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ABSTRACT

Topography provides information about the structural controls of the Great Basin and therefore
information that may be used to identify favorable structural settings for geothermal systems. The
Nevada Machine Learning Project (NVML) tested the use of a digital elevation map (DEM) of
topography as an input feature to predict geothermal system favorability. A recent study re-
examines the NVML data, identifying the DEM as the most important feature, showing a broad
uniform pattern of high-favorability in the lower-elevation west and low-favorability in the higher
elevation east of their study area in north-central Nevada. This regional elevation trend conflicts
with the geologic notion that local relative topography should be used to identify geologic
structures associated with favorable structural settings for hydrothermal upflow. Specifically, local
relative topography gives information about position in the mountains, in the valleys, or at the
transitions between, aiding in identification of faults and fault intersections. As part of U.S.
Geological Survey efforts to engineer features that are useful for predicting geothermal resources,
we construct a detrended elevation map that emphasizes local relative topography and highlights
features that geologists use for identifying geothermal systems (i.e., providing machine learning
algorithms with features that may improve predictive skill by emphasizing the information used
by geologists). Herein, we describe the removal of the regional trend in elevation to emphasize the
basin-and-range scale structural features, creating detrended elevation maps.

Regional elevation trends were estimated using a local linear regression and subtracted from the
actual elevation using a 30-m DEM. In an effort to optimize the detrended surface, alternate
versions were produced with different rates of smoothness resulting in three detrended elevation
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maps. The resulting elevation trend surfaces (a proxy for crustal thickness) are compared with
conductive heat flow maps, and a general pattern was observed of a negative correlation between
heat flow and regional elevation in many areas, indicating that thinner crust may be causing
elevated heat flow in some areas and thicker crust may cause the observed heat flow lows. Because
these detrended elevation maps emphasize geologic structure and relative displacement, these
products may also be useful for other geologic research including mineral exploration, hydrologic
research, and defining geologic provinces.

1. Introduction

The Great Basin is characterized by a series of repeating fault-bounded mountain ranges and basins
(i.e., horsts and grabens, respectively) running roughly parallel to one another. There is typically
around one km of vertical offset from mountain tops to adjacent valley bottoms, with smaller
ranges having offsets generally > 600 m and some large ranges having offsets > two km. This
repeating structural pattern of basins and ranges continues across the Great Basin with large
regional trends in elevation. Because of the regional trends, the mountain tops of some ranges can
be at lower elevations than valley bottoms several ranges away, making elevation a poor indicator
of position in any single structurally controlled basin. However, geologists can use local relative
elevation (i.e., the valley bottom is low, and the surrounding mountain peaks are high) within the
Great Basin to postulate nearby fault locations and orientation.

Hydrothermal systems in the Great Basin tend to form in structurally complex locations along fault
systems within the basin, often along range front fault systems at the margins of basins (Faulds
and Hinz, 2015). Consequently, the local relative elevation within the basin serves as an important
indicator for predicting hydrothermal system formation; therefore, the use of digital elevation
models (DEMs) with large regional trends creates challenges for supervised machine learning
methods seeking to identify important patterns in local topography. This complication likely
influenced a recent study of the region that predicted hydrothermal resources using a DEM as an
input feature (the Nevada Machine Learning Project [NVML; Faulds et al., 2020]). Recent work
by Caraccioli et al. (this volume) that re-examines the NVML Project data identified the DEM as
the most important feature (i.e., a feature that controls the regional trend in predicted favorability).
Because most known geothermal systems (positive training data) were in the lower elevation west
of their area of interest in northern Nevada and a large fraction of locations classified as negative
(no geothermal system) by NVML were in the higher elevation east, there was a correlation
between elevation and positive/negative classification. This pattern is correlation, and probably
not causation (unless crustal thickening is the most important feature controlling the occurrence of
hydrothermal systems). Herein, we create (i.e., engineer) new features (detrended DEMs) and
present key findings about the resulting surfaces.

