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Abstract

Distributed Fibre-Optic Sensing is a fast-developing technology and is being
actively used in geophysical monitoring applications. The technology is based on
continuous measurements along a fibre-optic cable. Distributed temperature sens-
ing (DTS) is used for measuring and monitoring temperature while distributed
acoustic sensing (DAS) can record seismic waves/signals that induce axial strain

in the cable.

Compared to 4D surface seismic monitoring, repeated Vertical Seismic Profil-
ing (VSP) surveys with DAS receivers reduce the cost and invasiveness of time-
lapse CO5 monitoring considerably, but have limited spatial coverage around the
borehole. This coverage can be extended by interferometric imaging that utilises
free-surface multiples. Synthetic and field studies demonstrate that interfero-
metric imaging is a viable method to extend the subsurface image beyond the
coverage of standard VSP imaging. Comparison of the standard and engineered
fibers shows that both fibers are sensitive to free-surface multiples, but the engi-
neered fiber provides much higher signal to noise ratio, and thus is preferable for
interferometric imaging with multiples. The results obtained with the engineered
DAS cable show that in the depth range suitable for both methods, the VSP

interferometric image of reflectors is comparable to the surface seismic image.

Borehole-based DTS and DAS utilized for continuous monitoring of borehole
decommissioning operations reveal an abundance of valuable information about
the course of the decommissioning process and the quality of the cement job.

DAS has detected vibrational disturbances during the cement’s setting up, while
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DTS was used to assess setting up of the cement and curing times as well as uni-
formity of cementation from the distribution of temperature along the borehole.
Passive DAS data recorded a year later with the same array shows an abundance
of seismic events in a wide frequency range from below 1 mHz to over 200 Hz and
includes earthquakes, mine blasts, ocean microseisms, and local human activity.
The amplitudes of waves from distant seismic events can be used to estimate
and monitor physical properties of the media along the entire extent of the well.
Spectral analysis of low frequency microseisms shows a strong correlation between
passively recorded DAS and local weather observations. Detected peculiar in-hole
reverberations are likely caused by crossflows of groundwater behind the inter-
mediate casing, which may indicate imperfections of the cement job. The results
demonstrate that downhole fibre-optic array installed in an abandoned well rep-
resents an opportunity to establish a permanent facility for continuous recording

of passive and active geophysical data and for exploring various applications.

DAS measurements are also sensitive to temperature changes. Laboratory and
field tests of DAS sensitivity to changing temperature demonstrate that DAS is
sensitive to long-period temperature changes and its response is proportional to
the time derivative of temperature. Induced fiber strain is linearly related to slow
temperature change and this dependency can be estimated for a particular cable.
The results can help compensate for the effect of temperature on low-frequency
DAS signal and show that DAS can be used as a distributed temperature sensor

if direct temperature measurements are not available.

Most DAS systems are designed to measure signals higher than 1 Hz; however
some DAS systems are sensitive to low-frequency (< 1 Hz) signals such as reservoir
pressure variations. During COs injection within the CO2CRC Otway Project,
pressure related strain-rate DAS signals were observed in two monitoring wells.
These signals are highly correlated with the pressure signals measured by borehole
pressure gauges above the perforations in monitoring wells. Analysis of the data

shows that DAS is able to detect reservoir pressure variations higher than 10=4

vi
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psi/s. Analysis of pressure variations and strain calculated from DAS strain
rate values allows estimation of the elastic modulus of the reservoir formation.
Obtained results show that DAS systems can be utilised not only as seismic
sensors, but also as continuous pressure sensors that can help track possible CO,
leakages into the overburden. In contrast to traditional pressure gauges, DAS
is capable of tracking the pressure profile along the entire well. DAS pressure
sensing capabilities open up many new applications to complement subsurface

reservoir pressure monitoring, CCUS and hydrogeological studies.
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Introduction and Overview
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1.1 Background and motivation

Industries such as Oil and Gas, Geothermal Energy, Carbon Capture and
Storage (CCS) often require monitoring of changes in the subsurface caused by
extraction or injection of fluids. Oil and Gas industry traditionally implements
monitoring of underground gas storages (Forgues et al., 2007; Mari et al., 2011)
or oil and gas reservoirs to improve the efficiency of the production wells (Djuraev
et al., 2017) and monitoring of gas. Geothermal industry uses subsurface mon-
itoring as a reservoir management and safety management tool (Darnet et al.,
2020; Edwards et al., 2015; Pankow et al., 2020). CCS industry, being focused
on the injection of COy deep underground, needs the monitoring to control the
injected underground gas behavior and to prevent possible leaks (Eiken et al.,
2011).

In order to address all the mentioned problems, industries implement various

monitoring technologies. One of them is geophysical monitoring.

1.1.1 Geophysical monitoring

Geophysical monitoring includes several geophysical techniques that measure
or estimate changes of physical properties of the subsurface over time. Moni-
toring methods vary with the type of wavefield utilised for the measurements
(electro-magnetic, magnetic, gravimetric, seismic) and with the type of geophys-
ical sources and receivers utilised to create or measure the response from the
subsurface.

Geophysical land monitoring surveys can be implemented on the surface —
surface methods, or in the borehole — downhole methods. Surface methods are
more widespread as they do not require drilling monitoring boreholes, which can
be very expensive.

Monitoring that utilises reflected seismic waves emitted by surface seismic
sources and recorded by surface receivers is called 4D seismic (Lumley, 2001,

2010). 4D seismic is the most reliable geophysical method for the exploration and

2



Introduction and Overview 3

monitoring of sedimentary basins as it can provide the highest possible spatial
resolution compared to other geophysical methods. Land 4D seismic typically
uses Vibroseis as the seismic source and geophones as seismic receivers. 4D seismic
monitoring has become an important geophysical tool to monitor injected COq

due to its superior spatial resolution.

1.1.2 Limitation of land seismic monitoring

Even though time-lapse surface seismic is the most reliable geophysical method
for monitoring of injected CO,, this method has certain limitations. The main

limitations of 4D surface seismic are:
e high cost of data acquisition compared to other geophysical techniques,

e long intervals between surveys due to the high cost and time required for

data acquisition and processing,

e relatively high-level of invasiveness and, as a result, difficulties with access

to sensitive areas to conduct multiple surveys,

e high level of noise caused by environmental processes and human activity

on the surface.

The necessity to reduce the cost of frequent data acquisition motivates de-
velopment of alternative techniques that would overcome or mitigate these issues
and provide sufficient-quality images of the subsurface changes. Various improve-
ments, for example buried receiver arrays (Shulakova et al., 2015), were intro-
duced into the monitoring programs to increase repeatability of seismic surveys,

decrease cost of monitoring program and reduce the impact on landowners.

1.1.3 Downhole monitoring

The need to overcome limitations of 4D surface seismic has resulted in the

development of alternative monitoring strategies, such as borehole monitoring
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using 3D vertical seismic profiling technique (VSP) (Correa et al., 2018; Lumley,
2010).

VSP is often implemented with surface seismic sources and borehole geophones
(Hardage, 1985). VSP surveys with borehole sources and surface receivers are
less common; this technique is called reverse VSP. VSP surveys have several
advantages over the surface seismic: higher vertical resolution; smaller wavefield
attenuation (as seismic waves travel shorter distances); less contamination with
surface waves. In the standard VSP, the receivers are placed in the borehole and
only seismic source effort required on the surface. Thus, the VSP method does
not require any cable systems on the surface, and reduces the surface footprint
of seismic monitoring (compared to surface seismic) and therefore makes seismic
monitoring much less invasive, as there is no need to install seismic receivers

(cables or node systems) on the surface.

However, traditional VSP requires frequent access to the borehole. This is the
biggest challenge of the VSP method as the borehole operation time is usually
very limited and expensive. Borehole geophones are relatively expensive (com-
pared to surface geophones), so it is common to use a string of several geophones
and move it along the borehole, repeating data acquisition at different levels to
cover the entire length of the wellbore. This, of course, requires significant time
effort. Another downside of VSP is that, like any other borehole method, it
has limited reach away from the borehole, and illumination of the target varies
strongly with the distance from the borehole. In addition, it is also impossible
to use the same borehole as a receiver array and as the injector well (of COo,
for example) if you need constantly move receivers along the well. This prob-
lem can be overcome by installing geophones behind the casing (Deflandre et al.,
1995; Van Dok et al., 2016), but such installations are extremely expensive, and

increase the well integrity risk, and hence used very rarely.

4
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1.1.4 Distributed Acoustic Sensing (DAS)

The limitations of geophone VSP described above are largely overcome with
the recent development of new seismic acquisition technology known as dis-
tributed acoustic sensing (DAS). DAS measures and records perturbations that
induce dynamic strain (strain rate) in the fibre-optic cable. The measured strain
rate can be converted into strain by integration over time. Dynamic strain mea-
surements are different from static strain measurements that are used to track

long-term slow strain variations.

Most DAS systems measure changes in differential phase of the backscat-
tered light. These measurements can be implemented using different techniques
— phase unwrapping, dual-pulse, interferometric phase recovery and others (Har-
tog, 2017). In seismic applications a DAS cable can act as an array of receivers

replacing an array or geophones or hydrophones (Parker et al., 2014).

The use of fibre-optic cables as downhole sensors has substantial advantages
over conventional downhole receivers. Most fibre-optic cables are very robust
and reliable for long-term installations as they have no electronics or moving
parts. Also, deployment of such cables in a well distributes sensors over its entire
length at small spacing intervals. Fibre-optic cables can also be manufactured
to withstand considerable pressure and temperature (up to 250 °C). The most
sensitive and valuable instrument equipment — an optical interrogator unit — is
always located at the surface and can be easily connected to the downhole cable
and reconfigured to satisfy the measurement requirements. Such benefits make
this technology a perfect option for borehole seismic monitoring applications and
building permanent surveillance arrays in harsh environments like deep wells.
Once deployed, fibre-optic cables can be used for Distributed Acoustic Sensing
(DAS), Distributed Temperature Sensing (DTS) and other sensing applications.
Permanently installed DAS receivers can make borehole monitoring even more
flexible and cost-effective (Daley et al., 2013; Correa et al., 2019; Yurikov et al.,

2021), because relatively inexpensive, and highly durable fibre optic cables enable

5
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acquisition of seismic data of the quality similar to that of geophones (Correa
et al., 2017). Permanently deployed optical fibre cables as receiver arrays in
borehole reservoir surveillance considerably reduce the invasiveness of the seismic
monitoring, and allow more frequent surveys, which is essential for the early
detection of CO, leaks.

Permanent borehole DAS receivers coupled with surface orbital vibrators or
SOVs (Dou et al., 2016; Freifeld et al., 2016), can be automated to collect and
process seismic data continuously. Such monitoring system does not require any
surface operations, except for maintenance (Isaenkov et al., 2021). Continuously

recorded data allow tracking the subsurface changes without any time gaps.

1.1.5 Review of state of the art in downhole DAS moni-

toring

The most common implementations of downhole DAS monitoring are offset
VSP and 3D VSP. Offset VSP involves only one source position (single source-
receiver azimuth and offset), while 3D VSP involves multiple source positions
around the well (which gives many combinations of source-receiver azimuths and
offsets).

Despite many advantages of DAS VSP for subsurface monitoring, VSP sub-
surface coverage is limited by the half-offset between the well and surface source
location (Galperin, 1985). Furthermore, it is hard to use traditional VSP moni-
toring for the shallow part of the well, as there are not enough reflections needed
for imaging.

A significant advantage of DAS compared to traditional sensors such geo-
phones and hydrophones is its very broad frequency range. DAS recordings are
often used to study natural phenomena at frequencies far below 1 Hz such as
distant earthquakes (Ajo-Franklin et al., 2019), oceanic microseisms (Lindsey
et al., 2019; Glubokovskikh et al., 2021), or earth tides (Becker and Coleman,
2019). Low-frequency DAS is also being utilised in different industrial applica-

6
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tions, such as hydraulic fractures geometry characterisation (Jin and Roy, 2017),
low-frequency strain measurements (Becker et al., 2019), multiphase flow charac-
terisation (Titov et al., 2020; Sharma et al., 2020), wellbore gas influx detection
(Feo et al., 2020; Sharma et al., 2021), fluid pressure sensing (Becker et al., 2017),
monitoring of well integrity (Raab et al., 2019) and borehole decommissioning op-
erations (Ricard et al., 2019). DAS is also sensitive to slow strain variations, for
instance, those caused by both natural and industrial processes such as diurnal at-
mospheric temperature variations, hydraulic fracturing treatments (Bakku et al.,
2014; Karrenbach et al., 2017, 2019), borehole fluids flows (Sharma et al., 2020;
Titov et al., 2020), temperature variations in geothermal reservoirs (Miller and
Coleman, 2018) or pressure changes (Becker et al., 2017). These variations can
distort low-frequency seismic records and thus need to be corrected for. Further-
more, the temperature or pressure response on DAS maybe useful in themselves.
If these effects are well understood on DAS recordings, they can be extracted
to provide useful additional information about subsurface processes. In some
situations, for example, when there is no separate temperature measurements,
such as distributed temperature sensing (DTS), DAS can be utilized for relative

temperature monitoring as well (Koyamada et al., 2009; Bao and Wang, 2021).

As DAS technology is relatively new, its application for geophysical moni-
toring purposes is not fully studied yet. There are different research topics to
be still covered such as: DAS directivity patterns, DAS sensitivity to passive
seismic wavefield including low frequencies (< 1 Hz), effect of temperature varia-
tion on DAS measurements, ability of DAS systems to record reservoir pressure
variations. Additionally, DAS recording abilities can vary between different man-
ufacturers, as different engineering designs (optical path designs) affect the DAS
response to disturbances applied to the fibre. Nevertheless, distributed fibre-optic
sensing is gaining its popularity in the field of geophysical monitoring. It opens

up many potential applications for geophysical exploration and CCUS industry.

The thesis addresses four different problems related to the borehole monitoring

7



Introduction and Overview 8

using DAS:

1)

Utilization of secondary wavefield, such as free-surface multiples, for im-
proved borehole imaging — can we use multiples to extend subsurface cov-

erage?

Continuous borehole monitoring of the well cementation process and analy-
sis of ambient wavefield components — can we use borehole DAS to monitor

borehole itself such as cementation process?

Effect of temperature variations on DAS measurements — can we compen-
sate temperature related signal on DAS measurements and/or use DAS to

estimate temperature variations?

Reservoir pressure signature on DAS — can we utilise DAS for reservoir

pressure monitoring such as during CO, injection?
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1.2 Objectives and outline

The general objective of this thesis is to study DAS capabilities to enhance
VSP survey subsurface illumination using multiple reflections, to study DAS capa-
bilities to record passive seismic signals (from natural and human-related sources)
including low frequency signal, and to study temperature and pressure signatures
on DAS in the borehole environment. These topics are covered in four published
papers. Here I outline the main objectives from each paper.

Objective 1. Explore a possibility to improve subsurface illumina-
tion of VSP method using borehole DAS and free-surface multiples.

As discussed in the section 1.1, uneven illumination of the subsurface is a
limitation factor for VSP monitoring. However, the illumination can be improved
with interferometric migration of free-surface multiple reflections (Schuster, 2009;
Yu and Schuster, 2004). Such interferometric migration was previously used for
drill-bit source data or reverse VSP data acquired with surface receivers, as reverse
VSP geometry provides better well coverage compared to standard VSP. Paired
with DAS VSP technology, interferometric imaging can considerably increase the
effectiveness and reliability of subsurface monitoring that is impossible to achieve
with geophones. Thus, it is interesting to explore if the interferometric technique
paired with DAS can be effectively utilized to extend seismic images around
wellbores.

The outlined problem is addressed in Paper 1 - DAS-VSP interferometric
imaging: CO2CRC Otway Project feasibility study. In this paper, we
explore the feasibility of interferometric imaging by conducting a synthetic and
field experiments. The synthetic walkaway VSP data were computed using the 3D
model of the CO2CRC Otway site (Glubokovskikh et al., 2016). We also tested
the technique on the field walkaway VSP data acquired at the same research site
using conventional borehole geophones and DAS cables as receiver arrays (DAS
data were acquired with two sets of DAS equipment). Finally, we compared the

results of DAS VSP interferometric imaging to the 3D surface seismic migrated
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image obtained within the same area.

