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at the EGS Collab Experiment Testbed
Verónica Rodríguez Tribaldos1, Martin Schoenball1, Jonathan Ajo-Franklin2,1 and the EGS Collab Team
1
2

Earth and Environmental Science Area, Lawrence Berkeley National Laboratory, Berkeley, CA
Department of Earth and Planetary Sciences, Rice University, Houston, TX

Enhanced Geothermal Systems (EGS) offer great potential as a substantial global energy resource with minimal CO2
emissions. However, significant technical challenges associated with extracting and utilizing these resources still exist.
In particular, the dynamics of fracture aperture and how injection of high-pressure fluid influence the state of stress of
the reservoir during hydraulic fracturing remain poorly understood.
Here, we report on preliminary observations from monitoring hydraulic fracturing processes using lowfrequency Distributed Acoustic Sensing (DAS) at the first experiment of the US Department of Energy Geothermal
Technologies Office EGS Collab project, a continuing sequence of meso-scale experiments at the Sanford
Underground Research Facility (SURF) in Lead, South Dakota (Kneafsey et al, 2019). The first experimental testbed,
located at 4850 ft. below ground surface, consists of one production and one injection well as well as 6 monitoring
wells surrounding the fracture stimulation zone (Figure 1a). All wells are approximately 60 m in length. The
monitoring wells are instrumented with a continuous fiber optic cable that was simultaneously interrogated for DAS,
Distributed Strain Sensing (DSS), and Distributed Temperature Sensing (DTS). Among other instrumentation, a
continuous active source seismic monitoring (CASSM) array (Daley et al., 2007) was deployed in the monitoring
wells. A 6-component Step-rate Injection Method for Fracture In-situ Properties (SIMFIP) tool was deployed in the
injection and production boreholes for 3-D displacement and deformation monitoring.
The focus of our study is the analysis of the low-frequency component of DAS datasets for characterizing
strain change and evolution in the reservoir before, during and after fracture stimulation and fluid injection. Strain rate
variations in the 6 monitoring boreholes are analyzed in the context of these tests. DAS data was continuously recorded
between April 5, 2018 and June 26, 2018, using a DAS interrogator unit (Silixa iDAS v.2). The recorded channel
spacing was 1 m and the system gauge length was 10 m. Sampling frequency was set to 1 kHz, with some periods of
time recorded at 10 kHz, as the original purpose for the DAS system was the recording of passive and active seismic
signals. During the recording period, several fracture stimulation and flow tests were carried out.
In order to extract the low-frequency component of the highly-sampled DAS data, each 30-second recording
was decimated from 1 kHz or 10 kHz down to 1 Hz, after the application of an anti-aliasing filter (Ichikawa et al.,
2019). These recordings were then concatenated to obtain a continuous record of strain-rate throughout the acquisition
period.
Figure 1 shows low-frequency strain-rate variations measured for a period between May 22 and May 28
recorded along the 6 monitoring boreholes. In the top panel, flow rate and pressure for five stimulations are shown.
Distinct changes in strain rate are recorded in relation with different stages of each of the stimulation experiments at
all monitoring boreholes. The strongest signals are recorded along borehole E1-OT, closest to the injection borehole.
Here, negative strain rates (indication of compression along the cable) are observed just before hydraulic fracturing
intersected the borehole in the evening of May 23. At the time of fracture creation, extensional strain-rate is recorded.
A complex pattern of rapidly changing strain-rates is observed at all boreholes coinciding with pressurization of the
injection borehole and fracture re-opening in the subsequent three injection experiments on May 24 and May 25. In
borehole E1-OT, a continuous decay in positive strain-rate is observed for several days as the injection well was shutin and the fracture closes.
In all other boreholes, strong, rapid signals at the moment of fracture re-opening are followed by a faint decay
in strain-rate, which could be interpreted as the poroelastic response of the reservoir volume to the mechanical stress
induced by the fracture re-opening process. Complementary observations agree with the transient DAS response such
as seismic velocity changes obtained from CASSM, temperature observations from DTS, absolute strain measured
with DSS and in-situ displacement measurements from the SIMFIP dataset.
Our observations indicate that analysis of the low-frequency component of DAS datasets acquired during
hydraulic fracturing experiments can be used to characterize the temporal evolution of fracture dynamics and the
response of the reservoir volume at different stages of stimulation and flow tests. These results are encouraging and
suggest that low-frequency DAS could become an integral part of monitoring arrays for continuously recording stress
changes during hydraulic fracturing operations and other applications of reservoir engineering.

Figure 1. (a) Well geometry for Experiment 1 of EGS Collab project. Labeled black lines are monitoring wells.
Red/blue lines are injection/production wells. (b) Low-frequency DAS data recorded during May 22 to 28. Top panel
shows pressure and flow rate for contemporaneous stimulation tests.
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Elastic Full Waveform Inversion of Guided Waves in Shale
Reservoir Recorded by DAS
Milad Bader, Robert G. Clapp, Ariel Lellouch and Biondo Biondi
In exploration seismology, guided waves, like surface waves, are often treated as noise and removed from
the data. In some occasions, surface waves are used to build near surface S-wave velocity models via dispersion curves analysis [Aki and Richards, 2002, ]. Interior guided waves, created by low-velocity zones in
the subsurface, are inverted either in a similar way or by combination with waveform modeling schemes. In
all these settings, the seismic measurement devices are located at or near the surface. Therefore, only the
energy that escapes the buried waveguide is measured in addition to surface waves.
With the recent development and expansion of the distributed acoustic sensing (DAS) technique in exploration and production seismology, new horizons have emerged, giving access to unprecedented high-density
broad-band strain measurements. In particular, unconventional oil wells equipped with a DAS fiber allow
for continuous monitoring of the stimulation and production phases. In horizontal wells drilled across a shale
reservoir rock embedded in a stiffer matrix, a DAS fiber provides a unique measurement up to 700 Hz of
both normal and leaky guided waves excited by perforation shots and propagating inside the low-velocity
reservoir rock [Lellouch et al., 2019, ].
We explore the possibility of exploiting such guided waves, propagating in a low-velocity, low-density
layer, to detect vertical or horizontal thin anomalies within the reservoir. The horizontal anomaly could
be caused by a stiff intrusion such as volcanic rocks and the vertical one could originate from a fluid filled
fracture as highlighted in [Lellouch et al., 2020] or a steep fault in the reservoir rock. Both detection types
provide valuable information for monitoring oil production and for stimulation design and strategy. We
show that elastic full-waveform inversion [Mora, 1987, ] is able to recover those anomalies thanks to the
high-density high-frequency seismic data that can be provided by a DAS fiber.
We create a synthetic isotropic model that mimics a horizontal shale reservoir layer of 15 m thickness,
embedded between two half-spaces (Figure 1). The reservoir background elastic properties are Vp = 3700
m/s, Vs = 1700 m/s, and ρ = 2250 kg/m3 with a Poisson’s ratio ν = 0.37. The top (bottom) half-space has
the following elastic properties: Vp = 4350 (5000) m/s, Vs = 2300 (2900) m/s, and ρ = 2475 (2700) kg/m3
with a Poisson’s ratio ν = 0.31 (0.25). We consider a horizontal well drilled in the middle of the reservoir
formation. This defines the acquisition geometry with the perforation shots as sources spaced by 10 m and
the DAS fiber as receivers spaced by 1 m. We introduce a 2 m thick horizontal layer in the reservoir with
the properties of the overlying half-space. Then, we perform a 2D elastic full-waveform inversion (EFWI)
using one single shot as shown on Figure 1a, starting from the background model excluding the thin layer.
However, we constrain the velocity and density models to have no lateral variation. The single shot inversion
is run efficiently using the multi-scale approach in frequencies up to 700 Hz and is able to recover most of the
anomaly, especially in S-wave velocity (Figure 2). Similarly, we introduce a 0.5 m thick vertical layer with
elastic properties of Vp = 3600 m/s, Vs = 1400 m/s, and ρ = 2000 kg/m3 with a Poisson’s ratio ν = 0.41.
Then, we perform EFWI using 51 shots located at 10 m horizontal spacing between 150 and 650 m. The
receivers remain fixed as in Figure 1a. The inversion results are shown on Figure 3. For both tests we use a
diagonal moment tensor source (quadrupole) with a frequency content of [80 - 700 Hz], and we restrict the
EFWI update to the reservoir level. So far, we have used the horizontal particle velocity without taking into
account the gauge length effect, but we believe this would have a minor impact on EFWI in these settings.

