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ABSTRACT

Accurate characterization of reservoir rocks is crucial for fracture stimulations and time-lapse reservoir monitoring in enhanced
geothermal systems. Campaign cross-borehole seismic data were collected as part of a comprehensive characterization suite of the first
EGS Collab testbed prior to EGS Collab hydraulic stimulation experiments. The testbed was established in metamorphic, crystalline rock
at the 4850 ft deep at the Sanford Underground Research Facility in Lead, South Dakota. Previous anisotropic traveltime tomography
results revealed a heterogeneous velocity structure and strong anisotropy with features trending in a primarily northwest/southeast
orientation. Based on these results, we employ an anisotropic elastic-waveform inversion method to further refine structures and rock
properties within the first EGS Collab testbed. This method uses seismic waveform data, which in principle is capable of revealing higher-
resolution and more accurate rock properties compared with traveltime tomography. We obtain a set of high-resolution P-/S-wave velocity
and Thomsen anisotropic parameter models, and compare them with the traveltime tomography models. We focus on the portion of the
testbed relevant to the hydraulic stimulation and flow experiments, which were performed subsequent to the campaign cross-borehole
seismic characterization efforts. Furthermore, we will show that the inverted anisotropic medium parameter models can provide
quantitative information on the fracture orientation and density in space, and can serve as important guidance for time-lapse active seismic
monitoring during the hydraulic stimulation activities.

1. INTRODUCTION

The Enhanced Geothermal System (EGS) Collab project focuses on understanding and predicting permeability enhancement and evolution
in rocks, including how to create sustained and distributed permeability for heat extraction from the reservoir by generating new fractures
that complement existing fractures (e.g., Kneafsey et al., 2018). For characterizing the properties of the host rock at the first EGS Collab
tested, the project conducted geophysical characterization and monitoring using such as electrical resistivity tomography (Johnson et al.,
2019), seismic traveltime tomography (Gao et al., 2019) and elastic-waveform inversion (Chi el al., 2019, 2020). For the seismic
characterization, the project acquired campaign cross-borehole seismic data recorded using a 96-channel array of hydrophones,
accelerometers, and geophones (Schwering et al., 2018; Linneman et al., 2018).

We develop an anisotropic adjoint-state first-arrival traveltime tomography (AA-FATT) method and an anisotropic elastic-waveform
inversion (AEWI) method to characterize anisotropic characteristics of the host rock at the EGS Collab testbed using the campaign cross-
borehole seismic data. AA-FATT seeks to match the synthetic first-arrival traveltimes with the observed first-arrival times to invert for a
set of best-fit anisotropic models. Different from ray-based traveltime tomography approaches, adjoint-state FATT employs the adjoint-
state eikonal equation to facilitate the computation of medium parameter gradients, leading to an efficient whole-space coverage of
wavepaths and inverted parameters. AEWI seeks a set of anisotropic elastic parameter models, including P- and S-wave velocities,
Thomsen parameters and density, by fitting synthetic seismic waveforms with observed seismic waveforms. Using both phase and
amplitude information embedded in seismic waveform data, AEWI usually produces medium parameter models with higher spatial
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resolution compared with those obtained using FATT approaches. The goal of AA-FATT and AEWI is to provide accurate, reliable and
high-resolution medium parameter models for accurate fracture imaging and microseismic event location/focal mechanism inversion, etc.

2. METHODOLOGY

2.1 Adjoint-state anisotropic first-arrival traveltime tomography
AA-FATT uses the traveltime information of seismic arrivals to invert for anisotropic properties of the medium. Our algorithm produces

the best-fit anisotropic models by minimizing the observed first-arrival traveltime 7., and the numerical synthetic first-arrival traveltime

T,,, computed using 3D fully anisotropic eikonal equation:

(V,.£,0) =argmin || Ty, T, [, M

Vp,g,é'

where V,, & and & are the P-wave velocity and Thomsen parameters, respectively. The synthetic data also depend on TTI (transversely

isotropy with a tilted symmetry axis) medium symmetry axis tilt angles 6 and ¢, which are fixed during the AA-FATT to reduce inter-
parameter crosstalk.

We use the conjugate-gradient inversion framework to update the anisotropic models. We compute the gradients of medium parameters
using the adjoint-state eikonal equation. In our algorithm, we solve the following 3D anisotropic eikonal equation to obtain the first-arrival
traveltime field associated with the qP-wave mode:

Ve(0,0) +vi(D,0) +v2 (0.0 [1-2(e = W2 ((0,1)° +((8,0))] =1, ®)

where ¢ is the traveltime field, v

X0,z

are the qP-wave velocities along the x-, y- and z-directions, respectively, and € and § are Thomsen

parameters. We develop a high-order hybrid anisotropic eikonal solver to solve equation (2). The adjoint-state equation associated with
equation (2) can be derived using a similar procedure described in bin Waheed et al. (2016).

