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Conversion Factors

International System of Units to U.S. customary units

Multiply By To obtain

Length

meter (m) 3.281 foot (ft)

kilometer (km) 0.6214 mile (mi)

kilometer (km) 0.5400 mile, nautical (nmi)

meter (m) 1.094 yard (yd)
Density

gram per cubic centimeter (g/cm?) 62.4220 pound per cubic foot (Ib/ft®)

Temperature in degrees Kelvin (K) may be converted to degrees Celsius (°C) as follows:
°C=K-273.15
Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
°F=(1.8 x°C) + 32.
Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/18.

Datum

Vertical coordinate information is referenced to the World Geodetic System 1984 (WGS84).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Abbreviations

CEUS Central and eastern United States
NCM National Crustal Model
USGS U.S. Geological Survey
WUS  Western United States



Temperature Model in Support of the U.S. Geological
Survey National Crustal Model for Seismic Hazard Studies

By Oliver S. Boyd

Abstract

The U.S. Geological Survey National Crustal Model (NCM) is being developed to assist with earthquake hazard and risk
assessment by supporting estimates of ground shaking in response to an earthquake. The period-dependent intensity and duration
of shaking depend upon the three-dimensional seismic velocity, seismic attenuation, and density distribution of a region, which
in turn is governed to a large degree by geology and how that geology behaves under varying temperatures and pressures.

A three-dimensional temperature model is presented here to support the estimation of physical parameters within the U.S.
Geological Survey NCM. The crustal model is defined by a geological framework consisting of various lithologies with distinct
mineral compositions. A temperature model is needed to calculate mineral density and bulk and shear modulus as a function
of position within the crust. These properties control seismic velocity and impedance, which are needed to accurately estimate
earthquake travel times and seismic amplitudes in earthquake hazard analyses. The temperature model is constrained by obser-
vations of surface temperature, temperature gradient, and conductivity, inferred Moho temperature and depth, and assumed
conductivity at the base of the crust. The continental plate is assumed to have heat production that decreases exponentially with
depth and thermal conductivity that exponentially changes from a surface value to 3.6 watts per meter-Kelvin at the Moho.

The oceanic plate cools as a half-space with a geotherm dependent on plate age. Under these conditions, and the application of
observed surface heat production, predicted Moho temperatures match Moho temperatures inferred from seismic P-wave veloci-
ties, on average. As has been noted in previous studies, high crustal temperatures are found in the western United States, particu-
larly beneath areas of recent volcanism. In the central and eastern United States, elevated temperatures are found from southeast
Texas, into the Mississippi Embayment, and up through Wisconsin. A USGS ScienceBase data release that supports this report is
available and consists of grids covering the NCM across the conterminous United States, for example, surface temperature and
temperature gradient, that are needed to produce temperature profiles.

Introduction

The U.S. Geological Survey (USGS) National Crustal Model (NCM) is being developed to assist with earthquake hazard
and risk assessment by supporting estimates of ground shaking in response to an earthquake (Boyd and Shah, 2018). The period-
dependent intensity and duration of shaking depend upon the three-dimensional (3D) seismic velocity, seismic attenuation, and
density distribution of a region, which in turn is governed to a large degree by geology and how that geology behaves under
varying temperatures and pressures.

Increasing pressure closes pore space, thereby reducing porosity, and compresses mineral grains. Both effects increase
density and seismic velocities. Pressure increases with depth at a relatively steady rate nearly independent of latitude and longi-
tude. Temperature, on the other hand, which also increases with depth, decreases density and seismic velocities. But temperature
is also more highly variable laterally (Blackwell and others, 2011) with temperatures at a given depth being hotter in the western
United States (WUS), particularly in the Basin and Range Province, than they are in the central and eastern United States
(CEUS) far from plate boundaries and active tectonics.

