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ABSTRACT

The EGS Collab project acquired continuous active-source seismic monitoring (CASSM) data before, during, and after hydraulic
stimulations at the first testbed at the depth of 4850 ft at the Sanford Underground Research Facility in Lead, South Dakota, for
monitoring fracture creation and evolution. CASSM monitoring used 24 hydrophones, 18 accelerometers, and 17 dipole sources within
four fracture-parallel wells and two orthogonal wells. 3D anisotropic traveltime tomography and anisotropic elastic-waveform inversion
of the campaign cross-borehole seismic data show that the rock within the stimulation region is a heterogeneous horizontal transverse
isotropic medium. We use these inversion results as the initial models and apply 3D anisotropic first-arrival traveltime tomography and
3D anisotropic elastic-waveform inversion to the CASSM data acquired after each stimulation in May, 2018 and December, 2018. We
observe the temporal and spatial evolution of seismic velocities and anisotropic parameters caused by hydraulic fracture stimulations,
showing the regions of rock alternation caused by hydraulic fracture stimulation.

1. INTRODUCTION

The EGS Collab project, supported by the U.S. Department of Energy Geothermal Technologies Office, is studying permeability
enhancement and evolution in crystalline rocks for heat extraction using fracture stimulations (Kneafsey et al., 2020, 2021). The first
EGS Collab testbed, Experiment 1, is located at the depth of 4850 ft at the Sanford Underground Research Facility (SURF) in Lead,
South Dakota. The purpose of the Experiment 1 is to establish a fracture network that connects an injection well and a production well
using hydraulic fracturing. Advanced seismic imaging and inversion methods were used to characterize the rock and monitor the
changes of rock properties during stimulation. The methods used include anisotropic traveltime tomography (Gao et al., 2019) and
anisotropic elastic-waveform inversion for the campaign cross-borehole seismic data (Gao et al., 2020), and elastic-waveform inversion
and least-squares reverse-time migration for the continuous active-source seismic monitoring (CASSM) data (Pan el al., 2019; Chi el al.,
2019, 2020).

The CASSM system contains 17 dipole sources, two cemented hydrophone strings with 12 sensors at 1.75 m spacing, and 18 3-C
accelerometers deployed in the six monitoring boreholes. The project acquired CASSM data continuously for several months to monitor
fractures created by hydraulic stimulations in May and December 2018. In this research, we use the CASSM data to study temporal-
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spatial evolution of the rock properties during five hydraulic stimulations performed in May, 2018 and two hydraulic stimulations in
December, 2018.

Previous research has shown that the host rock at the first EGS Collab testbed for Experiment 1 is anisotropic (Johnson et al., 2019; Gao
et al., 2019, 2020). Seismic wave is a superposition of quasi-P (qP) and quasi-S (qS) waves when propagating in an anisotropic medium
(Tsvankin, 1996). We firstly perform 3D anisotropic traveltime tomography of the CASSM data using the extrapolated models obtained
using 3D anisotropic traveltime tomography and 3D anisotropic elastic-waveform inversion of the campaign cross-borehole seismic
data (Gao et al., 2020) as the initial model. We then use 3D anisotropic elastic-waveform inversion of the CASSM data to improve the
traveltime tomography result and obtain high-resolution anisotropic elastic parameter models, including gP- and gS-wave velocities
along the symmetry axis, Thomsen parameters, and density. We analyze the time-lapse CASSM data to obtain traveltime variations of
both gP- and gS-wave arrivals caused by hydraulic fracture stimulations. We finally employ 3D double-difference anisotropic elastic-
waveform inversion of the time-lapse CASSM data using the traveltime variations as the misfit function to obtain the temporal-spatial
evolution of elastic parameters. Our results show the temporal and spatial evolution of gP- and gS-wave velocities and anisotropic
parameters caused by hydraulic fracture stimulations after each stimulation in May, 2018 and in December, 2018. Such regions of rock
alternation could be caused by created fractures, opening of existing fractures, injected water, and temperature changes.