2.2 Anisotropic elastic-waveform inversion
We further update the anisotropic models using AEWI. AEWI updates elastic anisotropic medium parameter models by minimizing the

observed seismic waveform d,; and the synthetic waveform dg,, computed using 3D fully anisotropic elastic-wave equation:

V. Vo p:6,6,7) = argmin || dg, —dy, [ ®)

VpVsp::0.y

where ¥, and V| are the P- and S-wave velocities of the medium, respectively, p is the medium density and¢ ,& and y are Thomsen
parameters. The synthetic seismic data also depend on TTI medium’s symmetry axis tilt angles 6 and ¢, which are fixed during AEWI to
reduce inter-parameter crosstalk artifacts. In AA-FATT, the S-wave velocity ¥, and its associated anisotropy indicator parameter y
cannot be inverted because of the non-uniqueness of two split qS-wave modes and low signal-to-noise ratio of qS-wave first arrivals. By
contrast, AEWI can update these two parameters in a unified framework. In addition, we can update the density parameter using AEWI,
providing more information for rock characterization.

Conventional FWI in the form of equation (2) may encounter cycle-skipping or local minimum issue caused by the complexity of seismic
data. To improve inversion convergence, we employ the following misfit function in our AEWI:

(Vp,Vs,p,E,é‘,]/)*: argrnln HAr(dobs’dobs)_Cr(dobydsyn)Hg > 4)

VyiVs.p:€.0,y

where A4 (d

cross-correlation between the synthetic d,

obs>Uobs) 18 the auto-correlation of the observed seismic waveform d,; with a time delay of 7, and C,(d,d,,) is the

¢ and the observed waveforms dg, with a time delay of z . The gradients of anisotropic

elastic parameters can be computed using the adjoint-state method. In our algorithm, we first compute the gradients associated with the
elasticity parameters C;; as (Vigh et al., 2014):

— [ X By, 5
K .[0 oc; ot ®

with 7, j=1,2,-- , where 0 and o' are the source and adjoint strain wavefields, respectively. Then we use these gradients to compute
the gradients associated with the parameters in equation (4) based on the differentiation chain rule. An AEWI algorithm parameterized
using the six velocity-density-Thomsen parameters can be easier to be constrained compared with that parameterized with C;; . For 3D
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general anisotropic media, the number of independent C; can be up to 21, leading to significant difficulties in reducing inter-parameter

crosstalk artifacts in inversion results.

3. RESULTS

3.1 Geometry settings and existing results

We show the data acquisition configuration for collecting campaign cross-borehole seismic data in Figure 1a. A total of 63 sources are
placed in the injection well. Each common-shot gather contains either 144 or 96 hydrophone receivers in the production well. Each
common-shot gather records approximately 0.1 s of seismic waveforms. The data has a wide frequency band ranging from 2 KHz to 12.5
KHz. The signal-to-noise ratio for frequency components below or above this band is low. The region of interest for seismic
characterization is approximately 15 m in the x-direction, 75 m in the y-direction and 18 m in the z-direction.

The EGS Collab project produced a P-wave velocity model for this region using isotropic first-arrival traveltime tomography (Figure 1b).
The value range of the inverted P-wave velocity model is from approximately 5000 m/s to approximately 6800 m/s. The result shows a
velocity variation of approximately 1800 m/s at the end of the injection/production wells away from the collar, within a spatial range of
approximately 15 m. Such a velocity change within a small volume of rock may result from the isotropic assumption.

3.2 AA-FATT inversion results

To characterize the region of interest with better petro-physical plausibility, we conduct AA-FATT, to obtain a set of anisotropic
parameters for this region.

Starting from a homogeneous P-wave velocity model with a value of 5800 m/s, we first conduct an isotropic adjoint-state FATT. This
inverted velocity model has a value range 0f 4500 to 7800 m/s (Figure 2). This value range is even larger than that in Figure 1b. In addition,
we find that there are obvious artifact-like velocity anomalies at the two ends of both injection and production wells, indicating the
possibility of a biased inversion result under the assumption of isotropic medium. Our isotropic adjoint-state FATT resembles the issue
of drastic velocity variations within small spatial range shown in Figure 1b.

