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ABSTRACT
To address the fundamental challenges of understanding processes associated with enhanced or engineered geothermal systems (EGS),
teams from the EGS Collab SIGMA-V project are conducting stimulations at the Sanford Underground Research Facility. Various
modalities of geophysical observations are collected and analyzed, and different types of parameters are modeled to help investigate these
critical processes. Among these parameters, the three-dimensional stress field is one of the primary objectives. Seismic velocity models
have been used to estimate the 3D stress field for other regions. A detailed seismic velocities and density model can help us infer spatial
variations of the stress field in the study area. We inverted the 3D seismic structure around the site by using body-wave travel times,
surface-wave dispersions and gravity observations simultaneously. The resulting model will be a starting point for more detailed
investigations and could also be used to study subsurface geological and stress field variations of the broad area.
1. INTRODUCTION
Reliable and high-resolution seismic models of the subsurface do not only expand our geophysical and geodynamical knowledge of a
specific area but also help us address the ever-growing energy challenges. Enhanced or engineered geothermal systems (EGS) have great
potential to expand our renewable energy supply. Though they have been intensively studied, critical processes of EGS development such
as fracture creation and fluid flow are not fully understood. To address the fundamental challenges of understanding these processes, the
EGS Collab SIGMA-V project (e.g. Kneafsey et al., 2019) is conducting experiments at the Sanford Underground Research Facility
(SURF) in the Black Hills region. Various modalities of observations are collected and analyzed, and different types of parameters are
modeled to help investigate these critical processes. One of the goals of the project is to understand the basic relationships between stress,
seismicity, and permeability enhancement (e.g. White et al., 2017). A detailed stress model is needed to study these relationships. The
stress field around the SURF region is inevitably influenced by tectonic forces and matter surrounding and beneath the area. A geophysical
model can be used as a proxy to study the spatial variations in the stress field (Levandowski et al., 2016). A seismic model for the broader
area around SURF (Figure 1) can also provide a starting point for more detailed investigations and improve our understanding of the
surrounding region. It is necessary to study the seismic structure around the broad SURF area.
Three-dimensional (3D) seismic imaging (tomography) has been widely used to investigate the subsurface structure for more than 40
years now. Since the first application by Aki et al., 1977, numerous studies have been conducted to improve imaging algorithms and/or
geophysical models of the subsurface. In particular, the Spectral Element Method (SEM, e.g. Komatitsch and Tromp, 1999) provides a
comprehensive approach to image subsurface at different scales (e.g. Tape et al., 2009; Bozdağ et al., 2016). However, the substantial
computational requirements of the technique limit its applications; especially for high-frequency observations. On the other hand,
improvements in the data collection techniques and processing algorithms provide various types of geophysical observations that can be
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analyzed with much less computational investment. For example, surface wave dispersions are being extracted from both earthquake
observations (e.g. Ritzwoller and Levshin, 1998) and ambient noise data (e.g. Shapiro et al., 2005). Receiver functions (e.g. Langston,
1979; Ammon, 1991; Ligorría and Ammon, 1999) are being processed using seismic records from three-component stations. Arrival times
of various seismic phases are routinely being measured and archived (e.g. Preliminary Determination of Epicenters Bulletin, United States
Geological Survey). Integrating multiple types of these geophysical observations has shown better results than using an individual type
(e.g. Julià et al., 2000; Monica and Ammon, 2009; Bodin et al., 2012; Chai et al., 2015; Shen and Ritzwoller, 2016; Chong et al., 2016;
Syracuse et al., 2017). We jointly invert multiple geophysical observations including surface-wave dispersions, Bouguer gravity and bodywave travel-time observations to solve for seismic velocity changes in the region surrounding the SURF.
2. DATA
We used three different types of geophysical observations including P-and S-wave travel-times, group and phase velocities measured from
both Rayleigh and Love waves, and satellite-derived Bouguer gravity observations. Various quality control procedures were applied to
remove outliers. We also used Hypertext Markup Language (HTML) based interactive tools (Chai et al., 2018) to examine the datasets
visually. The following paragraphs document details on each dataset as well as the related quality control procedures. Since the 3D imaging
problem is nonlinear, we start with an a priori model and solve the equations iteratively. The starting model is linearly interpolated from
a 3D seismic velocity model (Figure 2) of western United States from Chai et al. (2015) that was constrained with interpolated receiver
functions, surface-wave dispersion and gravity observations. The starting model is defined on a 25 km by 25 km horizontal grid with
varying thickness in the vertical direction.
2.1 Body-wave Travel-time
The travel-time data (seismic event locations and arrival times of four different seismic phases at recorded stations) were obtained from
the United States Geological Survey (USGS). Most seismic events were located at a depth shallower than 15 km.; and almost half of the
events occurred near the Earth surface, we suspect many of these surface events are mine blasts. The locations of selected seismic events
and stations are shown in Figure 1. The station coverage is reasonably good thanks to the deployment of EarthScope USArray and other
regional seismic networks. Most of the seismic events are located in the south west portion of the study area. A cluster of seismic events
located west of SURF collocate with several big mines that can be seen in satellite images. The quality of the arrival times is reasonable.
We used four types of seismic waves (phases) including P, S, Pn and Sn. As shown in Figure 3, travel times for each wave type follow a
linear trend as expected. Linear fits to the travel times are also shown in Figure 3. The slope of each fitted line is the inverse of average
seismic velocity (crustal average for P and S; uppermost mantle average for Pn and Sn). The measured average crustal P-and S-wave
velocities are 6.2 km/s and 3.5 km/s, respectively. The average uppermost mantle P-and S-wave velocities are 7.6 km/s and 4.1 km/s,
respectively. We noticed a few outliers (blue dots in Figure 3) in the dataset. To remove the outliers, we computed the travel time residuals
(difference between the travel time observation and predicted values using the measured averages) and rejected the measurements outside
ten times of the standard derivation (Figure 4). We chose ten times of standard derivation instead of three (typically used) since the linear
fits do not account for 3D variations in velocity structure. Predicted travel times using a 1D global reference model (AK135, Kennett et
al., 1995) do not fit the travel time observations better than the linear fits. Differential travel times were then computed using the accepted
travel-time data points since our joint inversion is based on a double-difference tomography engine (Zhang and Thurber, 2003). In the
end, we used 70,068 P-waves (P and Pn) and 35,295 S-waves (S and Sn) measurements from more than 4,500 seismic events and about
100 stations.