Objective 2. Investigate the capabilities of DAS for recording pas-
sive borehole data during borehole plug and abandonment operations
and investigate the components of passive seismic data recorded in the

abandoned well.

As outlined in the section 1.1, DAS is able to record many types of passive
data in the borehole environment. Most installations of fibre-optics are in open
and active monitoring and production wells. In addition to these common ap-
plications, passive DAS can be utilised for unusual tasks, such as monitoring of
well cementation process during plug and abandon operation. Installation of a
DAS cable during decommissioning has a potential to transform an abandoned
well into a permanent sensor array. This deployment can be used to control the
cementation process and monitor subsequent changes in the subsurface by record-
ing such parameters as strain, temperature and vibration caused by natural or
induced seismicity. Besides, such wells can be utilised to conduct active borehole

seismic surveys such as Vertical Seismic Profiling (VSP).

During the P&A operations of Harvey-3 well (drilled as a part of the South
West Hub CO, geosequestration project in Western Australia), a comprehensive
dataset was acquired using DAS and DTS to monitor cement flow and curing (Ri-
card et al., 2019). One year after completion of the decommissioning operations,
the Harvey-3 fibre-optic cable was used for a week-long acquisition of passive seis-
mic data (Pevzner et al., 2020). Although one week is a relatively short time to
record a representative dataset for analysis of noise patterns and seismicity in the
area, many valuable observations and revelations were obtained. In particular,
the results demonstrate that ambient seismic signals can reveal information about
the well’s conditions a year after cementation, distribution of elastic properties

along the well and natural processes such as seismicity and oceanic wave climate.

The problem is addressed in Paper 2 - Distributed fibre-optic sensing

transforms an abandoned well into a permanent geophysical moni-

10
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toring array: A case study from Awustralian South West. A systematic
and complete analysis of the experiment and data is presented in this paper. The
paper also provides the examples of the useful information that can be extracted

from the acquired data.

Objective 3. Investigate the effect of temperature on DAS measure-

ments in field and laboratory conditions.

As discussed in the section 1.1, DAS measurements can be affected by temper-
ature variations caused by both natural and industrial processes such as diurnal
atmospheric temperature variations, hydraulic fracturing treatments, borehole
fluids flows or temperature variations in geothermal reservoirs. Such temperature
variations can be considered as a low—frequency signal (< 0.1 Hz). This frequency
range is far below typical frequencies utilized in seismic exploration. However,
DAS applications often include passive broadband monitoring of the subsurface.
But DAS response to temperature variations is still poorly understood and needs

to be studied in a controlled environment.

The problem is addressed in Paper 3 - Experimental study of temper-
ature change effect on distributed acoustic sensing continuous mea-
surements. The main objective of this study is to learn experimentally about
the DAS response caused by the temperature variation. We acquired DAS data
from different experimental and in-situ setups along with temperature data to

analyse relation between DAS signal and temperature variation.

Objective 4. Investigate reservoir pressure signature recorded with

borehole DAS during CO; injections.

As discussed above, being sensitive to slow strain variations, DAS can be
utilised for pressure monitoring at reservoir conditions. However, despite the
extensive research on DAS in recent years, its’ pressure sensing capabilities are not
fully understood. The real project demonstrations can provide a deeper insight
into pressure sensing capabilities of optical fibres in reservoir conditions, and

potentially help the DAS technology to be recognized as a continuous pressure

11
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sensor that can be efficiently utilised in different areas such as CO, injection
monitoring, hydrogeological studies, borehole leakage detection. Being relatively
inexpensive and reliable, DAS can be very cost-effective for these applications as
it covers the entire borehole length, unlike traditional pressure sensors bases on
transducers. For example, it can be used to assess the real-time reservoir pressure
changes during the COs injection. It is important to mention the availability of
distributed fibre optic strain sensors (DFOSS), which measure frequency shifts of
Rayleigh backscattering for estimation of static strain variations (Xue et al., 2018;
Zhang et al., 2020). DFOSS technology can be a better choice for measuring long-
term changes, such as reservoir deformations caused by fluid injection/pumping
(Lei et al., 2019; Zhang and Xue, 2019) than DAS systems based on dynamic
strain measurements. However, DFOSS equipment might not be available for a
particular reservoir monitoring setup that utilises DAS as a primary sensor.

The pressure sensitivity of DAS is explored in Paper 4 - DAS signature
of reservoir pressure changes caused by a CO; injection: Experience
from the CO2CRC Otway Project. Our main objective here is to learn
about pressure sensing capabilities of borehole DAS in in-situ environment and
demonstrate the capabilities of DAS technology as a continuous pressure sensor
in a real-live application in a CCUS project. To this end, we describe the DAS
response to the reservoir pressure change during CO, injection in CO2CRC Otway

site.

12
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1.3 Thesis publications and their relation to the

thesis topic

1. Sidenko, E., Tertyshnikov, K., Bona, A. and Pevzner, R. (2021).
DAS-VSP interferometric imaging: CO2CRC Otway Project feasibility
study. Interpretation, 9(4), SJ1-SJ12.

We have analysed feasibility of interferometric imaging using a synthetic walk-
away VSP data set, followed by its application to field walkaway VSP data
recorded by conventional borehole geophones and two types of DAS (standard
and engineered fibres). Both experiments (synthetic and field) demonstrate that
interferometric imaging is a viable method to extend the subsurface image beyond
the coverage of standard VSP imaging. Specifically, the interferometry approach
provides a more detailed upper section of the subsurface, whereas standard mi-
gration of primary reflections provides a more detailed bottom part of the image.
Comparison of the standard and engineered fibres indicates that both fibres are
sensitive to free-surface multiples, but the engineered fibre provides a much higher
signal-to-noise ratio; thus, it is preferable for interferometric imaging with mul-
tiples. The result obtained with the engineered DAS cable indicates that in the
depth range suitable for both methods, the VSP interferometric image of the
reflectors is comparable to the surface seismic image. The experiment on the
field DAS data proves that DAS is sensitive enough to record the non-primary

wavefield for imaging and monitoring of the subsurface.

2. Sidenko, E., Tertyshnikov, K., Gurevich, B., Isaenkov, R., Ri-
card, L.P., Sharma, S., Van Gent, D. and Pevzner, R. (2022). Dis-
tributed fibre-optic sensing transforms an abandoned well into a per-

manent geophysical monitoring array: a case study from Australian

South West. The Leading Edge, 41(2), 140-148.

Distributed temperature sensing (DTS) and distributed acoustic sensing (DAS)

data recorded by a fibre-optic array installed during the decommissioning opera-

13
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tions of the 1550 m Harvey 3 well in Western Australia reveal an abundance of
valuable information about the course of the decommissioning process and the
quality of the cement job. The DAS monitoring has detected vibrational distur-
bances during the cement’s setting up, while DTS was used to assess setting up
of the cement and curing times as well as uniformity of cementation from the
distribution of temperature along the borehole. A weeklong trial acquisition of
passive seismic data with the same array a year later shows an abundance of seis-
mic events in a wide frequency range from below 1 mHz to above 200 Hz. The
downhole DAS array provides traveltimes and amplitudes of these events, which
include earthquakes, mine blasts, ocean microseisms, and local human activity.
The amplitudes of waves from distant seismic events can be used to estimate
and monitor physical properties of the media along the extent of the well. When
used in combination with information from active vertical seismic profiling, these
events can help obtain independent estimates of velocities and densities. Spec-
tral analysis of low-frequency microseisms shows a strong correlation between
passively recorded DAS and local weather observations. This shows that the
ability to continuously record oceanic microseisms at low frequencies opens op-
portunities to employ such arrays for wave climate studies. In addition, the data
contain peculiar in-hole reverberations likely caused by crossflow of groundwater
behind the intermediate casing, which may indicate imperfections of the cement
job. The results demonstrate that a downhole fibre-optic array installed in an
abandoned well represents an opportunity to establish a permanent facility for
continuous recording of passive and active geophysical data and for exploring

various applications.

3. Sidenko, E., Tertyshnikov, K., Lebedev, M. and Pevzner, R.
(2022). Experimental study of temperature change effect on distributed

acoustic sensing continuous measurements. Geophysics, 87(3), D111-

D122.

To understand and quantify the DAS signature of temperature changes during

14
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water injections at CO2CRC Otway site, a series of experiments have been con-
ducted at the Curtin University /National Geosequestration Laboratory (NGL)
well research facility and Curtin rock-physics laboratory. Overall, three DAS ca-
bles are examined. Two fibres are tested in the laboratory and one cable, which
is installed behind the casing in the Curtin/NGL well, is examined in the well.
Laboratory measurements and observations made during analysis of passive DAS
and DTS field data recorded in four Otway wells demonstrate that DAS is sensi-
tive to long-period temperature changes, and its response is proportional to the
time derivative of temperature. Induced fibre strain is linearly related to slow
temperature change, and this dependency can be estimated for a particular ca-
ble. Obtained proportionality constants between strain and temperature change
indicate some dependency on the cable type/design and acquisition setup, but
they are all of the same order of magnitude. DAS measurements also can be
affected by low-frequency noise possibly associated with the effect of temperature
on the DAS acquisition unit itself. The results can help compensate for the effect
of temperature on low-frequency DAS signals and show that DAS can be used
as a distributed temperature sensor if direct temperature measurements are not

available.

4. Sidenko, E., Tertyshnikov, K., Gurevich, B. and Pevzner, R.
(2022). DAS signature of reservoir pressure changes caused by a CO,
injection: experience from the CO2CRC Otway Project. International

Journal Of Greenhouse Gas Control, 119, 103735.

At the time of COy injection within the CO2CRC Otway Project, pressure
related strain-rate DAS signals were observed in two monitoring wells. These sig-
nals are highly correlated with the pressure signals measured by borehole pressure

gauges above the perforations in monitoring wells.

Comparison of DAS measurements and pressure measurements shows a linear
relationship between the two datasets. Analysis of data shows that DAS is able to

detect reservoir pressure variations higher than 10~* psi/s. Analysis of pressure

15
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variations and strain calculated from DAS strain rate values allows estimation of
the elastic modulus of the reservoir formation.

Obtained results show that DAS systems can be utilised not only as seismic
sensors, but also as continuous pressure sensors that can help track possible CO,
leakages into the overburden. In contrast to traditional pressure gauges, DAS is
also capable of tracking the pressure profile along the entire well. DAS pressure
sensing capabilities open up many new applications to complement subsurface

reservoir pressure monitoring, CCUS and hydrogeological studies.

16



Introduction and Overview 17

1.4 The sources of data: CO2CRC Otway Project,
South West Hub Project, Curtin NGL Well,

Curtin Rock-Physics Laboratory

The data used in publications were acquired in different projects and experi-

ments. We outline the origins of datasets below.

1.4.1 CO2CRC Otway Project

Borehole DAS data (used in papers 1, 3, /) were acquired as part of the
CO2CRC Otway Project, a pilot research initiative of onshore CO, geoseques-
tration in Australia (Cook, 2014). The project started in the beginning of 2000’s
and included a number of experiments dedicated to demonstrate the effectiveness
and safety of the geosequestration methodology. The Otway Site is located about
240 km southwest from Melbourne (Victoria) in an active farming area. Because
of the COs-rich natural gas source and depleted Naylor gas reservoir located in
the area (Underschultz et al., 2011), the Otway site was suitable for CO, geose-
questration and had been chosen for the pilot research CO, geosequestration site
in Australia.

To date, the Otway project included three main stages, all of which have been
completed. Seismic monitoring was one of the major components of each stage
and included 4D surface seismic, passive surface and borehole seismic, 4D VSP,
time-lapse walkaway V'SP, time-lapse offset VSP with traditional geophones and
Vibroseis trucks geophones, time-lapse offset VSP with permanently installed
borehole DAS receivers and Surface Orbital Vibrators (SOV).

Stage 1 mainly included the 4D surface seismic and 4D VSP to monitor 66
kt of COy/CHy supercritical gas mixture being injected through the CRC-1 well
(Jenkins et al., 2012).

Stage 2 focused on the geosequestration of 15 kt of supercritical CO, at the

17
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depth of 1500 m. The monitoring component of the Stage 2C focused primarily on
the time-lapse surface seismic conducted using a permanently deployed receiver
array (Pevzner et al., 2017). Stage 2C also included a time-lapse borehole seismic
monitoring program using geophones and DAS receivers and trials of continuous

seismic monitoring.

The most recent stage of the Otway Project, Stage 3, has a major focus on
well-based monitoring techniques. Borehole DAS arrays are installed in several
monitoring wells (Pevzner et al., 2020). One of the primary goals of this stage
is to carry out active and passive continuous monitoring: active seismic using
permanently installed SOVs and passive seismic using human-related and en-
vironmental noise. In addition to the continuous monitoring, Stage 3 involves
time-lapse 3D VSP surveys using vibroseis sources (acquired before, during, and

after the injection).

The walkaway datasets (synthetic and experimental) from CRC-3 (used in
paper 1) were acquired as a part of Stage 2C. The monitoring component of
Stage 2C focused primarily on the time-lapse surface seismic conducted using
a permanently deployed receiver array (Pevzner et al., 2017). Stage 2C also
included a time-lapse borehole seismic monitoring program using geophones and

DAS receivers and trials of continuous seismic monitoring.

The continuous datasets from CRC-3, CRC-4, CRC-5, CRC-6 and CRC-7
(used for papers 3 and 4) were acquired during water and CO; injections as a
part of Stage 3. Stage 3 has a major focus on well-based monitoring techniques
aimed to monitor a small (15 kt) injection of supercritical COs into a saline
aquifer through the CRC-3 (Isaenkov et al., 2021; Jenkins et al., 2017). Borehole
DAS arrays are installed in several monitoring wells (Pevzner et al., 2020). One
of the primary goals of this stage is to carry out active and passive continuous
monitoring: active seismic using permanently installed Surface Orbital Vibrators
(SOV) and passive seismic using human-related and environmental noise. This

injection well (CRC-3) and four monitoring wells (CRC-4, 5, 6, 7) are being used
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for the seismic, temperature and pressure monitoring. All the wells are equipped
with fibre-optic sensing equipment: fibre-optic cables are cemented behind casings
and connected to DAS (Silixa Carina systems) and DTS (Silixa Ultima DTS)

interrogators.

1.4.2 South West Hub Project

Other passive borehole DAS datasets were acquired in the scope of The South
West Hub CCS Project (paper 2). The project was the first initiative in West-
ern Australia supported by the Australian Government’s CCS Flagships program
(Sharma et al., 2017; Sharma and Van Gent, 2018). The site is located approxi-
mately 120 km south of state capital Perth. Data were acquired in the Harvey-3
well that was drilled between December 2014 and June 2015 as a stratigraphic
well for geological characterisation of the South West Hub project area (Nims
and Pollock, 2015). The total depth of the well is 1,550 m. The well was left
suspended shortly after drilling with van Ruth plugs at the bottom. Planned de-
commissioning of the well presented an excellent opportunity to conduct the first
trial of transforming an abandoned well into a deep vertical permanent seismic
array using the fibre-optic sensing technology. The deployed fibre-optic cable acts
as a receiver array providing in-situ measurements of the subsurface at thousands

of points along the well during and after the P&A process.