The significant lateral variability in temperature can lead to strong variations in geophysical properties (Sowers and Boyd,
2019), both due to the temperature dependence of any given mineral, and in particular, the phase transition from o to £ quartz,
which decreases in depth with increasing temperature (Shen and others, 1993). Rather than assume a constant gradient, this vari-
ability can be considered by building a 3D temperature model using a trove of available data.
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In this report, a 3D temperature model is presented, built with a variety of published sources as detailed in subsequent sec-
tions. The model spans the bounds of the NCM from the surface to below the Moho and is based on surface temperature, Moho
temperature and depth, the top and age of the oceanic plate, and borehole observations of near-surface temperature gradient
and crustal heat production and conductivity. These quantities are combined in standard heat flow equations for continental and
oceanic geotherms. A USGS ScienceBase data release that supports this report is available at https://doi.org/10.5066/P935DT1G
(Boyd, 2019a). The data release consists of grids covering the NCM across the conterminous United States, for example, surface
temperature and temperature gradient, that are needed to produce temperature profiles using the equations presented in the fol-
lowing sections. Software is available at https://code.usgs.gov/ghsc/nshmp/ncm/thermod to facilitate these calculations.

Temperature Formulation

Continents

Following the treatment of heat transfer in chapter 4 of Turcotte and Schubert (1982) for Fourier’s Law of heat conduction
with heat production, the differential equation,

d*T  dk dT
+——+pH 1
d*  dz dz PH() )

0=k(z)

where

is thermal conductivity,

is depth,

is temperature,

is density, and

is heat production,

is solved for the steady state one-dimensional (1D) temperature profile in the crust under the following constraints: the tempera-
ture at the Earth’s surface is T; the surface temperature gradient is d7/dz; the temperature at the Moho is 7 ; the depth to the
Moho is d, ; the heat production per unit mass decays exponentially with depth from a surface value to 1/e at a depth of / ; the
conductivity exponentially changes from a surface value, &, to a Moho value, £, ; and density is constant. Under these condi-
tions, the temperature, 7, as a function of depth, z, can be formulated to be independent of surface heat production and density
and given by
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H, = (i+i] ©)
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In (k”’j )
k)

The depth, 4, over which heat production decays to 1/e is assumed to be 30 percent of the depth to the Moho, which is the
average for several observations in the United States (Cermak and Bodri, 1992).

This formulation is steady state and assumes that surface temperature has been held constant. However, surface tempera-
tures over the last 10 thousand years (ka) have been about 5 degrees warmer than the average over the last ~1 million years (Ma)
(Jouzel and others, 2007). A small perturbation is therefore added to this equation equal to:

-z

AT(z) = 5e" ®)

where the characteristic length scale,

- \/E ©)
T

is a function of thermal diffusivity, x, set equal to 1x10° meters squared per second (m?/s), and the time, ¢, over which the pertur-
bation has been active.

Beneath the Moho, the depth of which is taken from Boyd (2019b) based on the work of Buehler and Shearer (2017) and
Pasyanos and others (2014), the conductivity increases to 4.5 watts per meter-Kelvin (W/m-K) (Stacey, 1992), which decreases
the temperature gradient by 20 percent. Temperatures continue to increase along a conductive geotherm until they reach an
upper mantle adiabat. At this point, the temperature gradient transitions to a value of 0.4 degrees Celsius per kilometer (°C/km)
until it hits the top of the mantle transition zone at 410 km depth and a temperature of 1,579 °C (Stacey, 1992); though this could
be refined in future versions of the model using the results of Kaban and others (2014).

Within the crust and uppermost mantle, high temperatures are limited by a basalt solidus curve given by 1,100 °C+2 °C/km
as shown in figures 4-8 of Turcotte and Schubert (1982). However, rock solidus curves are strongly dependent on hydration and
mineralogy (Holland and Powell, 2001), which surely varies across the study area. At present, this limit is only needed in the
Yellowstone area in and around northwestern Wyoming, where exceptionally high surface temperature gradients are observed.
Further, the temperature gradient within the crust is not allowed to fall below twice this solidus gradient, which helps to ensure
that the crustal and mantle geotherms converge in the upper mantle. This limit, too, applies in a very few areas and has a mini-
mal effect on the resulting temperatures calculated for the crust.

