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ABSTRACT

Distributed Acoustic Sensing (DAS) employs a fiber-optic cable as a seismic sensor. In a DAS survey, a fiber optic cable is either
cemented in a borehole or buried at the surface of the survey area. An interrogator unit is attached to one end of the cable and sends
laser pulses down the length of the fiber to measure deformations in the fiber caused by passing seismic waves. The EGS Collab project
is to study the fracture stimulation and monitoring for enhanced geothermal systems (EGS). The first testbed is located at 4850 ft.
beneath the surface at the Sanford Underground Research Facility in South Dakota. The testbed consists of a stimulation well, a
production well, and six monitoring wells drilled around a fracture stimulation zone. A length of optic fiber was deployed along the
monitoring wells to continuously monitor during hydraulic stimulations. The gauge length for data collection was set to 10 m. We
analyze the DAS data and compare the signal changes before, during, and after the hydraulic stimulations. We then compare the time-
lapse monitoring results obtained from DAS data with results obtained from continuous active-source seismic monitoring (CASSM)
data to study the feasibility of DAS for monitoring hydraulic fracturing in EGS reservoirs. In our preliminary results, we do not observe
any scattered signal on the DAS data which may be caused by the large (10 m) gauge length used during data acquisition.

1. INTRODUCTION

Distributed Acoustic Sensing is a technology that employs an optical fiber cable as a sensor to measure strain-rate changes continuously
in both space and time. In a DAS survey, a length of optical fiber cable is deployed either in boreholes or buried at the surface of an
acquisition site. One end of the fiber is attached to an interrogator box that sends laser pulses down the length of the fiber. When the
laser pulse encounters imperfections in the material of the fiber, some of the light are scattered and reflected back towards the integrator
box that records its phase in a reference loop. During data acquisition/monitoring, a seismic wave passes through the fiber and causes
the fiber to either extend or contract. This deformation causes a phase delay in the backscattered light. The interrogator box measures
and converts this phase change to an average strain-rate (or strain) measurement over a finite length of fiber (gauge length). (Mestayer et
al. 2011; Molenaar et al. 2012; Daley et al. 2016; ; Poletto et al 2016; Mateeva et al. 2014; Karrenbach et al. 2019; Jousset et al. 2019).

In real world applications, DAS has been deployed for both earthquake monitoring (Martin et al. 2016; Ajo-Franklin et al. 2018; Zhu
and Strensrud. 2019), reservoir monitoring (Mateeva et al. 2013; Karrenbach et al. 2019), and for seismic exploration (Daley et al. 2016;
Jousset et al. 2018). There are many advantages in collecting seismic data using DAS over conventional geophones. For one, DAS data
are usually collected using standard telecommunication optic fiber. These types of optic fiber cables are ubiquitous and can be deployed
at a lower cost compared to deploying expensive conventional geophones. In the oil and gas industry, DAS have been deployed in
productions wells for vertical seismic profiling (VSP) applications to monitor oil reservoirs. Because the fiber can be cemented behind
the borehole casing, there would be no need to stop production when collecting DAS data, thus saving a considerable amount of time
and money. Another advantage of DAS data is that because data are measured continuously along space, DAS data have denser spatial
coverage compared to an array of conventional geophones. The typical receiver spacing for a seismic survey is usually greater than 10
m while the spatial sampling of a DAS data can be around 1 m. However, a disadvantage of DAS data is that it has lower signal-to-noise
ratio compared to geophone data.
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In this paper, we process and analyze DAS data collected at the first EGS Collab testbed for fracture characterization before, during, and
after hydraulic stimulation. This testbed is located at 4850 ft. below the surface at the Sanford Underground Research Facility (SURF)
in Leads, South Dakota. This testbed consists of one production well (E1-P), one injection well (E1-I) and six monitoring wells around a
fracture stimulation zone. Four of these monitoring wells (E1-PST, E1-PSB, E1-PDT, and E1-PDB) are parallel to the created fractures
and two of these wells (E1-OT and E1-OB) are orthogonal to the fractures. Each of the monitoring wells are about 60 m in depth. We
show a diagram representing the geometry of the test site in Figure 1. The DAS fiber was deployed in these six monitoring wells. We
use the sources from a multi-level continuous active-seismic source monitoring (ML-CASSM) system (Ajo-Franklin et al. 2011; Daley
et al. 2011, Gao et al. 2018; Pan et al. 2019; Chi et al. 2019) as the source for this experiment. CASSM is an array of automated
multilevel sources and receivers permanently installed in the wells. We compare the DAS data with the CASSM data.