1.4.3 Curtin NGL Well

Additional experimental datasets (DAS and DTS datasets used in paper 3)
were acquired using a 900 m deep well which is a part of the Curtin/NGL research
facility and located at the Curtin University main campus in Perth, Western
Australia. A fibre-optic cable is installed behind the casing along the entire
well. The cable contains a set of single-mode and multi-mode fibres. The facility
is being used to test, re-test and calibrate equipment as well as to carry out

geophysical experiments.
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1.4.4 Curtin Rock Physics Laboratory

To study the effect of changing temperature on DAS measurements in con-
trolled temperature conditions (paper 3), we designed a heating/cooling labo-
ratory setup and conducted a series of experiments in the Curtin Rock Physics
laboratory to estimate this effect as well as to gain insights on the influence of

different fibre-optic cables on such temperature response.
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1.5 Conclusions and outlook

1.5.1 DAS-VSP interferometric imaging

The study of the interferometric imaging approach on synthetic, field VSP

geophone and field VSP DAS data within the geological setting of the Otway

research site leads to the following conclusions:

(1)

Tests on synthetic data for the Otway site show that the interferometric
imaging can greatly complement the standard seismic borehole process-
ing. Utilization of secondary wavefield (free-surface multiples) significantly
increases illumination of the subsurface and, unlike standard VSP imag-
ing, can provide subsurface coverage above the shallowest borehole receiver.

This can be critical for any project that focuses on VSP monitoring.

Application of interferometric migration to field geophone data of the Ot-
way Project demonstrated a significant increase of the subsurface coverage
compared to the standard VSP imaging strategy. The method allowed to
extract reflectivity information above the shallowest receiver and to widely
expand the final VSP image section even with only eight geophones installed

in the borehole.

The enhanced backscattering fibre can significantly improve DAS sensitiv-
ity, providing a considerably higher SNR ratio of the final image than the
standard fibre. The test shows that DAS with engineered fibres is sensi-
tive enough to record free-surface VSP multiples and can provide an image
of reflectors comparable to the surface seismic image in the depth range

suitable for both methods (~ 300-700 m in our case).

The interferometric imaging methodology paired with DAS technology can
considerably increase reliability of the reservoir monitoring programs based
on the borehole measurements. All experiments demonstrate that the tri-

aled methodology provides a significant lateral and vertical extension of
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the subsurface image obtained with borehole receivers. This can be highly
valuable for the correlation of geological horizons at the stage of data in-

terpretation.

(5) To detect any possible changes in the subsurface caused by CO, it is ex-
tremely important for CCS projects to have a time-lapse image over the
overburden as well as the reservoir. Introduction of such methodology into
borehole seismic processing and imaging significantly increases the value of

monitoring based on borehole observations.

The presented workflow of DAS-VSP interferometry is based on the P-waves only,
however seismic interferometry can also be used to take advantage of shear waves
(both source-generated and converted). In the future, it would be important to
implement the method in 3D and explore time-lapse and repeatability of the such

data.

1.5.2 Analysis of data from a DAS cable cemented into

an abandoned well

Installation of a fibre-optic cable in the Harvey-3 well provided a unique op-
portunity to monitor P&A operations, verify the quality of the cement job, and
created a permanent seismic and temperature sensor for future passive and active

geophysical surveys. The main conclusions drawn:

(1) Fibre-optic-sensing data recorded during the cementing operations reveal an
abundance of valuable information about the course of the decommissioning
process and the quality of the cement job. The DAS monitoring has detected
vibrational disturbances during the cement’s setting up, while DTS helped
to assess setting up of the cement and curing times as well as uniformity of
the cementation. However, DTS has relatively coarse temporal sampling;
using finer sampling in DTS might be useful to help identify the origin of

some anomalies recorded at the same time by DAS.
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(2)

A subsequent week-long trial acquisition of passive seismic data using the
previously installed vertical sensing array shows an abundance of seismic
events in a wide frequency range including the ultra-low part of the spec-
trum of less than 1 mHz. The downhole DAS array allows an analysis of the
depth variation of travel times and amplitudes of these events, which include

earthquakes, mine blasts, ocean microseisms, and local human activity.

The amplitudes of waves from distant seismic events can be used to estimate
and monitor physical properties of the media along the entire extent of
the well. When used in combination with active vertical seismic profiling
acquired using either controlled or a random source of energy located near
the well, these events can help obtain independent estimates of velocities

and densities.

Spectral analysis of low frequency microseisms shows a strong correlation
between passively recorded DAS and local weather observations. This shows
that the ability to continuously record oceanic microseisms at low frequen-

cies opens up opportunities to employ such arrays for wave climate studies.

Detected peculiar in-hole reverberations likely caused by crossflow of ground-
water behind the intermediate casing, which may indicate imperfections of
the cement job. This information can be used to better understand fluid
flows and potentially identify pockets of bypassed oil, as well as identify any
early onsets of corrosion or other damage, which may be useful as preven-
tive measure in producing wells. Such information can also be considered

in a future well design.

The Harvey-3 site is located not far from a population centre in an extensively

studied area away from urban noise. Thus, the downhole fibre-optic array rep-

resents an opportunity to establish an excellent diagnostic facility for continuous

recording of passive and active geophysical data and for exploring various appli-

cations. For example, a group of wells instrumented with fibre-optic sensors can
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be utilised for multilateration of regional earthquakes and mine blasts. Overall,
the variety of observations made during Harvey-3 study indicates a strong po-
tential of such installations for many applications. The bigger picture is that
any onshore well coming for P&A can be equipped with a fibre-optic cable. This
can provide an opportunity to build a continent-scale network of vertical sensing
arrays gathering information about seismic events, global heat flow and crustal

state of stress.

1.5.3 Temperature effect on DAS measurements

The series of field and laboratory studies of the temperature effect on DAS

data leads to the following conclusions:

(1) Phase based DAS is sensitive to temperature time derivative and is able to
register very low-frequency signals (< 0.01 Hz). The results demonstrate
a linear relationship between DAS response and temperature change. The
proportionality constant in theses linear relationships have different values
for different types of DAS cables and installations but are all of the same
order of magnitude (from 2.9 to 10.5 ue/°C).

e rapid temperature change has a significant effect on measurements
2) The rapid temperat hange h ignificant effect on DAS t
and must be taken into account in time-lapse DAS seismic monitoring ap-
plications and especially in passive monitoring with the utilisation of low

frequencies.

(3) Knowing a linear dependency between strain and temperature we can po-
tentially remove low-frequency temperature related noise from DAS data
or use DAS records to estimate temperature variations along the fibre-optic
cable. Thus, DAS can be potentially utilised to track temperature changes
in the absence of DTS or other direct temperature measurements. How-

ever, utilisation of DAS and DTS together can be very beneficial, as it
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would allow estimating the thermal effect on DAS measurements and can

help separate the temperature effect from the acoustic (seismic) signal.

(4) The data analysis shows that DAS measurements can be affected by the
arifical common mode noise that should be removed from data before low-
frequency data analysis. It can be caused by temperature variations in the
room housing the acquisition unit and affects the interrogator itself. This
noise appears as a common-mode signal which is closely correlated with the

room temperature.

The common mode noise presented in DAS low-frequency data can be inter-
rogator specific. This noise possibly appears because of internal measurements
processing (common-mode subtraction). The described noise can be estimated
using a reference (not affected by any signals) piece of fibre and subtracted from
the data. 1 suggest that different interrogators and different setups should be
studied separately.

In this study I used Raman-based DTS. While DTS can be based on both
Raman and Rayleigh backscattering, DAS is based only on Rayleigh backscat-
tering. Thus, there can be uncertainty between different scatterings or different
interrogators when comparing the temperature effect on DAS with Raman-based

temperature measurements.

Many other aspects such as DAS acquisition parameters (gauge length and
pulse length), types of interrogators, type of cable, cable installation designs, etc.
influence the DAS measurements. Overall, it is apparent that the combination of
a particular fibre optic cable, specific interrogator unit and deployment strategy
should be considered, assessed and operated as a single acquisition system in

which each component has its own contribution to the data quality.
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1.5.4 DAS signature of reservoir pressure changes caused

by CO; injection

Analysis of the effect of pressure on the DAS response leads to the following

conclusions:

(1)

Results of the study show that DAS can record local pressure changes in a
borehole environment. During the Stage 3 of Otway Project a pressure re-
sponse was recorded using DAS in two monitoring wells from CO; injection

in the injection well.

Comparison of pressure gauge and DAS data shows that the DAS response
is proportional to pressure time derivative and is sensitive to 107 psia/s

pressure rates.

Capability of DAS to record such minor pressure deviations opens up a
perspective to utilize DAS for CO5 monitoring not only as a seismic sensor,
but as a continuous pressure sensor, which can help track possible COq
leakages into the overlying formations (leakage detection). While borehole
pressure gauges provide response only from certain depth points, DAS is

capable of tracking the pressure profile along the entire well (at 1m spacing).

The data analysis of strain-pressure relationship provided an estimation
of the ratio of the induced pressure to DAS strain of about 8 GPa. The
corresponding theoretical value from the measured moduli is 23 GPa, i.e.,
three times higher. The theoretical values are derived from measured veloc-
ities and correspond to the dynamic moduli. Dynamic moduli are typically
higher than static, and the observed difference is reasonable for soft sand-

stones.

Pressure sensing capabilities open up many new applications for DAS technology

in subsurface reservoir pressure monitoring, CCS and hydrogeological studies. As

the DAS system examined in this study responds to pressure change (pressure
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time derivative), its sensitivity can be limited by the rate of pressure variations,
thus, it can be insensitive to very small and long period signals. This is the major
limitation of DAS compared to traditional borehole pressure gauges. Neverthe-
less, DAS can be utilised in monitoring systems and setups that are not designed
to have a dense pressure gauge coverage. In such situations DAS can be used to

interpolate pressure data between high sensitivity pressure sensors.
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DAS-VSP interferometric imaging: CO2CRC Otway Project feasibility study

Evgenii Sidenko', Konstantin Tertyshnikov', Andrej Bona', and Roman Pevzner'

Abstract

Recent advancements in distributed acoustic sensing (DAS) technology open new ways for borehole-based
seismic monitoring of CO, geosequestration. Compared to 4D surface seismic monitoring, repeated vertical
seismic profiling (VSP) surveys with DAS receivers considerably reduce the cost and invasiveness of time-lapse
CO. monitoring. However, standard borehole imaging techniques cannot provide the same level of reservoir
illumination as 3D surface seismic. The performance of VSP imaging can be significantly improved with inter-
ferometric utilization of free-surface multiples. We have developed a feasibility study of interferometric imaging
with a synthetic walkaway VSP data set, followed by its application to field walkaway VSP data recorded by
conventional borehole geophones and two types of DAS (standard and engineered fibers). Both experiments
(synthetic and field) demonstrate that interferometric imaging is a viable method to extend the subsurface im-
age beyond the coverage of standard VSP imaging. Specifically, the interferometry approach provides a more
detailed upper section of the subsurface, whereas standard migration of primary reflections provides a more
detailed bottom part of the image. Comparison of the standard and engineered fibers indicates that both fibers
are sensitive to free-surface multiples, but the engineered fiber provides a much higher signal-to-noise ratio;
thus, it is preferable for interferometric imaging with multiples. The result obtained with the engineered
DAS cable indicates that in the depth range suitable for both methods, the VSP interferometric image of
the reflectors is comparable to the surface seismic image. The experiment on the field DAS data proves that
DAS is sensitive enough to record the nonprimary wavefield for imaging and monitoring of the subsurface.
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Introduction

Carbon capture and storage (CCS) is one of the ap-
proaches of the world’s cooperative efforts to reduce
the emission of greenhouse gases. In CCS operations,
it is paramount to have the ability to image and monitor
injected CO. to provide confidence in the location of a
plume within the target depth interval and to identify
any possible leakages.

Time-lapse seismic has become one of the principal
approaches to assess conformance of the predicted
plume behavior and ensure containment of the intro-
duced CO; (Lumley, 2010). Despite the fact that time-
lapse surface seismic is the most reliable geophysical
method for monitoring the injected CO,, the approach
has some challenges: the relatively high cost of frequent
data acquisition and the high level of disruption for other
land uses (especially onshore), which often make fre-
quent surveys impractical. These factors motivate the de-
velopment of less invasive seismic techniques, which can
provide subsurface images of sufficient quality in a more
cost-effective manner compared to the surface seismic.

Technological advancements in source and receiver
designs and optimizations in survey practices have led

to alternative acquisition approaches (Shulakova et al.,
2015; Freifeld et al., 2016; Pevzner et al., 2017a). Devel-
opment of permanently installed receivers and sources,
especially for monitoring purposes, can substantially
reduce operational impacts and costs (Pevzner et al.,
2015; Dou et al., 2016). In particular, recent improve-
ments in distributed acoustic sensing (DAS) technology
have had a significant effect on the seismic monitoring
(Miller et al., 2012; Daley et al., 2013; Karrenbach et al.,
2019). Indeed, relatively inexpensive and highly durable
fiber-optic cables are easy to deploy and enable the ac-
quisition of seismic data of the quality similar to geo-
phones (Correa et al., 2017). Permanently deployed
optical fiber cables as receiver arrays in borehole res-
ervoir surveillance considerably reduce the cost and in-
vasiveness of the seismic monitoring, and they allow
more frequent surveys, which is essential for early de-
tection of CO; leaks.

A further decrease of costs can be achieved through
the reduction and optimization of the seismic source ef-
fort required to conduct monitoring surveys (Popik
etal., 2019). A reduction of the number of sources with-
out compromising the subsurface image quality can be
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achieved by using more effective data analysis, which
would maximize the use of information available in
the recorded data. One way to achieve this is to use
anonprimary wavefield, such as the first-order free-sur-
face multiples. This can be achieved by interferometric
redatuming of vertical seismic profiling (VSP) data to
pseudosurface data and subsequent migration of reda-
tumed wavefield (Schuster et al., 2004). Such interfero-
metric migration used to be mainly applied to drill-bit
source data or reverse VSP data acquired with surface
receivers because reverse VSP geometry provides bet-
ter well coverage compared to standard VSP. However,
the emergence of DAS technology opened new oppor-
tunities for borehole acquisitions by introducing robust
and dense sensors’ coverage in the wells. Thus, the in-
terferometric technique can be effectively used to ex-
tend seismic images around wellbores.

In this paper, we explore the feasibility of interfero-
metric imaging by conducting synthetic and field ex-
periments. The synthetic walkaway VSP data were
computed using the 3D model of the CO2CRC Otway
site (Glubokovskikh et al., 2016). We also tested the
technique on the field walkaway VSP data acquired
at the same research site using conventional borehole
geophones and DAS cables as receiver arrays (DAS
data were acquired with two sets of DAS equipment).
Finally, we compared the results of DAS VSP interfero-
metric imaging to the 3D surface seismic prestack time
migration (PSTM) image obtained within the same area.

CO2CRC Otway Project

The CO2CRC Otway Project is a pilot research initia-
tive of onshore CO, geosequestration in Australia. The
project started in the early 2000s and included many ex-
periments dedicated to demonstrate the effectiveness
and safety of the geosequestration methodology (Cook,
2014). The Otway site is located approximately 240 km

Offset VSP reflection points

N

DD DD

4 Borehole receiver
* Surface source
© Primary refl. points|  +
180 | © Mult. refl. points
Primary rays
-~ Secondary rays

50 100 150 200
Offset (m)

0 50 100 150 200 250 300 350
Offset (m)

I
]
3

)

Figure 1. Schematic of VSP imaging illumination for horizontal reflectors.
(a) Offset VSP reflections; the green color indicates illumination by primary re-
flections, and the blue color indicates illumination by free-surface multiples.
(b) The combined reflections’ fold distribution is shown for walkaway VSP with

a single receiver.
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southwest of Melbourne (Victoria) in an active
farming area.

The monitoring component of a previous stage
(Stage 2C) of the project primarily focused on the
time-lapse surface seismic conducted using a perma-
nently deployed receiver array (Pevzner et al.,
2017a). Stage 2C also included a time-lapse borehole
seismic monitoring program using geophones and
DAS receivers and trials of continuous seismic monitor-
ing. The use of a buried receiver array demonstrated
higher repeatability, noise reduction, and benefits to re-
duce impacts on landowners (Pevzner et al., 2017b).
Other positive outcomes are significant reduction of ac-
quisition time and a relatively small crew required to
conduct a seismic survey.