Conclusions
Perforation shots in a horizontal unconventional well excites elastic guided waves that propagate in the lowvelocity reservoir embedded between two stiffer rocks. DAS fibers are able to record these waves with high
spatial density and with frequencies that can reach 700 Hz. We show that inverting such seismic data have
the potential of revealing small geologic features and thin anomalies that could be caused by stimulation.
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Figure 1: P-wave velocity of a simplified shale reservoir model depicted by an isotropic layer embedded
between two half-spaces. The perforation shot and the recording DAS are considered at the center of the
reservoir layer. (a) considers a horizontal stiff layer embedded in the reservoir with the same properties as
the overlying half-space. (b) considers a softer vertical anomaly with higher Poisson’s ratio and representing
a fluid-filled fracture.
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Figure 2: Inverted 1D Vp (a) and Vs (b) models obtained by elastic full-waveform inversion starting from the
three layers background model on Figure 1a excluding the horizontal thin layer. The inversion is performed
using one single shot with the geometry displayed on Figure 1a.
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Figure 3: Inverted 2D Vp (a) and Vs (b) models obtained by elastic full-waveform inversion starting from the
three layers background model on Figure 1b excluding the vertical thin layer. The inversion is performed
using 51 shots spaced horizontally between 150 and 650 m. The receivers has a fixed geometry as displayed
on Figure 1a.
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The Rayleigh scattering frequency shift appeared soon after started injection of CO2 and impacts of CO2
injection was also detected above the CO2 injection zone. From the preliminary results obtained from
optical fiber cables we clearly confirmed that the width of impacted zone was about 10 meters which
almost doubled the width of perforated interval. The strain resolution of this distributed optical fiber
cables was a few microstrain. But a few microstrain is almost enough to monitor the caprock integrity. We
will present how well the hybrid fiber optic sensing of strain and temperature worked for geomechanical
monitoring as well as monitoring of injected CO2 in subsurface.

Opportunities and Limitations of Distributed Temperature Sensing for Lake and Near
Shore Applications
John Selker, Scott Tyler, Cara Walter, Phil Long, Robert Pinkel, Kristen Davis, Nadav Lensky, Theo Dreher, Nick
van de Giesen
Temperature is a valuable tool for investigating behaviors in the environment both directly and as a proxy. Through
case studies in managed, natural lake and near shore systems, we show the utility of distributed temperature sensing
(DTS, Figure 1). Measuring at 10’s of thousands locations along 10’s of km of cable with resolution approaching
0.01°C increases the level of complexity that can be revealed relative to single or few location approaches. We show
that in managed systems (Lake Shasta and Dexter Reservoir), vertical profiles provide insight into water quality
impacts of reservoir operations. We further illustrate that in natural systems (Lake Chelan, the Dead Sea, and Lake
Geneva), horizontal and vertical profiles provide insight into internal waves, nutrient delivery, internal mixing,
sediment delivery, and surface energy exchange processes. In near-shore ocean observations off the coast of
California and in the South China Sea, we illustrate the quantification of internal waves breaking in sloping seabeds
at depths from 0 to 200 m of water. While the opportunities for discovery with DTS are impressive, the requirements
in terms of logistics and data processing can limit the locations and users able to apply DTS. We discuss both longterm and short-term installations and the challenges that were presented in terms of regulation/permitting, and
physical protection. Energy requirements have in the past year dropped to a few Watts, but instruments must be
housed, and cables spanning kms must be installed with care, and protected from damage. Finally, to gain the full
advantage of DTS requires continuous operation of calibration control points. Obtaining better than 0.01°C
references over extended deployments remains a challenge, requiring the use of mixed water baths, solid-state
reference chambers, and opportunistic locations to place precision thermometers in the installed environment.
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Figure 1: Type of investigations feasible with Distributed Temperature Sensing (DTS) in the lake and near shore
environment.

CTEMPs, a National Science Foundation-funded Instrument Facility supporting Distributed
Temperature Sensing (DTS) research projects since 2005. 1Tyler, S., 2Selker*, J. S., 1Kratt, C. B., 3Walter,
C. 1University of Nevada, Reno; 2Oregon State University

The Center for Transformative Environmental Monitoring Programs (CTEMPs) is an Instrument Facility
funded by the National Science Foundation (NSF), supporting more than 134 DTS research projects since
2009. The University of Nevada, Reno and Oregon State University collaboratively manage and lease
CTEMPs’ inventory of medium to high resolution DTS interrogators, and new low-power DTS.
CTEMPs advises investigators on the appropriate fiber and interrogator for the study site and research
objectives. CTEMPs also provide fiber terminations and guidance with DTS software. There are a broad
range of DTS applications. For example, Klepikova et al., (2018) describe advances in aquifer
characterization with DTS fiber deployed in Polyacrylamid (PAM) gel filled boreholes. Borehole
convection is attenuated by PAM and local temperature variations are resolvable with DTS. Reid et al.
(2019) is an example of a DTS marine application that elucidates the role cooler internal waves have on
nutrient cycling and health of the back reef environment on Dongsha Atoll in the north China Sea. DTS
resolves a temperature difference of 2.0 °C ± 0.2° between the cooler fore-reef internal waves and warmer
back reef waters. These measurements lead to a better understanding of reef resiliency. On the West
Antarctic Ice Sheet (WAIS) Fisher et al. (2015) used DTS to identify an anomalously high, upward
geothermal heat flux of 105 ± 13 mW/m2 below subglacial Lake Whillans. This possibly explains why ice
streams and subglacial lakes are abundant in WAIS. CTEMPs exists for the community and seeks to help
scientists avoid any pitfalls and overcome technical challenges from start to finish when employing
DTS. PhD students often gain access to CTEMPs services at no cost, while CTEMPs has worked with
over eighty-nine PI’s, fitting the tools and budgets to their projects

SEG/AGU Lightning Talk
Title: DAS Related Initiatives at the Incorporated Research Institutions for Seismology
Author: Jerry A. Carter, IRIS
Abstract:
DAS data present a challenge to existing data archiving models and infrastructure, such as those at the Incorporated
Research Institutions for Seismology (IRIS). IRIS provides instrumentation services, data services, and education and
public outreach support in response to the scientific needs of its member institutions and the academic seismology
research and education community in general. The academic research community’s interest in DAS as a
transformative technology is a challenge for the data management aspects of IRIS. Traditionally, IRIS accepts,
stores, curates, and provides access in perpetuity to all of the data that are contributed to it from seismic network
operators from around the world and from experiments conducted by the research community. The archive of data
has grown to about 700TB over the 35 years of its existence. Honoring this full commitment for DAS data is not
possible within our current infrastructure because of the huge volume of data generated by DAS experiments and
current limitations of our storage capacity. However, there are possibilities for providing some limited services under
our current infrastructure and for designing full services in the future, which will be addressed in the presentation.

3D salt-boundary imaging with transmitted waves in DAS VSP data acquired in salt
Yuting Duan*, Yingping Li, Maksym Kryvohuz, Albena Mateeva, Tianrun Chen
Shell International Exploration and Production Inc.
Summary
We demonstrate how 3D DAS VSP data acquired in a well through salt can be used to image a challenging salt flank,
utilizing a modified Reverse Time Migration of transmitted waves. A refined salt model would allow more reliable
subsalt imaging with DAS VSP and surface seismic data.
Introduction
Among many novel applications of DAS VSP (Mateeva et al., 2014), its use for frequent time-lapse monitoring in
deepwater has been the focus of our efforts in recent years (Kiyashchenko et al., 2019). The maturation of that
application required significant field testing, leading us to acquire many 3D DAS VSP datasets in the Gulf of Mexico
(Zwartjes et al., 2018). While the main purpose of those datasets was time-lapse imaging, they could be used for other
purposes, too.
A classical VSP application is the determination of salt boundaries, which is still very important. Salt- and sedimentproximity methods have been developed for that using VSP data from 3C geophones (Li et al., 2003; O’Brien, 2005).
However, DAS data from a conventional fiber-optic cable is a single-component measurement (1C along the well).
The lack of polarization angle information in DAS VSP data makes traditional ray-based methods challenging.
Willacy and Kryvohuz (2019) proposed an algorithm for imaging the salt boundary with transmitted wavefields that
does not require knowing their angle of propagation. In this paper, we explore the feasibility of using DAS VSP data
acquired inside salt to delineate salt-sediment boundaries through this imaging algorithm.
Data, Method, and Results
A producer well in the deepwater Gulf of Mexico was equipped with fiber on tubing. As shown in Figure 1a, the well
was drilled through salt to subsalt reservoirs. The main purpose of the fiber was to enable subsalt imaging via 3D DAS
VSP – the first fiber installation through salt for this purpose. However, as an upside, direct arrivals to in-salt receivers
enable imaging a section of the salt flank where a suspected salt recumbency is poorly defined by surface seismic.
A 3D DAS VSP was acquired in this well by eavesdropping to an OBN campaign in 2018. It included 25750 shots on
a 50m x 50m grid, with a source size of 2950 cu in. DAS VSP was recorded on 900 receiver channels spaced at ~8m
along the well, with a gauge length of 40m. About 390 of the DAS channels were inside salt, covering the 31005950m depth range. The well was flowing during VSP acquisition.
Figure 1(b) shows an example shot gather from DAS inside salt after some basic denoising (band-pass filter). The first
arrival is clearly visible; some later down-going P waves are also visible, as are PS conversions at top salt. To better
understand the observed arrivals, we carried out raytracing with an existing velocity model. The calculated traveltimes of direct P and converted PS arrivals match the DAS records quite well (Figure 1b) but not perfectly and not
everywhere, suggesting there is potential for new information to be extracted from the DAS VSP.
The proposed RTM algorithm for imaging the salt flank with transmitted waves includes two wavefield
reconstructions – from sources and from receivers - through two different velocity models (a sediment flood and salt
flood, respectively). First, forward wave propagation is performed from each shot location using a sediment-only
velocity model. Second, backward wave propagation is performed from each in-salt receiver using a salt-only velocity
model (we assumed constant velocity in salt). A zero-lag cross-correlation imaging condition is applied at each time
step to form an image - the correlation between forward and backward propagated wavefields peaks at the salt
boundary. Direct arrivals from sources passing through a second salt body (seen on the right in Figure 1a) and
converted PS waves are not included in this modelling and cause strong artifacts in RTM images from individual
receivers. However, those artifacts are eliminated when we stack images over many DAS receivers.

