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Blackwell et al. (2011)

Presenter Notes
Presentation Notes
Good morning and thank you all for taking the time to attend this workshop. In the next 20 minutes or so, I’d like to review several thermal models for the conterminous United States, which could be used in varying degrees to inform a thermal model of California. This background image depicts crustal temperature at 7.5 km depth and is from the pioneering work of Blackwell and others out of Southern Methodist University. They helped compile vast datasets of geothermal parameters and produced the first generation of high-resolution 3D models of temperature across the conterminous United States. 
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For some of what I’ll show, I want to acknowledge my collaborators Siyuan Sui and Weisen Shen as well as reviews by Wayne Thatcher, Yuehua Zeng, Derek Schutt, and Walter Mooney.



Conterminous U.S. thermal models

Boyd (2019)

Presenter Notes
Presentation Notes
There are 4 conterminous U.S. thermal models that I’ll discuss today. [click] The first model that I’ll discuss was published in 2011 and consists of a set of proprietary temperature-at-depth maps produced by Blackwell and others at the Geothermal Lab at Southern Methodist University. [click] The second model is one that I published in 2019 in support of the USGS National Crustal Model for seismic hazard studies. [click] The third was published in 2024 by Aljubran and Horne from the Stanford Geothermal Program, and [click] the fourth is a thermal model by Sui and others published in 2025. Each of these models use similar but slightly different input datasets and different methods to estimate subsurface temperature. 



MOTIVATION
Thermal Models

Presenter Notes
Presentation Notes
Why were these thermal models produced? What purpose do they serve?



Motivation
Geothermal energy
Rheology
Brittle-to-ductile transition and the 

base of seismicity
Mineral physics/Phase transitions
Seismic velocity

Presenter Notes
Presentation Notes
I feel like we should be playing a game of Family Feud. If you read the titles when I first introduced the models, you’re likely to say that the thermal models are used for assessing the potential of geothermal energy. Do we have geothermal energy? [click]. Based on Laurent’s presentation, you’d probably say that rheology was a motivator. Show me rheology [click]. Based on my mention of seismic hazards in combination with rheology, you might suggest that thermal models can inform the brittle-to-ductile transition and the base of seismicity. [click] Perhaps you’re thinking more broadly about how temperature affects the physics of minerals and mineral phase transitions [click] and whether this impacts seismic velocity [click]. These are all reasons why a thermal model can be useful.  



Brittle-to-ductile transition 
and the base of seismicity
• Crustal strength is governed by flow 

laws dependent on composition, 
pressure, and temperature.

• Temperature will have a significant 
role in the depth of the brittle to 
ductile transition.

• The brittle-to-ductile transition 
controls in large part how deep 
seismicity will occur and how deep 
large ruptures can propagate.

• These factors have an impact on 
earthquake rupture forecasts and 
seismic hazards. 

Jackson (2002)

Presenter Notes
Presentation Notes
Let’s look at a couple of examples, the first being the brittle-to-ductile transition. Crustal strength is governed by flow laws dependent on composition, pressure, and temperature. This is an example by James Jackson showing different scenarios for crustal strength that depend on whether the lower crust and upper mantle are dry or wet. He argues that the lack of lower crustal/upper mantle seismicity means that the lower crust and upper mantle are unlikely to be dry. If we ignore hydration, regional similarities in composition and pressure at a given depth and the sensitivity of flow laws to temperature mean that temperature can have an outsized role in the resulting depth at which the crust transitions from brittle to ductile behavior. The brittle-to-ductile transition controls in large part how deep seismicity will occur and how deep large ruptures can propagate. These factors have an impact on earthquake rupture forecasts and seismic hazards. We’ll hear more about this from Yuehua this afternoon.



Mineral physics, phase 
transitions, and seismic 
velocity
• Quartz has several phases with different 

physical properties.
• Alpha-to-beta phase transition is of 

particular interest because there is a large 
change in modulus and density, and the 
phase transition can occur above the 
Mohorovičić discontinuity (Moho).

• Whether or not and at what depth you get 
the transition is strongly dependent on the 
temperature profile.

