations, the influence of topography becomes a more important consideration.  

In this study boreholes were sited for strain meter emplacement and are often in areas 

of large topographic relief. With the advent of modern high-resolution digital elevation 

models (DEM) and the relatively low cost of computation, terrain corrections can now 

be made more routinely than they have been. 

Blackwell et al. [1980] summarizes approaches to terrain corrections and notes 

that they fall into two classes: (1) an exact solution to a simple geometric shape that 

approximately fits the actual topographic surface [Lees, 1910; Jaeger and Sass, 1963; 

Lachenbruch, 1968, 1969]; and (2) an approximate solution to a more accurate 

representation of the topographic surface [Birch, 1950]. The latter approach was 

advanced [Blackwell et al., 1980] by including effects for variations in insolation 

(solar radiation) at the surface and using Fourier series. I briefly outline the method 

before providing a more complete description of the technique. 

This terrain correction quantifies perturbations to subsurface isotherms in 

terms of changes in elevation and solar insolation of the terrain surrounding the 

borehole location. This correction consists of first constructing a planar map of 

temperature changes at the elevation of the borehole, referred to as the borehole plane. 

The DEM used for all corrections in this study has a resolution of 30 m and terrain 

corrections are computed to a lateral distance that is ten times the borehole depth. 

Terrain beyond this distance does not produce statistically significant disturbances to 
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the thermal gradient measured at the borehole [Blackwell et al., 1980]. Spatial 

variations in temperature due to other factors, such as microclimatology and radiative 

properties, are not included. Including these factors greatly increases the number of 

free parameters that are generally not available. It is also noteworthy that the 

important quantity is the change in temperatures relative to the borehole rather than 

absolute magnitudes. 

The second step consists of diffusing the temperature changes on the borehole 

plane into the subsurface. This is accomplished with a Fourier series approach and 

upward continuing (away from source) the temperatures into the subsurface. When 

these perturbations are subtracted from the observed thermal gradient, the influence of 

terrain is removed. Because this simulates a diffusive process, the thermal 

perturbations progressively attenuate and high wavenumber variations attenuate more 

rapidly with depth.  

For descriptive purposes, the terrain correction with synthetic temperature-

depth data at borehole VAR1 located in Parkfield, California is shown. VAR1 

illustrates key factors in the terrain correction that strongly influence its results. This 

borehole is situated near the bottom of a southeast trending canyon at an elevation of 

534 meters and is surrounded by topographic relief that varies by hundreds of meters 

(Figure 2a). The synthetic geotherm is constructed to a depth of 250 meters, consistent 

with the depths of many boreholes used in this study. The geotherm is constructed 

with a constant gradient of 51 C km-1 and a surface temperature of 20 C in the 
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absence of variable terrain. The presence of terrain is then imposed upon this initial 

geotherm such that the gradient is no longer constant (Figure 3a). The 51 C km-1 

gradient was recorded at CARR and is the highest corrected gradient from the PBO 

boreholes. Since thermal perturbations due to changes in elevation are proportional to 

the background gradient, the synthetic temperature-depth profile is parameterized 

using the largest observed thermal gradient in this data set. This sensitivity analysis 

maximizes the uncertainty in the thermal gradient due to elevation. The change in 

temperatures at the borehole plane resulting from local changes in elevation (ο ܶ௩) 
can be expressed by, 

 ο ܶ௩ ൌ ሺʒ െ  ሻο݄ , (2)ߚ

where ʒ is the background geothermal gradient, ߚ is the thermal gradient due to 

adiabatic lapse rate at the surface, and ο݄ is the change in elevation relative to the 

borehole location. Because ʒ is unknown it must be obtained iteratively, and is 

determined using the secant method. The lapse rate at the ground surface describes 

temperature changes as a function of pressure, heat capacity, and is influenced by 

water content of the ground. The lapse rate of the ground usually corresponds to that 

of air, which varies between approximately 6 and 7 C km-1 [Birch, 1950; Sass et al., 

1967; Blackwell et al., 1980]. In this study I use a lapse rate of 6.9 C km-1. Since 

geothermal gradients are typically greater than the lapse rate by a factor of two or 

more, the difference ሺʒ െ  ሻ is positive. As ʒ becomes greater, the effect ofߚ
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elevation changes increases. Estimates of temperature changes at the borehole plane 

due to elevation (Figure 2b) are positive in areas above the borehole elevation and 

have a maximum of approximately 18 C. Correcting for this effect at a location below 

much of the local relief decreases the gradient (Figure 3b). 

Insolation is a measure of solar energy impinging on the surface of an object 

per second (W m-2). The flux of solar energy on the surface of the Earth is dependent 

on the topographic slope and azimuth. Due to the tilt of Earth’s axis, surfaces with 

south-facing slopes in the northern hemisphere receive maximum insolation when 

their slope is equal to their latitude. The magnitude of insolation each surface element 

receives is straightforward to calculate using geometric relations between the local 

surface and the sun. These equations are given in standard textbooks on solar 

engineering and not repeated here [see Kreith and Krieder, 1978; Duffie and Beckman, 

1991]. Calculations here assume solar radiation is striking the Earth as a plane wave 

with an average intensity for an annual cycle (1367 W m-2) at the top of the 

atmosphere. Of this quantity, only about 22% reaches the ground surface due to 

scattering, reflection, and absorption of energy by chemical species in the atmosphere 

[Gates, 1980].  

Insolation at the surface is calculated relative to the borehole location (οݏ݊ܫ) 
and converted to a change in temperature (ο ܶ௦) using an empirical formulation, 

 ο ܶ௦ ൌ  (3) ,ݏ݊ܫοܥ

where C (Cm2 W-1) is the insolation efficiency factor. The efficiency factor is not well 
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known and is a source of large uncertainty in this method. VAR1 lies on a south-facing 

slope that constitutes a local high in solar insolation so negative temperature changes 

due to this factor have a greater magnitude (Figure 2c). Negative values are seen on 

the northeast-facing canyon wall and positive values along the southwest-facing 

canyon wall. The magnitude and high wavenumber features of temperature changes 

observed here are generally seen at other borehole locations. When the terrain 

correction is applied to areas that are local maximums in solar insolation, the corrected 

gradient will be greater than the observed gradient (Figure 3b).  

The complete terrain correction accounts sums these two effects at the borehole 

plane (ο ܶ), 
 ο ܶ ൌ ο ܶ௩  ο ܶ௦, (4) 

to then be diffused into the subsurface. Temperatures on the borehole plane (Figure 

2d) are predominantly affected by ο ܶ௩ which has higher magnitudes and smaller 

wave number variations (Figure 2b) than those attributed to ο ܶ௦ (Figure 2c). If the 

sum of ο ܶ is positive (Figure 2d), then the corrected gradient will be less than the 

observed gradient. In this example, the observed gradient of 56.1 C km-1 is decreased 

to 50.5 C km-1 (Figure 3c), +/- 1% of the originally modeled gradient in the absence 

of terrain, 51 C km-1. This decrease in gradient is expected for a location below much 

of the surrounding topography.  