A preliminary result from this RTM scheme is shown in Figure 1c. A significant portion of the salt flank is clearly
visible at the location where transmitted waves encounter a large velocity contrast (salt-sediment). It is important to
note that the source-leg and receiver-leg velocity models did not have any contrast at the salt boundary, i.e. the image
of the salt boundary is formed purely by the correlation between wavefields and is not a salt model imprint. The top
salt in the image agrees reasonably well with the legacy salt outline from surface seismic (yellow curve in Figure 1c)
and offers some additional details. At the salt flank, however, the new image suggests the legacy salt model may be
in significant error. Further refinement of the transmitted-wave RTM image in this area is being sought through
selective shot and receiver use (e.g., a partial stack over the deepest 50 DAS receivers in salt gives a cleaner image of
the lower section of the salt than the full stack shown in Figure 1c; input optimization is in progress).
Conclusion and Next Steps
Our test shows it is feasible to image salt boundaries with transmitted P waves found in 3D DAS VSP data from a
well through salt. The deep salt flank imaged by DAS transmitted waves deviates significantly from that in the current
velocity model, which is uncertain in that area. Next, we plan to test the impact of the updated salt model on subsalt
reflection imaging. The opportunity to update the velocity model of the overburden from DAS VSP data acquired for
other purposes is a significant added benefit.
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Figure 1 (a) Seismic cross-section with well path. Green marks DAS receivers in salt. (b) DAS shot gather for receivers
in salt. Red and blue lines show ray-traced transmissions. (c) RTM image from DAS VSP transmitted waves, using
all in-salt receivers. Yellow curve: salt boundary in the legacy velocity model.

DAS and DTS measurements in the Medipolis geothermal borehole in southern
Japan and subsurface characterization
Junzo Kasahara1,2, Yoko Hasada2,3, Haruyasu Kuzume1, Yoshihiro Fujise4, and Hitoshi Mikada5
1:ENAA; 2: Shizouka Univ., 3: Daiwa Exploration and Consulting Co., Ltd., 4:WELMA; 5:Kyoto
Univ.
Abstract
To understand the presence of super-critical water for efficient geothermal power plant, we have
developed a DAS-enhance seismic technology using boreholes. In 2018, we conducted a DAS and
DTS study in the Medipolis geothermal field, Kyushu, Japan. We installed a fiber-optic cable at a 977
m depth in the borehole and measured the temperature and seismic waves. The highest measured
temperature was 264°C at the 914 m depth. Continuous seismic monitoring via the DAS was
performed for 4.5 days. The seismic system observed seven natural earthquakes occurred in the
Kyushu region. One of the earthquakes of M 5.2 occurred at 100 km south of the DAS system and a
123 km depth and was observed at the entire depth of 977 m to 0 m. There was less or no attenuation
of seismic amplitudes at the high temperature zone, and Vp was approximately 4 km/s at this zone.
Using a semblance analysis of all earthquakes, a Vp profile in the borehole was obtained. We also tried
imaging by the full-waveform inversion method.
Following our first seismic study in 2018, we conducted a second seismic study at the same
geothermal field in 2019. We installed an optical-fiber system. We deployed the optical-fiber system
at a 1,545-m depth in the IK-4 borehole. By DTS mode, the temperature was measured to be 272.8 °C
at a 920-m depth. We operated a MiniVib seismic source at five locations and performed a frequency
sweep of 10–75 Hz 480 times each day, for seven days. We compensated source signature and stacked
the DAS data to enhance the S/N. Stacking for 480 or 960 times considerably improved the arrival
waveforms. By the separation of down-going and up-going waves, we found a S-S multiple reflection
around 1,400 m depth and a reflection from 3.6 km depth (Figure 1). Based on the waveform analysis
of stacked DAS data, we constructed the 2D Vp, Vs and Vp/Vs profile. We estimated three major
hydrothermal layers, at depths of 800–1,000 m, 1,300–1,600 m, and 3,600 m. The zone around 3.6km
depth suggests a high Vp/Vs value which suggests the presence of a fluid layer, possibly a super-critical
water zone.
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Figure 1: Offset VSP records for 800-m offset (left) and 1,600-m offset (right). We stacked the data of 8 h and 16 h for
the 800-m and 1,600-m offset distances, respectively. All original DAS data (top row) were separated into
upward (middle row) and downward (bottom row) types. An ellipsoid in the right-middle row is interpreted as
the reflected phase from an approximately 3.6-km depth.
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Novel Wavefront Processing Applied to Distributed Acoustic Vertical Seismic Profile Data Acquired from a
Standard Multi-Mode Fiber Wireline Intervention Cable
Sean Coffin1, Jonathan Abel1, Scott Taylor1, Richard Pearcy1, and Allan Campbell2(1) Reservoir Imaging Solutions
(2) VSP Consultants. Corresponding Author: scott@reservoirimaging.com (303) 915-8631
A standard, non-engineered, wireline interventional cable can be connected to an optical interrogator unit and the
internal multi-mode fibers can be leveraged as a distributed acoustic sensing (“DAS”) line array. Historically, vertical
seismic profile (“VSP”) data collected using DAS from this non-engineered multi-mode fiber has not been able to
produce imaging results of commercially viable quality. In this work, we demonstrate that a robust and high-quality
first break image can be produced from such data through the application of novel data processing techniques.
Processed data was collected along the entire length of a deviated well and thus exhibits imaging results from an
optical DAS cable in both vertical and horizontal orientations, with the heel of the well occurring approximately
halfway down the array. This monitoring well was over 6.5 km in length and reached a vertical depth exceeding 3 km;
the data includes sampled sensor locations reaching distances over 4 km from the vibroseis source. A total of ninetysix (96) single vibroseis sweeps were acquired from an Inova model AVH IV 62,000 lbs. vibe. The wireline-conveyed
DAS fiber monitoring system was affixed to an OptaSense model ODH4 interrogator unit operating in DAS mode
with a gauge length of 16.32 m, a pulse width of 4.08 m, and a single receiver group pattern with a spacing of 1.02 m,
yielding 6500 channels of data. Data were acquired with a sampling period of 2 msec and a listen time of 4 seconds
for each shot record. No aftermarket or proprietary coupling device was used with the wireline conveyed DAS system.
As is evident in the data set presented here, the seismic wavefronts arriving at the DAS array sensors from the source
are often corrupted by significant seismic background energy and sensor noise, which obscures important event
wavefront features. In VSP data, the arrival timing and other characteristics of the first-break downward compressional
wave are of particular interest; observing these clearly across a long monitoring distance is desired but limited by the
presence of noise. Thus, data processing techniques such as bandpass filtering or Wiener filtering are commonly
applied to suppress frequency bands in which the desired wavefront’s signal-to-noise ratio ("SNR") is poor; however,
in many cases these techniques do not provide sufficient improvement to produce acceptable results. Other non-linear
processing techniques such as adaptive filtering methods suppress noise effectively; however, in doing so, this
approach can alter the arriving waveform amplitudes. We therefore implement a seismic trace processing method that
can remove a significant amount of seismic background during a wavefront arrival, such as the arrival of the downward
first break, while preserving important features of the arriving waveforms. We present the data driven results of this
waveform estimation technique applied to the DAS VSP data set described above, after first converting the recorded
vibroseis sweeps to equivalent shot records using standard processing.
In our processing, we first stack the raw shot traces across a selected subset of individual shots. An example is
presented in Figure 1, where a stack has been produced using 65 of the 96 raw shot records for each trace. A P-wave
arrival is present in a background of seismic energy for only the vertical a portion of the line array (approximately left
half of the image).
A conventional approach to processing the type of shot record presented in Figure 1 is to then apply spatial and
bandpass filtering according to the arrival spectrum and seismic background. An example of the improvement that
can be achieved through this approach is presented in Figure 2. Here, the applied bandpass filtering has been adjusted
for the arriving wavefront so that the background is suppressed at frequencies where the SNR is less than a threshold.
Note that the arrivals of the wavefront at each DAS sensor are more prominent after conventional processing; however,
while this processing suppresses some of the seismic background and the arriving wavefronts are more clearly visible,
important waveform features remain obscured, and the arrival times unclear over parts of the horizontal portion of the
array (right half of the image).
In addition to the standard VSP processing a Gaussian-Laplace filter was applied to the data in an effort to further
help with the S/N, this is shown in Figure 3.
Our workflow further improves upon these conventional processing results by extracting the first downward arriving
compressional wave from the bandpass filtered set of traces. The result is shown in Figure 4, in which the first break
is clearly visible over the entire length of the array, and details of the arriving wavefront are evident.