Figure 1: Seismic event (blue dots) and seismic station (black triangles) locations. The red rectangle indicates the location of the
Sanford Underground Research Facility.
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2.2 Surface-wave Dispersion
The surface-wave dispersion data were extracted from Herrmann et al. (2016), which were processed using both ambient noise crosscorrelations and local earthquake observations. We sampled the dispersion data to the 25 km by 25 km horizontal gird. At each grid point,
and when data are abundant, four dispersion curves were used including Rayleigh-wave group velocities, Rayleigh-wave phase velocities,
Love-wave group velocities and Love-wave phase velocities. These dispersion curves were displayed and examined with an interactive
visualization tool (Chai et al, 2018). Outliers (sudden changes in dispersion curves, unrealistic values) were removed manually. The
surface data covers a period range from 3 s to around 50 s. The short periods (less than 6 s) and longer periods (longer than 30 s) have
fewer data due to quality control and data availability (Figure 5). Fewer Love-wave group velocity measurements were included as they
are more difficult to measure. In total, we included 85,150 data points from the surface-wave dispersion measurements.

Figure 2: A 3D view of the initial shear-wave velocity model (Chai et al., 2015). The red box in the insert map shows the location
of the 3D seismic velocity model. The cross-sections are selected to show seismic structure around the Black Hills region.
Warmer colors are used for slower shear-wave velocities while blues are used for faster shear-wave velocities.