The current stage of the Otway Project, Stage 3, has a
major focus on well-based monitoring techniques. Bore-
hole DAS arrays are installed in several monitoring
wells (Pevzner et al., 2020). One of the primary goals
of this stage is to carry out active and passive continu-
ous monitoring: active seismic using permanently in-
stalled surface orbital vibrators and passive seismic
using human-related and environmental noise.

In addition to the continuous monitoring, Stage 3 in-
volves time-lapse 3D VSP surveys using vibroseis
sources (acquired before, during, and after the injec-
tion). To achieve a subsurface coverage comparable
to 3D surface seismic, we propose to use free-surface
VSP multiples for imaging the subsurface. This ap-
proach will complement standard VSP Kirchhoff migra-
tion of primary reflections, making the image
comparable to a respective 3D PSTM section (Sidenko
et al., 2019).

Interferometric imaging for borehole seismic data

The reflected wavefield recorded with surface
sources and receivers usually provides a broad subsur-
face illumination by common-reflection
points due to the wide surface distribu-
tion of source and receiver locations.
However, this is not the case for the
VSP geometry. Figure 1a shows subsur-
face reflection points for a single-
receiver offset VSP in a homogeneous
and horizontally layered medium. In Fig-
ure la, the green curve and straight lines
correspond to primary reflections,
whereas the blue ones correspond to
the first-order free-surface multiple re-
flections. In conventional VSP methods,
the subsurface area illuminated by the
primary reflections is constrained by a
half-offset between the well and surface
source locations. In cases in which the
well is not fully covered by the receivers
(especially in the near-surface part), the
subsurface illumination will be even
more limited: No reflections will be
above the shallowest receiver. Thus,

300 350 400
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due to geometry constraints, conventional VSP methods
cannot provide the same image of the subsurface as sur-
face seismic, which normally provides illumination of an
entire section under the acquisition array. However, as
indicated by Figure la, the imaging area of the VSP
can be significantly increased by using free-surface
multiple reflections (the blue curve). Figure 1b shows
the combined primary and multiple (first order) reflec-
tion fold distribution for the walkaway VSP with a single
receiver.

Figure 2 shows reflection fold distribution of a walk-
away VSP with a dense (1 m interval) source and
receiver coverage. The distribution of the primary re-
flection points is shown in Figure 2a, multiple reflection
points in Figure 2b, and combined fold distribution in
Figure 2c. The combined fold distribution indicates that
the joint use of primary and secondary reflection fields
can significantly increase the subsurface illumina-
tion area.

To use the free-surface multiples and thus increase
the subsurface illumination of the VSP approach,
one can apply the interferometric (crosscorrelation) mi-
gration to the VSP data (Yu and Schuster, 2004). In gen-
eral, seismic interferometry is a group of techniques
that applies convolution or correlation methods to re-
datum the seismic wavefield (Wapenaar,
2004; Bakulin and Calvert, 2006). After-
ward, the redatumed (transformed)

Claerbout (1996) show that a crosscorrelation of two
noise traces recorded at different surface locations
can provide a response of the underlying media, which
would be recorded if a source and receiver were de-
ployed at those two locations.

Schuster et al. (2004) demonstrate that reflectivity
distribution of media can be obtained by migration of
VSP free-surface multiples after redatuming. Yu and
Schuster (2004) show that interferometric migration
of free-surface multiples can significantly increase
the illumination of VSP data. Application of interfero-
metric imaging for VSP free-surface multiples is de-
scribed in detail in Schuster (2009), and the principle
is illustrated in Figure 3. The method is also called
the vertical seismic profile to surface seismic profile
(VSP-SSP) transform.

The black arrows in Figure 3a and 3b show sche-
matic raypaths from two different surface sources to
a single borehole receiver for which the physical ray-
paths “BC” of the downgoing direct and surface multi-
ple waves coincide. Correlation of the downgoing direct
wave (BC) with the downgoing wavefield (“AoBC”)
leads to a reflection response (“AoB”) between points
“A” and “B.” A priori, it is not known which of the
receivers will record this physical ray. To address this

wavefield can be migrated to obtain
the reflectivity distribution (image) of
the subsurface or to map source loca-
tions for passively acquired seismic data
(Schuster et al., 2004).

The concept of seismic interferom-
etry method was introduced by Claerb-
out (1968), who suggests that the
reflection trace of a surface source
can be obtained by the autocorrelation

©;

of a trace acquired on the surface from
an unknown depth source. Rickett and
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issue, we compute this correlation for all borehole
receivers; then, the result of crosscorrelations is
summed across the receivers. Due to the principle of
the stationary phase, the sum over different receivers
will constructively add only for physical rays (station-
ary points) common for direct and multiple waves.
After creating the equivalent of the surface trace
AoB, we can migrate it using any migration method.

The implemented workflow consists of the following
major steps:

1) extraction of up- and downgoing wavefields from
walkaway VSP data

2) S-wave elimination (muting)

3) VSP-SSP (interferometric) transform

4) migration.

Besides the interferometric imaging of VSP multi-
ples, we also performed standard Kirchhoff migration
of primary reflections. We combined the results of
the primary and multiple wavefields to obtain the maxi-
mum outcome from the walkaway VSP data.

Results
Synthetic data: Walkaway VSP

First, we computed a walkaway VSP synthetic data
set to test the interferometric VSP migration approach.
Acoustic and elastic data sets were simulated using an
open-source SOFI-2D software (Bohlen et al., 2015) and
a model of the Otway site built by geologists using nu-
merous 3D seismic data sets of the area (Glubokov-

P-wave velocity model
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Figure 4. Otway P-wave velocity model used for synthetic
wavefield simulations. The red dots represent the subsampled
source locations. The black triangles show the positions of the
receiver locations. The corresponding modeling parameters
are presented in Table 1.
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skikh et al., 2016). Figure 4 shows a sample cross
section of the compressional velocity; the black trian-
gles represent the locations of the receivers, and the
red dots represent subsampled locations of the source
points. The geometry parameters are shown in Table 1.
Because the presence of free-surface multiples (ghosts)
is essential for the VSP interferometric workflow, a
free-surface boundary was implemented on the top of
the model, whereas other boundaries form high-absorb-
ing frames. We calculated 176 VSP shot gathers with 700
receivers placed in the borehole for the acoustic and
elastic cases. Examples of raw VSP gathers are pre-
sented in Figure 5. An initial workflow was built and
tested on the acoustic synthetic data because it has a
simpler wavefield to adjust the parameters of the
processing routine.

The elastic data are more complex due to the pres-
ence of S- and PS-waves, which can be treated as noise
for our workflow, especially if we focus on the data that
correspond to the shallowest part of the borehole
receiver array and near offsets (Figure 5). It is difficult
to separate S-waves from other wavefield components
due to crosstalk between shear waves in the common-
receiver domain and the kinematic similarity between
the P- and S-waves in the common-source domain for
middle and far offsets. Thus, we decided to mute the
shear waves for the middle- and far-offset shot gathers.
For the near offsets, we suppressed the shear waves us-
ing frequency-wavenumber filtering.

To redatum data from the borehole to the surface do-
main, we applied the VSP-SSP transform. An example of
the resulting virtual shot gather is shown in Figure 6a,
and a corresponding surface seismic shot gather is
shown in Figure 6b for comparison. Figure 6 indicates
that virtual and surface synthetic shot gathers are likely
to have different amplitudes because the virtual gather
is obtained by correlation of wavefields, which is a non-
linear operation; hence, it does not preserve the ampli-
tudes. Thus, standard analysis of amplitudes might not
be applicable to virtual images. The S-wave removal
prior to the transform minimizes false reflection events
attributed to the presence of strong S-waves in raw
data. After the VSP-SSP transform, we migrated the
crosscorrelograms (Figure 7a). In the standard VSP
processing workflow, we extracted the upgoing P-wave
wavefield and applied Kirchhoff migration to obtain a
primary reflection image (Figure 7b). For imaging pur-
poses, we used a smoothed velocity wavefield.

The results presented in Figure 7 demonstrate that
interferometric imaging of free-surface multiples
(ghosts) provides a more detailed upper section of
the subsurface image, whereas the standard migration
of primary reflections provides a more detailed lower
section of the image. This result is consistent with
the conceptual framework illustrated in Figure 1. Com-
bining the images from both methods can provide a
more detailed representation of the subsurface (Fig-
ure 7c). Before merging the two images, we normalized
the amplitudes for both methods and applied additional
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muting to remove the “stretch” noise. Overall, the Field data: Walkaway VSP with 3C geophones

synthetic test confirms that the presented approach Stage 2C of the Otway Project involved acquisition of
is feasible for the Otway settings and provides addi- one baseline and five monitoring surveys (M1-M5).
tional benefits in imaging. In the next section, we evalu- Apart from the 3D surface seismic data sets recorded
ate the method on the field VSP data sets. with a buried receiver array (Pevzner et al., 2017c),

borehole 3D VSP vintages were recorded for every sur-
vey over the same set of source locations (Popik et al.,
2020). Here, we apply interferometric imaging to bore-

Table 1. Geometry parameters for synthetic walkaway hole data recorded during the M5 monitor survey (Fig-
VSP data modeling. ure 8). To acquire 3D VSP data, downhole conventional
sensors were deployed in the CRC-1 well (eight shuttles
Parameters Value with 3C geophones over the depth interval of 760-865 m
measured depth). The shuttles were separated by 15 m
Number of sources 176 intervals.
Number of receivers 700 To test the interferometric imaging approach on the
Source interval 15 m Otway geophone data, we chose VSP gathers acquired
Receiver interval 25 m with source locations along a long transect highlighted
Trace length 6s in Figure 8. The chosen source line crosses the CRC-1
Time sampling 2 ms well with the installed geophone array. Using a similar
Model cell size 95 m workflow as for the syr}thetlc data, we sepa.rated the up-
and downgoing wavefields and then applied standard
Kirchhoff and interferometric migration workflows.
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Figure 5. Example of raw synthetic data: (a) acoustic common-source gathers; (b) acoustic common-receiver gathers; (c) elastic
common-source gathers; (d) elastic common-receiver gathers.
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A virtual shot gather is shown in Figure 9a, and a
borehole common-receiver gather (760 m measured
depth) is shown in Figure 9b for reference. The final com-
bined subsurface image for the M5 survey is shown in
Figure 10. Here, the green dashed line separates the stan-
dard (below) and interferometric (above) images, the yel-
low dots show the locations of geophones in the CRC-1
well, and the red dots represent the source locations on
the surface. The test of the interferometric approach on
the geophone data shows that the free-surface multiples
provide substantially increased illumination of the sub-
surface and that a much more complete image was ob-
tained by combining the multiples and primaries. Even in
this situation with a constrained receiver configuration
(only eight geophones), the use of multiples provides
additional information and extends the final image.
The laterally extended image can provide a more reliable
horizon tracking for seismic interpretation. The method
also allows us to extract the information above the shal-
lowest receiver in the borehole. This can be important
if a receiver array does not fully cover the upper part
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of the well. When the source offset increases, the image
resolution decreases because large incidence angles
and low geophone sensitivity (poor signal-to-noise ratio
[S/N]) affect the imaging quality. Beyond the half-offset
distance from the receivers, the image is constructed only
by the presence of the multiple events. A more complete
image can be obtained if receivers cover a larger part of
the length of the well. This can be achieved using DAS as
discussed in the next section.

Field data: Walkaway VSP with DAS

Compared to geophones, DAS provides a broader
range of illumination angles for subsurface imaging
due to better borehole sensor coverage and a good cou-
pling if cemented behind the casing. On the other hand,
standard DAS cables can be less sensitive than geo-
phones, especially for recording weak secondary wave-
fields.

The test of the interferometry imaging workflow on
DAS VSP data was performed on a data set acquired
using fiber-optic cables installed behind the casing in
the CRC-3 well. CRC3 is the injector well
for stage 3 of the Otway Project (injec-
tion target depth — 1500 m). The data
set was acquired to improve seismic
characterization of the subsurface and
test the capability of the fiber-optic sys-
tem (Correa et al., 2017). Data were si-
multaneously recorded with two DAS
systems: a standard single-mode fiber
connected to the Silixa’s iDASV2 inter-
rogator and an enhanced backscatter
(engineered) constellation fiber con-
nected to the iDASv3 interrogator. Over-
all, the survey consisted of several
walkaway lines (Figure 11); interfero-
metric analysis was applied to 31
common-shot VSP gathers acquired
from shot points located along a 2D line
that, if extended, would pass through
the CRC-3 wellhead. The offsets range
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Figure 7. Synthetic data images overlayed with the velocity model. (a) Interferometric image of the free-surface multiples,
(b) Kirchhoff migrated image of the primary VSP reflections, and (c) their combination.
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from 435 to 885 m. Figure 11 shows the survey map, and
Table 2 shows the acquisition parameters. Only sensors
deeper than 275 m were used for imaging to avoid tube
waves related to the surface casing.
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Figure 8. Stage 2C-Mb survey acquisition map. The source
line taken for the interferometry test is highlighted in red;
the location of the well is indicated by a yellow triangle.
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The secondary wavefield, such as free-surface
multiples, can be much weaker compared to the pri-
mary reflected wavefield. Therefore, fibers with higher
sensitivity can be beneficial for interferometric imaging
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Figure 11. Stage 3 walkaway DAS-VSP acquisition basemap.
The corresponding geometry parameters are presented in Ta-
ble 2.

Figure 9. (a) Borehole geophone virtual shot
gather and (b) borehole common-receiver
gather.
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Figure 10. Standard Kirchhoff image of the
VSP primaries combined with an interferomet-
ric image of VSP free-surface multiples for the
Otway geophone data. The yellow dots indi-
cate the location of the geophones; the green
line shows the boundary between the stan-
dard VSP and interferometric images.
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Table 2. Geometry parameters of walkaway DAS-VSP
field data.

Parameters Value

Number of sources 31
Number of receivers 273
Source interval 15m
Receiver interval 5m
Min offset 435 m
Max offset 885 m
Min receiver depth 2756 m
Max receiver depth 1635 m
Trace length 4000 ms
Time sampling 2 ms

Figure 12. Raw DAS-VSP shot gathers: a)
(a) standard DAS and (b) DAS with an en-
hanced fiber. The surface offsets from the
wellhead are 850 and 430 m.
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Figure 13. Virtual surface shot gathers ob-
tained with the (a) standard fiber and (b) engi-
neered fiber. 100 B
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using surface multiples. The engineered fiber generates
a stronger backscattered signal than the standard fiber
and hence provides a higher S/N. Figure 12 shows raw
DAS VSP shot gathers acquired with the two DAS sys-
tems. The detailed analysis of S/N between the two data
sets was performed by Correa et al. (2017). The signifi-
cant difference in S/Ns between the two systems is even
more pronounced when comparing the results of cross-
correlation interferometry (VSP-SSP transform) shown
in Figure 13.

The imaging of DAS data was done with the same
workflow as for the synthetic and geophone data. Inter-
ferometric images are shown in Figure 14a and 14b. Fig-
ure 14a corresponds to the engineered fiber and
Figure 14b to the standard fiber. The S/N plots for both
DAS systems are shown in Figure 14c and 14d. The S/N
plots are calculated using the method described in
Pevzner et al. (2011). Figure 14 shows that the overall
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S/N is considerably higher for the engineered fiber,
indicating that engineered fibers with higher sensitivity
are more suitable for recording free-surface multiples.

Figure 15 shows the results of interferometric and
standard imaging using the engineered fiber. The re-
sults demonstrate that interferometric imaging of
DAS data gives the same benefits as shown in the tests
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on synthetic and field geophone data. Interferometric
imaging provides better illumination of the near-surface
part away from the well, whereas standard imaging
illuminates the bottom part that is close to the borehole.
The two images complement each other, and the com-
bined image produces a more detailed picture of the
subsurface next to the well.

Figure 14. DAS-VSP interferometric images
and S/Ns calculated for the image sections
for the (a and c) standard fiber and (b and
d) engineered fiber.
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Figure 16. (a) Interferometric image of DAS VSP multiples and (b) comparison
of the interferometric image of the DAS VSP multiples and PSTM surface seismic

methodology into borehole seismic
processing and imaging significantly in-
creases the value of monitoring based
on borehole observations. The pre-
sented workflow is based on P-waves
only; however, seismic interferometry
can also be used to take advantage of
shear waves (source-generated and con-
verted), but this is beyond the scope of
this paper.