The lapse rate and the solar insolation efficiency factor are two free parameters 
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in this technique. The sensitivity of the terrain correction to these parameters is 

assessed by computing the average absolute-value percent change and standard 

deviation of the gradients for all boreholes in this data set (Figure 4). The lapse rate is 

varied between 5 and 8 C km-1 (Figure 4a). Results show that in general gradients 

change by 5% and there is little change in the standard deviation such that the 

correction is relatively insensitive to variations in the value. I use a value of 6.9 C 

km-1 to be consistent with values used in previous studies [e.g. Birch, 1950; Sass et al., 

1967; Blackwell et al., 1980; Mase et al., 1982]. The efficiency factor is varied 

between 0.05 and 0.5 C m2 W-1 (Figure 4b). The mean percent change in the thermal 

gradients varies between approximately 5 and 12%.  Note also that the standard 

deviation of changes increase with increasing values of C.  Previous studies use a 

value of 0.1 C m2 W-1 [e.g. Blackwell et al., 1980; Fulton et al., 2004] and I adopt 

this value as well. 

This technique has been used to correct previously published heat flow values 

in the Parkfield region of California [e.g. Williams et al., 2004; Fulton et al., 2004]. 

Results from the correction improved the signal to noise ratio, reducing scatter in the 

data set, and helped to provide a limit  on the maximum value for the coefficient of 

friction on the fault. This provided more compelling evidence that the San Andreas 

Fault is weak in that region relative to the frictional strength of common rock types by 

laboratory experiments [Byerlee, 1978].  
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3.3 Thermal Gradient 

The first step in calculating the background heat flow consists of visually 

inspecting temperature-depth profiles for constant gradients. In practice thermal 

gradients are generally best in deeper sections of data to minimize disturbances that 

can be present from several different sources at the surface. Thermal gradients are 

corrected for effects of terrain and estimated by a least squares fit over the selected 

depth interval. Depths are reevaluated if subsequent analysis shows visible curvature 

in the geotherm. Temperature-depth profiles for 26 boreholes are grouped and 

discussed by their respective regions (Figures 5 through 9). Profiles are plotted against 

relative temperature to avoid overlap and surface temperature intercepts from terrain 

corrected data are given for each borehole (Table 2) so that actual temperatures can be 

estimated. In general, temperature logging started just below the surface in air where 

convection makes the measurement of formation temperature unreliable.  Sharp jumps 

in temperature are usually visible below this section and indicate the depth of the 

water table. Variability below the water table in some cases can be interpreted in terms 

of ground surface warming or fluid flow. 

3.3.1 Anza 

 Temperature-depth profiles for five boreholes in the Anza region are shown 

(Figure 5). Gradients at Anza are approximately constant below ~100 m depth and 

vary between 19.8 and 27.2 C km-1 (Table 2). Borehole FRD1shows small amplitude 

oscillations of approximately 0.12 C. At approximately 190 m there is an increase in 
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thermal gradient that coincides with an increase in thermal conductivity. Terrain 

corrections decrease the calculated gradient at all locations. These decreases are 

consistent with borehole locations that lie below most of the surrounding terrain 

and/or at a local high in solar insolation.  

3.3.2 Parkfield 

 Temperature-depth data for seven boreholes in Parkfield are shown (Figure 6). 

Sharp temperature jumps in the shallow subsurface indicate the local depth to the 

water table.  With the exception of borehole GDHL that intersected granite, boreholes 

in the Parkfield area cored sandstone (Table 1). Sandstones are generally more 

permeable than crystalline rocks and temperature-depth profiles show greater scatter 

that likely indicates the influence of fluids.  For example, borehole ORTG is visibly 

perturbed and nearly isothermal across the depths measured.  Borehole BKWL is less 

perturbed but shows perturbations that could be consistent with fluid flow.    

 Thermal gradients for these boreholes vary between 16.4 and 46.9 C km-1 

(Table 2). Terrain corrections generally decrease the gradient, consistent with 

boreholes being located in local topographic lows. One significant exception is 

borehole BKWL due to its location above most of the surrounding topography. 

Gradients at GDHL and INSP are shallow relative to others and thus represent less 

reliable values. GDHL also shows several changes in gradient for the last 40 m that 

make its low value here particularly questionable. 

3.3.3 San Juan Bautista 
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 Temperature-depth curves for five boreholes in San Juan Bautista are shown 

(Figure 7). The maximum depth for these sites are <180 m and represent some of the 

shallowest boreholes used for this study. Perturbations apparent in PRCQ and SOSJ to 

~60 m likely reflect a deeper water table than at other boreholes. Excluding CARR, 

thermal gradients vary between 19.0 and 26.0 C km-1. The thermal gradient at CARR 

is questionable due to its anomalously high value of 51.6 C km-1, which does not 

agree with any previous findings in the area. SOSJ also shows oscillations in its deeper 

portions which could represent environmental noise.  

3.3.4 San Francisco 

 Temperature-depth curves for five boreholes in San Francisco are shown 

(Figure 8). Temperature profiles generally have constant gradients in the deeper 

portions of the boreholes, with the exception of borehole SBRN. Thermal gradients in 

these boreholes vary between 26.6 and 46.2 C km-1 (Table 2).  

Terrain corrections are small relative to other areas in this study because the 

topographic relief is more subdued. The terrain correction at borehole OXMT 

increases the gradient because this borehole is sited at a topographic high that faces 

south. The temperature depth profile at OHLN displays curvature over much of the 

geotherm, but is linear between approximately 120 and 170 m.  Below 170 m there is 

a conspicuous departure from the background gradient that likely indicates fluid flow 

through a fracture. 
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3.3.5 Northern California 

 Temperature-depth curves for four boreholes in Northern California are shown 

(Figure 9) and are drilled to depths ranging from 100 to 250 m. With the exception of 

borehole WDAP, gradients are approximately constant over intervals deeper than 60 

m. In this region, gradients vary between 17.3 and 31.3 C km-1 (Table 2). Terrain 

corrections are generally modest, except for borehole GSQT where the terrain 

correction results in a 2.6 C km-1 decrease attributed to its location in a valley.  

3.4 Thermal Conductivity 

Thermal conductivity measurements were made by the USGS on rock chips 

recovered during drilling. Rock chips were typically collected over 10 foot intervals 

and were measured with an emphasis on the deeper part of each borehole. 