Figure 1. 3D Map view of the EGS Collab test site. The thick red line represents the drift (tunnel). The red thin red line
represents the production well (E1-P). The green line represents the injection well (E1-I). The yellow lines represent the
six monitoring wells. The green and blue circle represents the fracture zone. Two monitoring wells (E1-OT and E1-OB)
are orthogonal to the fracture zone and four monitoring wells (E1-PDT, E1-PDB, E1-PST, and E1-PSB) are parallel to
the fracture zone. Modified from (Huang et al. 2017).

2. DATA ACQUISITION

For the survey, we use one continuous fiber cable approximately 1600 m in length to collect the DAS data. The fiber was deployed in
the six monitoring wells around the stimulation and production wells. The fiber is looped in and out of each monitoring well to record
the DAS data. The fiber in-between the monitoring wells is left free hanging in the drift. The end of the fiber is attached to a Silixa
iDAS interrogator unit, which records the DAS data. The channel spacing is set to 1 m and the gauge length is set to 10 m. DAS data
was collected continuously from April 5, 2018 to June 26, 2018. For most of the recording history, the DAS data was acquired with a 1
kHz sampling frequency. However, we use a 10 kHz sampling frequency during and around hydraulic stimulation (May 22, 2018 — May
25, 2018). In total, five stimulations were conducted from May 22-25 (Fu et al. 2018).

We use CASSM sources as the sources for our DAS data. The CASSM observation system is an array of automated sources and
receivers permanently installed in the monitoring wells. The CASSM array contains a total of 17 CASSM sources, 24 hydrophones, and
18 accelerometer receivers deployed in the six monitoring wells. The 17 CASSM sources are deployed across four of the monitoring
wells: six sources in E1-PST, five sources in E1-PSB, five sources in E1-OB, and one source in E1-PDT. The 24 hydrophones were
deployed in two wells: E1-OT and E1-PDB. The 18 accelerometer receivers were deployed evenly across the six wells, three in each
well. We show the geometry of the CASSM acquisition system in Figure 2. During data acquisition, each CASSM source emitted
seismic waves that propagated into the surrounding media and arrived at the receiver arrays that recorded the signals. The DAS fiber
deployed in the six monitoring wells also recorded the CASSM source signals. At each shot point, the CASSM source repeatedly fired
16 times. As a result, each common-shot gather of the CASSM data is a stack of 16 shots. Each of the CASSM sources went off in 10
minute intervals continuously over the course of the data acquisition period.
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Figure 2. Geometry of the ML-CASSM acquisition system at the first EGS Collab testbed. The thick black line is the drift. The
red line represents the production well. The green line represents the injection well. The thin black lines represent the six
monitoring wells. The red stars indicate the 17 CASSM sources. The yellow triangles indicate the 24 hydrophones. The
blue triangles indicate the 18 accelerometers. The black circles represent the notch positions cut in the injection well. The
DAS fiber is deployed in the six monitoring wells.

3. PROCESSING DAS DATA AND PRELIMINARY RESULTS

We show an example of one second of the raw 10 kHz DAS data collected by all channels of the fiber in Figure 3. As can be seen in the
figure, the data appears very noisy and we cannot distinguish any coherent signals. To compare with the CASSM data, we first remove
the water level in the data by subtracting a moving window average from the raw strain-rate DAS data. We then integrate the stain-rate
data over time to obtain strain, and apply band-pass filtering and median filtering to the data to remove additional noise.

The common-shot record of the CASSM data is a stack of 16 shots from the CASSM source. Since the DAS data were acquired
continuously, we must find the time at which the CASSM source was fired on the DAS data trace. We first extract the DAS data that
corresponds to the location of a source in the well. We find the spike in the data that corresponds to 16 shots from the CASSM source.
We pick the time of the spikes and select a window around that picked time and stack them together to obtain DAS data comparable to
the CASSM data. We show a single trace with 16 spikes on the trace showing the time at which the CASSM shots were fired along with
the stacked trace of the 16 shots and a time shifted CASSM trace in Figure 4. In the following we show data collected in wells OB and
OT on different days. We show stacked data of data recorded in wells OB and OT on May 23, 2018 at 12:38:55 UTC in Figure 5, the
stacked data recorded in wells OB and OT on May 24, 2018 at 12:36:55 UTC in Figure 6, and the stacked data recorded in wells OB
and OT on May 25, 2018 at 12:36:06 UTC in Figure 7. On all three figures, we can easily distinguish the strong signal corresponding to
the source. This strong signal occurs both in the area of the fiber that is going down the borehole and coming back up the borehole.
However, we note that this signal does not seem to transmit to other parts of the fiber. We may need to use a smaller gauge length when
recording the data to record this signal.