Figure 3: Body wave data for S wave (a), Sn wave (b), P wave (c) and Pn wave (d). Gray dots represent accepted data points. Blue
dots are outliers. The red lines are linear fits to travel time observations. Corresponding seismic velocities of these linear
fits are shown in the legend.
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2.3 Gravity
The Bouguer gravity observations were extracted from a global model WGM2012 (Balmino et al., 2012) and sampled on to the 25 km by
25 km horizontal grid. Figure 6 shows the original WGM2012 model and a smoothed version of it. Short-wavelength features that cannot
be modeled with our grid size were removed in the smoothed version. The smoothed version was used for our inversion. We filtered the
gravity data in the wavelength domain to avoid overfitting and to remove long-wavelength features that are mainly due to deep density
variations. Specifically, we excluded gravity anomalies with a wavelength longer than 100 km. Gravity observations at four edges (about
100 km wide) of the study area were not included in the inversion to avoid edge effects since no gravity contribution outside the study
area is considered. Our research focus is around the SURF which is not affected by the edge effects.
3. METHOD
We used the same inversion technique as Syracuse et al. (2016; 2017). Body-wave travel times, surface-wave dispersions, and gravity
observations were jointly inverted for both P-wave and S-wave velocities. The P-wave velocities are constrained by P-wave travel times
and gravity observations. The S-wave velocities are constrained by S-wave travel times, surface-wave dispersions, and gravity
observations. The double-difference tomography engine (Zhang and Thurber, 2003) was used for body-wave travel time calculations. The
surface-wave dispersion component and gravity component of the inversion are from Maceira and Ammon (2009). We applied smoothing
and damping constraints to restrict wild changes in the model. The inversion converges after eight iterations. At each iteration, P-wave
and S-wave velocities are updated by simultaneously considering the three types of geophysical observations and the regularization terms
(smoothing and damping). The locations of the seismic events are also updated at each iteration.

Figure 4: Travel time residuals computed with the linear fits in Figure 3 for S wave (a), Sn wave (b), P wave (c) and Pn wave (d).
The vertical lines indicate the cutoff thresholds for outliers.
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Figure 5: Number of data points at each period for group and phase velocities of Rayleigh and Love waves. The maximum number
of data points at a single period is 768. Fewer Love-wave group velocities were used due to data availability and quality.

Figure 6: A comparison of the raw gravity data from the WGM2012 model (a) and the smoothed version (b). The smoothed
version was used for this study.
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Figure 7: L-curve analysis of inversions using travel time data alone. Each data point corresponds to an inversion. The symbols
are used to represent smoothing weights. The colors indicate the damping parameter. The red circles correspond to the
final model. Optimal weights are usually selected at the kink in the L-curve. The model lengths are normalized by the
number of grid points.
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Figure 8: Example L-curve plots of inversion using all three types of data. Each data point represents an inversion. The symbols
are used to represent gravity weights. The color of a symbol shows the overall weight for surface-wave dispersion data.
The red circles correspond to the final model. The model lengths are normalized by the number of grid points.