Measurements were made using a divided bar apparatus that uses a steady state 

technique. Rock chips are packed into cylindrical cells and are saturated with water 

under a vacuum. These cells are then placed between two temperature controlled 

cylinders where the vertical heat flow is regulated by a warm-water bath at the top and 

cold-water bath at the bottom. This configuration reduces the likelihood that the fluid 

in the sample will convect. Temperature is measured at the top and bottom of the cell 

so that the thermal gradient through the cell can be computed. The thermal 

conductivity is computed as the ratio of the heat flow to the thermal gradient, 

following Fourier’s law (equation 1). The porosity of the cell is determined by 

weighing the sample before and after flooding. The bulk thermal conductivity is 
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computed from, 

 ,  (5) 

where  is the thermal conductivity of water,  is the porosity, and is the thermal 

conductivity of the rock chips. In-situ thermal conductivity is computed by applying 

this equation a second time using the formation porosity. Estimated uncertainties for 

this method are typically 5% [Sass et al., 1971].  

3.4.1 Anza 

 Lithologies recovered in the Anza area generally consist of crystalline rock and 

are primarily granitic (Table 1).  Harmonic means of thermal conductivities vary 

between 2.62 and 3.61 W m-1 K-1 (Table 2). Histograms of thermal conductivity for 

each borehole show a relatively narrow range with the exception of PATH and FRD1 

(Figure 10).  

3.4.2 Parkfield 

 Lithologies recovered in the Parkfield area are predominantly sandstones 

(Table 1). Thermal conductivity of sandstone is generally more variable than 

crystalline rocks. Thermal conductivity scales with quartz content and decreases with 

clay content. Harmonic mean thermal conductivities and standard deviations vary 

between 2.30 to 4.88 and 0.09 to 0.87 W m-1 K-1, respectively (Table 2). JCYN and 

BKWL show a broad distribution of values relative to that observed at other boreholes 

here (Figure 11). BKWL has a harmonic mean that is 1 W m-1 K-1 greater than any 

other values in Parkfield and thermal conductivity varies greatly at this site. VAR2 and 
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JCYN have fewer thermal conductivity measurements that may present artificially low 

standard deviations not reflective of the inherent variability. 

3.4.3 San Juan Bautista 

 Lithologies recovered in the San Juan Bautista area crystalline granodiorite 

rock (Table 1).  Harmonic means of thermal conductivities vary between 2.62 and 3.61 

W m-1 K-1 (Table 2). Harmonic means and standard deviations fall between 2.94 to 

4.19 and 0.13 to 0.43 W m-1 K-1, respectively. Histograms of thermal conductivity 

(Figure 12) for CARR and SOSJ show a wide range of values relative to the narrow 

range of the other boreholes here.  

3.4.4 San Francisco 

 Lithologies of boreholes in the San Francisco area include sandstone, 

greenstone, quartz diorite, and greywacke (Table 1). Harmonic means and standard 

deviations fall between 1.83 to 3.46 and 0.10 to 0.41 W m-1 K-1, respectively (Table 2). 

Histograms of thermal conductivity (Figure 13) show MHDL has a wide range of 

values relative to the narrow range of the other boreholes here.  

3.4.5 Northern California 

 Lithologies of boreholes in Northern California include andesite (Table 1). 

Harmonic means and standard deviations fall between 1.92 to 3.40 and 0.072 and 0.19 

W m-1 K-1, respectively (Table 2). Histograms of thermal conductivity (Figure 14) 

show a relatively narrow range compared to some other areas in this study. Lower 

values at WDAP and YORK may reflect greater clay content or altered volcanic rock 
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like tuff in the cuttings.  

3.5 Heat Flow Results 

 Heat flow is computed as the product of the harmonic mean thermal 

conductivity and the thermal gradient over a specified section of the borehole. For 

each heat flow determination the depth interval and number of thermal conductivity 

samples used to compute the harmonic mean is given (Table 2). At some boreholes 

rock chips were not available and values of thermal conductivity were estimated from 

nearby data.  Heat flow values and their interpretation from each geographic area are 

discussed below. 

 3.5.1 Anza 

New heat flow determinations in Anza vary between 52 and 95 mW m-2 and 

show a bimodal distribution (Figure 15). The lowest value is associated with borehole 

KNWD and is associated with both the lowest observed thermal gradient and thermal 

conductivity, whereas the highest heat flow value at PATH is associated with a 

relatively high value of thermal conductivity and thermal gradient (Table 2).  

Previously published heat flow values [Henyey and Wasserburg, 1971; Lee, 

1980; Lachenbruch et al., 1985] show a broad distribution of heat flow that overlaps 

with the distribution reported here (Figure 16). Where new and old boreholes are 

relatively close together, values of heat flow generally agree.  The histogram shows 

the distribution of heat flow in this region falling between 27 and 95 mW m-2 with the 

mean and standard deviation to be 65 and 19 mW m-2, respectively. Implications and 
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detailed context for results will be discussed after heat production data have been 

presented. 

3.5.2 Parkfield 

 Six heat flow determinations in Parkfield are shown (Figure 17) and have a 

broad distribution of values that fall between 42 and 121 mW m-2 (Table 2). The 

highest values of heat flow are associated with boreholes VAR1 and VAR2 associated 

with anomalously high thermal gradients. Positive temperature perturbations occurring 

just above the section that was used to compute the thermal gradient may indicate that 

warm fluids are discharging into a fracture (Figure 6). The lowest observed heat flow 

is associated with borehole GDHL and may be affected by fluid flow. Williams et al. 

[2004] corrected published heat flow values [Sass et al., 1971; Lachenbruch & Sass, 

1980; Sass et al., 1997] for the three dimensional effects of terrain using the method of 

Birch [1950].  These revised values had a similar mean but a much smaller scatter 

(Figure 18), highlighting the importance of accurate terrain corrections. New and 

revised data fall between 42 and 121 mW m-2 with mean and standard deviation of 82 

and 15 mW m-2, respectively.  

3.5.3 San Juan Bautista 

 Five heat flow determinations in San Juan Bautista are shown with published 

values but only three are deemed reliable (Figure 19). Published heat flow values in 

this region have a mean and standard deviation of 76 and 13 mW m-2 [Henyey, 1968; 

Henyey & Wasserburg, 1971; Lachenbruch & Sass, 1980]. The terrain corrected heat 
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flow determinations vary between 67 and 109 mW m-2 with a mean and standard 

deviation of 79 and 20 mW m-2, respectively (Table 2). This excludes borehole CARR 

because it is an outlying value for this region at 199 mW m-2. Temperature profiles at 

boreholes CARR and SOSJ contain temperature fluctuations that suggest they may be 

perturbed by fluid flow. The remaining three boreholes have heat flow with a restricted 

range that varies between 67 and 71 mW m-2.  A histogram shows the distribution of 

heat flow found in this region (Figure 20) to fall between 50 and 109 mW m-2 with the 

mean and standard deviation to be 77 and 15 mW m-2, respectively. 