Oceans

In the oceans, a cooling half-space model is assumed. After replacing the ratio of distance from the spreading center over
spreading rate with seafloor age, 7, in equation 4-125 of Turcotte and Schubert (1982), solving for 7(z) yields

T(Z):(Zjn_Tso)erf[z_\/Ej"‘Tw. (10)

Here,
T, is the temperature at the top of the convecting mantle, assumed to be 1,027 °C (Turcotte and Schubert, 1982);
and

T, is the temperature at the top of the oceanic crust.
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The top of the oceanic crust is taken from Boyd (2019b), which is based on the bathymetric model of Weatherall and others
(2015), estimates of sediment thickness from Whittaker and others (2013), and the Juan de Fuca slab model from Hayes and
others (2018). The temperature at the top of the oceanic crust is solved using equation 2 and extended through the lithospheric
mantle if needed, for example, to the top of oceanic crust subducted beneath the Moho in the Pacific Northwest. Seafloor age

is obtained from the study of Miiller and others (2008), though in equation 10, age is corrected to account for the observation
that heat flow is less than expected for crust younger than 80 Ma and levels off for older crust (Sclater and others, 1980). This is
done by setting the corrected age to 10 Ma when the true age is zero with a linear decrease in this correction to 80 Ma and then
setting to a constant of 80 Ma for older crust. The resulting geotherms are further modified in that the temperature gradient is not
allowed to fall below 0.4 °C/km, which is the value for the deeper upper mantle temperature gradient presented in appendix G3
of Stacey and Davis (2008).

Surface Temperature

Present-day surface temperature over land is taken to be an average of moderate resolution imaging spectroradiometer
(MODIS) observations (Wan and others, 2015) from 2000 through 2016. This was accomplished using lower resolution, 0.1
degree, monthly averages obtained from https://neo.sci.gsfc.nasa.gov/view.php?datasetld=MOD11C1 M LSTDA (Wan and
others, 2015). Temperatures at the surface of water bodies are an inverse distance weighted average of values over land. These
temperatures are attenuated through the water column to a depth ¢ according to a generic oceanic temperature profile, 7,(d),
given by

2
(;—atan(0.0ld—3)/7tj

(;—atan(—?a)/n]z

T,(d)=5(1-d/6,000)" +(T; -5) (11)

and not less than the first term in this equation. This functional form is constructed and constants therein chosen to roughly
match observed profiles having a strongly mixed upper layer within the top 500 meters (m) and a more slowly varying layer
below with temperatures decreasing to near 0 °C (National Oceanic and Atmospheric Administration [NOAA], 2018).

The resulting surface temperature appears in figure 1. Temperatures are generally lower at higher altitudes, higher latitudes,
and at greater ocean depths. But according to research on ice cores obtained in Antarctica (Jouzel and others, 2007) and as
alluded to earlier, land surface temperatures may have been more than 5 degrees cooler on average since before the start of the
current interglacial maximum 10 ka extending back more than 800 ka. A similar map is therefore generated using the process
outlined above but for longer term surface temperature by decreasing land surface temperature uniformly by 5 degrees. This
longer-term temperature map, which is not significantly different from that shown in figure 1, serves as the basis for 7 in equa-
tions 3-5.

Moho Temperature

Moho temperatures are derived from P-wave (Pn) velocities, effectively extending the work of Schutt and others (2018) in
which they estimate Moho temperatures in the WUS. Figure 2 shows a bilinear relationship between T, from Schutt and others
(2018) and Pn velocity from Buehler and Shearer (2017), which are the underlying velocities that were used in the Schutt and
others (2018) study. This bilinear relationship is used with Buehler and Shearer’s (2017) complete North American Pn map to
estimate 7, outside of the WUS (fig. 3).


https://neo.sci.gsfc.nasa.gov/view.php?datasetId=MOD11C1_M_LSTDA
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Figure 1. Present-day surface temperature in the United States and part of North America. Temperatures are generally lower at higher altitudes, higher latitudes, and
at greater ocean depths. Present-day surface temperature over land is taken to be an average of moderate resolution imaging spectroradiometer (MODIS) observations
(Wan and others, 2015) from 2000 through 2016. This is accomplished using lower resolution, 0.1 degree, monthly averages obtained from https://neo.sci.gsfc.nasa.gov/
view.php?datasetld=MOD11C1_M_LSTDA (Wan and others, 2015).
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Figure 2. Graph of the bilinear relationship between
P-wave (Pn) velocity (Buehler and Shearer, 2017) and
0 Pn-based Moho temperature estimates, T,,, from Schutt
and others (2018) in the western United States. Colors are
proportional to the number of points with that value of
Pn and Moho temperature; red, large number, blue, low
200 number; km/s, kilometer per second; °C, degrees Celsius.
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Surface Temperature Gradient and Conductivity