Application of interferometric migra-
tion to field geophone data of the Otway
Project demonstrated a significant in-
crease of the subsurface coverage com-
pared to the standard VSP imaging
strategy. The method allowed us to ex-
tract reflectivity information above the

stack in time.

To examine the result of interferometric imaging ap-
proach, Figure 16 shows the DAS interferometric image
converted to the time domain in comparison with a
PSTM surface seismic section. The surface section
was extracted from the 3D PSTM cube of the M5 survey
(Popik et al., 2020). The main reflectors in Figure 16
match well between VSP and surface seismic images.
The interferometric image defines the general structure
properly and provides additional details in the near-sur-
face part, which are absent on the conventional surface
seismic image. A more detailed near-surface part in
the interferometric image can be explained by the
differences in the ranges of source-receiver offsets in
the two data sets. The 3D surface seismic data are rep-
resented by the offset range of 200-1800 m, whereas the
virtual shot gathers are represented by a 15-400 m off-
set range, which is more suitable for imaging of the near
surface. These results show that the interferometric
workflow can significantly improve the resolution of
the shallow section of the subsurface imaging, which
cannot be achieved with the standard VSP imag-
ing alone.

Conclusions

We trialed the interferometric imaging approach on
synthetic, field VSP geophone, and field VSP DAS data
within the geologic setting of the Otway research site.
Tests on synthetic data for the Otway site show that in-
terferometric imaging can greatly complement standard
seismic borehole processing. The method uses secon-
dary wavefield (free-surface multiples), which signifi-
cantly increases illumination of the subsurface and,
unlike standard VSP imaging, can provide subsurface
coverage above the shallowest borehole receiver. This
can be critical for any project that focuses on VSP mon-
itoring. To detect any possible changes in the subsur-
face caused by CO,, it is extremely important for
CCS projects to have a time-lapse image over the over-
burden as well as the reservoir. Introduction of such a

shallowest receiver and to widely ex-

pand the final VSP image section even
with only eight geophones installed in the borehole.
This field test suggests that interferometric imaging is
a promising method for seismic monitoring with
receiver arrays covering an entire length of the well.

Such well coverage is almost impossible to achieve
with geophones, but it can be easily achieved with DAS,
which results in a wider range of illumination angles for
interferometric data redatuming. On the other hand,
standard DAS sensors are less sensitive than geo-
phones, which can impede imaging using a weak secon-
dary wavefield. However, the enhanced backscattering
fiber can significantly improve DAS sensitivity, provid-
ing a considerably higher S/N ratio of the final image
than the standard fiber. Our test shows that DAS with
engineered fibers is sensitive enough to record free-sur-
face VSP multiples and can provide an image of the re-
flectors comparable to the surface seismic image in the
depth range suitable for both methods (approximately
300-700 m in our case).

The interferometric imaging methodology paired
with DAS technology can considerably increase the reli-
ability of reservoir monitoring programs based on
borehole measurements. All of the experiments demon-
strate that the trialed methodology provides a signifi-
cant lateral and vertical extension of the subsurface
image obtained with borehole receivers. This can be
highly valuable for the correlation of geologic horizons
at the stage of data interpretation.

The presented workflow is designed for 2D imple-
mentations only. A possibility of a 3D implementation
as well as time-lapse and repeatability analysis will
be the subjects of future work.
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Abstract

Distributed temperature sensing (DT'S) and distributed
acoustic sensing (DAS) data recorded by a fiber-optic array
installed during the decommissioning operations of the 1550 m
Harvey 3 well in Western Australia reveal an abundance of
valuable information about the course of the decommissioning
process and the quality of the cement job. The DAS monitoring
has detected vibrational disturbances during the cement’s setting
up, while DTS was used to assess setting up of the cement and
curing times as well as uniformity of cementation from the
distribution of temperature along the borehole. A weeklong trial
acquisition of passive seismic data with the same array a year
later shows an abundance of seismic events in a wide frequency
range from below 1 mHz to above 200 Hz. The downhole DAS
array provides traveltimes and amplitudes of these events, which
include earthquakes, mine blasts, ocean microseisms, and local
human activity. The amplitudes of waves from distant seismic
events can be used to estimate and monitor physical properties
of the media along the extent of the well. When used in combina-
tion with information from active vertical seismic profiling, these
events can help obtain independent estimates of velocities and
densities. Spectral analysis of low-frequency microseisms shows
a strong correlation between passively recorded DAS and local
weather observations. This shows that the ability to continuously
record oceanic microseisms at low frequencies opens opportunities
to employ such arrays for wave climate studies. In addition, the
data contain peculiar in-hole reverberations likely caused by
crossflow of groundwater behind the intermediate casing, which
may indicate imperfections of the cement job. The results dem-
onstrate that a downhole fiber-optic array installed in an aban-
doned well represents an opportunity to establish a permanent
facility for continuous recording of passive and active geophysical
data and for exploring various applications.

Introduction

New wells give an opportunity to gather new information
about the subsurface through wireline logging, coring, and bore-
hole geophysical studies. Wells also provide room for installing
dedicated sensors to monitor subsurface changes such as those
related to oil production or CO, geosequestration. Abandonment

of previously drilled wells is a costly operation and involves plug-
ging with cement and removal of all infrastructure. As a result,
the well, an expensive and formerly precious asset, is lost. However,
installation of distributed fiber-optic sensors during decommis-
sioning has potential to transform an abandoned well into a
permanent sensor array. This deployment can be used to control
the cementation process and monitor subsequent changes in the
subsurface by recording such parameters as strain, temperature,
and vibration caused by natural or induced seismicity. Such wells
also can be utilized to conduct active borehole seismic surveys
such as vertical seismic profiling (VSP).

The use of fiber-optic cables as downhole sensors has sub-
stantial advantages over conventional downhole receivers. Most
fiber-optic cables are robust and reliable for long-term installa-
tions as they have no electronics or moving parts. Also, deploy-
ment of such cables in a well distributes sensors over its entire
length at small spacing intervals. Fiber-optic cables can also be
manufactured to withstand considerable pressure and temperature
(up to 250°C). The most sensitive and valuable instrument
equipment — an optical interrogator unit — is always located
at the surface and can be connected easily to the downhole cable
and reconfigured to satisfy the measurement requirements. Such
benefits make this technology a perfect option for plug and
abandon (P& A) monitoring applications and building permanent
surveillance arrays in harsh environments such as deep wells.
Once deployed, fiber-optic sensing systems can be used for
distributed acoustic sensing (DAS) and distributed temperature
sensing (DTS).

DTS measures temperature distribution along the fiber-optic
cable. Borehole temperature monitoring helps with wellbore and
reservoir characterization. Continuous DTS recording can char-
acterize downhole flow operations (Patterson et al., 2017; Miller
etal., 2018). DTS can also be used to monitor the cement curing
process, which provides near real-time information about the
cement injection process, and verify the quality of the cement
binding a posteriori (Ricard, 2020).

DAS is designed to measure dynamic strain and uses a single
optical fiber as an array of optical vibrational sensors with a
dense receiver spacing that could be as small as 0.25 cm (Silixa,
2018). It is capable of acquiring data in a broad frequency range
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from below 1 mHz to hundreds of hertz (Becker et al., 2017;
Lindsey et al., 2019). DAS can be used to monitor local and
regional seismicity and detect distant seismic events (Ajo-
Franklin et al., 2019), record ambient seismic noise, and monitor
any borehole-related vibrational signals (Miller et al., 2018;
Karrenbach et al., 2019).

Most installations of fiber optics are in open and active moni-
toring and production wells. Here, we use fiber-optic sensing for
monitoring of P&A operations of a deep well and its subsequent
transformation into a permanent seismic monitoring array. The
study was done during and after decommissioning of the Harvey 3
well drilled as a part of the South West Hub CO, geosequestration
project in Western Australia (Sharma et al., 2017).

The proposed initiative to cement a fiber-optic cable inside
the Harvey 3 well as a part of the decommissioning procedure
was supported by the Department of Mines, Industry Regulation
and Safety of Western Australia, and the installation was con-
ducted in January 2019. The Harvey 3 well site is located about
120 km south of the state capital of Perth and about 10 km from
the coast. Such close proximity to a major city yet away from
industrial and traffic noise makes the site an optimal location for
establishing a permanent facility for passive seismic data acquisi-
tion. During P&A operations, a comprehensive data set was
acquired using DAS and DTS to monitor cement flow and curing
(Ricard et al., 2019).

One year after completing decommissioning operations, the
Harvey 3 fiber-optic cable was used for a weeklong acquisition of
passive seismic data (Pevzner et al., 2020b). Although one week
is a relatively short time to record a representative data set for
analysis of noise patterns and seismicity in the area, many valuable
observations and revelations were obtained. In particular, the
results demonstrate that ambient seismic signals can reveal infor-
mation about the well’s conditions a year after cementation,
distribution of elastic properties along the well, and natural
processes such as seismicity and ocean wave climate.

Preliminary results describing installation of the fiber-optic
cable DAS and DTS monitoring of P&A operations and one-week

passive monitoring conducted a year after the borehole cementation

single mode

Harvey-3 well DAS: iDASV2
cementing tubing
witha“T" connector _ [1_ muttimode | DTS: ORYX
— — — [ —
surface casing - ]-
(0-72m)
intermediate casing
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grouted interval - E E g E
(584-744 m)
final casing - I I cement
(0-1461 m)
- fibre-optic cable
i - weight with a“turn-around”
uncemented section - N i
(1461-1550 m)

before cementing after cementing

Figure 1. Scheme of Harvey 3 well before and after cementing.

Special Section: Life of the well

were published in Ricard et al. (2019) and Pevzner et al. (2020b).
In this paper, we present a more systematic and complete analysis
of the experiment and data.

South West Hub project background

The South West Hub Carbon Capture and Storage (CCS)
project was the first initiative in Western Australia supported
by the Australian Government’s CCS Flagships program
(Sharma and Van Gent, 2018). The site is located approximately
120 km south of Perth. Several wells were drilled (Harvey 1, 2,
3, and 4) in the project area as part of an extensive program of
geologic characterization and uncertainty reduction. The
Harvey 1 well was plugged and abandoned in 2011. Harvey 2
is a site of a long-term CSIRO In-Situ Laboratory research
facility (Michael et al., 2019). Harvey 3 and Harvey 4 were
decommissioned in 2019. Harvey 3 was drilled between
December 2014 and June 2015 as a stratigraphic well for geologic
characterization of the South West Hub project area. The well
reached the top of the target formation for planned CO, injec-
tions. The well is completed with three stages of casing (Figure 1)
including a 4.5 in. production casing. The total depth of the well
is 1550 m. The well was left suspended shortly after drilling
with van Ruth plugs at the bottom (Nims and Pollock, 2015).
The Harvey 3 well and its vicinity area are characterized by a
comprehensive suite of data comprising core samples analysis
(Singh, 2018), wireline logs, and seismic surveys, including 3D
VSP and a dedicated high-resolution 3D surface seismic survey
(Urosevic et al., 2017). Availability of such a detailed knowledge
base about the site makes it attractive for innovative experiments
and trials. Planned decommissioning of the well presented an
excellent opportunity to conduct the first trial of transforming
an abandoned well into a deep vertical permanent seismic array
using fiber-optic sensing technology. The deployed fiber-optic
cable acts as a receiver array providing in-situ measurements of
the subsurface at thousands of points along the well during and

after the P&A process.

Monitoring of the decommissioning process using optical fibers

The fiber-optic cable was installed as a part of Harvey 3 well
decommissioning operations on 22 and 23 January 2019. A
quarter-inch stainless steel jacketed fiber-optic loose-tube cable
has four single-mode and two multimode fiber-optic cores as
well as two copper cores.

The fiber-optic cable was terminated with a double-ended
configuration for the multimode cores (for DTS measurements)
and with attenuators for the single-mode cores (for DAS measure-
ments), while the electrical conductors were connected together
to enable heating of the cable (for active DTS measurements).
The downhole terminations were inserted inside a 6 m long steel
weight for protection and to ease the cable deployment.

Before cementing started, a cementing tubing (2 % in) was
installed to enable the fiber-optic cable deployment inside it. Once
the tubing was installed and the fluid swapped, the fiber-optic
cable was lowered inside the tubing. A custom-designed T-shaped
connection at the wellhead enabled the simultaneous cementing
process and its monitoring using distributed fiber-optic sensors.
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The tubing was left in the well after the
cement injection. A schematic diagram
of the Harvey 3 well before and after
the cementation is shown in Figure 1.

'The primary idea of the experiment
was to monitor the borehole P& A
(cementing) process using fiber-optic
sensing technology.

DTS monitoring. Borehole tem-
perature was monitored for two days
including baseline (after cable instal-

e

epth (m)

1200
1400
12:00

E’ 0 70
m-r &
400 4

i | 50

06:00

18:00

DTS (raw temperature)

w »
o o
DTS temperature (°C)

)
o o

00:00 12:00 18:00 00:00 06:00

-
=)

o

lation and prior to the cement injec- £ 00
. P . P £ H
tion), cement injection, and postinjec- g a0y @
. . . a ™'
tion (cement curing) using a Sensornet 1000 | baseline ¢
1200 i

Oryx DTS interrogator with a vertical

-

"" o
DTS anomaly (°C)

spacing of 1 m and temporal sampling
of 60 s.

Figure 2 shows the DTS data
recorded over the P& A operations in
the well. Figure 2a shows absolute
temperature values measured by DTS;
Figure 2b shows the temperature
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Figure 2. DTS data recorded in Harvey 3 well. (a) Absolute temperature. (b) Temperature change regarding the baseline’s
average. Dashed interval indicates recorded DAS data time frame.
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be observed on DTS data plots:
(1) baseline, (2) injection and cement
settling, and (3) cement curing and
equilibration.

Cement temperature was constant over the time of the injec-
tion and while it filled the whole well column. From Figure 2 it
is clear that the temperature of the cement slurry was equal to
the formation temperature at about 1100 m depth (approximately
40°C—-45°C). The interval between two dashed lines on the
anomaly plot (Figure 2b) shows that the introduction of the
cement slurry heated the depth interval above 1100 m and cooled
the interval below 1100 m.

After the cement was fully injected, it gradually settled down,
and in 12 hours the temperature reversed back to the formation
(baseline) values over the entire well length. It took noticeably
more time for temperatures in the upper part (0-100 m) to equili-
brate, probably because of lower thermal conductivity of the well
in this interval due to the presence of the surface casing.
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Figure 3. DAS data recorded during Harvey 3 well cementation. (a) DAS root-mean-square amplitudes for the whole well interval
starting from the start of the injection; (b) DAS response from a single depth of 600 m (a single trace shown as black dashed
line on the upper plot); (c) DAS response from the time interval highlighted by white dashed lines in the upper plot.

Cement curing started only 18 hours after injection (6:00 to
the end of the recording). First, it starts at the bottom of the well,
as the formation temperature is the catalyst and it is the highest
in the deepest part. Then, the cement curing process starts slowly
at each depth all the way up to the wellhead. As cement curing
is an exothermic reaction, the D'T'S data show a clear heat release.

Recorded DTS data help identify two heterogeneities in the
well structure. The first occurs between 600 and 800 m as a delay
to the start of the curing process in this interval. This depth interval
corresponds to the grouted section of the Harvey 3 well (see
Figure 1). The second heterogeneity is in the depth interval around
100 m. This section corresponds to a joint between intermediate
and surface casings. DTS data acquired in this interval show very
little temperature change compared to other parts of the well.

Special Section: Life of the well
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Overall, fiber-optic temperature monitoring data acquired
during P& A operations demonstrate that this method is a simple
and reliable tool to monitor the process of cement curing along
the entire borehole. Real-time DTS data help diagnose cement
conditions and better assess the actual cementation time. This is
important to ensure that the pipe is not moved before the cement
is fully set and reduces the chances of developing of channels
allowing flow in cement behind casing.