Figure 9: Histograms of P-waves (a) and S-waves (b) travel time residuals. We used 70,068 P-waves phase picks and 35,295 Swaves phase picks. The fit to P-waves travel times is better than that of S-waves, which is likely due to larger errors in Swaves phase picks.
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Figure 10: A map (a) shows the spatial distribution of the averaged surface-wave dispersion misfit and example dispersion curves
(b). Smaller dots mean smaller misfit. The red box indicates the location of dispersion curves (b). The circles in plots of
dispersion curves represent observed values. The red lines are the predicted dispersion curves using the finial model.
Different weighting parameters were assigned to each type of data and regularization constraints. A L-curve analysis was used to select
these weighting parameters. We followed the strategy of Syracuse et al. (2016; 2017) that uses two sets of inversions to search for the
optimal weights and reduce the computational cost at the same time. The weight for body-wave travel times was fixed at 1. The first set
of inversions used only the body-wave travel times and searches for the best smoothing and damping weights. Figure 7 shows the
corresponding L-curves. The optimal smoothing and damping weights are 300 and 400 respectively. The smoothing and damping weights
are fixed at optimal values for the second set of inversions. The second set of inversions included all the data and search for the optimal
weights for surface-wave dispersions and gravity observations. As shown in Figure 8, the L-curves analysis do not always show a simple
L shape for gravity and surface-wave dispersion weights. The optimal weights are then determined based on Equation 5 in Syracuse et al.
(2017). The optimal weights for gravity and surface-wave dispersion are 0.1 and 30 respectively.
3. PRELIMINARY RESULTS
We investigated detailed data fits for the final seismic model corresponding to the optimal weights. As shown in Figure 9, both the Pwaves (P and Pn) and S-waves (S and Sn) travel time residual (difference between the observed values and the predicted values) are
centered at 0 s suggesting that the final model fits the overall travel time well. The majority (95%) of P-waves residual falls in the range
between -0.5 and 0.5 s. The range for S-waves residuals is between -1.4 and 1.4 s. The linear fits (Figure 4) lead to residual ranges of -0.9
and 0.9 s for P-waves and -1.4 and 1.4 s for S-waves. The corresponding residual ranges for the AK135 model is -1.5 and 1.5 s for P
waves and -1.8 and 1.8 s for S-waves. Compared to the linear fits (Figure 4) and the 1D AK135 model, the final 3D model predicts the
travel time observations better. Figure 10 shows the spatial distribution of surface-wave data fits. Clearly, the predicted surface-wave
dispersions using the final model agree with the observations well. For the locations that the fit to the observed surface-wave dispersion
are not optimal (large dots in Figure 10a), larger differences between the predicted Love-wave dispersions and observed ones are observed.
These differences might be due to the anisotropic effects that are out of the scope of this study. The predicted gravity shows almost the
same pattern as the observed gravity (Figure 11). The final model fits all three types of observations reasonably well.
A 3D view of the shear-wave velocity variations is shown in Figure 12. Thanks to the body waves arrival time observations, the resolution
of the final model is higher than the initial model (Figure 2). Small-scale features were imaged as shown in the final model. The shear
velocities at shallow depth (between 4 and 10 km depth) are faster beneath the Black Hills region than regions to the south and east. A
slow-velocity anomaly (Figure 13) was found in the upper crust west of the Black Hills region, that extends to a depth of around 10 km.
At 1 km depth (Figure 13a and 13b), both the shear-wave (Vs) and compressional-wave (Vp) velocities east of the Black Hills are larger
than the area to the west. The seismic speeds beneath the Black Hills at a particular depth are slightly faster than the average speed at that
specific depth. At 3 km depth, the seismic speeds beneath the Black Hills region are similar to the study-area average. The updated
locations of seismic events show tighter clusters (a collection of seismic events) compared to the original catalog locations.

8

Chai et al.

Figure 11: A comparison of observed gravity (a) and the predicted values (b) using the final velocity model. The gray shaded area
is due to the edge effects of gravity calculation. The difference (c) was computed by subtracting predicted values from the
observed ones and normalized by the maximum of observed values.

Figure 12: A 3D view of the final shear velocity model. The layout is the same as Figure 2.
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[
Figure 13: Depth slices showing the P- (a, c) and S-wave (b, d) velocity variations of the final geophysical model at 1 km depth (a,
b) and 3 km depth (c, d). Warm colors are used for slower seismic velocity. Cold colors represent faster speeds. The black
circles indicate seismic events.

Figure 14: Maps show shear-wave velocity uncertainties (one standard deviation) at 15 km and 21 km depth. The gray shaded
area masks the regions that are affected by edge effects of gravity calculations. Blue colors mean less uncertainty while
warm colors suggest higher uncertainty.
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4. DISCUSSION AND CONCLUSIONS
The Black Hills region has experienced several cycles of uplift and deposition (e.g. DeWitt et al., 1986). The high-velocity anomaly
beneath Black Hills could be due to uplifts that eroded sedimentary layers. Geological observations suggest different geological history
across Black Hills. To the west of Black Hills is the Wyoming carton while the area east of Black Hills was deformed by the TransHudson orogen (e.g. Foster et al., 2006). The differences in seismic velocity at 1 km depth from west to east across Black Hills agrees
with geological observations. We used the inverted models to check the uncertainties due to the choice of weights for different data and
regularization terms. The weight-related uncertainties can be as large as 0.5 km/s. As shown in Figure 14, the high uncertainty area is
focused at small regions sometimes. The large uncertainties suggest that it is necessary to perform a thorough search of weights. Otherwise,
the resulting seismic models may contain small-scale artifacts.
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