3.5.4 San Francisco 

 Five new heat flow determinations in San Francisco are shown (Figure 21). 

Reliable heat flow values were acquired at four of the five sites and vary between 82 

and 93 mW m-2 with a mean and standard deviation of 87 and 6 mW m-2, respectively. 

This excludes borehole SBRN because it is interpreted to be perturbed by fluid flow. 

The highest value determined is associated with SVIN and is the northernmost 

borehole while the lowest value is at the southernmost location, OXMT. A histogram 

shows the distribution of heat flow found in this region (Figure 22) to fall between 53 

and 106 mW m-2 with the mean and standard deviation to be 84 and 11 mW m-2, 

respectively.  

3.5.5 Northern California 

 Four new heat flow determinations in northern California are shown (Figure 

23) to be generally low to moderate and vary between 38 and 65 mW m-2. These new 
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values are considered reliable because their geotherms do not show visible distubances 

from fractures of fluid flow that would distort the constant gradients found here. A 

histogram shows the distribution of heat flow found in this region (Figure 24) to fall 

between 23 and 76 mW m-2 with the mean and standard deviation to be 50 and 16 mW 

m-2, respectively. 
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Table 1. Locations and lithology of PBO boreholes. 
Boreholes are shown by study area from south to north. 

PBO 
Code 

USGS 
Code 

Latitude Longitude Elev. 
m 

Lithology 

Anza 
B081 KNWD 33.7111 -116.7141 1482 Granitic 
B084 PFLT 33.6115 -116.4563 1294 Granite 
B087 FRD1 33.4955 -116.6026 1172 Granite 
B082 PATH 33.5981 -116.5960 1399 Gneiss 
B086 SRMT 33.5574 -116.5310 1396 Granitic 

Parkfield 
B073 VAR1 35.9467 -120.4717 534 Sandstone 
B073B VAR2 35.9445 -120.4418 645 - 
B900 BKWL 35.6860 -120.0030 220 Sandstone 
B079 JCYN 35.7157 -120.2057 472 Sandstone 
B072 GDHL 35.8300 -120.3500 419 Granite 
B901 INSP 35.6900 -120.1400 319 Sandstone 
B902 ORTG 35.6800 -120.1900 621 - 

San Juan Bautista 
- CARR 36.8899 -121.6229 192 - 
B059 PRCQ 36.7905 -121.4807 472 - 
B060 SOSJ 36.8224 -121.5276 94 - 
B067 OSR1 36.7650 -121.5655 151 Granodiorite 
B058 SJG1 36.7995 -121.5808 159 Granodiorite 

San Francisco 
- SVIN 38.0332 -122.5263 11 - 
- OHLN 38.0074 -122.2737 33 Sandstone 
- MHDL 37.8422 -122.4937 99 Greenstone 
- SBRN 37.6856 -122.4112 39 Qtz Diorite 
- OXMT 37.4979 -122.4248 224 Greywacke 

Northern California 
B038 GSQT 41.8456 -123.9800 1101 - 
B040 YORK 41.8308 -122.4205 828 Andesite 
B039 WDAP 41.5539 -122.4663 796 - 
B039A COFT 41.4667 -122.4847 927 Andesite 
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Table 2. Thermal data from PBO boreholes. 
Depth, shows interval over which gradients and 

 

k  are calculated. 
obs, gradient of observed temperatures.  
tc, gradient of temperatures corrected for 3-D effects of terrain. 
T0, surface temperature intercept calculated from solution of the corrected gradient. 
n, number of measurements. 

 

k , harmonic mean of thermal conductivity. 

 

q tc, heat flow from product of tc and 

 

k . 
*: Assigned values based on nearby published values. 
USGS 
Code 

Depth 
m 

obs 
C km-1 

tc 
C km-1 

T0 

C 

n 

 

k  
W-1m-1 K-1 

qtc 

mW m-2 
KNWD 150-240 20.3 19.8 12.6 28 2.62  0.28 52 
PFLT 178-210 23.6 23.5 16.9 11 2.74  0.18 64 
FRD1 118-179 26.5 25.6 15.8 5 3.61  0.18 92 
PATH 210-239 29.1 27.2 14.8 8 3.51  0.43 95 
SRMT 
VAR1 

81-242 
140-240 

25.7 
47.3 

23.9 
42.7 

15.4 
17.2 

44 
28 

2.84  0.38 
2.85  0.09 

68 
121 

VAR2 155-227 47.1 46.9 18.0 7 2.30  0.25 108 
BKWL 140-194 17.2 18.1 22.4 15 4.88  0.87 88 
JCYN 130-181 28.1 25.1 19.2 9 3.87  0.37 97 
GDHL 60-120 16.2 16.4 20.1 - 2.55* 42 
INSP 40-78 29.3 27.1 21.1 - 3.33* 90 
ORTG 
CARR 

60-187 
60-158 

- 
43.8 

- 
51.6 

- 
15.3 

37 
32 

3.33  0.41 
3.86  0.43 

- 
199 

PRCQ 140-157 17.0 19.0 14.0 7 3.75  0.13 71 
SOSJ 110-139 29.4 26.0 16.3 11 4.19  0.37 109 
OSR1 80-142 22.9 20.8 17.9 21 3.21  0.18 67 
SJG1 
SVIN 

110-150 
110-139 

22.3 
26.6 

22.9 
26.8 

18.9 
16.7 

14 
5 

2.94  0.21 
3.46  0.15 

67 
93 

OHLN 120-170 46.7 46.2 18.7 8 1.83  0.28 85 
MHDL 90-130 31.4 26.6 15.2 13 3.25  0.41 86 
SBRN 115-130 20.1 17.3 18.2 4 2.49  0.10 42 
OXMT 
GSQT 

120-200 
118-179 

32.6 
23.0 

37.2 
19.2 

13.7 
10.7 

12 
18 

2.20  0.16 
3.40  0.14 

82 
65 

YORK 150-245 31.9 31.3 13.1 29 1.92  0.072 59 
WDAP 90-105 20.6 20.3 15.0 6 1.93  0.13 38 
COFT 100-244 17.9 17.3 14.0 45 3.11  0.19 51 
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4. Heat Production 