DAS monitoring. DAS monitoring of the decommissioning
process used single-mode fibers and two different interrogators:
Fotech Helios Theta and Silixa iDAS v2. Monitoring acquisition
started at 10:00 on 23 January and completed by 17:00 on the
same day. The recorded DAS data are shown in Figure 3. The
time-lapse response from the interrogators over a nearly 4-hour
time interval is shown in Figure 3a.

Surface activities near the wellhead are indicated by short red
bursts at the 0-200 m depth interval. Cement injection lasted for
30 minutes from 13:05 until 13:35. The injection process is clearly
visible on DAS as a red intensive area along the entire length of
the well. The response to the injection is uniform along the entire
length of the borehole and is hard to interpret as it is primarily
related to vibrations of the cementing tubing.

After the cement has been injected, various responses at
different parts of the well can be observed (13:45-14:45). In this
time interval, the DAS response is not uniform along the borehole
and probably is related to the cement slurry settling down in the
well. We can observe short-period oscillations in the lower part
of the well (below 1000 m) and more long-period signals in the
upper part (0-800 m).

To improve borehole integrity, during the well drilling in
2015, the depth interval from 584-744 m was relatively soft and
friable and thus was grouted with the cement and redrilled (Nims
and Pollock, 2015). We can see the presence of some distinct
noise related to this interval around 600 m depth between 14:30
and 15:15.

'The final time interval of DAS monitoring between approxi-
mately 15:00 and 16:45 shows a completely different behavior
compared to the previous parts of the record. During this time,
DAS recorded a number of slow periodical events propagating
along the fiber-optic cable. The time gap between these events is
gradually increasing toward the end of the DAS record from
approximately 1-2 to 3—4 minutes. Several events recorded during

event i by DAS

grouted interval
noise

Depth (m)

possible liquid exchange
causing temperature
% | signal on DAS

3
S
8

bottom related
small events

D
S
S

14:56 14:57 14:58 15:04 15:05 15:06 16:36
Time (hh:mm) Time (hh:mm)

Figure 4. Evolution of the borehole event recorded by DAS after cementing operations were finished.

Special Section: Life of the well

this time interval, indicated by two white dashed lines in Figure 3a,
are shown in Figure 3c. The apparent propagation velocity of
these events along the cable up to the wellhead is less than 100 m/s.
This is much lower than for any typical body or surface seismic
waves. These events are most possibly slow pressure waves occurring
in the water-gas mixtures (Boone et al., 2014). The velocity of
pressure waves in water-gas mixtures depends on temperature,
pressure, and gas void fraction. The presence of air bubbles dra-
matically decreases the pressure-wave velocity, which can be as
low as 20 m/s (Kieffer, 1977).

The character of the observed periodic events was changing
with time as shown in Figure 4. At the beginning (Figure 4a), it
is mostly shapeless scattered noise with no distinct front. After
approximately 15:04, a front gradually appears (first-break arrivals
of the events) along the entire length of the well (Figure 4b). After
16:00, the front becomes clear: most of the energy is concentrated
around first-break arrivals (Figure 4c). Scattered noise becomes
denser in the upper part, and it becomes evident that this noise is
related to these periodic events. Traveltime curves are not symmetric
along the borehole length. Their zero time corresponds to the
depth interval between 800 and 1200 m. The apparent velocity is
lower in the upper part of the well as manifested by a more notice-
able curvature of first-break arrivals. Such a time evolution of the
described events could be caused by varying borehole conditions
(pressure, temperature, gas bubbles’ fraction). Also, different noise
patterns can be observed in the upper half of the cable and in the
vicinity of the bottom hole. The noise is much more scattered after
first-break arrivals in the upper part of the well. There are second-
order events occurring near the bottom hole. These deeper events
could occur because of the interaction between the cable and the
bottom hole. Temperature variations also causes a signal on DAS
(shown in Figure 4b). Such short-period events cannot be validated
by DTS as it has a much larger sampling rate (60 s).

'The acquired DAS data are quite rich in events but also quite
complex and require further studies to gain more understanding
and develop an appropriate approach for analysis. Nevertheless,
even this qualitative examination provides new insights into the
interaction between a fiber-optic cable and injected cement slurry
and even into the mechanical behavior of the whole cemented
borehole system. It is also important that DAS data are usually
acquired with much denser temporal sampling than DTS (1 ms
versus 30 s). Thus, DAS can easily track not only seismic vibrations
but also signals caused by short-period
temperature changes, as DAS is sensi-
tive to the time derivative of the tem-
. perature (Miller et al., 2018; Sidenko
etal., 2021).

v J

Passive data acquisition

In May 2020, more than one year
after the completion of the P& A opera-
tions, passive DAS acquisition was
conducted using the fiber-optic array
cemented in the Harvey 3 well. The
main objective of the experiment was
to further explore the feasibility and
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potential of passive borehole seismic
monitoring using the cable in the aban-

doned borehole.

Pressure (hPa)

wind shaking
the acquisition truck

Local weather

I 40

Wind (m/s)

20

The passive DAS survey was
acquired using only the Silixa iDAS v2
interrogator. The DAS recording unit 10°
was housed in a seismic acquisition truck
and powered from a diesel generator on

. . e — 10°

a trailer positioned away from the truck ~ § "
to reduce vibration on the interrogators. g
o
‘The equipment was controlled remotely &

£ 10

using a cellular network.

Data acquisition commenced on
21 May and finished on 28 May. No
data were acquired for one day around
24 May due to a once-in-a-decade
storm (Manfield et al., 2020) passing
through the area, which forced suspen-
sion of the operation.

Passive seismic data analysis consists of identification of
site-specific components of the wavefield, which can be used to
derive useful information about the subsurface, conditions of
the well, or human-related and natural events. As a result, three
major groups of events were identified in the recorded data set:
(1) ocean-related low-frequency microseisms, (2) distant mine
blasting and earthquakes, and (3) local surface human-related
activity and in-well repeating events.

Oceanic microseisms. Figure 5 shows a spectrogram of DAS
data (Figure 5b) computed for the receiver at 1400 m along with
information about the weather in the area (Figure 5a). The fre-
quency range between 0.1 and 1 Hz is dominated by Rayleigh
waves corresponding to the oceanic microseisms (Bromirski, 2002;
Nishida, 2017; Glubokovskikh et al., 2021) represented by the
double frequency of the actual ocean waves spectrum (Lin et al.,
2018). They originate from the coastal surface oscillations generated
by nonlinear interference between oppositely propagating ocean
waves of the same frequency (Hasselmann, 1963). The spectrogram
also demonstrates the ability of fiber-optic sensors to record very
low frequencies (down to 10 mHz), which can carry useful infor-

102
05/21

mation about the oceanic climate.

The spectrogram contains clearly pronounced L-shaped spec-
tral associated with a sea breeze on 22 and 23 May as well as clear
evidence of a big storm on 24 and 25 May. The increased wideband
noise at approximately 2-3 Hz is related to the resonance of the
acquisition truck forced by the strong wind with speeds above
approximately 25 km/h.

Arrivals of remote storms are characterized by the spectral
peak shifting toward the higher frequencies due to the deepwater
ocean waves’ dispersion and distinguished by L-shaped patterns
(Bromirski et al., 1999) of the oceanic noise recorded between
21 and 24 May. In contrast, the development of a large local storm
is indicated by the spectral peak shift toward the lower frequencies.
It is accompanied by the dramatic increase of wind speed
(Figure 5a) as the intensity of the local storm increases.

Mine blasting and earthquakes. Eight blasting events from
mines located 40—70 km from the site were detected on
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Figure 5. (b) Spectrogram of the DAS record at 1400 m MD compared to (a) weather events.
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Figure 6. Examples of blasting events recorded by the permanently installed fiber-optic array.

seismograms using a semblance-based algorithm. Three examples
of such events are shown in Figure 6. Both P- and S-waves are
clearly pronounced on the record and can be identified by the
difference in the apparent velocities. The delay between P- and
S-wave arrival times allows estimating the distance to the source.
To do this, we use a velocity model that was previously calibrated
using several regional earthquakes recorded by a training well at
the Curtin campus approximately 120 km away from Harvey 3
(Shulakova et al., 2020).

DAS also recorded several earthquakes. To identify earth-
quakes in data, we matched the times of the events to Geoscience
Australia’s Earthquake Database (Geoscience Australia, 2020).
Figure 7 shows an example of a distant earthquake (the Banda
Sea earthquake with magnitude Mw = 5.42). Figure 7 shows
the earthquake signal recorded by DAS at 500 m depth; Figure 7b
shows the corresponding DAS response spectrogram; Figure 7c
shows the signal recorded at the same time by the vertical
component of the broadband high-gain seismometer located
10 km from the well in the town of Harvey (Balfour et al., 2014).
Both DAS and seismometer data are band-pass filtered to
emphasize body waves arrivals. In DAS data, the P-wave first
arrival looks more distinct than in the seismometer data as DAS
receivers are located in a quiet downhole environment away
from surface wave noise.

Recorded waves from distant blasting events and natural
earthquakes can be used to monitor variations of elastic properties

Special Section: Life of the well
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along the well over time (Mateeva and Zwartjes, 2017; Pevzner
et al., 2020a). The DAS amplitude is inversely proportional to
the acoustic quantity

(ADAs)il ~ (PVP3)O'57 (1)

where p is the density and 7} is the compressional wave velocity.
The downhole DAS array records these regularly occurring events
(particularly blasting, which has a firm daily schedule) with a very
high signal-to-noise ratio and provides a clear path for practical
monitoring of the near-well formation properties.

A comparison of elastic properties from wireline log data and
DAS amplitude for one of the blasting events is shown in Figure 8.
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Note that the lower amplitude (higher inverse amplitude) in the
section above 586 m corresponds to the intermediate casing and
may indicate poorer coupling between borehole and the formation
in this section. Each event may have different absolute amplitude
and the measurement provides only a relative spatial variation.

Repeating surface events. Several surface seismic events associ-
ated with human activity were detected during the trial. Figure 9
shows examples of those events.

Figures 9a and 9b show P- and S-waves whereas Figure 9c
has only the S-wave. The shape of the P-waves traveltime curves
suggests that these events originated at the surface not too far
from the well. Figure 10a shows a stack of eight repeated events
found within the recorded data set compared to a single shot (with
similar offset) from 3D VSP data
acquired in 2017 from the same well
using a 26,000 Ib vibroseis source and
conventional geophones (Figure 10b).

Having small-offset surface events
recorded by DAS gives an opportunity
to derive a velocity profile of the P- and,
potentially, S-waves. Figure 11 shows
the comparison between P-wave veloc-
ity profiles from the sonic log data and
estimated from the passive DAS
recordings. Joined analysis of the trav-
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amplitudes from distant blasts and
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Figure 7. Example of the teleseismic event recorded by fiber optics in the abandoned Harvey 3 well. (d) Earthquake epicenter
location relatively to Harvey, WA. (a) Time-series response of a single DAS channel at 500 m depth. (b) Spectrogram of the DAS
trace. (c) Vertical component recorded by the local seismic station located in St Anne’s School, Harvey, WA.

Inverse amplitude of P-wave of blasting event to elastic properties derived from wireline log data
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Figure 8. Inverse amplitude of P-wave produced by blasting event on 24 May compared to elastic properties (p ;%)0.5 derived
from wireline log data.

earthquakes has a potential to provide
independent estimates of both veloci-
ties and densities of near-well forma-
tions and their variation over time.
Quality of the passive VSP data can
be improved by stacking more repeat-
ing events potentially reaching the
point that we can also use reflected
waves for imaging purposes.

In-well repeating impulse events.
DAS also recorded some unexpected
events (Figure 12). Their central fre-
quency is close to 200 Hz, while the
symmetrical straight-line traveltime
curve indicates that the source is located
in the wellbore itself (or very close to

Local events recorded by the permanently installed fiber-optic array
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Figure 9. Local events recorded in Harvey 3 well.
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it). The depth of the sources varies from 200 to 385 m, and the
energy propagates up and down the wellbore within the depth
interval corresponding to the intermediate casing. The apparent
velocity of the propagating wave is 4.5 km/s, which is typical for
a tube wave traveling within the casing.

Opverall, 14 such events were detected. The existence of the
events may indicate some defects in the quality of the cement
between the main and intermediate casing strings. Similar events
were described by Bakulin and Korneev (2008) in which unwanted
cracks and channels lead to fluid exchange through developing
conduits in the cement behind the casing (known as “crossflow”).
The crossflow is caused by the pressure
difference between different formations.
This is an important observation for
monitoring P& A wells and can be used
immediately in similar situations.

200 400

Discussion and conclusions

Installation of a fiber-optic cable in
the Harvey 3 well provided a unique
opportunity to monitor P&A opera-
tions, verify the quality of the cement
job, and create a permanent seismic and
temperature sensor for future passive
and active geophysical surveys.

Fiber-optic-sensing data recorded
during the cementing operations reveal
an abundance of valuable information
about the course of the decommission-
ing process and the quality of the
cement job. The DAS monitoring has
detected vibrational disturbances dur-
ing the cement’s setting up, while DTS
helped to assess setting up of the cement
and curing times as well as uniformity
of the cementation. However, DTS has
relatively coarse temporal sampling;

using finer sampling in DTS might be
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A subsequent weeklong trial acquisition of passive seismic
data using the previously installed vertical sensing array shows
an abundance of seismic events in a wide frequency range including
the ultra-low part of the spectrum down to at least approximately
10 mHz. The downhole DAS array allows an analysis of the depth
variation of traveltimes and amplitudes of these events, which
include earthquakes, mine blasts, ocean microseisms, and local
human activity.

The amplitudes of waves from distant seismic events can be
used to estimate and monitor physical properties of the media along
the entire extent of the well. When used in combination with active
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Figure 12. High-frequency in-well events propagating within the intermediate casing section and recorded by the fiber-optic array.

146 The Leading Edge  February 2022

Special Section: Life of the well



Downloaded 08/21/22 to 134.7.152.97. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/page/policies/terms
DOI:10.1190/tle41020140.1

VSP acquired using either controlled or a random source of energy
located near the well, these events can help obtain independent
estimates of velocities and densities.

Spectral analysis of low-frequency microseisms shows a strong
correlation between passively recorded DAS and local weather
observations. This shows that the ability to continuously record
oceanic microseisms at low frequencies opens up opportunities
to employ such arrays for wave climate studies.

In addition, the data contain peculiar in-hole reverberations
likely caused by crossflow of groundwater behind the intermediate
casing, which may indicate imperfections of the cement job. This
information can be used to better understand fluid flows and
identify any early onsets of corrosion or other damage, which may
be useful as preventive measure in producing wells. Such informa-
tion can also be considered in a future well design.

The Harvey 3 site is located not far from a population center
in an extensively studied area away from urban noise. Thus, the
downhole fiber-optic array represents an opportunity to establish
an excellent diagnostic facility for continuous recording of passive
and active geophysical data and for exploring various applications.
For example, a group of wells instrumented with fiber-optic sensors
can be utilized for multilateration of regional earthquakes and
mine blasts.

Overall, the variety of observations made during this study
indicates a strong potential of such installations for many applica-
tions. At the moment of writing, we are not aware of another
public-domain example with integrated, postabandonment analysis
using distributed fiber-optic sensing technology. The bigger picture
is that any onshore well coming for P&A can be equipped with
a fiber-optic cable. This can provide an opportunity to build a
continent-scale network of vertical sensing arrays gathering
information about seismic events, global heat flow, and crustal
state of stress. NI

Acknowledgments

'The authors are grateful to the Department of Mines, Industry
Regulation and Safety of Western Australia for partially funding
the work. Parts of this research also have been supported by Curtin
Reservoir Geophysical Consortium and the Mineral Exploration
Cooperative Research Centre whose activities are funded by the
Australian Government’s Cooperative Research Centre Program.
Seismic data were retrieved from the AusPass archive (http://
auspass.edu.au/) under a Creative Commons Attribution 4.0
International license (CC BY 4.0: https://creativecommons.org/
licenses/by/4.0/). The data from the AuSIS network were discussed
in the “Mine blastings and earthquakes” section. E. S. thanks
Curtin Oil and Gas Innovation Centre for providing a PhD
scholarship. We are also grateful to Silixa Ltd. for providing iDAS

interrogator for our studies.
Data and materials availability
Some data associated with this research are available and can

be obtained by contacting the corresponding author.