SEG | AGU Advances in Distributed Sensing for Geophysics Workshop
2–4 June 2020 | Houston, Texas

Figure 1 - Raw data stacked across a subset of selected
sweep records.

Figure 2 - Bandpass and spatial processing applied to
the data of Figure 1.

Figure 3 – Extension of conventional-type processing
results: Gaussian-Laplace filtering applied to the
data.

Figure 4 – Estimated wavefront for first downward
arriving compressional wave.

DAS inversion using energy conservation principles
Vladimir Kazei*, Konstantin Osypov, Harold Merry (Aramco Americas) & Ezzedeen Alfataierge (Saudi Aramco)

Distributed acoustic sensing (DAS) technologies are now becoming widespread, in particular in Vertical
Seismic Profiling (VSP). Being a spatially continuous recording of the acoustic wavefield, DAS data
provides an extended measurement as compared with point geophone VSP. We developed a basic
theory that enables intuitive geophysical understanding of DAS data using concepts of kinetic and
potential energy and their fluxes. Namely, we relate DAS and conventional geophone measurements to
potential energy and kinetic energy, correspondingly. This relation and energy balancing along the well
lead us to a concept for inversion of DAS and geophone wavefields for density and velocity
simultaneously. Thus, full wavefields can be utilized for parameter estimation.
The method is based on energy conservation and extends the previous works by Mateeva and Zwartjes,
2017 and Pevzner et al., 2020 to full recorded traces. Method can be summarized as follows:
1.

Geometrical spreading correction

2.

Up-down separation

3.

Compute RMS of up and down strains

4.
Convert the difference between up and down squared RMS amplitudes to DAS impedance as
follows:
,
where Vp is the P-wave velocity, ρ is the density and UDAS is the DAS-recorded strain separated into up
and down going parts.
We validated the feasibility of this concept on numerical experiments with 2D elastic seismic data in the
Marmousi model (Figure 1). In Figure 2, we observe improvements using up-down separation,
comparatively to the benchmark P-flux (Pevzner et al., 2020) solution in the case of pure DAS
observations. In the case where geophone data is available the separation can be better performed in
the energy domain, which further improves results comparatively to naive up-down separation in f-k
domain.

Figure 1: Crop from the Marmousi model used for the validation of the method on synthetic elastic data.
Zero-offset line of receivers is displayed in magenta.

In the Marmousi model the discrepancy between inverted and true impedance is due to the effects of
2D wave propagation and complexity of the sequence of layers in the model affect the final result
(Figure 2).

Figure 2: DAS impedance estimation for the Marmousi model. P-flux (green) reference solution using
method of Pevzner et al. (2020), black – exact value of the impedance, blue – inversion of DAS using updown separation, red – true flux inversion

Figure 3 presents application of the method to the data from the test well in Houston (Merry et al.,
2020).

Figure 3: DAS impedance estimation for the Aramco test well in Houston. Blue – inversion of DAS using
up-down separation, red – from well log.
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Distributed Fiber-optic Sensing Based Production Logging Investigation:
Flowloop Experiments
Aleksei Titov, Ge Jin, Yilin Fan, Ali Tura, Kagan Kutun, Jennifer Miskimins
Introduction
Distributed Fiber-Optic Sensing (DFOS) based production logging drew much attention in recent years (e.g., Ouyang et al.
2004; Jin et al. 2019a). In comparison with conventional production logging tools, fiber-optic cables can endure much harsher
borehole environment and can be deployed at a lower cost. If the fiber cable is installed permanently along the wellbore,
continuous production allocation monitoring can be achieved (van der Horst, 2015). Several algorithms are developed to
provide production logging solutions using DFOS data, which includes temperature-based thermal modeling (e.g., Hill, 1990;
Ouyang et al., 2004; Jin et al., 2019a), acoustic energy intensity monitoring for gas producers (van der Horst, 2015), Doppler
effect (Johannessen et al., 2012; Finfer et al., 2014), and eddy slugging tracking (Finfer et al., 2014; Paleja et al., 2015).
Most of DFOS-based production logging methods utilize one or both of the physical properties that DFOS is sensitive to:
thermal and acoustic energies. However, little has been discussed in the literature about the fundamental physics that relates
to the generation, propagation, and attenuation of the thermal and acoustic energy in a borehole environment. Also, it is crucial
to understand the thermal and mechanic coupling between the sensing fiber and borehole fluid in different installation setups.
At Colorado School of Mines, we construct two flow loop facilities to study these physical fundamentals. We aim to verify
the assumptions that current methods are based on and to develop new DFOS-based production logging algorithms.
Vertical Flow loop
The flow loop contains a 7-m long, 1-inch ID transparent PVC pipe, which is placed vertically to mimic a vertical wellbore.
A single-mode optic fiber with thin plastic coating is wrapped evenly around the PVC pipe, with a fiber-to-pipe length ratio
of 10.6 (about 75 m of fiber wrapped around the 7-m pipe). Water and gas inlets connect to the bottom of the pipe. We use tap
water as the water supply, and the gas is supplied by the building compressor, which can create up to 80 psi pressure difference.
Figure 1a shows the diagram of the flow loop, and 1b shows a picture of the pipe bottom section and the wrapped fiber. A
peristaltic pump is used to add a small amount of hot water into the flow through an inlet at the bottom of the flow loop to
generate thermal slugging signals. The hot water is about 10-20 °C higher than the city water temperature, and the injection
rate is lower than 0.1 L/min.
In this study, we investigate how a small amount of gas bubbles affects the thermal and acoustic energy in the flow. In order
to generate thermal perturbation in the flow, hot water was injected for 1 minute, then turned off for 1 minute. The cycle is
then repeated several times. The baseline experiment was conducted by flowing a single-phase water through the pipe at a
velocity of 0.17 m/s. Later a small amount of gas with different rates is introduced into the flow. At each gas rate, the hot water
injection is repeated for several cycles. The gas rate is controlled by a small leakage at the control valve with different backend pressures. Due to the instrument limitation, the volumetric gas rate was not measured directly but estimated by the backend pressure.
Examples of thermal slugging in the LFDAS signal are shown in Figure 2. For the water only case (Figure 2a), the velocity of
the thermal slugging signal is 0.19 m/s, which is very similar to the actual water velocity. The thermal signal looks almost
identical with gas injection (Figure 2b), although the bubble velocity (~ 1.6 m/s) is much higher than the water velocity. This
observation indicates that gas, with low thermal capacity and in its bubble form, cannot carry enough heat to perturb the
thermal slugs in the water severely. However, the detailed analysis of the thermal slugging velocity indicates a small increase
of slugging velocity associated with a higher gas bubble rate. We interpret that the thermal slugging velocity is associated with
water in-situation velocity. The existence of the gas bubble decreases the effective water holdup (cross-section area) in the
pipe. With a constant water volumetric rate, smaller hold up leads to higher in-situ water velocity. The decay of the thermal
slugging signal is also analyzed. We observe a faster signal decay associated with a higher bubble rate, which indicates a faster
heat exchange rate with the existence of gas bubbles.
Edgar Mine Horizontal Flow loop
In order to better study the generation, propagation, and attenuation of the thermal and acoustic energy in a borehole
environment, we construct a 735-ft flow loop in Edgar Mine, which is a research mine belongs to Colorado School of Mines.
This flow loop focuses on understanding the 2-phase flow (water and gas) in a horizontal well. 130-ft section of the flow loop
is a 6-inch borehole drilled through the rock body in the mine. A 4-inch metal casing will be instrumented with 2-3 permanent
installed fiber cables and cemented into the borehole, to mimic the horizontal wellbore environment. This section of the flow
loop is ideal for studying thermal slugging and acoustic wave propagation, as the hundreds of feet of rocks provide the
insulation. The other section of the flow loop contains an 80 ft transparent PVC pipe with the pipe inclination adjustable. This
section will be used to study the variation of water holdup due to well inclination, and how to use fiber to measure the holdup.
Conclusions
At Colorado School of Mines, we are conducting a series of flow loop experiments to understand the fundamental physics of
the interaction between the optic-sensing fiber and the borehole fluid. The goal of the experiments is to understand the
potentials of using fiber-optic sensing technology for production logging purposes, in both horizontal and vertical well setups.
Results from a vertical flow loop indicate both thermal and acoustic signals measured by DAS are sensitive to the existence
of a small amount of gas injection. A large horizontal flow loop with a real-life borehole section is under construction to better
study the generation, propagation, and attenuation of the thermal and acoustic energies.
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Figure 1 The diagram of the vertical flow loop (a) and a picture of the pipe bottom section and the wrapped fiber.

Figure 2 LFDAS signal for (a) water only case (five heating cycles) and (b) 2-phase example (six heating cycles).
The black line corresponds to the flow velocity of 0.17 m/s.