 The radioactive decay of 232Th, 235U, 238U, and 40K in the shallow crust 

generates heat and is an important component to extrapolating geotherms to mid 

crustal depths and deeper [Jaupart and Mareschal, 2003]. Measuring radiogenic heat 

production in the crust can be performed using several techniques. In this study, 

recovered rock chips are used to measure the concentration of these radiogenic 

elements by chemical analysis using x-ray fluorescence (XRF) and inductively 

coupled plasma mass spectrometry (ICP-MS) at Washington State University in 

Pullman, WA. XRF is used to measure the percent weight of potassium (K), sample 

sizes were 3.5 grams, and results have a precision of +/- 0.031%. ICP-MS was used to 

measure the uranium (U) and thorium (Th) content in 2-gram samples with a precision 

and accuracy of +/- 0.01 and +/- 0.03 ppm, respectively. Rock samples were chosen on 

the basis of apparent mineral assemblage from visual inspection of rock chips. If there 

was an apparently dominant lithology then those were chosen; otherwise, samples 

were chosen across the interval in which heat flow was also calculated. Heat 

production is calculated using a procedure given by Rybach [1988],  

ܪ  ൌ ܪܥ  ்ܪ்ܥ   , (6)ܪܥ

where ܪ is heat production of the sample per unit mass, ܥ is the concentration of the 

respective element, and ܪ is the heat production per unit mass of the respective 

isotope. Values of ܪ for each element are given by Rybach [1988] as ܪ ൌ ͻǤͷʹ ൈͳͲିହ, ்ܪ ൌ ʹǤͷ ൈ ͳͲିହ, and ܪ ൌ ͵ǤͶͺ ൈ ͳͲିଽ W kg-1. ܪ is multiplied by an 
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assumed average continental crustal density of 2800 kg m-3 to convert the result to 

heat production per unit volume (W m-3) of rock. Rock samples for heat production 

are not available for San Francisco or Northern California but results are shown for the 

other 3 areas. 

4.1 Anza 

Heat production data from five boreholes are summarized (Table 3) and mean 

values fall between 0.939 and 2.70 W m-3. Histograms (Figure 25) of these values 

compare well with previously collected values [Henyey and Wasserburg, 1971; 

Lachenbruch et al., 1985]. The range of heat production values in this area is the 

largest of the areas considered in this study.  

4.2 Parkfield  

Heat production data for five boreholes show low to moderate values (Table 4)  

and fall between 0.949 and 1.40 W m-3. BKWL has an outlying value of 6.33 W m-3 

from a near-surface sample that has been is not used to calculate the mean and 

standard deviation. BKWL has the highest mean and standard deviation at 1.40 +/- 

0.615 W m-3 for PBO boreholes in Parkfield. This variability in heat production data 

is coincident with high variability in thermal conductivity for this borehole. Overall 

the heat production is relatively low for continental rocks and all measurements in this 

area lie within a narrow range of +/- 0.184 W m-3. 

4.3 San Juan Bautista 



58 
 

    

 Heat production data for five boreholes show low to moderate values (Table 5). 

Mean values vary from 1.07 to 1.76 W m-3 and  have a more restricted range relative 

to the other areas of investigated here (Figure 27), with a mean and standard deviation 

of 1.37 +/- 0.206 W m-3, respectively. 

4.4 San Francisco and Northern California 

 Rock samples were not available for boreholes in San Francisco and Northern 

California at the time heat production analysis was conducted. There are 4 published 

values in the San Francisco area with a mean of 1.55 W m-3 and 1 in Northern 

California at 1.1 W m-3. 
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Table 3. Summary of heat production data in Anza. 
Th, Thorium measurement in parts per million of sample from ICP analysis. 
U, Uranium measurement in parts per million of sample from ICP analysis. 
K, Potassium measurement in percent content of sample from XRF analysis. 
Heat Prod., Heat production value assuming 2800 kg m-3. 
n, number of samples for respective borehole used in calculation of mean. 
Mean, mean value of heat production. 
Borehole  

ID 
Depth  
(m) 

Th  
ppm 

U 
ppm 

K 
% 

Heat Prod  
W m-3 

n 
 

Mean 
W m-3 

KNWD 79-82 5.94 2.09 1.23 1.10   
KNWD 169-184 5.38 0.94 1.71 0.803   
KNWD 184-199 3.44 1.02 1.64 0.679   
KNWD 199-214 8.1 1.15 1.39 1.02   
KNWD 230-242 8.66 1.15 1.65 1.08 5 0.939  0.189 
PFLT 177-183 23.65 4.09 2.02 2.98   
PFLT 183-198 16.41 3.74 2.16 2.38   
PFLT 198-213 21.58 1.91 3.00 2.35 3 1.97  0.868 
FRD1 70-76 9.1 1.66 3.34 1.42   
FRD1 107-122 7.99 2.56 3.23 1.57   
FRD1 122-143 19.06 2.91 3.27 2.46   
FRD1 155-168 11.81 2.83 2.66 1.86   
FRD1 180-189 8.06 2.04 3.10 1.42 5 1.75  0.437 
PATH 76-91 12.72 6.46 3.01 2.93   
PATH 122-137 13.81 4.02 2.70 2.32   
PATH 152-168 8.78 2.56 2.41 1.55   
PATH 180-189 7.45 3.05 2.66 1.60   
PATH 229-241 24.84 11.44 2.83 5.11 5 2.70  1.46 
SRMT 107-122 3.76 10.13 1.00 3.07   
SRMT 152-165 3.3 1.29 1.44 0.720   
SRMT 168-183 8.18 1.67 1.05 1.13   
SRMT 213-223 1.92 0.75 0.92 0.427   
SRMT 229-244 3.38 0.99 1.25 0.628 5 1.19  1.08 

 
 

 

 

 



60 
 

    

Table 4. Summary of heat production data in Parkfield. 
Th, Thorium measurement in parts per million of sample from ICP analysis. 
U, Uranium measurement in parts per million of sample from ICP analysis. 
K, Potassium measurement in percent content of sample from XRF analysis. 
Heat Prod., Heat production value from procedure given in Rybach, 1988. 
n, number of samples for respective borehole used in calculation of mean. 
Mean, mean value of heat production. 
Borehole  

ID 
Depth  
(m) 