2. METHODOLOGY

We use the 3D anisotropic adjoint-state first-arrival traveltime tomography method to invert for a set of best-fit anisotropic models (Gao
et al., 2020). The method seeks to match the synthetic first-arrival traveltimes with the observed first-arrival times:
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where Vpo, €, and ¢ are the phase velocity of gP wave and Thomsen parameters, respectively. We solve the 3D anisotropic eikonal

equation to obtain the first-arrival traveltime associated with the gP-wave mode, and update the medium parameters using the gradients
calculated using the adjoint-state eikonal equation (Gao et al., 2020).

We further use 3D anisotropic elastic-waveform inversion to update elastic anisotropic medium parameter model mby minimizing the
observed seismic waveform d,_ and the synthetic waveform ., .computed using 3D anisotropic elastic-wave equation (Gao et al.,
2020):
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where Vpo and Vo are the phase velocities of gP and gS waves along the symmetry axis, respectively, 7 is the medium density, and €,
d,and g are Thomsen parameters. In a horizontal transverse isotropic (HTI) medium, the phase velocities of gP and S waves depend
on the propagation direction g with respect to the symmetry axis (Berryman, 2008):
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where Vs and Vsh are corresponds to the quasi-SV- and quasi-SH-wave modes, respectively, and ¢, (i, j=1, 2, ... 6) is the stiffness
matrix. Vswo is denoted as Vso in the flowing.

After updating model m, we can update its time-lapse difference model Dmby using double-difference elastic waveform inversion
(zZhang and Huang, 2013):

Dm =argmin|(u ", where Dm s (DV,;,DV,,,Dr,De,Dd,Dg). @)
Dm
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However, the convergence of double-difference waveform inversion in the form of equation (2) may be severely impacted by the noise
and other amplitude factors in data. To improve inversion convergence, we use the traveltime difference instead of the waveform
difference to update the time-lapse model difference (Luo and Schuster, 1991):
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where DT is the traveltime difference of two traces obtained using cross correlation, which is more accurate than hand picking.

3. RESULTS OF BASELINE
3.1 CASSM acquisition system

Figure 1a shows the CASSM data acquisition system in Experiment 1: the green and red lines are injection and production wells,
respectively, and the black lines are six monitoring wells. The CASSM monitoring involves the repeated activation of the 17 sources at
green rectangles and receivers of the permanent 24 hydrophones at blue circles and 18 accelerometers at red triangles.
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Figure 1: (a) The CASSM data acquisition system at the EGS Collab Experiment 1. The red, green, and black lines represent
the injection (E1-Injection), production (E1-Production), and six monitoring wells (E1-OT, E1-OB, E1-PSB, E1-PST, E1-
PDB, E1-PDT), respectively. The green rectangles, blue circles, and red triangles indicate 17 CASSM sources, 24
hydrophones, and 18 accelerometers, respectively. (b) One common-shot gather of the CASSM data and the
corresponding picked first-arrival traveltimes (Chi el al., 2020).

3.2 Scattering and traveltime analyses of the CASSM data

We use the CASSM data recorded from 05/21/2018 to 05/27/2018 and from 12/20/2018 to 12/23/2018 to perform 3D anisotropic
traveltime tomography and 3D anisotropic elastic-waveform inversion, and study the temporal-spatial evaluation of rock properties
during the stimulations. Figure 2a and 2d show one source-receiver CASSM dataset that cross the potential fracture in May, 2018 and
December, 2018, respectively. The scattering waveform differences in Figure 2b and 2e are caused by the hydraulic stimulations,
including created fractures and injected water. We obtain the waveform differences by subtracting the waveforms recorded before the
first stimulation in May, 2018 and in December, 2018, respectively.

We compute the time-lapse changes of first-arrival traveltimes using cross correlation, and display the results in Figure 2c and 2f. The
red circles in Figure 2c and 2f indicate 5 stimulations and 2 stimulations performed in May, 2018 and in December, 2018, respectively.