We conduct a second traveltime tomography test assuming VTI (transversely isotropy with a vertical symmetry axis) anisotropy for this
region. The initial P-wave velocity model is homogeneous with a value of 5800 m/s, accompanied with homogeneous Thomsen parameter
¢ and 6 models, with values 0.2 and 0.1, respectively. We show the inverted P-wave velocity and two Thomsen parameters using the VTI
AA-FATT in Figure 3a, 3b and 3c, respectively. The inverted P-wave velocity values range from 5400 to 5900 m/s, a much smaller
variation range compared with that of the isotropic FATT. However, the inverted Thomsen parameter € and ¢ models are not consistent
with each other. Particularly, the inverted € model indicates low anisotropy between the injection and production wells, while the inverted
6 models has a large value between the injection and production wells, indicating a high level of anisotropy.

We conduct a third AA-FATT test using a HTI (transversely isotropy with a horizontal symmetry axis) medium, and show the results for
the inverted P-wave velocity, and Thomsen parameters € and d in Figure 4a, 4b and 4c, respectively. In most parts of the region of interest,
the P-wave velocity value has a mild spatial variation, except the end of the injection well where the data coverage is poor. The spatial
patterns of the two inverted Thomsen parameters are apparently more consistent with each other compared with those of the VTI FATT
inversion, indicating a more reasonable anisotropic assumption (HTT) for this region. A potential issue with the HTI FATT inversion result
is that the values of the inverted Thomsen parameters can be fairly large in some parts of the model. For example, a value of 0.6 for €
indicates an almost 48% faster vertical qP-wave velocity with respect to the horizontal qP-wave velocity in the HTI medium. It is not yet
clear whether such large velocity discrepancy is possible in realistic geology. Therefore, it is necessary to cross-validate the inversion
results with those obtained using other geophysical approaches, e.g., electric resistivity tomography.

Figure Sa, 5b and Sc compare the final traveltime misfit measured in millisecond. It is evident that the traveltime misfit in the HTI FATT
inverted model is more concentrated around zero compared with those for isotropic FATT and VTI FATT, indicating the HTT medium is
closer to real geology compared with the other two. The misfit convergence curves associated with the three FATT inversions shown in
Figure 5d also further demonstrate the higher accuracy and reliability of the HTI FATT result compared with those for the other two types
of media.

3.3 AEWI inversion results

To improve the spatial resolution of anisotropic elastic models, we conduct AEWI based on the inversion results shown in Figure 4. Our
AEWI requires appropriate S-wave velocity and Thomsen anisotropic parameter v, as well as density p, as initial parameter models in
addition to the models shown in Figure 4. Since these quantities can be very difficult to obtain using traveltime tomography, we create

the density model from the AA-FATT inverted P-wave velocity using Gardner’s rule as p=310x Vz? 25 with unit kg/m3, and a S-wave

velocity model by simple scaling V; =V, / \/g . The Thomsen parameter vy is linearly scaled from the parameter .

We show the P-wave velocity, S-wave velocity, Thomsen parameters ¢,  and vy, and density models inverted using our 3D AEWI method
in Figures 6a-6f. The inverted model has an evidently improved spatial resolution compared with the FATT inversion results in Figure 5,
particularly for the region between the injection and production wells. We find that the spatial pattern of the P-wave velocity model is
similar to that of the S-wave velocity model. We observe relative lower velocity values at the two ends of both injection and production
wells, while there is a relative high-velocity zone in the central region between the two wells. The three inverted Thomsen parameters
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have similar spatial patterns, indicating a relative lower anisotropy zone in the central region between the two wells. Finally, the inverted
density models shows mildly lower values in most regions between the two wells.

We further verify the existence of anisotropy from the campaign cross-borehole seismic data. Figure 7a shows an unprocessed common-
shot gather in the campaign cross-borehole seismic data. This gather is the pressure component recorded in the production well. To
facilitate our AEWI, we process this common-shot gather and show the early arrivals of the shot gather in Figure 7b, where we find that
there are S-wave mode in the data with a larger slope (i.e., lower propagation velocity) compared with qP-wave mode first arrivals.

If the medium is isotropic, there should be no S-wave mode (i.e., shear deformation energy) appearing in the pressure component (i.e.,
normal deformation energy). In contrast, if the medium is anisotropic, then the qS-wave mode contains not only shear deformation, but
also normal deformation. In this case, the pressure component contains qS-wave mode leakage, i.e., the normal deformation energy of qS-
wave mode. Therefore, the existence of S-wave mode in the pressure component is a clear indication of non-trivial seismic anisotropy. In
fact, if we conduct an elastic-wave modeling using only the inverted P- and S-wave velocity models (shown in Figure 7c), we observe
that there are absolutely no S-wave mode in the recorded pressure data. By contrast, the synthetic pressure-component data computed
using the inverted anisotropic elastic models (shown in Figure 7d) shows clearly leaked qS-wave mode in the data denoted by the red
arrows.