Corresponding author: evgenysidenko@gmail.com

Special Section: Life of the well

References

Ajo-Franklin, J. B., S. Dou, N. J. Lindsey, I. Monga, C. Tracy, M.
Robertson, V. Rodriguez Tribaldos, et al., 2019, Distributed acoustic
sensing using dark fiber for near-surface characterization and broad-
band seismic event detection: Scientific Reports, 9, 1328, https://doi.
org/10.1038/541598-018-36675-8.

Bakulin, A., and V. Korneev, 2008, Acoustic signatures of crossflow behind
casing in commingled reservoirs: A case study from Teapot Dome:
Geophysics, 73, no. 4, E145-E152, https://doi.org/10.1190/1.2940154.

Balfour, N. J., M. Salmon, and M. Sambridge, 2014, The Australian
seismometers in schools network: Education, outreach, research, and
monitoring: Seismological Research Letters, 85, no. 5, 1063-1068,
https://doi.org/10.1785/0220140025.

Becker, M., T. Coleman, C. Ciervo, M. Cole, and M. Mondanos, 2017,
Fluid pressure sensing with fiber-optic distributed acoustic sensing:
The Leading Edge, 36, no. 12, 1018-1023, https://doi.org/10.1190/
tle36121018.1.

Boone, K., A. Ridge, R. Crickmore, and D. Onen, 2014, Detecting leaks
in abandoned gas wells with fibre-optic distributed acoustic sensing:
International Petroleum Technology Conference, IPTC-17530-MS,
https://doi.org/10.2523/IPTC-17530-MS.

Bromirski, P. D., 2002, The near-coastal microseism spectrum: Spatial and
temporal wave climate relationships: Journal of Geophysical Research,
107, no. B8, ESE 5-1-ESE 5-20, https://doi.org/10.1029/2001JB000265.

Bromirski, P. D., R. E. Flick, and N. Graham, 1999, Ocean wave height
determined from inland seismometer data: Implications for investigat-
ing wave climate changes in the NE Pacific: Journal of Geophysical
Research: Oceans, 104, no. C9, 20753-20766, https://doi.
0rg/10.1029/1999]C900156.

Geoscience Australia, 2020, Earthquakes@GA, https://earthquakes.
ga.gov.au, accessed 3 February 2021.

Glubokovskikh, S., R. Pevzner, E. Sidenko, K. Tertyshnikov, B. Gurevich,
S. Shatalin, A. Slunyaev, and E. Pelinovsky, 2021, Downhole dis-
tributed acoustic sensing provides insights into the structure of
short-period ocean-generated seismic wavefield: Journal of Geophysical
Research: Solid Earth, 126, no. 12, ¢2020JB021463, https://doi.
0rg/10.1029/2020]B021463.

Hasselmann, K., 1963, A statistical analysis of the generation of micro-
seisms: Reviews of Geophysics, 1, no. 2, 177-210, https://doi.
0rg/10.1029/RG001i002p00177.

Karrenbach, M., S. Cole, A. Ridge, K. Boone, D. Kahn, J. Rich, K.
Silver, and D. Langton, 2019, Fiber-optic distributed acoustic
sensing of microseismicity, strain and temperature during hydraulic
fracturing: Geophysics, 84, no. 1, D11-D23, https://doi.org/10.1190/
2e02017-0396.1.

Kieffer, S. W., 1977, Sound speed in liquid-gas mixtures: Water-air and
water-steam: Journal of Geophysical Research, 82, no. 20, 2895-2904,
https://doi.org/10.1029/JB082i020p02895.

Lin, J., S. Fang, X. Li, R. Wu, and H. Zheng, 2018, Seismological
observations of ocean swells induced by typhoon Megi using dispersive
microseisms recorded in coastal areas: Remote Sensing, 10, no. 9,
1437, https://doi.org/10.3390/rs10091437.

Lindsey, N.J., T. C. Dawe, and J. B. Ajo-Franklin, 2019, Illuminating
seafloor faults and ocean dynamics with dark fiber distributed acoustic
sensing: Science, 366, no. 6469, 1103-1107, https://doi.org/10.1126/
science.aay5881.

Manfield, E., G. De Poloni, and J. Hayes, 2020, Ex-Tropical Cyclone
Mangga set to bring “once-in-a-decade” storm to Western Australia,
https://www.abc.net.au/news/2020-05-23/ex-tropical-cyclone-
mangga-brings-one-in-a-decade-storm-to-wa/12279544, accessed
22 December 2021.

Mateeva, A., and P. M. Zwartjes, 2017, Depth calibration of DAS
VSP channels: A new data-driven method: 79" Conference and

February 2022 The Leading Edge 147



Downloaded 08/21/22 to 134.7.152.97. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/page/policies/terms
DOI:10.1190/tle41020140.1

Exhibition, EAGE, Extended Abstracts, https://doi.
0rg/10.3997/2214-4609.201701201.

Michael, K., A. Avijegon, L. Ricard, M. Myers, K. Tertyshnikov, R.
Pevzner, J. Strand, et al., 2019 In-Situ Laboratory for CO, controlled-
release experiments and monitoring in a fault zone in Western
Australia: 2°¢ Australasian Exploration Geoscience Conference,
ASEG Extended Abstracts, https://doi.org/10.1080/22020586.201
9.12073207.

Miller, D., T. Coleman, X. Zeng, J. Patterson, E. Reinisch, H. Wang, D.
Fratta, etal., 2018, DAS and DTS at Brady Hot Springs: Observations
about coupling and coupled interpretations: 43" Stanford Workshop
on Geothermal Reservoir Engineering Stanford Geothermal Workshop.

Nims, P., and M. Pollock, 2015, Harvey-3 final well report: Department
of Mines and Petroleum.

Nishida, K., 2017, Ambient seismic wave field: Proceedings of the Japan
Academy, Series B, 93, 423—448, https://doi.org/10.2183/pjab.93.026.

Patterson, J. R., M. Cardiff, T. Coleman, H. Wang, K. L. Feigl, J.
Akerley, and P. Spielman, 2017, Geothermal reservoir characterization
using distributed temperature sensing at Brady Geothermal Field,
Nevada: The Leading Edge, 36, no. 12, 1024a1-1024a7, https://doi.
org/10.1190/tle36121024a1.1.

Pevzner, R., B. Gurevich, A. Pirogova, K. Tertyshnikov, and S.
Glubokovskikh, 2020a, Repeat well logging using earthquake wave
amplitudes measured by distributed acoustic sensors: The Leading
Edge, 39, no. 7, 513517, https://doi.org/10.1190/t1e39070513.1.

Pevzner, R., K. T. Tertyshnikov, E. Sidenko, R. Isaenkov, S.
Glubokovskikh, L. Ricard, B. Gurevich, S. Sharma, and D. Van
Gent, 2020b, Underground sounds from an abandoned well: Forensic
analysis of distributed acoustic sensing data: EAGE Workshop on
Fiber Optic Sensing for Energy Applications in Asia Pacific, https://
doi.org/10.3997/2214-4609.202070026.

Ricard, L. P,, 2020, Using distributed temperature sensing to inform
the quality of cementing operations: SPE Asia Pacific Oil and Gas
Conference and Exhibition, SPE-202350-MS, https://doi.
org/10.2118/202350-MS.

Ricard, L., R. Pevzner, E. Sidenko, K. Tertyshnikov, S. Sharma, D. Van
Gent, and R. Isaenkov, 2019, Transforming an abandoned well into
a permanent downhole receiver array: Harvey-3 case study: ASEG
Extended Abstracts, https://doi.org/10.1080/22020586.2019.12073
043.

Sharma, S., and D. Van Gent, 2018, The Australian South West Hub
Project: Developing confidence in migration assisted trapping in a
saline aquifer — Understanding uncertainty boundaries through
scenarios that stress the models: 14® International Conference on
Greenhouse Gas Control Technologies, GHGT-14, https://doi.
org/10.2139/ssrn.3366170.

Sharma, S., D. Van Gent, M. Burke, and L. Stelfox, 2017, The Australian
South West Hub Project: Developing a storage project in unconven-
tional geology: Energy Procedia, 114, 4524—4536.

Shulakova, V., K. Tertyshnikov, R. Pevzner, Y. Kovalyshen, A. Bona,
and B. Gurevich, 2020, Ambient seismic noise in urban environment:
Case study using downhole DAS at Curtin University campus: EAGE
Workshop on Fiber Optic Sensing for Energy Applications in Asia
Pacific, https://doi.org/10.3997/2214-4609.202070019.

Sidenko, E., R. Pevzner, K. Tertyshnikov, and M. Lebedev, 2021,
Effects of temperature on DAS measurements: Second EAGE
Workshop on Distributed Fibre Optic Sensing, https://doi.
0rg/10.3997/2214-4609.202131018.

Silixa, 2018, iDAS datasheet, https://silixa.com/wp-content/uploads/
iDAS-datasheet-2018-2.pdf, accessed 22 December 2021.

Singh, A., 2018, Final report, special core analysis, selected samples
from Wells DMP Harvey-1, DMP Harvey-3 , and DMP Harvey-4
Western Australia: Prepared for Department of Mines and Petroleum,
https://www.dmp.wa.gov.au/documents/community-education/
Harvey-1-3-4-SCA-Report-Corelab.pdf, accessed 17 January 2022.

Urosevic, M., S. Ziramov, R. Pevzner, K. Tertyshnikov, D. Popik, and
D. Van Gent, 2017, CO, storage site characterisation at the location
of Harvey-3 well, Harvey, Western Australia: EAGE/SEG Research
Workshop 2017, https://doi.org/10.3997/2214-4609.201701945.

148 The Leading Edge  February 2022

Special Section: Life of the well



Published Papers 61

2.3 Experimental study of temperature change
effect on distributed acoustic sensing con-

tinuous measurements.

61



Downloaded 08/21/22 to 134.7.152.97. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/page/policies/terms

DOI:10.1190/ge02021-0524.1

GEOPHYSICS, VOL. 87, NO. 3 (MAY-JUNE 2022); P. D111-D122, 16 FIGS.
10.1190/GE02021-0524.1

W) Check for updates

Experimental study of temperature change effect on distributed acoustic

sensing continuous measurements

Evgenii Sidenko', Konstantin Tertyshnikov', Maxim Lebedev?, and Roman Pevzner'

ABSTRACT

Distributed fiber-optic sensing is useful in geophysical explo-
ration and monitoring applications. Distributed temperature sens-
ing (DTS) is used for measuring and monitoring temperature and
distributed acoustic sensing (DAS) for recording the seismic
wavefield. However, DAS measurements also are sensitive to tem-
perature changes. To understand and quantify the DAS signature
of temperature changes during water injections at CO2CRC Ot-
way site, a series of experiments have been conducted at the Curtin
University/National Geosequestration Laboratory (NGL) well re-
search facility and Curtin rock-physics laboratory. Overall, three
DAS cables are examined. Two fibers are tested in the laboratory
and one cable, which is installed behind the casing in the Curtin/
NGL well, is examined in the well. Laboratory measurements and

observations made during analysis of passive DAS and DTS field
data recorded in four Otway wells demonstrate that DAS is sen-
sitive to long-period temperature changes, and its response is pro-
portional to the time derivative of temperature. Induced fiber strain
is linearly related to slow temperature change, and this depend-
ency can be estimated for a particular cable. Obtained proportion-
ality constants between strain and temperature change indicate
some dependency on the cable type/design and acquisition setup,
but they are all of the same order of magnitude. DAS measure-
ments also can be affected by low-frequency noise possibly asso-
ciated with the effect of temperature on the DAS acquisition unit
itself. The results can help compensate for the effect of temper-
ature on low-frequency DAS signals and show that DAS can
be used as a distributed temperature sensor if direct temperature
measurements are not available.

INTRODUCTION

Fiber-optic (FO) distributed acoustic sensing (DAS) is an emerg-
ing technology, which has already found a widespread application in
seismic acquisition and reservoir monitoring (Mateeva et al., 2014;
Karrenbach et al., 2019; Isaenkov et al., 2021). DAS measurements
can be affected by temperature variations caused by natural and in-
dustrial processes such as diurnal atmospheric temperature variations,
hydraulic fracturing treatments (Bakku et al., 2014; Karrenbach et al.,
2017, 2019), borehole fluids flows (Sharma et al., 2020; Titov et al.,
2020), or temperature variations in geothermal reservoirs (Miller and
Coleman, 2018). Such temperature variations can be considered as a
low-frequency signal (<0.1 Hz). This frequency range is far below
typical frequencies used in seismic exploration. However, DAS ap-
plications often include passive broadband monitoring of the subsur-
face. Because FO measurements are capable of acquiring data at very

low frequencies, passive DAS recording often is used to study natural
phenomena at frequencies far below 1 Hz such as distant earthquakes
(Ajo-Franklin et al., 2019), oceanic microseisms (Lindsey et al.,
2019; Glubokovskikh et al., 2021), and earth tides (Becker and Cole-
man, 2019). Low-frequency DAS also is being used in different
industrial applications, such as hydraulic-fractures geometry charac-
terization (Jin and Roy, 2017), low-frequency strain measurements
(Becker et al., 2019), multiphase flow characterization (Titov et al.,
2020; Sharma et al., 2021), wellbore gas-influx detection (Feo et al.,
2020; Sharma et al., 2021), fluid-pressure sensing (Becker et al.,
2017), monitoring of well integrity (Raab et al., 2019), and borehole
decommissioning operations (Ricard et al., 2019). Because temper-
ature variations can occur in the same frequency band, they can dis-
tort low-frequency seismic records.

Understanding the effect of temperature changes on the strain rate
measured by DAS can help to compensate for this effect in the data.
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However, the temperature response on DAS should not be always
treated as noise. In some situations, for example, when there are no
separate temperature measurements, such as distributed temperature
sensing (DTS), DAS can be used for relative temperature monitor-
ing as well (Koyamada et al., 2009; Bao and Wang, 2021).

There are two main aspects of how DAS amplitudes can be af-
fected by the temperature change: thermal expansion and refractive
index change (thermo-optic effect). Phase-based DAS interrogators
measure the phase difference of the backscattered light. From
Bakku (2015) and Fang et al. (2012), amplitude dependence on
temperature change can be expressed as

AD = PAT (ay + &), €8
where A® is the amplitude of the DAS signal (change of optical
phase), @ is the optical phase, AT is the temperature change, ar
is the thermal expansion coefficient, and ¢ is the thermo-optic effect
coefficient. Thermal expansion effect manifests itself as an induced
strain, whereas thermo-optic effect changes the refractive index of
the fiber. Both of these phenomena have the same effect on DAS
measurements because they both change the traveltime of the laser
pulse in the fiber. For a silica fiber, the thermal expansion coefficient
is 0.5 - 107%°C~! (Roy et al., 1989; Feng et al., 2010), and the
thermo-optic coefficient is approximately 0.68 - 107°°C~! (Palik,
1997; Adamovsky et al., 2012; Gao et al., 2018). These values
demonstrate that the temperature effect on DAS is mainly defined
by the change of the refractive index (thermo-optic effect). However,
different cable designs and ways of cable deployment can behave
differently under changing thermal conditions because different
materials and compositions will expand/compress differently in re-
sponse to temperature changes. Thus, DAS response to the changing
temperature is likely to depend on a particular cable setup.