2. Methods

A 30-m DEM of topography (Figure 1a; USGS, 2023) was used to produce detrended elevation
surfaces by constructing trend surfaces (Figure 1b) with the same resolution and projection. Then,
the trend surface was subtracted from the DEM to compute a 30-m DEM of detrended topography.
The trend in regional elevation was estimated using the two-dimensional locally estimated
scatterplot smoothing (LOESS) function, in which smoothness was controlled by varying the
number of nearby data points used for interpolation (Cleveland et al., 1992; LOESS, 2022). Data
points used to create the trend model were generated at the centers of 2-km grid cells, with the
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value of each point being the average of the 30-m DEM grid of topography within each 2-km cell.
Values for 245,767 cells were computed, spanning the entire study area plus a 100-km buffer to
avoid edge effects in the resulting trend model.
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Figure 1: The surfaces used to make the detrended elevation surface (overlain on hillshade). Left (Fig. a): the
raw DEM showing actual elevation (USGS, 2023). Right (Fig. b): the regional elevation trend surface
that was subtracted from the DEM to produce the detrended elevation map. Geothermal system and
power plant locations are from Faulds et al. (2021) and available through Mlawsky and Ayling (2021).
Hillshade derived from USGS National Atlas (National Atlas of the United States, 2012).

The LOESS algorithm uses a fixed number of points (controlled by the ‘span’ parameter that is a
fraction of the total 245,767 points) to estimate regional trend in elevation using local linear
regression (degree parameter equal to 1) and a tricube weight function giving larger weights to
nearby input points (Cleveland et al., 1992; LOESS, 2022). Using more points (a larger span)
results in a smoother map surface, whereas using fewer points (a smaller span) results in a map
with greater local-scale variation.

Span values of 0.005, 0.01, and 0.03 were used, representing 0.5%, 1.0%, and 3% of 245,767 data
points being used to calculate the trend at every trend-map cell. The trend maps were generated on
the 2-km grid, then re-interpolated to the 30-m grid matching the original DEM. Subtracting the
30-m trend surface from the 30-m DEM of topography yields the 30-m detrended topography
elevation surface. Interpolation of the smooth trend surface from 2 km to 30 m was done using the
ArcPro ‘Resample’ tool using bilinear interpolation with output specifications set to match the
original DEM (Esri, 2023). Maps were then clipped to the Great Basin study area extent.
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3. Results

Detrended elevation (Figure 2) and associated trend surfaces (Figure 1b) were produced for three
rates of smoothness, these products are publicly available (DeAngelo et al., 2023). Trend surface
smoothness corresponds to local-regional scale patterns being represented.
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Figure 2: An example detrended elevation surface (overlain on hillshade), generated by subtracting a regional
elevation trend surface (span = 0.005) from the DEM. Geothermal system and power plant locations are
from Faulds et al. (2021) and available through Mlawsky and Ayling (2021). Hillshade derived from
USGS National Atlas (National Atlas of the United States, 2012).
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4. Discussion

The detrended elevation surfaces (Figure 2) remove regional trends in elevation to reveal only the
relative basin/range topography, providing more information about the fundamental geologic
structure of the region, effectively by emphasizing the rips and tears in the crust. After removing
the regional trends, the elevation map that remains generally shows ranges as positive and basins
as negative. The detrended elevation surfaces follow general patterns related to the trend surface
smoothness. Models using a smaller span, or fewer data to define the trend, more closely capture
local variation for smaller and more complex basins while smoother models may better
characterize offsets in larger basins like the Carson Sink and Great Salt Lake basins.

To better understand the utility of detrended elevation surfaces as a feature for geothermal
exploration studies, elevation values of raw and detrended surfaces were sampled to convective
geothermal well locations in the study area. Convective geothermal wells are defined as those from
DeAngelo et al. (2022) with measured heat flow > 50 mW/m2 above estimated background
conditions. Figure 3 shows the interquartile range (middle 50%) of elevation values at convective
well locations for the DEM (Figure 3a) and the detrended elevation surface with a span of 0.01
(Figure 3b).
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Figure 3: Interquartile range of raw (Fig. a, left) and detrended (Fig. b, right) elevation values (span 0.01 model
shown) at convective geothermal well locations. Geothermal system and power plant locations are from
Faulds et al. (2021) and available through Mlawsky and Ayling (2021). Hillshade derived from USGS
National Atlas (National Atlas of the United States, 2012).
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Figure 3 illustrates some major differences between the DEM and detrended elevation surface.
The DEM contains two signals: regional trends and local basin-range scale variations. The DEM,
therefore, broadly highlights low-elevation areas and does not highlight areas that are in regional
topographic highs. The detrended elevation surface, however, highlights areas along the margins
of most basins, creating patterns resembling hollow rings around many basins. These rings are
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thinnest in larger-throw, more steeply sloping basins because elevation changes rapidly over a
short distance. In more gently sloping basins, filled polygons often exist instead of hollow rings
because elevation is changing slowly over a long distance. This points to an area where there could
be room for improvement. It may be possible to further engineer detrended elevation to better
account for position within a basin by considering the slope and throw in basins. Despite this,
Figure 3 illustrates how detrended elevation appears likely to better target the position of
hydrothermal conditions within basins than a DEM. This demonstrates the utility of separating the
regional and local signals within the DEM to isolate local-scale position within a basin using the
detrended DEM. The other signal, the regional trend, may also lend insights for geothermal
exploration studies.