We also compare data before and after stimulation to see if there is any scattering caused by stimulation. The first major stimulation that
occurred was the third stimulation on 5/24/2018 at approximately 22:38:00. We plot data for two wells approximately 10 minutes before
stimulation, 10 minutes after the starting stimulation, and the difference between the two data sets in Figure 1Figure 8. From the figure
we see that the data has higher energy during stimulation. However, we still do not see any coherent events in either the recorded data or
the difference data.
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Figure 3. Example of 1 second of the 10 kHz DAS data. The solid black vertical lines show the channel on the data that
correspond to where the fiber enters and exits each well. The black line represents the channel corresponding to the
bottom of each well. For each well, the fiber enters the top of the well, goes down to the bottom, bends, then comes back
up the well and exits the well.
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Figure 4. (a) A 60 second long trace extracted from Channel 602 from data collected starting on 05/24/2018 12:36:55 UTC. This
channel corresponds to a depth of 34 m in well OB where a CASSM source was collected at that time. The 16 impulses
between 20-30 s correspond to the CASSM source taking shots. (b) The stack of all 16 source events to form a single
trace. (c¢) Time shifted trace of the CASSM data from an accelerometer in OB.
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Figure 5. DAS data collected on May 23, 2018 at 12:36:09 UTC (a) Wiggle plot of DAS data collected in well OB. (b) Wiggle plot
of DAS data collected from well OT. (c) Variable density plot of DAS data collected in well OB. (d) Variable density plot
of DAS data collected in well OT. The CASSM source is located at depth of 34 m in well OB. The dashed lines indicate
the depth of the source on the data plot. The arrows point to the source signal in the data. This signal is very strong and
located in the correct position in the data. The black line dividing the data horizontally is the bottom of the well. The
fiber goes into the well, bends at the bottom, then comes back up. We however, cannot distinguish any other coherent
events other than the source signal. This signal also does not seem to transmit to far offsets.
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Figure 6. DAS data collected on May 24, 2018 at 12:36:55 UTC (a) Wiggle plot of DAS data collected in well OB. (b) Wiggle plot
of DAS data collected from well OT. (c) Variable density plot of DAS data collected in well OB. (d) Variable density plot
of DAS data collected in well OT. The CASSM source is located at depth of 34 m in well OB. The dashed lines indicate
the depth of the source on the data plot. The arrows point to the source signal in the data. This signal is very strong and
located in the correct position in the data. The black line dividing the data horizontally is the bottom of the well. The
fiber goes into the well, bends at the bottom, then comes back up. We however, cannot distinguish any other coherent
events other than the source signal. This signal also does not seem to transmit to far offsets.
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Figure 7. DAS data collected on May 25, 2018 at 12:36:09 UTC (a) Wiggle plot of DAS data collected in well OB. (b) Wiggle plot
of DAS data collected from well OT. (c) Variable density plot of DAS data collected in well OB. (d) Variable density plot
of DAS data collected in well OT. The CASSM source is located at depth of 34 m in well OB. The dashed lines indicate
the depth of the source on the data plot. The arrows point to the source signal in the data. This signal is very strong and
located in the correct position in the data. The black line dividing the data horizontally is the bottom of the well. The
fiber goes into the well, bends at the bottom, then comes back up. We however, cannot distinguish any other coherent
events other than the source signal. This signal also does not seem to transmit to far offsets.
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Figure 8. (a) Data from well OB recorded on 5/24/2018 22:29:39, approximately 10 minutes before the start of the third
stimulation. (b) Data from well OB recorded at 5/24/2018 22:48:09 approximately 10 minutes after the start of the third
stimulation. (c¢) The difference between (b) and (a). (d) Data from well OT recorded on 5/24/2018 22:29:39,
approximately 10 minutes before the start of the third stimulation. (e) Data from well OT recorded at 5/24/2018 22:48:09
approximately 10 minutes after the start of the third stimulation. (f) The difference between (e) and (d). The solid black
line represents the bottom of the well where the fiber bends. The dashed lines and the arrows indicated the depth of the
CASSM source.
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CONCLUSIONS

We have analyzed and processed the 10 kHz DAS data acquired at the EGS Collab sight and obtained preliminary results. We picked
the times on the continuous DAS data corresponding to the CASSM source times and stacked the data to obtain comparable data to
CASSM data. We show preliminary results for several shots across three days. We find the CASSM source signature is obvious on the
DAS data for channels in the same monitoring well as where the source is located. However this source signature is only found around
10 m near the source location and disappears at greater offsets from the source. We do not find any signal in any other of the monitoring
wells in which the CASSM sources were not placed. We also compared data before and after stimulation. We subtracted the data before
and after stimulation. However, we were still unable to obtain any coherent signals in our preliminary results. The lack of coherent
signals in the DAS data from CASSM might be caused by the 10 m gauge length used to acquire this DAS dataset.
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