Fiber optic test well for controlled experiments on DAS acquisition
Harold Merry*, Max Deffenbaugh*, and Andrey Bakulin**
*Aramco Services Company: Aramco Research Center--Houston, 17155 Park Row, Houston, TX 77084
** EXPEC Advanced Research Center, Saudi Aramco, Dhahran, Saudi Arabia
ABSTRACT
The value of distributed acoustic sensing (DAS) has been proven in a variety of downhole applications, from seismic
data acquisition to hydraulic fracture monitoring and flow sensing. As the best applications for DAS are identified,
questions of how to optimize DAS acquisition for specific applications become important. A fiber optic test well was
drilled to answer questions about optimizing DAS acquisition. This 1,500 ft well has 32 strands of optical fiber
cemented behind casing along with an array of 40 geophones. The fibers are looped at the bottom of the well so that
they may be interconnected to form longer segments simulating multi-well or deep well acquisition. There is also a
U-shaped tube behind the casing where new types of engineered fibers may be pumped in. The behind-casing fibers
and geophones provide a well-coupled repeatable reference for comparison with fiber, which is temporarily deployed
inside the well or pumped in. This test well has been used to compare DAS interrogator technologies and fiber
conveyance methods, as well as to study the effects of acquisition parameters and the type and length of fiber on data
quality. Some interesting results from these studies are presented.
MOTIVATION
There are numerous variables that impact the quality of DAS data. These begin with the bandwidth, amplitude,
coupling, and range of the seismic source, the geology around the well, the completion of the well, placement of fiber
in the well, DAS interrogator technology, DAS acquisition settings such as gauge length, pulse repetition rate, laser
intensity, fiber characteristics, including single or multimode fiber, reflectance of fiber, dielectric profile of fiber, and
the length of fiber and packaging of fiber within the conveyance cable/tube. To study the effect of one of these
variables, all the others need to be held constant.
WELL DESIGN
A fiber optic instrumented test well was drilled to study how the quality of DAS data is influenced by these acquisition
variables. The well is 1,500 ft deep and penetrates a sequence of sands and shales, which provide measurable seismic
reflections. The wellbore is 12.25-in. diameter and completed with 7-in. casing. The casing is steel down to 1,000 ft
and fiberglass below that depth. There are five fiber optic cables containing 32 strands of optical fiber cemented behind
the casing, Figure 1.
In Figure 1, Cables #1 and #2 each contain two single mode and two multimode CMTDA fibers within a traditional
encapsulated dual tube. Both cables are terminated and looped at total depth (TD). Cables #3, #4, and #5 each contain
six single mode fibers within an inner tube, which is armored and jacketed for conveyance in the rugged downhole
environment. Cable #3 is terminated and looped at TD. Cable #4 is terminated and looped at 385 ft. Cable #5 is a dual
looped cable at 385 ft.
For comparing and validating new types of engineered fibers, a capillary “U-tube” is cemented behind the casing
where fibers can be easily pumped down, evaluated and retrieved. For normalization of different sizes and strengths
of seismic energy source and changing ground/geologic conditions utilized for various experimental programs, an
array of 40 geophones is cemented behind the casing from the surface to TD.
RESULTS
An extensive comparison was conducted of DAS interrogator technologies and acquisition parameters, where seismic
signals from the same vibrator source were recorded through each of the fiber types in the test well. An example from
this data set is shown in Figure 2. Data from the fiber behind the casing was also compared with simultaneously
acquired data from pumped-in fiber in the U-tube and fiber temporarily deployed in the well by various conveyance

methods. In a third experiment, separate fiber segments were looped together with additional lengths of fiber at the
surface to study how the signal-to-noise ratio of recorded data changes through fiber lengths of up to 30,000 ft.
Examples of these comparisons will be shown in the presentation.
CONCLUSION
Construction of a test well specifically to compare the impact of DAS fiber acquisition decisions on data quality has
allowed a careful and controlled study of DAS acquisition best practices. Next, the test well will be connected to a
surface flow loop facility so that well controlled three-phase flows can be circulated down supply tubes in the annulus,
through perforations in the production tubing and back to the surface. The sound from this controlled inflow will be
recorded by DAS fiber along the production tubing to evaluate DAS techniques for flow characterization.

Figure 1. Sensing elements cemented behind casing in the fiber optic test well.

Figure 2. Example of raw unfiltered DAS data from two Cable #3 fiber loops and one down fiber.

Resolution in Distributed Sensing Measurements – Strain and Seismic Considerations
J. Andres Chavarria and Todd Bown; OptaSense Inc.

Monitoring of hydraulic fracture processes with Distributed Sensing (DS) has become the industry standard in the
last few of years. This monitoring was initially conducted in the near field of the treatment well to assess fluid and
proppant placement in real time. With increased sensitivity in the Interrogator Units (IU’s) this monitoring was
shown to be capable of also monitoring far field responses in the way of microseismic and low frequency strain
measurements. Until recently both microseismic and strain were studied by different disciplines. With the goal of
data integration we know look at the relation between strain and microseismic. Another development that has
impacted distributed sensing was that traditionally microseismic monitoring was focused on the use of single nearby
fibers to the treatment well. More recently the full instrumentation of more than two wells has allowed for a
strain/seismic network within the reservoir. These rich multifiber acquisitions and the ability to monitor processes
simultaneously from the near and far fields has led to specific system requirements that are needed to ensure the
proper signals are acquired. Here we address some of the tradeoffs of the various measurements.
In this presentation we address the effects of IU resolution on the ability to study the fracturing process at different
wavelengths. We show how SNR considerations between strain and seismic data can lead to different sensing
scenarios. Strain measurements with conventional fiber demonstrate that SNR considerations are not as onerous as
in the case of seismic measurements. We show that even at the smallest resolutions, the distributed sensing can
capture high quality fracture events that can be interpreted in the context of the treatment. Furthermore using low
frequency strain we show how the resolution in the event signatures can be indicative of the complex fracture
responses. During unconventional reservoir completions different stage designs are analyzed and we demonstrate
that the resolution in the IU can be reduced to the point that most designs can be monitored at the resolution of the
cluster without the need to change the fiber infrastructure. The low frequency strain response in DAS interacts with
the fiber optic in a way that results with higher signal to noise compared to other seismic measurements. Here we
validate some of the crosswell strain results in the context of farfield pressure drops that are not only a function of
the cluster design but even treatment parameters like proppant size change.
On the other hand of the frequency spectrum sampled by Distributed Sensing systems we have the specific case of
seismic. Here we present how the seismic case is a little bit more challenging in the sense of the need for a broader
bandwidth measurement. We show how reconstruction of longer gauge length data from shorter one is not an option
unless other instrumentation comes into play. Instrumented fields with fiber optic traditionally include single mode
fiber. In this presentation we also include how variable gauge length measurements into High Back Scatter Fiber
(HBSF) can complement some measurements where specific noise levels are required. To this end we discuss the
use of HBSF from lab and field measurements that demonstrate that IU technology with small optical modifications
can be made in a more agnostic manner regardless of the gauge length or fiber glass construction. As specialized
fibers enter the market it is critical that different IU’s are available for sensing.
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Photonic sensors, such as distributed acoustic sensors (DAS), are providing new data streams for analysis. These
sensors use pulses of light travelling along an optical fiber to record transient strain produced by incident seismic
waves. In this work, we explore various ways of understanding the system response and modeling the fiber
observations. Two approaches were followed: 1) construction of a custom fiber interrogator to explore potential
instrumentation effects and custom fibers and 2) modeling of observed high-frequency signals from DAS
deployments.

Interrogator construction and custom fiber testing proceeded in three main stages: design and construction, testing and
software development, and custom fiber testing. The design was based on information from open literature and first
principles. A dual pulse design, which uses the beat frequency from overlapping reflected pulses to infer strain
transients along the fiber, was selected. The electronics were controlled by LabView and data stored on disk for postprocessing by a Python script. The design was assembled and was successful in measuring acoustic signals recorded
on a spool of fiber. The interrogator collects data for later post-processing rather than in real-time. Using the
interrogator, fibers in a variety of settings (e.g. spooled in a box in the lab and on a small outdoor testbed) were tested.
During this process interrogator settings (pulse length, repetition frequency, and other parameters) were tested and
post-processing scripts revised and refined. Several types of custom fibers for use in subsurface borehole applications
have been fabricated by either changing the surrounding coating, which should cause variations in sensitivity to
pressure, or by changing the optical properties of the fiber itself.

We have also modeled high-frequency signals collected with commercial interrogators using seismic wave
propagation codes. The objective was to demonstrate forward modeling of seismic waves as produced by subsurface
events as recorded by both linear and helical fibers and to compare theoretical response based on fundamental physics
to the observed response. A linear fiber is primarily sensitive to longitudinal strain parallel to the fiber and the response
decreases as the incidence angle increases by a factor of cos2. However, some sensitivity may occur even with waves
arriving perpendicular to the fiber. A helically wound fiber should be sensitive to all components of strain. Frequency
response is partially dependent on gauge length while amplitudes are affected by coupling and cable construction.