John Winter, Whitman College

Presenter Notes
Presentation Notes
For the second example, I’d like to show how temperature impacts mineral physics, phase transitions, and seismic velocity. This is the phase diagram of quartz. You can see that different phases are stable at different pressure and temperature conditions. Within the crust, pressures are going to be less than 2 GPa, and, for the most part, temperatures will be less than 1400-degrees Celsius. So we’re primarily concerned with the phase transition of alpha-to-beta quartz. It is also known that this phase transition is accompanied by a large change in physical properties. But depending on the P-T path, it’s possible you might not see this transition [click] if you’re at a location with a relatively cold geotherm. Whereas at other locations with warmer geotherms [click], you will see it, and the depth at which you see it will be strongly dependent on temperature.



Mineral physics, phase 
transitions, and seismic 
velocity
• Each lithology in the National 

Crustal Model geologic framework 
is assigned a mineral composition.

• Equation of State methods are 
used to calculate VP, VS, and ρ of 
the solid rock matrix as functions 
of temperature and pressure.

• Alpha-to-beta phase transition of 
quartz causes the jump in velocity 
at 23-km depth.

Modified from Sowers and Boyd (2019)

Presenter Notes
Presentation Notes
Here I show the impact of temperature and the alpha-to-beta phase transition on 4 different lithologies in the USGS National Crustal Model: basalt, granite, sandstone, and limestone. Each lithology has a specified mineral composition with varying amounts of quartz, and Equation of State methods are used to calculate the moduli and densities of the minerals and solid rock matrix as functions of temperature and pressure.

In the figures to the right, I show how p- and s-wave velocities, vp/vs ratio, and densities vary as functions of depth (increasing pressure and temperature) for these 4 lithologies with zero porosity. Not only is there a steady, appreciable, and composition-dependent change in geophysical properties with depth due to temperature, at a certain depth, because of this particular geotherm, there is a sudden and strong change in the geophysical properties, more so for granite and sandstone, which have high amounts of quartz relative to basalt and limestone. This jump in velocity and density is due to the phase transition from alpha to beta quartz, and, as I stated in the previous slide, this transition is strongly dependent on temperature. Higher temperatures, or temperatures increasing more quickly with depth, will shallow this transition. These dependencies of the geophysical properties of minerals on temperature is another reason why a thermal model is important. 



MODEL COMPONENTS
Thermal Models

Presenter Notes
Presentation Notes
Let’s get back to a comparison of the 4 conterminous United States thermal models. 



Specifications
Model Lateral 

Resolution
Vertical 
Resolution

Depth 
Extent

Time-
dependent

Proprietary

Blackwell et al. 
(2011)

unspecified 1 km from 3.5 
km to 8.5 km, 
10 km

10 km No Yes

Boyd (NCM; 
2019)

1 km Analytic: 
Physical 
models

Below 
the Moho

No No

Aljubran and 
Horne (2024)

~4 km 1 km 7 km No No

Sui et al. (2025) ~70 km Analytic: 5-pt 
B-spline

Moho No No

NCM – National Crustal Model

Presenter Notes
Presentation Notes
Here is a chart with a comparison of several basic specifications for each of the models including lateral and vertical resolution, maximum depth, whether it considers time-dependence, and whether it’s proprietary. None of the models are time-dependent, and only the Blackwell model is proprietary. The Blackwell model doesn’t specify its lateral resolution, but, vertically, it’s provided on grids every km from 3.5- to 8.5-km depth and 10-km depth. The National Crustal Model thermal grid is specified at 1-km resolution laterally and a user-specified resolution vertically since it defined by conductive and convective analytical functions. It is defined from the surface to below the Moho. Aljubran and Horne define their model on a 4-km grid laterally with 1-km vertical resolution from the surface to 7 k depth. And Sui et al. define their profiles at TA stations about 70 km apart with an analytic 5-pt B-pline from t8he surface to the Moho.



Blackwell et al. (2011)—SMU
Inputs
• > 35,000 data sites
• Surface temperature
• Borehole temperature gradients
• Corrected bottom-hole temperatures
• Surface and subsurface heat flow
• Thermal conductivity
• Heat production
Special consideration
• Thermal conductivity of sedimentary 

section Blackwell et al. (2011)

SMU—Southern Methodist University

Presenter Notes
Presentation Notes
The Blackwell model uses as input …
It pays special consideration to …



Boyd (2019)
Inputs
• Surface temperature
• Corrected borehole temperature 

gradients (SMU; UND)
• Surface heat flow (SMU)
• Thermal conductivity (SMU, UND)
• Heat production (Hasterok and 

Webb, 2017)
Special consideration
• Moho depth and temperature

Boyd (2019)SMU, 2015
UND—University of North Dakota, 2015

Presenter Notes
Presentation Notes
Like the Blackwell model, the Boyd model uses as input …
In this case, [next slide].