Surficial temperature gradient is based primarily on the thermal database available at Southern Methodist University’s Geo-
thermal Laboratory (SMU, 2015) at http://geothermal.smu.edu/static/DatasetsZipped/core.template heatflow materialized.zip.
Of the nearly 99,209 borehole records in and near the conterminous United States, 88,355 have corrected interval temperature
gradients (fig. 4). For the roughly half of these that have interval bottom depths reported, depths range from 2 m to 9 km with a
median of 1.5 km. These gradients are assumed to be surface gradients with the understanding that small corrections could be
made for depth-dependent heat production and conductivity and time-variable surface temperature.

These values are supplemented with 197 locations from the SMU database that have reported values of heat flow and con-
ductivity but no temperature gradient, the temperature gradient being equal to heat flow divided by conductivity; 210 locations
with reported heat flow and an assumed conductivity equal to the mean of the SMU dataset, 2.1 W/m-K; and 9,767 tempera-
ture gradient values from a global database maintained by the University of North Dakota (UND, https://engineering.und.edu/
research/global-heat-flow-database/ files/data/global2010.xml, UND, 2015; Hasterok and Webb, 2017).

In the oceans, the surface temperature gradient is assumed to be

dT :(7:71_7—:8‘0) (12)
dZSO \ Kt

with parameters discussed in the “Oceans” section of this report.

The resulting surface temperature gradient appears in figure 44. Gradients are higher in the WUS, particularly in areas of
recent volcanism such as the Yellowstone and Crater Lake calderas and stratovolcanoes that extend from northern California
up through British Columbia. Geothermal energy is being extracted from some areas with higher gradients, for example, The
Geysers, Coso, and Salton Sea in California.

The conductivity surface (fig. 4B) is built from 52,023 observations of conductivity within the study area present in the
SMU dataset and supplemented with an additional 98 for which heat flow and temperature gradient are reported, as well as
4,480 from the global dataset from UND. A 0.5 by 0.5-degree grid is defined and used to fill in conductivity values where none
are defined within a 0.5-degree radius of an observation. On land, these values are an inverse average of observed values. In the
oceans, conductivity is set to 1 W/m-K, which is roughly the average of observed ocean values in the SMU dataset. The gridfit
function in MATLAB, a modified ridge estimator written by John D’Errico, was then used with the gradient option and a level
of smoothness chosen to roughly match the smoothness of the surface and Moho temperature maps.


https://engineering.und.edu/research/global-heat-flow-database/_files/data/global2010.xml
https://engineering.und.edu/research/global-heat-flow-database/_files/data/global2010.xml

ae |

30° |.

o

-
. Pt -~

Figure 3. Map of Moho temperature in degrees Celsius (°C) in the United States and part of North America. Moho temperatures are derived from Pn velocities,
effectively extending the work of Schutt and others (2018) in which they estimate Moho temperatures in the western United States. White areas are regions of
oceanic crust.
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Figure 4. Maps of locations of observed surficial
temperature gradient, conductivity, and heat production
values in the United States and part of North America. Top
panels are measured values; bottom panels are gridded
surfaces. A, Corrected borehole temperature gradients;

B, conductivity; and C, heat production, H,. In the upper
panel of A, red values come from the Southern Methodist
University Geothermal Laboratory (SMU) database (SMU,
2015) and magenta from the global database maintained by
the University of North Dakota (UND, 2015) and Hasterok and
Webb (2017). In the upper panel of B, blue values come from
the SMU database and cyan from the global database (UND).
In the upper panel of C, green values come from the SMU
database and blue from the global database (UND).
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Deep Crustal Conductivity

Figure 5 shows a comparison between predicted and observed Moho temperature for depth-independent thermal conductiv-
ity at each of the 88,762 locations where a temperature gradient is observed in the SMU dataset. In this case, the temperature
gradient at each location is interpolated from the map shown in figure 4. Equations 2—4 are used
where

s (13)

and k_is infinite.