1

We use two algorithms to model the signal: a 2D wavenumber algorithm and a 3D finite difference code. Both codes
model only linear elastic wave propagation. The wavenumber algorithm is fast and can handle high frequencies, but
our current implementation only calculates one strain component. The 3D finite difference code generates the strain
components directly but requires more computational time. We also generate velocity synthetics at co-located surface
geophones. However, differences are apparent between the synthetics and observations and we are working to
understand the causes of the misfits. Prepared by LLNL under Contract DE-AC52-07NA27344.
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Anisotropic ray theory simulation of DAS data
Scott Leaney*, Chris Chapman, Schlumberger
Summary
The leading term in the ray series provides the ray approximation for the strain tensor. The component of strain tensor
along the fiber is obtained by rotating the tensor or equivalently by projecting phase slowness and polarization vectors
on a unit direction vector at the location of the virtual receiver. These two projections correspond to the “cosine-squared”
DAS response of P waves, but this is strictly true only in isotropic media. Gauge length differencing is approximated by
a wavenumber filter centered on the virtual receiver; the filter corresponding to the laser pulse length averaging is also
included. Since the DAS response depends on ray arrival direction, it is included inside the summation over rays and is
accumulated in the frequency domain to include the wavenumber filters. We show simulations of VSP and microseismic
data using the appropriate Green functions for force and moment-tensor sources, respectively. The ray theory simulations
are efficient and are used in true amplitude processing and inversion, for example AVO from walkaway VSP and moment
tensor inversion of multi-well microseismic DAS data.
Fiber simulation using ray theory
DAS (Distributed Acoustic Sensing) technology relies on the linearity between back-scattered laser phase and particle
displacement (e.g. Hartog, 2018). Differentiating phase along the fiber leads to a localized strain (or strain rate)
measurement at the location of a virtual receiver. To leading order in the ray series the strain tensor 𝒆 may be written
𝒆 ≅ 𝑖𝜔(𝒖𝒑 + 𝒑𝒖)/2,

(1)

where 𝒖 and 𝒑 are the displacement polarization and phase slowness vectors, respectively. For an arbitrary fiber
̂, strain tensor rotation leads to an axial or tangential strain component which may be written, for general
direction, 𝒙
anisotropic media, as
𝑒 = 𝑖𝜔𝑞𝑢,
(2)
̂ and 𝑢 = 𝒖 ∙ 𝒙
̂ are the projected phase slowness and displacement polarization vectors at the receiver.
where 𝑞 = 𝒑 ∙ 𝒙
Note that these two dot products are the origin of the well-known 𝑐𝑜𝑠 2 𝜃 angle-dependent DAS response for P waves,
and 𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃 or 𝑠𝑖𝑛2𝜃 for S waves (e.g. Willis et al., 2018). These simple relations are true, however, only for
isotropy and break down for anisotropic media where phase and polarization vectors are not parallel or perpendicular.
̂, has been determined from the well geometry and virtual receiver location, dynamic
Once the local fiber direction, 𝒙
2-point ray tracing supplies the displacement polarization vector 𝒖 and phase slowness vector 𝒑 at the receiver and
the infinitesimal strain can be computed for any ray signature using (2). Amplitudes come from the ray theory
displacement Green function for force or moment- tensor sources (Chapman, 2004, ch. 5). In DAS systems the gauge
length (GL) finite differentiation of phase serves to localize the strain but as it is an operation over space it carries
with it a wavenumber response. There is also a laser pulse window which averages scatterers over time or equivalent
distance (e.g. Correa et al., 2017). These spatial operations over distances along the fiber have wavenumber (𝑘)
responses corresponding to their Fourier transforms. For example, the frequency-wavenumber response of gauge
length differentiation may be written (Mizuno et al., 2019)
𝐺(𝑘, 𝜔) =

2𝑖
𝐺𝐿

sin (

𝑘GL
2

𝑘GL

) 𝑈(𝜔) = 𝑖𝑘sinc(

2

)𝑈(𝜔),

(3)

where the frequency domain form of displacement, 𝑈(𝜔), has been used. Equating displacements in (2) and (3) one
arrives at the ray theory DAS response including GL filtering as
𝑅(𝑞, 𝜔) = 𝑒(𝑞, 𝜔)sinc(𝑞𝜔GL⁄2),

(4)

Anisotropic ray theory DAS simulation

where the substitution 𝑘 = 𝑞𝜔 is used. The combination of ray theory infinitesimal strain and GL wavenumber filter
provides an efficient approach as rays are traced only to the central virtual receiver of the local GL. This has been
embedded within a general dynamic ray tracing code which sums over user-defined ray signatures.
VSP and microseismic simulation
The impact of source offset on fiber response may be studied by simulating three offset VSPs using a calibrated
reflection scale VTI model (Leaney et al., 2019). Free surface radiation of a vertical force source is included,
computed using composite rays (Cerveny, 2001, ch. 5; Chapman and Leaney, 2019). Direct P, Sh and Sv, transmitted
P-Sv and reflected P-p, Sv-sv and P-sv ray signatures are included as well as the wavenumber filter for GL=10m.
Also shown in figure 1 is a microseismic event simulation where the event is located at the same depth as a horizontal
DAS array. Also plotted are the P and Sh radiation patterns and nodal directions are highlighted for P, Sh and DAS
response. The coda is present as reflections were included in the simulation.

Figure 1. Left: simulated fiber VSPs for near, mid and far offset sources for a vertical force on the free surface using a reflection
scale VTI model. Plots are normalized by gather, GL=10m. Right: simulated strike-slip (N25E) moment tensor source recorded
by a fiber deployed in a lateral showing nodal directions due to source mechanism and fiber response. GL=10m.

The ray-based DAS simulation theory has informed true amplitude VSP imaging (Leaney et al., 2019) but care must
be taken to ensure that the migration correction factors are consistent with the processing sequence, particularly the
deconvolution strategy. This makes it possible to extract AVO information from DAS walkaway VSP data. The
theory presented also provides the foundation for an efficient multi-well moment tensor inversion (MTI) of DAS data.
References
Cerveny, V., 2001, Seismic ray theory: Cambridge University Press.
Chapman, C.H., 2004, Fundamentals of seismic wave propagation, Cambridge University Press.
Correa, J., Egorov, A., Tertshnikov, K., Bona, A., Pevzner, R. Dean, T., Freifield, B. and Marshall, S., 2017, Analysis of signal to
noise and directivity characteristics of DAS VSP at near and far offsets – A CO2CRC Otway Project data example, The Leading
Edge, 36, 12.
Hartog, A.H., 2018, Introduction to distributed optical fibre sensors, CRC Press.
Chapman, C. and Leaney, S., 2019, Seismic sources at discontinuities, unambiguous moment and potency components: Geophys.
J. Int., 216, 2004-2016.
Leaney, S., Mizuno, T., Velez, E., Cuny, T. and Perez, M., 2019, Integrated anisotropic model building, DAS simulation and
imaging: SEG Expanded Abstracts.
Mizuno et al., 2019, The significance of gauge length in particle velocity estimation from DAS data: VSP and microseismic cases:
SEG Expanded Abstracts.
Willis, M.E., Wu, X., Padhi, A., Ellmauthaler, A. and LeBlanc, M., 2018, Effect of the angular response of a Fiber-Optic Cable on
DAS VSP recordings in Lateral Wells, EAGE conference proceedings.
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Ambient noise interferometry using Distributed Acoustic Sensing (DAS) data offers great promise for highresolution 2D seismic imaging through the combination of broad bandwidth and dense 2D extent (Lindsey
et al. 2020). The challenge for DAS is the intrinsically 2D nature of many dark fiber networks, which
constrains 3D areal imaging approaches. This limitation can be avoided by combining existing point
sensors, typically inertial sensors like geophones or broadband seismometers, with DAS to provide
improved 3D coverage in ambient noise studies.
We test the potential of DAS dark fiber deployments combined with local networks of threecomponent seismic sensors for passive 3D imaging using ambient noise interferometry. In synthetic tests,
we cross-correlate synthetic noise recorded by a hypothetical DAS and seismometer deployment. The
synthetic noise is composed of fundamental mode surface waves in a known velocity model generated by
hypothetical randomly distributed surface noise sources. We retrieve both Rayleigh waves and Love waves
in the resulting empirical Green’s functions on different components of DAS-seismic sensor synthetic noise
cross-correlations.
We also evaluate the recovery of Green’s functions from cross-correlation of real noise recorded
by a DAS array as part of the LBNL FOSSA experiment in the Sacramento basin, California (~22 km dark
fiber profile between the cities of Sacramento and Woodland; Ajo-Franklin et al., 2019) and nearby
permanent seismic stations We tested a variety of seismic sensors in our study: broadband, short period,
borehole short-period sensors, and accelerometers. We recover surface waves in the noise crosscorrelations in the entire distance range of ~3 km to ~95 km in the secondary microseism passband (~0.10.4 Hz). However, the signal-to-noise ratio of the recovered signals generally decreases with increasing
distance. The recovery of meaningful noise cross-correlations between the generally lower quality
accelerometers and DAS at distances > 50 km is especially promising because it indicates that the method
can be useful in regions with sparse seismic networks. Figure 1 shows the combined DAS/point sensor
network we evaluated (left) as well as one sensor-to-DAS cross-correlation example. An important
component of our study was to correct the DAS data for clock errors using the time shifts between daily
stacks and a reference stack, and the time shifts between the waveforms at causal and anti-causal lag times.
We show results from 2D checkerboard tests using synthetic differential travel times at the DAS channels
to test the recovery of velocity anomalies in the vicinity of DAS cable.
Finally, we present preliminary design studies for an experiment in the Imperial Valley, CA,
which will utilize a combined network of a long dark fiber DAS profile, existing permanent broad-band
stations, and a temporarily deployed nodal array for 3D imaging.