We find similar existence of qS-wave mode in the field data for another common-shot gather (Figure 8b) and in the synthetic data
computed using the inverted anisotropic elastic model (Figure 8d). The synthetic data computed in isotropic elastic model for this
common-shot gather (Figure 8c) lack such an S-wave mode. The consistency between the observed and synthetic pressure-component
data on qS-wave mode existence further demonstrates the reliability of our AEWI results and the existence of anisotropy in the host rock
for the first EGS Collab testbed.

4. CONCLUSIONS

We have developed a 3D fully anisotropic first-arrival traveltime tomography method and a 3D fully anisotropic elastic-waveform
inversion method, and applied the methods to the campaign cross-borehole seismic data acquired at the first EGS Collab testbed. We have
conducted a series of anisotropic first-arrival traveltime tomography and anisotropic elastic-waveform inversion tests, and have found that
the region between the injection and production wells can be well characterized by a transversely isotropic medium with horizontal
symmetry axis. In addition, the anisotropy associated with this HTI medium is fairly strong, indicating the possibility of large amount of
pre-existing fractures or finely layered metasedimentary rocks in this region. The existence of strong seismic anisotropy in this region is
also supported by the leaked S-wave mode in the pressure-component seismic data.
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Figure 1: (a) A sketch of the EGS Collab injection-production-monitoring system. (b) P-wave velocity model obtained by
SNL/LBNL using traveltime tomography in isotropic media.
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Figure 2: Inverted P-wave velocity obtained using isotropic adjoint-state FATT.
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Figure 3: Inverted P-wave velocity (a), Thomsen anisotropic parameter ¢ (b) and Thomsen anisotropic parameter 6 (c) obtained
using our AA-FATT by assuming VTI medium.



Gao et al.

.

:
E 5000 5350 5700 6050 6400 6750 3 & b 0.2 0.3 0.4 0.5 0.6
_all P-wave Velocity (m/s) Thomsen Parameter €

(a) (b)

0 0.1 0.2 0.3 04
Thomsen Parameter &

(©)

Figure 4: Inverted P-wave velocity (a), Thomsen anisotropic parameter ¢ (b) and Thomsen anisotropic parameter 6 (c) obtained
using our AA-FATT by assuming HTI medium.
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Figure 5: Distributions of traveltime error in the inverted (a) isotropic model, (b) VTI medium model and (c) HTI medium model.
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Figure 6: Anisotropic elastic parameter models produced using our 3D AEWI of the campaign cross-borehole seismic data. Panels
(a)-(f) show the inverted P-wave velocity, S-wave velocity, Thomsen parameters &, d and v, and density models, respectively.
The initial models for AEWI are those shown in Figure 5.



Gao et al.

Trace Number Trace Number
0 30 60 90 120 0 30 60 90 120

0.005 0.005
@ ©
® ©
£ 0.01 £ 0.01
= [
0.015 0.015
0.02 0.02
(@) (b)
Trace Number Trace Number
0 30 60 90 120 Q0 30 60 20 120
0 0
0.005 0.005
) w
] .01 Q .01
g 0.0 E 0.0
[ [
0.015 0.015
0.02 0.02
(© (d)

Figure 7: (a) A common-shot gather (pressure component) obtained at the hydrophones in the production well. (b) Processed
common-shot gather in (a) as the input for our 3D AEWI. Note the leaked S-wave mode in the pressure component. The
S-wave mode has distinct slope compared with the P-wave arrival. (c) The common-gather simulated using 3D elastic-wave
equation solver in isotropic medium. There is no visible S-wave mode in the pressure component. (d) The synthetic
common-shot gather in the inverted anisotropic elastic model shown in Figure 6. Note the clear evidence of S-wave mode
in the pressure component.
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Figure 8: (a) A common-shot gather (pressure component) obtained at the hydrophones in the production well. (b) Processed
common-shot gather in (a) as the input for our 3D AEWI. Note the leaked S-wave mode in the pressure component. The
S-wave mode has distinct slope compared with the P-wave arrival. (c) The common-gather simulated using 3D elastic-wave
equation solver in isotropic medium. There is no visible S-wave mode in the pressure component. (d) The synthetic
common-shot gather in the inverted anisotropic elastic model shown in Figure 6. Note the clear evidence of S-wave mode
in the pressure component.
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