Th  
  ppm 

U 
ppm 

K 
% 

Heat Prod  
W m-3 

n 
 

Mean 
W m-3 

VAR1 139-157 5.5 1.87 1.44 1.06   
VAR1 157-174 5.31 1.86 1.49 1.05   
VAR1 191-209 4.98 1.74 1.44 0.99   
VAR1 237-244 5.28 1.9 1.54 1.06 4 1.04  0.0337 
VAR2 111-115 4.75 1.71 1.44 0.96   
VAR2 136-139 5.65 1.89 1.56 1.09   
VAR2 171-174 5.53 1.86 1.65 1.08   
VAR2 223-233 5.66 1.93 1.60 1.10 4 1.06  0.0655 
BKWL 108-122 6.43 20.81 1.38 6.33   
BKWL 164-174 2.97 2.78 2.04 1.18   
BKWL 177-191 5.02 3.96 1.92 1.65   
BKWL 230-244 2.3 0.79 2.81 0.66   
BKWL 247-261 14.03 3.13 1.98 2.09 4 1.40  0.615 
JCYN 70-87 3.97 1.55 2.13 0.93   
JCYN 90-104 4.67 1.61 2.22 1.00   
JCYN 191-209 3.71 1.65 1.93 0.92 3 0.949  0.0436 
ORTG 191-195 4.43 1.43 1.25 0.84   
ORTG 198-202 3.45 1.2 0.92 0.67   
ORTG 202-209 4.01 1.35 1.01 0.77   
ORTG 209-212 6.52 2.27 2.34 1.33   
ORTG 212-216 5.78 2.04 2.01 1.18 5 0.960  0.283 
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Table 5. Summary of heat production data for San Juan Bautista. 
Th, Thorium measurement in parts per million of sample from ICP analysis. 
U, Uranium measurement in parts per million of sample from ICP analysis. 
K, Potassium measurement in percent content of sample from XRF analysis. 
Heat Prod., Heat production value from procedure given in Rybach, 1988. 
n, number of samples for respective borehole used in calculation of mean. 
Mean, mean value of heat production. 
Borehole  

ID 
Depth  
(m) 

Th  
  ppm 

U 
ppm 

K 
% 

Heat Prod 
W m-3 

n 
 

Mean 
W m-3 

CARR 183-186 5.48 1.73 2.13 1.09   
CARR 189-192 5.35 1.68 2.52 1.10   
CARR 207-210 4.21 1.27 2.48 0.90   
CARR 210-213 6.14 1.72 2.61 1.18 4 1.07  0.118 
PRCQ 91-107 9.65 2.41 3.67 1.73   
PRCQ 122-137 8.33 2.16 3.54 1.55   
PRCQ 137-152 8.75 1.78 3.38 1.47   
PRCQ 183-198 8.8 2.46 3.28 1.65   
PRCQ 198-213 6.97 1.77 1.81 1.18 5 1.52  0.214 
SOSJ 76-91 6.79 2.26 1.74 1.29   
SOSJ 107-122 7.71 1.54 2.03 1.19   
SOSJ 122-137 8.97 2.07 2.52 1.48   
SOSJ 168-183 3.98 0.92 3.17 0.86   
SOSJ 229-244 5.83 2.59 2.97 1.43 5 1.25  0.248 
OSR1 122-125 6.98 2.88 3.36 1.63   
OSR1 152-155 4.43 1.9 3.40 1.18   
OSR1 183-186 10.69 2.34 3.18 1.74   
OSR1 213-216 11.74 3.58 3.20 2.16   
OSR1 241-244 4.74 2.91 3.06 1.45 5 1.76  0.395 
SJG1 61-64 8.75 2.53 2.40 1.58   
SJG1 91-94 11.7 2.84 2.09 1.85   
SJG1 119-122 6.91 3.86 3.49 1.91   
SJG1 146-149 3.44 2.14 2.42 1.08   
SJG1 149-152 10.22 3.75 1.96 1.98 5 1.68  0.369 
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5. Discussion 

 The pattern of heat flow for specific study areas and its relation to tectonic 

history is now discussed to put these results into context. Some simple applications of 

these data are undertaken in some areas to demonstrate the use of the new data. 

5.1 Anza 

Heat flow data from Anza show a broad range of values (Figure 16).  This 

broad range may reflect the fact that  Anza lies at the junction of three physiographic 

provinces with the Transverse Ranges to the north, Salton Trough to the east, and 

Peninsular Ranges to the southwest. The Transverse Ranges to the north reflects 

compression tectonics coincident with transpressional forces related to the bend in the 

San Andreas Fault. Compressional tectonics is generally associated with low values of 

heat flow.  To the southeast the Salton Trough reflects the northward continuation of 

rifting associated with the Gulf of California and is associated with values of heat flow 

that exceed 140 mW m-2 [Lachenbruch et al., 1985].  To the west and southwest the 

Peninsular Ranges are associated with low values that may reflect the lingering effects 

of subduction [Sass et al., 1994]. 

The majority of heat flow measurements for Anza are within the Peninsular 

Ranges, which have low-to-moderate values (<70 mW m-2) that generally decrease in 

magnitude going southward along the Baja California peninsula. Early heat flow 

studies conducted in Southern California focused on the influence of frictional heating 

on faults. The first study concluded no single signal could be resolved due to the 
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relatively dense concentration of faults in the area and poor data coverage [Henyey 

and Wasserburg, 1971]. Subsequent heat flow studies have been regional in character, 

aiming to expand the existing data set [Lee, 1980] and to better understand the nature 

of heat flow in the Salton Trough as it relates to its tectonic evolution [Lachenbruch et 

al., 1985; Sass et al., 1994]. These four studies are responsible for all published heat 

flow values in this region and provide reasonable coverage for investigating geological 

phenomena in the crust for this area. The new data presented here expands coverage of 

heat flow and heat production information with results that generally agree with these 

published studies. I use this new data to evaluate the study by Magistrale [2002] on 

controls thermal regime and lithology place on the maximum depth of seismicity in 

the crust.  

Seismically active areas in the Earth’s crust show a general trend in the 

maximum depth to which seismicity will occur. This is thought to mark the transition 

from brittle (seismogenic) failure of rock to plastic (aseismic) flow for a particular 

lithology, and it varies with strain rate and rock type [Hill, 1992]. This occurs when a 

critical temperature is reached such that mineral species within a given lithology 

begins quasi-plastic deformation. This transition in the mode of deformation is thought 

to correspond to the cut-out depth (d95), the depth above which 95% of earthquakes are 

observed in the crust. [see Magistrale and Zhou, 1996; Magistrale, 2002; Bonner et 

al., 2003; Ben-Zion and Lyakhovsky, 2006]. 

Magistrale [2002] evaluated the depths of earthquakes in the Anza region determined 
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from well-resolved hypocenters as a function of heat flow and basement lithology. 

Subsurface lithologies present at d95 southwest of the San Gorgornio Pass and San 

Andreas Fault are assigned as feldspathic granites while areas to the east are schists 

from geologic and geophysical data [Magistrale and Zhou, 1996]. The critical 

temperature corresponding to the onset of plastic deformation is lithology-dependent, 

assigned to 300 C for schist and 450 C for feldspar-rich granitic lithology based on 

laboratory experiments [Magistrale, 2002]. Using heat flow and radiogenic heat 

production data, temperatures as a function of depth can be estimated and paired with 

lithology information to evaluate if this approach to seismic behavior agrees with 

observed seismic data.  