Figure 1. Left: Study region and location of sensors used in this study. The black trace in the middle of the
study region is the dark fiber line used in the FOSSA experiment in the Sacramento basin. Different
symbols are inertial sensors of different types. Station names are indicated. Right: Ambient noise crosscorrelations between Sacramento DAS channels and seismic station CE.68034.HNN. The y-axis is distance
between the seismic sensor and the DAS channels in km (number indicated in red). The waveforms are
filtered in the passband 0.1-0.4 Hz.
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Exploring the Edge: An Edge-Based Solution for Geoscience Applications (Oral Presentation)
Frank Sepulveda and Jay Pulliam
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Abstract
Recent technological advances have reduced the complexity and cost of developing
sensor networks for seismic monitoring. Nonetheless, the challenges of acquiring, transmitting,
storing, and processing seismic data remain significant. The transmission of large amounts of
seismic data to a centralized location burdens network resources, introduces latency and jitter,
and is often costly. “Edge” computing is an emerging paradigm where storage and computing
resources are located closer to the source of data, typically in a remote environment and often in
extreme conditions. We will present an edge-based solution that leverages commercial off the
shelf components organized in a tiered architecture, arranged in a hub-and-spoke topology,
hosting a popular distributed database to support the acquisition, transmission, storage, and
processing of seismic data, in a field setting. Details will be presented regarding the selection of
the architecture, distributed database, embedded systems, and topology used to implement the
proposed edge-based solution. Lastly, a real-world case study will be presented leveraging the
proposed edge-based solution to acquire, transmit, store, and process millions of samples of data
per hour to perform automated seismic interferometry with ambient noise during a test and
evaluation events at a geothermal fields in Nevada.
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Applying Deep Learning on Distributed Acoustic Sensing deployed on Dark Fiber
Networks for Near-Surface Characterization
V. Dumont, V. Rodríguez Tribaldos, B. Erichson, J. Kesheng Wu, J. Ajo-Franklin and M. Mahoney

Distributed Acoustic Sensing (DAS) is an emerging technology that repurposes commercial fiber-optic cables as
strain-rate sensing arrays. DAS can be deployed on existing telecommunication networks not currently used for data
transfer, known as dark fiber networks (i.e. unlit). Thanks to this technology, DAS enables the acquisition of
high-resolution (1 m) seismic datasets across tens of kilometers in a variety of environments. Recently, several
studies have shown that DAS in combination with the analysis of ambient seismic noise generated from traffic
infrastructure such as cars, trains, etc., constitutes an attractive approach for near-surface characterization. Classic
ambient noise interferometry techniques have been successfully applied to train-generated surface waves to obtain
one-dimensional shear-wave velocity profiles from the first few hundred meters of the subsurface (Ajo-Franklin et
al., 2019).
Currently, simple metrics based on, for example, the amplitude of the data are used to select ambient seismic noise
recordings containing high-amplitude surface waves. The objective is to improve the signal-to-noise ratio of the
resulting cross-correlations that are subsequently analyzed to invert for seismic velocity structure. This selection
process is time consuming, requiring a significant amount of user input. Besides, this approach only uses those noise
records with evident, high-amplitude surface waves, discarding a large amount of continuously recorded data that
could contain usable information. Finally, the size of continuous DAS datasets, which can amount to terabytes a day
depending on the experiment, makes it very challenging to efficiently handle and process the data, which sometimes
results in missed information. These issues make it evident that the geophysical community is in need of innovative
approaches that facilitate efficient analysis of large DAS datasets and enable optimizing the use of the large amount
of information contained in this new type of seismic recordings.
While a machine learning approach appears to be an excellent candidate to improve the efficiency of such analysis,
there is, however, a major challenge when working with scientific data and that is the lack of labels. In this work, we
address this issue by developing a combined unsupervised-supervised machine learning approach that enables the
creation of labeled data that is subsequently used for training. This method is applied to ambient seismic noise DAS
data recorded as part of the Fiber-optic Sacramento Seismic Array (FOSSA) Dark Fiber experiment described in
Ajo-Franklin et al. (2019).
Our novel approach starts with the application of an unsupervised learning technique, known as variational
autoencoder, to DAS data. The objective is to extract common probability distributions for highly similar signals
and group them into clusters so they can be used to create labeled datasets automatically. A 2-dimensional latent
space visualization was used to successfully differentiate surface waves from non-coherent noise signals [Fig. 1],
thereby allowing us to create labeled datasets which could then be used to classify new, unknown data.
The signal classification, on the other hand, is done using a deep residual neural network with 20 hidden layers,
including both convolutional and fully connected layers. This supervised learning model was trained on a new set of
DAS recordings using the labeled data from the variational autoencoder as a training set. Finally, a softmax function
was used to transform the output of the trained model into a probability of surface wave occurrence to each of these
records. The resulting probabilities will be used in a weighted-stacking procedure with the objective of minimizing
the number of cross-correlations needed to obtain temporal stability and high signal-to-noise ratio.

This combined unsupervised-supervised learning approach has provided us with a powerful tool to extract accurate
surface wave probability information from large ambient seismic noise recordings with minimum user input and
without the need for labeled data. In this way, this approach can be used to optimize the use of coherent surface
waves present in DAS ambient noise recordings. By applying such a machine learning approach to continuous,
large DAS datasets, we can not only facilitate the processing of these large datasets, but help adapt classic
seismology processing techniques to make the most out of the valuable information that DAS data contain about the
shallow subsurface.
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Fig. 1: Embedding visualization in 2-dimensional latent space. Note the separation between portions of the data
including surface waves (at the edges) and those dominated by noise (in the center).

Analyzing Massive, Passive DAS Data in Wavelet-compressed Form
Eileen R. Martin, Joseph Kump, Sarah Morgan (Virginia Tech); Tieyuan Zhu (Penn State University)
Background and Motivation: Recent advances in fiber-optic data acquisition technology at high sample rates, long
periods of time, and dense sensor spacing over long distances have strained existing resources for data archiving and
distribution. The adoption of distributed acoustic sensing (DAS) in many environmental, safety and basic science
applications is hitting a wall due to lack of resources for managing large-scale data, as such experiments can easily
generate multiple terabytes of data per day. To achieve the levels of data compression needed, we must consider lossy
data compression for data archiving and distribution. Further, data movement memory operations within a computer
are hundreds of times more expensive than floating-point computation operations. Because of the growing importance
of reducing data movement in modern high-performance computing, we are motivated to not just use data compression
in archiving and distribution, but also throughout our computational analysis algorithms. We have seen that by
representing passive DAS data in a low-rank compressed from and performing ambient noise interferometry with a
specialized algorithm that operates directly on that compressed data (without decompressing it), we can save orders
of magnitude of computing time (Martin, 2019). However, passive seismic data are inherently multi-scale (both
spatially and temporally), and it is unclear how well low-rank compression preserves information across different
scales. Instead, we are now investigating algorithms that operate directly on wavelet-compressed DAS data, as wavelet
compression has long been used in seismic data analysis to preserve important features across scales. We focus on
algorithms for interferometry-based methods: ambient noise cross-correlations for wave equation Green's function
estimation, and template matching for weak event detection.
On Ambient Noise Interferometry in Wavelet-compressed Form: Consider the time series of seismic data d(t,xr)
recorded at time t and sensor location xr. It could be expressed in terms of a discrete wavelet transform. To keep
notation simple, assume the data are just compressed in 1D and a single type of wavelet basis function (mother wavelet
𝜓) with scale factors j and shift factors n are used:
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Likewise, data at sensor location xs could be compressed similarly with a wavelet basis (mother wavelet 𝜑 not
necessarily the same as 𝜓). In both cases, we could zero the majority of coefficients, b, smaller than some threshold.
When we calculate the cross-correlation of two wavelet-compressed time series, we could instead add up the products
of their nonzero coefficients also multiplied by cross-correlations of the wavelet basis functions:
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Thus, if calculating the cross-correlations of ambient noise data, and averaging over many time windows, one can just
keep track of the sparse coefficient products, add the products over many time windows, and later do the reconstruction
by multiplying with the (potentially pre-computed) wavelet basis function cross-correlations. The idea of performing
cross-correlation calculations in the wavelet domain is not novel, as hydrologists and others have used wavelet-domain
cross-correlations to isolate time-lagged relationships both in time and in pseudo-frequency (Labat, 2005). However,
wavelet-domain cross-correlations have not been done for ambient seismic noise interferometry before, and the
properties of a sparse wavelet-domain cross-correlation algorithm were previously unexplored.
How many of these wavelet basis function cross-correlations must be precomputed? If we use the same wavelet basis
for all sensors (i.e. 𝜓 and 𝜑 are equal), this clearly cuts down the number of functions that need to be precomputed.
We have proven that the cross-correlations of a pair of wavelet basis functions are equivalent as long as their relative
shift values of those functions (distance between n and m) are the same, and that any other shifts between these
functions just require a simple time-lag shift in their cross-correlation. Further, any wavelet basis cross-correlations
with the same relative scale factor between the basis functions (distance between j and k) can be generated by a simple
rescaling. Using these simple transforms of a smaller subset of wavelet basis cross-correlations, and depending on the
hardware and storage available, one can adjust how many wavelet basis functions should be precomputed versus
computed on the fly. Note that these wavelet basis functions are completely independent of data or acquisition.