For this analysis, a map of surface heat production, H, (fig. 4), is needed and was constructed from 36,369 observations,
789 of which come from the SMU dataset and the remainder from the global dataset of Hasterok and Webb (2017). Values are
assigned on a regular grid in the same manner as for conductivity, but in the oceans, a value of 0.2 microwatt per cubic meter
(mW/m?®) was used, the approximate average of heat production observations for oceanic basalts (Hasterok and Webb, 2017).

The assumption of depth-independent crustal conductivity yields a clear offset between predicted and observed Moho
temperatures, the predicted values being roughly 50 percent higher than observed. But crustal conductivities in the SMU and
global datasets are highly variable at the surface with an observed median of about 2 W/m-K and log standard deviation of 0.3.
Studies suggest that conductivity within the Earth can also be highly variable (Furlong and Chapman, 2013), decreasing with
increasing temperature in the upper crust, but then increasing in the lower crust and into the mantle due to changes in composi-
tion (Hofmeister, 1999). The upper crust can be further complicated by porosity, which can significantly decrease conductivity
(Clauser and Huenges, 1995).

It is therefore likely that the average crustal conductivity should increase though the crust from the average values observed
in the SMU and global datasets to some larger value at the Moho. It is found that the discrepancy between observed and pre-
dicted Moho temperature can be resolved by assuming that conductivity changes exponentially with depth,

; (14)

having a scaling factor, k, given by (7) and a Moho conductivity value of 3.6 W/m-K.

1,400

1,300

1,200

1,100

1,000

23
1=
o

Figure 5. Graph of the comparison between
observed and predicted Moho temperature for
depth-independent thermal conductivity at each of
the 88,762 locations where a temperature gradient
is observed in the Southern Methodist University
Geothermal Laboratory data set (SMU, 2015).
Contours change from blue to dark red reflecting
an increasing fraction of locations having those
pairs of observed/predicted temperature values.
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Subsurface Temperature

With maps of surface temperature, temperature gradient, and thermal conductivity, Moho temperature, and Moho depth in
hand, temperature within the model domain can be calculated. Because of exceptionally large ratios of surface temperature gra-
dients to Moho temperature in some areas, for example, Yellowstone, and basic modeling assumptions, application of equation 2
can lead to unusual geotherms with unrealistically high temperatures within the crust and (or) negative or very low temperature
gradients at the Moho. This is where the aforementioned solidus limit kicks in, which can be seen in subsequent figures. Note
that application of this limit results in estimates of Moho temperatures that are greater than those presented in figure 3. Yellow-
stone is the only location where the temperatures in the crust actually exceed the solidus. Areas where the gradient falls below
twice the solidus gradient include regions with high temperature gradients in southern Oregon and northeastern California, Long
Valley caldera in central California, the Salton Sea in southern California, and Mount Baker in Washington. Other areas where
the limit is applied but occur because of low Moho temperatures include northwest Colorado and southern Indiana. Overall,
these limits are applied in 2 percent of the NCM map area.

Figure 6 shows temperature slices at 3.5, 10, and 30 km depth. In general, the temperature slowly transitions from surface
temperatures to Moho temperatures modulated by crustal thickness and heat production and conductivity in the crust. Like the
surface temperature gradient, temperatures are generally higher in the west in the broadly extending Basin and Range, up though
the Rio Grande rift, and along the northern extension of the East Pacific Rise though California. There are also notably warmer
regions in discrete areas: (1) to the east of the northern Rocky Mountains; (2) along the Gulf Coast from Mexico through south-
cast Texas into the Mississippi Embayment; (3) along the Appalachians; and (4) around Wisconsin.