To calculate temperatures as a function of depth, Magistrale [2002] 

interpolates heat flow values between available data and assigns radiogenic heat 

production to 2 W m-3 at all points on the surface. The vertical distribution of heat 

production in the crust is then modeled by an exponential decay with depth,  

ሻݖሺܣ  ൌ ݁ି௭ܣ Τ ,  (7) 

where ܣሺݖሻ is radiogenic heat production per unit volume in the crust at depth ܣ ,ݖ is 

radiogenic heat production per unit volume at the surface and ܦ is a characteristic 

depth assigned to 10 km [Roy et al., 1968; Lachenbruch, 1970; Saltus and 

Lachenbruch, 1991; Magistrale, 2002]. This is a common model for radiogenic heat 

production in the crust. In this exercise, temperatures are calculated only using thermal 
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data reported here, the heat flow database, and heat production measurements instead 

of assuming uniform values at the surface. The depth that corresponds to critical 

temperatures for the respective lithology are then solved for by, 

 ܶሺݖሻ ൌ ܶ  ݖ  െ ଶݖ ሺ௭ሻଶ ,  (8) 

where ܶ ሺݖሻ is the temperature at depth ݖ, and ܶ  is surface temperature, assigned to 15 

C as prescribed by Magistrale [2002]. This surface temperature is an average for the 

Earth and is a reasonable estimate relative to other uncertainties like vertical 

distribution of heat production.  

The grid of points that determine d95 from high quality hypocenters in seismic 

data by Magistrale [2002] is shown (Figure 28) along with d95 determined by thermal 

data presented here and published values in Anza, California. Results show general 

agreement between d95 determined from seismic data and that of the lithology-heat 

flow approach outlined here. The PBO borehole at KNWD provides a particularly 

valuable data point as it illustrates the increase in d95 in response to transpressional 

tectonic forces that warps the crust downward faster than thermal equilibrium can 

occur [Magistrale, 2002]. Two data points to the east of the San Andreas differ 

strongly however, showing as much as an 8 km discrepancy. They are along the Salton 

Trough boundary which can complicate their interpretation as hydrothermal 

circulation and high heat flow is associated with that transtensional region 

[Lachenbruch et al., 1985]. This exercise confirms that heat flow and heat production 
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data determined from this study reflect the local thermal regime that is related to 

geologic processes along this plate boundary.  

5.2 Parkfield 

 Parkfield is situated at the transition between a creeping segment of the San 

Andreas Fault extending to the northwest and locked segment extending to the 

southeast [Bakun and McEvilly, 1984]. Topography is characterized by ridges and 

valleys subparallel to the fault trace with relief of ~1500 m. Lithology is highly 

variable with a complex structural juxtaposition of rock units [Saffer et al., 2003]. The 

lithology of the shallowest several hundred meters is composed of various sedimentary 

rocks, metamorphic rocks, extrusive volcanics, igneous intrusive rocks, and 

serpentinite [Saffer et al., 2003]. The regular recurrence of M5.5-6.0 earthquakes 

every ~22 years in the Parkfield area has led to an extensive deployment of 

instrumentation here in conjunction with the San Andreas Fault Observatory at Depth 

and an earthquake prediction project [Bakun and Lindh, 1985; Roeloffs and Langbein, 

1994; Sass et al., 1997; Williams et al., 2004]. These studies have provided the 

groundwork for numerous heat flow measurements relative to other areas and most 

boreholes here have been corrected for 3-D effects of terrain [Fulton et al., 2004; 

Williams et al., 2004]. 

The first heat flow determinations in the Parkfield area were done as part of a 

regional study of heat flow across the Western United States [Henyey, 1971] and later 

studies assessed the  presence of a heat flow anomaly associated with frictional 
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heating along the San Andreas Fault [Lachenbruch and Sass, 1980]. Laboratory 

experiments on the frictional properties of common rocks types suggest a generally 

constant frictional strength of 0.6 for brittle failure [Byerlee, 1978]. If this frictional 

property of rocks holds true in the field there should be a heat flow anomaly centered 

at the fault trace due to frictional heating, as a function of sliprate and scaling with the 

frictional strength of the fault surface [Lachenbruch and Sass, 1980]. Lachenbruch 

and Sass [1980] investigated several areas along the San Andreas, including Parkfield, 

to see if such an anomaly existed. Their results showed that the San Andreas is a weak 

fault and would require a frictional strength of ~0.1, which has since been confirmed 

by several later studies [see Saffer et al., 2003; Fulton et al., 2004]. However, there 

has been debate on this issue as orientations in the stress field surrounding the fault 

supports the presence of a strong fault [Scholz, 2000].  

Heat flow in Parkfield is elevated as part of the Coastal Ranges Thermal 

Anomaly (CRTA) interpreted to be caused by the northward passage of the MTJ 

millions of years earlier (Figure 18) [see Furlong and Schwartz, 2004]. Heat flow 

measurements presented here (Table 2) are consistent with conductive transfer of heat 

and elevated values related to the CRTA. Heat flow at VAR1 and VAR2 are higher 

than values previously found. GDHL is a questionable value, however, due to its 

shallow measurement, variable geotherm, and poor agreement with nearby values.  

5.3 San Juan Bautista 

San Juan Bautista lies northwest of Parkfield, sharing similar geology and 
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tectonic history. This area lies in the central Coast Ranges with several mountain 

ranges and intervening valleys that are subparallel to the PAC-NAM plate boundary. 

The local mountain ranges have quasilevel crests with few pronounced peaks and are 

120 km to 300 km long, 10 to 50 km wide, and generally 400 to 1200 m high [Page et 

al., 1998]. The prevailing trend of the San Andreas in this area is N41° W and lies at 

the northwestern edge of a creeping section [Page et al., 1998; Johanson and 

Burgman, 2005; d’Alessio et al., 2006]. Deformed geologic units are primarily from 

the Salinian block, Franciscan complex, and Neogene rocks composed of marine 

sediments and some volcanics [Page et al., 1998]. The Salinian block is primarily 

granitic and metamorphic rocks while the Franciscan complex has mélange and large 

bodies of greywacke, shale, greenstone, and chert. Undeformed units are late 

Quaternary alluvium and terrace deposits found in the valleys.  