Further, one may wonder how much error may propagate from the sparse wavelet compressed data to their crosscorrelations. Within a single time window, if N is the number of wavelet coefficients, 1/c is the proportion of
!
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sensor r data, similar notation for sensor s, then we can bound the error of the cross-correlation of the waveletcompressed data by: 𝑁=1 − 1@𝑐A((1/𝑐)𝐵! 𝑇 ( + (1/𝑐)𝐵 ( 𝑇 ! + (1 − 1/𝑐)𝑇 ! 𝑇 ( ). Assuming that 1/c is small, this
ensures that all terms in the error bound are kept to a reasonable size.
On Template Matching in Wavelet-compressed Form: We may also be interested in template matching of events to
find events similar to known seismic events. This has been used as a powerful tool for increasing the size of earthquake
and microseismicity catalogs, and by checking for many detections across an array smaller events can be found with
reasonable certainty (Li and Zhan, 2018; Ross, et al., 2019). At the Fiber Optics foR Environmental SEnsE-ing
(FORESEE) array at Pennsylvania State University, we are interested in template matching to detect repeating, nearby
anthropogenic events, seismic events such as quarry blasts, and natural sources of seismic energy such as
thunderquakes which may be a useful new source of energy for high-resolution near-surface imaging in the Eastern
US (Zhu and Stensrud, 2019). Figure 1 shows an example of searching for anthropogenic events similar to a template
at the FORESEE array. Since template matching is just a normalized cross-correlation between short templates and
long noise, the algorithm can be similarly carried out in the wavelet domain with minor modifications.

Figure 1: (Left) One minute of data recorded on a single DAS channel, 880. A template event is selected from samples
25,400 to 26,400. (Middle) The normalized cross-correlation between the template and noise show that a handful of
events, both strong and weak, around this time are somewhat similar, but none are highly similar to the template.
(Right) Template matching is repeated across all channels, and repeating noises dominate some channels.
Conclusions and Future Work: We are continuing to build our understanding of the efficiency of this algorithm,
particularly improving efficiency of the sparse data structures it is built on. Here, we express the notation in 1D for
simplicity, but the same principle applies with 2D wavelet compression (which can often achieve higher compression
ratios). Further, we are continuing to study the repeatability of the sparsity patterns of wavelet-compressed DAS data,
and the role of that repeatability in understanding efficiency of the algorithms.
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Exploiting ambient noise recorded on ocean bottom fiber optic cables: Towards fault zone
characterization using direct and scattered surface waves
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Fault zones control the evolution of a broad range of geological features and the migration of economically important
fluids. They also constitute one of the most important global geological hazards and as such are a crucial imaging and
characterization target. Unfortunately, offshore faults are often poorly characterized in terms of both architecture and
seismicity, particularly in regions without extractable resources and minimal active source seismic coverage.
Distributed acoustic sensing (DAS) is an emerging technology for high resolution seismic sensing, and has recently
proven to be useful for offshore characterization utilizing pre-existing submarine telecommunication optical cables
(Lindsey et al., 2019, Williams et al., 2019, Sladen et al., 2019).
We present further analysis of a marine DAS dataset, first described in Lindsey et al. (2019), for fault zone
characterization. This dataset utilized an existing scientific cable, connecting a shore station to the Monterey
Accelerated Research System (MARS) cabled observatory, for DAS recording over a four-day-period in 2018. We
first analyze the source characteristics of the observed ambient noise for three different frequency bands useful for
imaging, primary microseism (0.05~0.15Hz), secondary microseism (0.25~1.5Hz), and short period band (1~5Hz).
Coastal microseisms in this range are higher than that typically observed onshore. Next, we utilize seismic noise
interferometry methods to retrieve the coherent signals, e.g., ocean surface gravity waves and Scholte waves, from
microseisms. We calculate ambient noise interferograms (empirical Green’s functions) for 1000 locations across the
array stacked over the duration of the experiment for analysis. Figure 1 shows examples of the result of this process
at 3 locations.
Based on the retrieved coherent signals, we further probe the lateral velocity variations in subsurface as well
as surface seafloor, and locate the unmapped fault zone. After generation of ambient noise interferograms, we use
classical techniques to generate dispersion spectrum and pick the multiple modes. These dispersion curves are then
inverted for V s as a function of depth using the locally 1D approach of Wathelet et al. (2004). Then, 359 1D velocity
curves in the short period band are combined into a 2D shear wave profile spanning the DAS array. Figure 2a presents
2D shear wave velocity profile inverted from the Scholte wave dispersion measurements, and the black line indicates
the interpreted fault zones inferred from the high-resolution noise auto-correlation profile in Figure 2b. The interpreted
faults around 16km and 19km match well with the mapped Aptos faults from high-resolution seismic reflection
imaging (Johnson et al., 2017), and we also map two more unknown faults or zones of disturbance around 4km and
9km.
Beyond the direct surface waves, scattered surface waves are observed generated at the proposed fault
locations, as seen in Figure 1a, in some cases with multiple reflections suggesting more complicated wave physics.
We extract scattered surface waves in the FK domain and map them in space for comparison to V s perturbations using
a simplified migration approach. The scattered surface waves offer a higher resolution view of the velocity contrast at
the fault, complementary to the conventional surface wave inversion utilized in the prior section. We propose the
scattering image provides a more detailed view of the fault core in contrast to the averaged map provided by direct
surface wave inversion. More broadly, our study indicates that DAS could be a useful tool for submarine (as well as
terrestrial) seismic imaging using ambient noise.
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Figure 1. Example of 3 ambient noise empirical Green's functions at different locations on the array. Panel A shows
an example including scattered surface waves (indicated by black arrow).

Figure 2. a). 2D shear wave inversion profile from Scholte wave dispersion measurements. b). Noise autocorrelation profile along the cable.

Advances in Distributed Acoustic Sensing for Long Range Measurements
Thomas Coleman, Tom Parker, Sergey Shatalin, Jack Maxwell, Mahmoud Farhadiroushan, and Michael Mondanos
Distributed acoustic sensing (DAS) has evolved over the past decade from a novel to established geophysical tool
with still ever-expanding applications. The adoption of DAS for earth science investigations has been enabled by
advanced optoelectronic architectures with amplitude and phase coherent, broadband measurement capability over a
few tens of kilometers. The development of high precision engineered sensing fiber and associated DAS systems has
allowed DAS system noise for an individual sensing channel to match that of point sensors which has been
transformative for applications with low signal amplitude. Other advantages of precision engineered fiber are that its
use also facilitates finer spatial resolution and extended range. Though the application of these new highperformance precision-engineered fiber-based systems has been rapidly increasing, a niche for long-range DAS
systems that can be retrofit on previously installed standard singlemode or multimode optical fiber is present. The
inherent capabilities of DAS for monitoring and characterization of earth processes have generated an increasing
level of interest in applying the technology to existing optical fiber infrastructure to create vast terrestrial sensing
arrays.
Several studies based on the application of DAS to existing, dark fiber networks have demonstrated the ability to
leverage existing infrastructure for applications such as near surface imaging, hydrogeology, earthquake seismology,
subsea fault mapping and ocean wave monitoring, and infrastructure monitoring. The ability to utilize existing
infrastructure offers a significant economic benefit, as the cost to install fiber optic cable, particularly in urban areas
or offshore, is a major barrier to sensor deployment. Recent method development and interrogator improvements
further expand the range and associated sensor coverage without compromising spatial resolution, offering a
significant capability and economic improvement for both retrofit and new infrastructure installations. Thus, for
monitoring hundreds of kilometers of cable, the number of nodes housing interrogators can be substantially reduced
or for subsea applications the extent that can be monitored without the requirement for subsea interrogators is
increased. The application of range extending methods including optical amplification for interrogation of dark fiber
networks is discussed including configuration options to optimize the sensing performance for an individual
installation. Based on these developments, the next few years are expected to mark an era of rapidly expanding
adoption of DAS for dark fiber deployments, while new frontiers for subsea applications are also realized. Exciting
opportunities and challenges are on the horizon for maximizing value from such spatially and temporally expansive
data, with a multitude of uses extending beyond geophysics as sensory input in the smart cities era.

Figure 1. 50km far-end noise floor comparison of unamplified and amplified DAS measurements on standard SMF