These time-lapse changes of traveltimes in the CASSM data can be used to monitor the hydraulic stimulation process. In the first two
stimulations in May, 2018, the scattering and the traveltime changes caused by the created fracture and injected water is weak because
the size of the created fracture is small. During the last three stimulations, a larger fracture was created to connect the injection and the
production wells, leading to very strong scattering and traveltime changes detected in the CASSM data (Chi el al., 2020). We use the
time-lapse changes of the CASSM data to invert for the temporal-spatial evolution of rock properties during hydraulic fracture
stimulations.

3.3 Initial model and 3D anisotropic traveltime tomography of the baseline CASSM data in May 2018

3D anisotropic traveltime tomography and 3D anisotropic elastic-waveform inversion of the campaign cross-borehole seismic data show
that the rock within the stimulation region is a heterogeneous HTI medium (Gao et al., 2019, 2020). We extrapolate those results to
construct the initial models for inverting the time-lapse CASSM data. Figure 3a is the initial Vpo model within the CASSM data
acquisition region obtained from inversion of the campaign cross-borehole seismic data, and Figure 3b shows the initial Vo model for
traveltime tomography after extrapolating the Vo model in Figure 3a. We also extrapolate Vso, density, and Thomsen parameters.

We perform 3D anisotropic traveltime tomography of the first-arrival traveltimes of gP-wave events of the CASSM data acquired on
May 21, 2018 before hydraulic stimulation. The inverted Vpo and Thomsen parameters € and ¢ models are shown in Figure 4.
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3.4 3D anisotropic elastic-waveform inversion of the baseline CASSSM data in May 2018

For 3D anisotropic elastic-waveform inversion, we window out the gP- and the gS-wave direct arrivals in the baseline CASSM data
acquired before hydraulic stimulation in May, 2018, and use them to further update the velocity and anisotropic models with the

inverted Vpo and Thomsen parameters € and d of the traveltime tomography as the initial models. Our 3D anisotropic elastic-
waveform inversion also used the extrapolated Vso, density, and Thomsen parameters ¢ as the initial parameter models. We continue to

perform 3D anisotropic elastic-waveform inversion of the data, and show the inverted Vpo, Vso, and Thomsen parameters €, ¢, and g

models in Figure 5. Our final 3D anisotropic elastic-waveform inversion results further refine the models of 3D anisotropic traveltime
tomography.
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Figure 2: Panels (a) and (d): One recorded CASSM dataset recorded in May, 2018 and in December, 2018, respectively; Panels
(b) and (e) are the corresponding time-lapse changes of scattering data caused by the hydraulic stimulations; and Panels
(e) and (f) show the corresponding time-lapse changes of first-arrival traveltimes obtained using cross correlation of the
time-lapse CASSM waveforms.



Figure 3: (a) Vpo model obtained using 3D anisotropic traveltime tomography and elastic-waveform inversion of the campaign
cross-borehole seismic data within the CASSM data acquisition region (Gao et al., 2020), (b) Vpo model after
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extrapolating the model in (a) as the initial model for 3D anisotropic traveltime tomography of the CASSM data.
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Figure 4: The inverted (a) Vpo, Thomsen parameters (b) €and (c) amodels of the CASSM data using 3D anisotropic traveltime
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Figure 5: Inversion results of (a) Vpo, (b) Vs, Thomsen parameters (c) €, (d) ¢, and () g models, obtained using 3D

anisotropic elastic-waveform inversion of windowed gP- and the gS-wave direct arrivals of the baseline CASSM data
acquired before hydraulic stimulation in May, 2018.