Heat flow determinations in San Juan Bautista (Figure 19) include studies 

looking at regional characteristics and frictional heating from faults [Henyey, 1968; 

Henyey and Wasserburg, 1971; Lachenbruch and Sass, 1980]. The majority of 

measurements made by Lachenbruch and Sass [1980] in their regional study of heat 

flow along the San Andreas Fault. More recently, studies have looked at data in this 

area as it relates to the transition between creeping and locked segments along the San 

Andreas Fault [Johanson and Burgman, 2005; d’Alessio et al., 2006].  

Heat flow measurements in San Juan Bautista show moderate to high heat flow 

related to the CRTA summarized previously. New heat flow determinations presented 
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here are consistent with this general trend. It is unclear what is responsible for the 

anonymously high value found at CARR. The abrupt change in gradient near 160 

meters depth (Figure 7) may be indicative of a fracture zone that is advectively 

transporting heat and elevating the gradient in this location. SOSJ presents the next 

highest heat flow found in this area and has a visibly variable geotherm. It may be that 

this relatively shallow borehole is unable to obtain gradients not perturbed by fluid 

flow. This area is known for fluid flow due to influx meteoric water within this highly 

faulted and porous terrane [Henyey, 1968; Henyey and Wasserburg, 1971]. 

Considering SOSJ is situated between two major faults to the East and West this area 

could be particularly susceptible to these influences. Rapid erosion in this area may 

also be a factor in some of the higher values found here. 

5.4 San Francisco 

San Francisco lies northwest of San Juan Bautista, sharing similar tectonic 

history shaped by the recent passing of the MTJ. Geology of the upper crust includes 

the Salinian Block, the Great Valley Sequence forearc basin, and Franciscan complex 

[Crandall, 1907; Page et al., 1998; Hole et al., 2000]. These terranes have granites, 

schists, sand dunes and serpentine rocks. Valleys and crests present throughout the 

area generally trend NE and SW, much like the San Juan Bautista area. The San 

Francisco area has several right-lateral strike-slip faults splay from the main trend of 

the San Andreas in this area, forming a broader fault zone relative to Parkfield and San 

Juan Bautista to the southeast. These faults include the San Andreas, Hayward, 
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Calaveras and several other smaller faults that pose significant hazard to the 

population residing in the San Francisco Bay area.  

The size of earthquakes can be expressed through the moment magnitude, M, 

 M = DA, (9) 

where  is the shear modulus, D is the slip and A is the area of the rupture.  The 

rupture area is the product of the rupture length and down-dip rupture width. To 

estimate potential maximum moment magnitudes it is important to place constraints 

on the maximum rupture depth, for which the thermal state places an important 

constraint. There are few direct observations of the depth extent of major events for 

this area because the seismic network in Northern California was installed in 1984 

[Northern California Seismic Network], after the major historical earthquakes in this 

region. The one major event that did occur, the 1989 Loma Prieta earthquake, initiated 

at 18 km depth [McNally et al., 1989; Dietz and Ellsworth, 1990] and ruptured into the 

mid and lower crust [Furlong and Langston, 1990].  This event suggests a thicker 

seismogenic layer than the 14 km depths indicated by previously recorded seismicity. 

Heat flow values in the Great Valley east of the San Francisco area vary 

between 45 and 60 mW m-2.  These values increase across the East Bay to 75 mW m-2 

and are generally higher than 75 mW m-2 within the Bay Area (Figure 1), generally 

increasing to the west.  From east to west across this region the maximum depth of 

seismicity generally decreases from the Great Valley and Calaveras faults that have a 

maximum depth of seismicity of about 20 km, to the Hayward and San Andreas faults 
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with maximum depths of seismicity of 12 and 11 km, respectively [Hill et. al., 1990].  

This inverse correlation between heat flow and maximum depth of seismicity was 

discussed by Sibson [1982] and most recently investigated by Bonner et al. [2003] 

across several areas in California.  

Heat flow measurements in San Francisco (Figure 21) were originally made by 

regional studies mentioned previously [Henyey, 1968; Henyey and Wasserburg, 1971; 

Lachenbruch and Sass, 1980; Sass et al., 1994] and observe elevated heat flow related 

to the CRTA. Results from this study agree with these findings, excluding SBRN 

which is interpreted to be perturbed by fluid flow. All other boreholes have geotherms 

consistent with conductive heat transfer (Figure 8) and results yield a tight grouping 

relative to other areas studied here (Figure 22).  

5.5 Northern California 

 From west to east, the Coast and Cascade Ranges cover the area of Northern 

California investigated here. This area comprises the southern forearc and western 

edge of the magmatic arc of the Cascadia subduction zone. Volcanic rocks in the area 

are characterized by high-alumina basalt or basaltic andesite that is often found at 

subduction zones of this type [Mase et al., 1982].  

Heat flow measurements in Northern California are relatively sparse due to 

rugged and remote terrain over much of the area. Mase et al. [1982] made several heat 

flow determinations to assess the potential for geothermal energy sources in this 

region. The four boreholes in this study thus present an important addition to data 
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coverage for this region. The heat flow is characterized by low-to-moderate heat flow 

becoming more variable and generally higher magnitude in the magmatic arc. The 

moderate value at GSQT is at least 10 mW m-2 higher than what has been expected for 

this forearc region but without another nearby value it is difficult to confirm if it is a 

representative value. 
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6. Conclusions 

 Temperature-depth profiles have been presented for 26 boreholes drilled into 

basement rocks in five areas of California. This data has been corrected for the three-

dimensional effects of relief and solar insolation, visually inspected for depth intervals 

with constant gradients, and thermal gradients have been determined by a least squares 

fit approach. Terrain corrections proved to change gradients by more than 1 C km-1 at 

half of the locations, generally decreasing the scatter and therefore accounting for this 

effect is important for accurate determinations of thermal gradients. Furthermore, new 

gradients presented here can be considered good quality relative to the several 

published measurements that do not accounted for these effects.  

Thermal conductivity data has been presented for 24 boreholes and used to 

compute heat flow. 25 new heat flow values have been presented and fall between 

approximately 52 and 95 mW m-2 in Anza, 42 and 121 mW m-2 in Parkfield, 67 and 

109 mW m-2 in San Juan Batista, 82 and 93 mW m-2 in the San Francisco Bay Area, 

and 38 and 65 mW m-2 in Northern California. Heat flow values in Northern 

California are low-to-moderate while the other areas show elevated heat flow that is 

characteristic for the California Coast Ranges. With the exception of boreholes CARR, 

ORTG, and SBRN heat flow values agree well with previous findings in each area and 

are consistent with the conductive transfer of heat.  

Heat production from radiogenic elements in the crust has been evaluated by 

chemical analysis of rock samples for boreholes in San Juan Bautista, Parkfield, and 
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Anza. Average values taken from 68 samples amongst these boreholes provide 15 

additional heat production measurements in California.  
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