Boyd (2019)
Inputs
• Surface temperature
• Corrected borehole temperature 

gradients (SMU; UND)
• Surface heat flow (SMU)
• Thermal conductivity (SMU, UND)
• Heat production (Hasterok and 

Webb, 2017)
Special consideration
• Moho depth and temperature

Boyd (2019)SMU, 2015
UND—University of North Dakota, 2015
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Presenter Notes
Presentation Notes
… special consideration is given to Moho depth and temperature. This is a map of Moho temperature that is derived from Pn-velocity following the work of Schutt and others.



Aljubran and 
Horne (2024)

Inputs
• Surface temperature
• Corrected bottomhole temperature 
• Surface heat flow 
• Thermal conductivity
Special consideration
• Interpolation with a physics-informed 

graph neural network
Depth, location, elevation, sediment thickness, 
magnetic anomaly, gravity anomaly, radioactivity, 
seismicity, electrical conductivity, and proximity to faults 
and volcanoes

Heat Flow

Aljubran and Horne (2024)

Bottomhole temperature

Presenter Notes
Presentation Notes
Aljubran and Horne also use … as inputs.
Here, special consideration is given to interpolation, which is performed with a physics informed graph neural network dependent on …



Sui et al. (2025)
Inputs
• Surface temperature
• Surface heat flow 
• Thermal conductivity
• Moho depth and temperature
Special consideration
• Crustal heat generation, Curie 

Depth, Monte Carlo uncertainty 
analysis

Sui et al. (2025)

Presenter Notes
Presentation Notes
Lastly, Sui et al. include inputs similar to prior models including … and also consider location-dependent crustal heat generation, Curie depth, and uncertainty from a Monte Carlo analysis.



TEMPERATURE COMPARISONS
Thermal Models

Presenter Notes
Presentation Notes
So how do the resulting temperatures differ between these models? 



5 km
Aljubran and Horne (2024)

Blackwell et al. (2011)

Sui et al. (2025)

3–5-km 
depth

Boyd (2019)

Presenter Notes
Presentation Notes
At 3–5-km depth, …



10 km
Aljubran and Horne (2024)

Blackwell et al. (2011)

Sui et al. (2025)

Boyd (2019)

7–10-km 
depth

Presenter Notes
Presentation Notes
Going deeper, we see that Blackwell imposes some sort of regional constraint on the smoothing in the western United States that is not present in the other models. But again, we see similarities in the models with higher temperatures through the Rio Grand rift up into Colorado, the Basin and Range and parts of California.



30 km

Sui et al. (2025)
Boyd (2019)

30-km 
depth

Presenter Notes
Presentation Notes
Near the Moho, patterns in the NCM and Sui et al. are similar. Sui et al. does have higher temperatures in parts of the Coastal Plains which appear to be due to estimates of higher heat generation in those locations.



SUMMARY
Thermal Models



Summary
Conterminous U.S. thermal models

– Use common datasets
– Differ primarily in their methods
– May focus on more shallow depths for geothermal 

resource potential
– Have different resolutions
– Broadly agree on the spatial distribution of 

temperatures

Presenter Notes
Presentation Notes
In summary, these 4 conterminous U.S. thermal models …



Next Steps
– Estimate seismogenic 

depth across the 
conterminous U.S. (Zeng)

– North American thermal 
model to address crustal 
strength and seismogenic 
depth (Lundstern, Zeng)

– Uncertainty analysis

(Preliminary Information—Subject to Revision. Not for Citation or Distribution.)

Presenter Notes
Presentation Notes
Next steps for thermal modeling work I’ve been involved with include …



Next Steps
– Use NCM 

geologic 
framework to 
account for the 
effects of 
sediments

Boyd and Sweetkind (in review)

Base of Phanerozoic non-intrusive rocks (km)
10

1

0.1

0.01

0.001

Presenter Notes
Presentation Notes
I think another important step that I’d like to pursue that was considered in two of the aforementioned conterminous U.S. thermal models is the effect of sediments. This is a map of Phanerozoic sediment thickness across the conterminous U.S. that could be used for such an effort.



Thank you
For more information, contact:
Oliver Boyd, olboyd@usgs.gov

(km)
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