4. RESULTS OF TIME-LAPSE CHANGES

4.1 Traveltime changes caused by hydraulic fracture stimulations

After 3D anisotropic elastic-waveform inversion of the baseline CASSM data, we use waveform cross correction to compute the
traveltime changes between the 5 stimulations (red circles in Figure 2c) and the baseline in May, 2018, and between the 2 stimulations
(red circles in Figure 2f) and the baseline in December, 2018. We show the traveltime changes for windowed direct qP-wave arrivals
and gS-wave arrivals in May, 2018 in Figures 6 and 7, respectively. We also display the traveltime changes for windowed direct gP-
wave arrivals and gS-wave arrivals of the CASSM data acquired in December 2018 in Figures 8 and 9, respectively. The traveltime
changes show a clear response to the 5 stimulations in May, 2018 and the 2 stimulations in December, 2018. Most of these traveltime
changes are traveltime delays, which indicates that seismic velocities decrease after stimulations.
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Figure 6: Panels (a) to (e) are the traveltime changes of the windowed direct qP-wave arrivals of the CASSM data acquired after
the 1%t to 5™ hydraulic stimulations in May, 2018. The horizontal number indicates the receiver number with #1~24 for
hydrophones and #25~42 for accelerometers. The vertical number denotes the source number.
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Figure 7: Panels (a) to () are the traveltime changes of the windowed direct gS-wave arrivals of the CASSM data acquired after
the 1% to 5™ hydraulic stimulations in May, 2018.
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Figure 8: Panels (a) and (b) are the traveltime changes of the windowed direct gP-wave arrivals of the CASSM data acquired
after the 1%t and 2" hydraulic stimulations in December, 2018, respectively.
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Figure 9: Panels (a) and (b) are the traveltime changes of the windowed direct qS-wave arrivals of the CASSM data acquired
after the 1%t and 2" hydraulic stimulations in December, 2018, respectively.

4.2 Temporal-spatial evolution of rock properties caused by hydraulic fracture stimulations

We use the computed traveltime changes of direct gP- and gS-wave arrivals and employ 3D double-difference anisotropic elastic-
waveform inversion to jointly update the time-lapse differences of Vpo, Vso, and anisotropic parameter models. We display the inverted
relative time-lapse changes of Vpo and Vso (4Vpo/Vpo and AVso/Vso) for the 5 stimulations in May, 2018 in Figures 10 and 11, respectively.
We depict their contour plots of the relative change ratios with an absolute value of larger than 0.2% in Figures 12 and 13, respectively.
The blue regions from Figures 10 and 13 gradually expand in space during the five stimulations, indicating the temporal-spatial
evolution of rock properties after hydraulic fracture stimulations in May, 2018. The relative changes of Vs are at the same location as
those of Vpo except that its scale is smaller.

We show our inversion results of the relative changes of Vpo and Vso for the 2 stimulations in December 2018 in Figures 14 and 15,
respectively, and their contour plots with an absolute value larger than 0.2% in Figures 16 and 17, respectively. The blue regions from
Figures 14 and 17 indicate that the 2 stimulations affect the rock properties similarly. Besides, both the location and the scale of the
relative change of Vs are similar to those of V. We find that the velocity changes occur around the notch point for hydraulic
stimulation (red dots in Figure 18).

The spatial patterns of the relative changes of Thomsen parameters are similar to those of Vpo and Vso.

For comparison, we superimpose the microseismic event locations (indicated by the black dots) onto the relative change of Vpo for the
5t stimulation in May, 2018 as shown in Figure 18a and 18b, and for the 2" stimulation in December, 2018 as depicted in Figure 18¢c
and 18d. We find that, in general, the spatial region of the relative Vo change in December 2018 matches well with the region where the
microseismic events are located, while the spatial region of the relative Vpo change for in May, 2018 locates slightly to the southeast of
the region where the microseismic events are located. Note that there may exist some regions with small dry cracks where microseismic
events could occur but may not cause measurable changes in elastic parameters.
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Our inverted time-lapse changes in seismic velocities and anisotropic parameters result from combined effects of created fractures,
fracture opening, injected water, and rock temperature changes (Doetsch el al., 2020; Schopper el al., 2020). Therefore, the region with
changes in these elastic parameters indicates the volume of rock alternation caused by hydraulic stimulation.