The temperature at 3.5 km depth ranges from 20 to 1,100 °C with a median of 93 °C and standard deviation of 47 °C.
Moving deeper to 10 km depth, the minimum temperature increases by a factor of 5 to 90 °C, the maximum increases slightly
to 1,120 °C, the median increases to 227 °C, and the standard deviation doubles to 79 °C. Within California, temperatures at
3.5 km depth range from 60 to 747 °C with a median of 123 °C and standard deviation of 58 °C. At 10 km depth, the range
increases to between 211 and 964 °C with a median of 317 °C and standard deviation of 82 °C.

These results are broadly consistent with the proprietary temperature maps produced by Blackwell and others (2011) and
figure 6, with notable differences. The work presented here results in greater temperatures in the WUS, which may be partially
due to the use of a Moho temperature map, which was not used in the SMU model. However, the SMU model appears to have
more detailed structure, which is likely due to their inclusion of geologic constraints.

In figure 7, 1D profiles at four locations as indicated in figure 6 are presented. Two of the locations are in the older and
colder region of the CEUS and the other two are in the younger and warmer region of the WUS. Profile C is in Yellowstone.
Temperatures at this location increase quickly and are limited by the solidus gradient to about 1,100 °C near 6 km depth.

Differences between oceanic and continental geotherms can also lead to large lateral variability, though generally at greater
depth. This is seen in the panel D of figure 6 and in figure 8 moving from west to east through Washington where temperatures
within the oceanic plate are relatively steady but then increase dramatically and then fluctuate more rapidly within and beneath
the continental crust.
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T Figure 7. One-dimensional temperature profiles at

four locations across the United States with locations
indicated in figure 6B. Locations A and B are in the older
and colder region of the central and eastern United States
(CEUS), and C and D are in the younger and warmer
region of the western United States (WUS). Location C is
in the Yellowstone area and illustrates the high surface
temperature gradient and the need to apply the solidus
limit (the strong change in slope at about 6 kilometers

| | [km] depth). °C, degrees Celsius.
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Discussion

The analysis presented in this report was carried out to better account for the effects of temperature on density, modulus,
and attenuation in the NCM as compared to using a constant temperature gradient. Significant lateral temperature variability is
present and increases with depth. According to mineral physics calculations using the database and methods outlined in Sowers
and Boyd (2019), density contrasts due to variations in temperature for a given rock type at any given depth within the crust are
likely to be less than ~3 percent. Anelastic P-wave and S-wave velocity contrasts are also likely to be relatively small, less than
10 percent. But the effect of temperature on seismic attenuation and the resulting velocity dispersion may be considerable with a
greater effect on S-wave velocity than P-wave velocity. Furthermore, the phase transition from a to f quartz, a mineral which is
present in significant quantities in many rocks and the transition of which causes significant changes to modulus and density, is
sensitive to temperature, decreasing in depth with increasing temperature (Shen and others, 1993).

Two important limitations to this analysis are that depth-dependent variations in density are not considered, and depth-
dependent variations in heat production and conductivity are specified in a very basic way. These properties depend on the geol-
ogy (including the presence of hydrous phases and melt), porosity, pressure, and temperature, thereby creating a highly nonlinear
problem. Furthermore, the work presented here is essentially a static 1D analysis. Significant effort would be required to solve
this problem to more than 50 km depth with 3D time-dependent numerical methods. Application of a 3D geologic model with
3D numerical methods would result in a more accurate model but one that might not be substantially different than the simpler
model presented here, at least for the purposes of estimating seismic velocity and earthquake ground motions.

Conclusions

This report details the construction of a temperature model to be used in support of the USGS National Crustal Model and
calculations of mineral moduli and density and seismic attenuation. The model is defined by surface temperature, temperature
gradient, and conductivity, Moho temperature and depth, the top of the oceanic plate, and equations for steady-state heat
conduction in the continental crust and cooling of a half-space in ocean crust. Thermal conductivity at the Moho is found to be
3.6 watts per meter-Kelvin in order to match average predicted and inferred Moho temperatures. Temperature variations are
modest at the surface with differences on the order of 30 degrees, and temperatures throughout the crust increase to the southwest.
With increasing depth, differences in temperature increase markedly, reaching 900 degrees Celsius or more at the Moho.
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