Whereas micro-scale occurrences of convective hydrothermal systems appear to be strongly
related to detrended elevation within the basin where favorable structural settings for hydrothermal
systems are more likely to exist, macro-scale variations of conductive heat flow appear to coincide
with regional trends in elevation. Differences in regional elevation patterns likely reflect
differences in crustal thickness, with increased crustal thickness being proportional to increased
insulation and therefore lower conductive heat flow in the shallow subsurface. Figure 4 shows the
trend map from Figure 2b overlain with contours depicting the variations of estimated background
conductive heat flow from DeAngelo et al. (2022). A distinct region of low average elevation in
northwest Nevada is coincident with an area predicted to have relatively high conductive heat flow.
This elevated heat flow may be related to thinner crust in the low-elevation area. This low-
elevation region is likely in an area of current active deformation, as shown by strain rate models
derived from geodedic measurements (Zeng, 2022). The active deformation is likely providing
continuing opportunities for hydrothermal systems to develop more quickly than they seal. In
addition to an elevated thermal gradient, the relatively thin crust may also be providing access to
more individual hydrothermal systems because a shallower path exists for fault-controlled fracture
networks to access hydrothermal systems. The opposite pattern can be observed in an area of high
regional elevation in central and east-central Nevada. This region has historically been referred to
as the Eureka Low, a region of anomalously low heat flow. While several ideas have been put
forward over time to explain the relatively low heat flow in the Eureka Low, the higher average
elevation, and therefore thicker crust could be a substantial cause of lower conductive heat flow in
the Eureka Low simply because there is more crust (insulation) through which heat must conduct.
The Eureka Low is not known to be currently experiencing substantial deformation, because strain
rate models for the region generally show the area to have little to no movement detected through
geodedic measurements (Zeng, 2022). Lower conductive heat flow and the absence of ongoing
deformation capable of sustaining permeability required for hydrothermal systems to persist may
contribute to the relative dearth of known hydrothermal systems (Figure 4; Faulds et al. [2021],
Mlawsky and Ayling [2021]) in the Eureka Low.
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Figure 4: Trend map from Figure 2b (overlain on hillshade) with heat flow isolines from DeAngelo et al. (2022).
Geothermal system and power plant locations are from Faulds et al. (2021) and available through
Milawsky and Ayling (2021). Hillshade derived from USGS National Atlas (National Atlas of the United
States, 2012).
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Using the detrended elevation surfaces in image-based convolutional neural network (CNN) based
approaches could help identify favorable structural settings for hydrothermal system development.
This approach could use convective geothermal wells to train a CNN to discover patterns in the
fabric of the image of the detrended elevation surfaces that might be distinctive in hydrothermal
system formation.
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This work sought to develop a new and more useful feature for geothermal exploration studies that
use elevation as a feature in predictive models. We have demonstrated visually that the resulting
detrended elevation surfaces strip away regional trends in elevation to reveal only the local (e.g.,
basin-range) topography (Figures 1 & 2) and that they characterize position within basins far more
consistently than the DEM (Figure 3). These detrended elevation surfaces appear to be well suited
for use as features in geothermal exploration studies and appear better suited than raw elevation
from DEMs. Detrended elevation surfaces may also lend important insights in other geologic
fields, including mineral exploration, hydrologic research, and defining geologic provinces.
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