5. CONCLUSIONS

We have obtained the temporal-spatial evolution of seismic velocities and anisotropic parameters within the hydraulic stimulation
region at the first EGS Collab testbed, using 3D anisotropic first-arrival traveltime tomography and 3D anisotropic elastic-waveform
inversion of the time-lapse CASSM data acquired before and after each hydraulic fracture stimulation in May, 2018 and in December,
2018. We find that the 5 stimulations in May 2018 gradually expand the spatial regions of changes of rock properties, and the 2
stimulations in December 2018 affect the rock similarly in space. The created fractures, opening of existing fractures, injected water,
and the water temperature differences from the host rock, could all caused changes in elastic parameters. Therefore, accurate inversion
of time-lapse CASSM data could reliably monitor alternation of the host rock during fracture stimulation in enhanced geothermal
systems, including fracture creation and opening and wave movement.
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Figure 10: Relative Vpo changes obtained using 3D double-difference anisotropic elastic-waveform inversion and the traveltime
change of (a) 1st, (b) 2nd, (c) 3rd, (d) 4™, and (e) 5th stimulation in May, 2018 as shown in Figure 6.

1310



Feng et al.

0.4 0.4 T~ 0.4
A T
e T~
/ 4
02 0 / ~ . 0
L = 11 z
g 5 ' 5
< 0 0
5 5 - 5
# E p E
& E y E
. 830
0z 02 Y / 02
- /820 90 / /" g20
~ —
1200 e / / 1290 '\\‘? / /
a 610 ~- 810
1300 T / 1300 T
“*'-._\ 04 T oa T~ 04
1310 e 800 Easting (m) 1310 e/ 800 Easting (m) 1310 e/ 800 Easting (m]
Northing (m) 1320 Northing (m) 1320 - Northing (m) 1320 -
/| T A
p / - — 04 yd T~ 04
p ~—— A T
# B # -
/ ’, / ’
/
S~ 02 S~ 02
p y
/. 4
1s e 1 L
5 5
Zmo - / -
i ~ z . ) H
% 100 / 4
E A A
830 7 3
woas / S 830
rd A 4 B
%0 / . 820 py “ 820
1200 e e - / /
e /810 e 810
1300 — S/ . 1300 ~—— 4
10 BOI Easting (m) ; 1310 T < !
s q 800 Easting im)
Northing (m) 13 - Marthing (m) 13207

d

Figure 11: Relative Vs changes obtained using 3D double-difference anisotropic elastic-waveform inversion and the traveltime
change of (a) 1st, (b) 2nd, (c) 3rd, (d) 4™, and (e) 5th stimulation in May, 2018 as shown in Figure 7.
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Figure 13: Contour plot of 4Vs/Vs with an absolute value of larger than 0.2% for (a) 1st, (b) 2nd, (c) 3rd, (d) 4, and (e) 5th
stimulation in May, 2018, corresponding to Figure 11a to 11e, respectively.
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Figure 14: Relative Vpo changes obtained using 3D anisotropic elastic-waveform inversion and the traveltime change of (a) 1%
and (b) 2" stimulation in December, 2018 as shown in Figure 8.
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Figure 15: Relative Vso changes obtained using 3D anisotropic elastic-waveform inversion and the traveltime change of (a) 1%
and (b) 2" stimulation in Dcember, 2018 as shown in Figure 9.
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Figure 16: Contour plot of 4Vy/Vpo with an absolute value of larger than 0.2% for (a) 1%t and (b) 2" stimulation in December,
2018, corresponding to Figure 14a and 14b, respectively.
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Figure 17: Contour plot of 4Vs/Vs with an absolute value of larger than 0.2% for (a) 1t and (b) 2" stimulation in December,
2018, corresponding to Figure 15a and 15b, respectively.
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Figure 18: Panels (a) and (b) are relative Vyo changes for the 5™ stimulation in May, 2018, and Panels (c) and (d) relative Vyo
changes for 2" stimulation in December, 2018, superimposed by the microseismic events indicated by the black dots.
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