To study the temperature effect on DAS in a controlled environ-
ment, we first run a series of experiments in Curtin University/
National Geosequestration Laboratory (NGL) well and Curtin’s
rock-physics laboratory. First, to estimate the order of the temperature
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effect on DAS measurements in the seismically quiet environment
(borehole), we conducted the experiment in a research well on the
Curtin University campus. Then, to study temperature response on
different cables, we conducted an experiment at the Curtin rock-phys-
ics laboratory where we organized a heating/cooling setup which al-
lowed us to control the temperature variations. The findings of these
controlled experiments are then applied to multiwell DAS observa-
tions during water injections performed as part of the Otway CO2
Geosequestration Project. Overall, two different fibers were tested
in the laboratory and one cable, which is installed behind the casing
in the Curtin/NGL well, was examined at the research facility site.
After that, we analyzed passive DAS and DTS field data recorded dur-
ing water injections within the Otway CO2 geosequestration project.

All experiments show that DAS is sensitive to long-period temper-
ature changes and its strain rate is proportional to the time derivative
of temperature. All our tests show a linear dependency of DAS strain-
rate response to the temperature time derivative. However, our results
show that different cables and different installation designs behave
differently under the changing temperature conditions.

Using the linear trend estimated from the data, temperature effect
on DAS measurements can be predicted and separated from signals
related to purely mechanical deformations. However, different DAS
acquisition setups can have different responses to the changing tem-
perature and should be calibrated/tested separately. In addition, our
study reveals possible low-frequency equipment-related noise that
should be removed from data before low-frequency signal analysis.

BOREHOLE EXPERIMENT: CURTIN/NGL
RESEARCH FACILITY

Data acquisition

For the borehole experiment, we acquired data at the Curtin/NGL
research facility located at Curtin University main campus in Perth,
Western Australia. We used an iDASv2 (Silixa Ltd) interrogator
and a BandWeaver DTS (Bandweaver) connected to an FO cable
cemented behind the casing of the 900 m deep
Curtin/NGL well. The cemented FO cable is a
nonmetallic armored loose-tube cable carrying
single and multimode fibers, which are housed
in individual plastic buffer tubes filled with
gel. Figure la shows the location of the NGL
well facility on the map. DTS and DAS units
were placed in the NGL equipment room.

Figure 1b shows the schematic of the NGL
well experiment. To explore the effect of a tem-
perature change, we drop 50 kg of ice into the
well. The ice stayed at a water level approxi-
mately 30 m deep. The ice melted and cooled
the borehole water, which caused the temperature
decrease of the well’s casing and the FO cable
cemented behind it. Figure 2 shows the DTS
and DAS data recorded during this experiment.
Figure 2a and 2b shows four days of DTS data
and the time derivative. DTS recording uses 1 m
channel spacing. Figure 2c shows 24 h of DAS

«—~25-30m MD

S
™ Borehole water

"\_Fiber-glass
reinforced
plastic casing

. ~200/m MD data decimated to 5 m channel spacing. The ver-

NGL well

Figure 1. Schematic of NGL well experiment. (a) Satellite image of Curtin NGL well

facility; (b) schematic of NGL well experiment.

tical dotted black lines in Figure 2a and 2b indi-
cate the start and end times of the DTS record
shown in Figure 2c. The temperature anomaly
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Temperature effect on DAS measurements

is clearly visible on DTS and DAS data recorded on 08 July 2020 at
the same depth level of approximately 25-30 m.

DTS data are shown in Figure 2a as a temperature change with
respect to the baseline (ambient-temperature distribution) tempera-
ture. DAS and DTS data in Figure 2 are shown after subtraction of a
background trend related to diurnal temperature changes in the
room housing the acquisition unit (as described in “Correction
of measurements” section). The response from the introduced ice
can be traced on DTS data over 2-3 days. DAS measurements dem-
onstrate a shorter visible response of only approximately 3—4 h.
From Figure 2, it is clear that the DAS response corresponds to
the temperature derivative. This happens because DTS measures
the temperature along the fiber, whereas DAS measures the strain
rate, which is proportional to the time derivative of temperature.
Thus, DAS primarily reacts to the temperature gradient.

Correction of measurements

Besides the signal related to the temperature change and high-fre-
quency random noise, DAS and DTS recordings contain low-fre-
quency periodic common-mode noise of unknown origin (shown
by the black arrows in Figure 3). It has been observed (e.g., Wang
et al. [2018] Figure 3 and accompanying text) that DAS systems
exhibit a small sensitivity to vibration of the interrogator that results
in an easily estimated common signal present on all of the DAS
traces. It seems that a sensitivity similar to environmental temper-
ature changes occurs and can be remediated in the same way. The
form of this noise, its consistency along the fiber, its periodicity, and
temporal coincidence on DAS and DTS suggests that it is most
likely related to the changing ambient-temperature conditions in
the acquisition room housing DAS and DTS interrogators. This
temperature change signal can be attributed to the working regime
of an air conditioning unit in the room.

To confirm this hypothesis, we ran a separate test in which we
logged the temperature in the acquisition room over a few days with
a portable temperature logger. The accuracy of the logger is 0.5°C,
which is enough to track the temperature trend in the acquisition
room. Comparison of the temperature logger data and continuous
DAS record is presented in Figure 4. Figure 4a shows the low-fre-
quency DAS signal (strain rate) recorded with the FO cable ce-
mented in the well. It is clear that the DAS signal is changing with
time, not with depth. Figure 4b shows the averaged DAS response
along the 0-800 m depth interval in the well (the black line) and
logged room temperature (the orange line). Comparison of the DAS
strain-rate response and temperature log shows that the oscillation
period of the temperature logger signal coincides with that of the
low-frequency component of the DAS response, which suggests
that they are of the same origin. Positive DAS values correspond to
the room’s decreasing temperature, and vice versa (note that the ice
in the borehole caused negative DAS values). The black and orange
curves do not have to perfectly match each other because the DAS
unit has its own built-in cooling system, so the temperature inside
the interrogator can differ from the ambient one. Nevertheless, this
test indicates that the presented low-frequency common-mode sig-
nal in DAS and DTS recordings is not related to changing condi-
tions in the borehole and should be filtered out or suppressed for
further analysis.

To separate the signal of interest (response from the ice) from am-
bient-temperature-related noise (common-mode noise), we estimated
a noise trace for DAS and DTS by averaging the recorded data over

D113

the depth range of 600-800 m. Figure 5 shows DAS data before
(Figure 5a and 5b) and after (Figure 5c) common-mode noise re-
moval. The horizontal dashed lines in Figure 5a indicate the depth
interval used to estimate the DAS common-mode noise. Then, the
estimated trace is subtracted from the data. After the noise subtraction,
only the signal related to the temperature change is observed on the
traces from the “ice” interval and no signal outside the ice interval.
This calibration allowed us to highlight the response of DAS and
DTS to the temperature change caused by the ice placed in the bore-
hole. Figure 3 shows DAS and DTS recordings before and after
noise subtraction for two different depths in the NGL well. Figure 3a
and 3c shows DTS response at the depth of 26 and 847 m, respec-
tively; Figure 3b and 3d shows the DAS response at the same depth
points. The depth of 26 m corresponds to the ice level; the depth of
847 m corresponds to the interval with no expected temperature
change. (The signal should be constant for DAS and DTS.) All four
plots (Figure 3a—3d) present two traces: before and after acquisition
noise removal. The black arrows in Figure 3 indicate the acquisition
(room) noise. The amplitude of this noise in DAS data is compa-
rable with the temperature response signal. DAS data also are com-
plicated by strong “random” spikes that are related to vibrational
(acoustic) signals. For DTS data, the level of the acquisition noise
is significantly lower than the signal level. After removal of the ac-
quisition noise, there is no visible signal at 847 m in DAS and DTS
data, and, at 26 m depth, DAS and DTS signals are clearer.
Figure 6 shows the trace-to-trace comparison of DAS and DTS
response at the ice level after data correction. Figure 6a shows DAS
strain rate (black) and DTS time derivative (orange), and Figure 6b
shows DAS strain (black) and DTS (orange). The temperature strain
rate on DAS is clearly evident and proportional to the temperature
(DTS) time derivative. Figure 6b demonstrates an excellent match
between strain and temperature. However, the calculated strain has
some deviations caused by the integration of DAS data (strain rate)
containing high-amplitude spikes. Overall, both plots in Figure 6
suggest that there can be a linear relationship between two time
series (strain and temperature change). Simultaneously, obtained
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Figure 2. DTS and DAS response to the temperature change in the
Curtin/NGL well. (a) DTS response after temperature baseline sub-
traction, (b) DTS time derivative, and (c) DAS strain-rate response.
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DAS and temperature recordings can be used to estimate DAS
strain-rate response to the temperature change for a particular
acquisition system as demonstrated next.

LABORATORY EXPERIMENT

To study the effect of changing temperature on DAS measurements
in controlled temperature conditions, we designed a heating/cooling
laboratory setup. We conducted a series of experiments in the Curtin
rock-physics laboratory to estimate this effect as well as to gain in-
sights on the influence of different FO cables on such temperature
response. The laboratory setup is schematically shown in Figure 7.

We used the same iDASV2 interrogator (exactly the same unit as
in the borehole experiment), a water bath coupled with a water
heater/cooler, a temperature logger, testing fibers (the fiber sub-
merged in the water bath), and two pieces of reference fibers (coiled
fiber connected before and after the water bath). The experiments
were done with a bare single-mode fiber and a tight-buffered single-
mode fiber. We used the coiled bare single-mode fiber as a reference
fiber unaffected by water temperature (spliced to the testing fiber
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Figure 4. DAS strain-rate response (common-mode noise) to
changing room temperature. (a) DAS signal in the NGL well and
(b) DAS averaged signal and temperature recorded in the acquisi-
tion room.
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Figure 3. DTS and DAS before and after common-mode noise removal. Common-mode noise is indicated by the black arrows. The red arrows
indicate DAS strain-rate response to the temperature change. (a) DTS signal at 26 m depth before and after common-mode noise removal,
(b) DAS signal at 26 m depth before and after common-mode noise removal, (c) DTS signal at 847 m depth before and after common-mode
noise removal, and (d) DAS signal at 847 m depth before and after common-mode noise removal.
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before and after the water bath). Both experiments were conducted
with several cycles of heating and cooling.

Figures 8 and 9 show the results of the laboratory test with bare
and tight-buffered fibers, respectively. Figures 8a and 9a show the
filtered (moving average smoothing) DAS strain-rate response for
all DAS channels. The dashed white lines outline margins between
three pieces of coiled fibers shown in Figure 7 (two reference coils
and a coil in the bath). DAS channels corresponding to the fiber in
the water bath show a clear response to the temperature change: the
yellow color indicates heating cycles; the blue color corresponds to
cooling periods. The temperature logs are shown in the orange color
in Figures 8c and 9c, and the time derivatives of temperature are
shown in Figures 8b and 9b (the orange color). The black curves
in Figure 8b and 8c and Figure 9b and 9c correspond to averaged
DAS responses (average trace computed for the channels between
two black lines in Figures 8a and 9a) and strain values calculated
from DAS strain-rate amplitudes using integration, respectively.

In the bare fiber test, the DAS strain-rate response is very close to
the temperature derivative (Figure 8b), whereas the strain calculated
from the DAS strain rate looks similar to the temperature log (Fig-
ure 8c). These observations indicate a linear dependency between
strain and temperature change. Results from the test with a tight-
buffered fiber also demonstrate a good correspondence between
DAS response and temperature change (Figure 9b and 9c). How-
ever, in the tight-buffered fiber test, the correlation between strain
and temperature (or strain rate and temperature derivative) is not as
strong as for the bare fiber. The estimated values of the Pearson
correlation coefficient (Freedman et al., 2007) between the temper-
ature time derivative (d7/dt) and the DAS response (strain rate,
de/dt) are 0.975 for the bare fiber and 0.93 for the tight-buffered
fiber. It seems that the presence of a tight coating in a cable design
can cause deviation from linear strain-tempera-
ture dependence for a particular DAS-cable com-
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project focused on the geologic sequestration of
CO, gas in a deep formation in the Australian
State of Victoria (Cook, 2014). The current stage
of the project is focused on borehole-based mon-
itoring of a small (15 kt) injection of supercritical
CO, into a saline aquifer through the CRC-3 well
(Jenkins et al., 2017; Isaenkov et al., 2021). This
vertical injection well and four slightly deviated
monitoring wells (CRC-4, 5, 6, and 7) are being

used for seismic, temperature, and pressure mon-
itoring. Figure 10 shows the Otway site map with
overlaid monitoring well trajectories. All five

DAS interrogator

wells are equipped with FO sensing equipment:
FO cables are cemented behind the casings and
connected to DAS (Silixa Carina systems) and
DTS (Silixa Ultima DTS) interrogators. A

Time UTC (HH:MM:SS)

Figure 6. Comparison of DAS and DTS responses. (a) DAS strain-rate response (the
black curve) and time derivative of temperature/DTS (the orange curve) and (b) strain
(the black curve) calculated from DAS strain rate and DTS response (the orange curve).
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Figure 7. Schematic of the laboratory setup for DAS temperature test.
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simplified schematic of FO cable deployment for the CRC-6 and
CRC-7 wells is shown in Figure 11. The CRC-6 and CRC-7 wells
share the same FO cable for DAS acquisition. Such acquisition de-
sign allows the use of a single DAS interrogator for two wells. The
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cable covers the CRC-7 well first (standard single-mode fiber
downhole and engineering fiber uphole) and then CRC-6 (engineer-
ing fiber downhole only). DTS data are being acquired separately
for both wells using a downhole-uphole cable loop design. Similar

to CRC-7 and CRC-6, CRC-4 and CRC-3 share
the same DAS cable connected to the same inter-
rogator (CRC-4 first, CRC-3 second). The cable
that collects data from CRC-5 well is connected
to another DAS unit, which also records surface
cable data (follows the CRC-5 well). Detailed de-
scription of the Otway project stage-3 setup can
be found in Isaenkov et al. (2021).

The CRC-6 and CRC-7 (as well as CRC-4 and
CRC-5) wells are slightly deviated (not shown in
Figure 11) from approximately 700 m measured
depth (MD) to the bottom. The CRC-6 and CRC-
7 wells are perforated approximately 1500 m MD
and equipped with downhole pressure-temperature
gauges installed above perforations. Pressure-tem-
perature gauges are single-point receivers and can
be used as a reference for FO sensing data re-
corded at the same depth.

Water injections

The Otway monitoring design includes pres-
sure tomography, which involves periodic water
injections. The first series of water injections
were performed in June—July 2020. Water was
injected in all wells, except the CRC-3 well. Dur-
ing the injection, water from a surface water tank
comes down a borehole and pushes the borehole
fluid down along the well. As a result, the tem-
perature is changing (decreasing) at each depth
along the borehole due to the borehole fluid
(which is initially in thermal equilibrium with the
surrounding rocks) being replaced with colder
water from the surface. Examples of borehole
pressure (black) and temperature (orange) varia-
tions recorded by borehole gauges are shown in
Figure 12a and 12b. The temperature decrease
can reach as much as 25°C. Pressure and temper-
ature changes shown in Figure 12a and 12b
clearly indicate the start and end of water injec-
tions in the CRC-6 and CRC-7 wells, respectively.

To examine the DAS strain-rate response to
the temperature change, we extracted passive
DAS data recorded in the CRC-6 and CRC-7
wells during the first water injection in July
2020. Figure 12c¢ and 12d shows spectral density
calculated for both wells for a single DAS chan-
nel located right above the perforation interval.
Corresponding borehole pressure and tempera-
ture gauge responses are shown in Figure 12a
and 12b.

The spectrograms in Figure 12 show the
change of the frequency content in the range of
0.008-10 Hz over time. The frequency band
between 0.1 and 1-1.2 Hz mainly contains the
signal from secondary oceanic microseisms
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(Bromirski, 2002; Nishida, 2017; Glubokovskikh et al., 2021). The
dashed ellipses show the temperature response on DAS spectro-
grams during the water injection in the CRC-6 well. The temper-
ature response can be observed mainly in the frequency range below
0.1 Hz over the time interval that corresponds to the temperature
change in the borehole. The cooling down process corresponds
to the water injection (pump is on — the pressure is increasing),
and the warming up process corresponds to the temperature equili-
bration process (pump is off — the pressure is returning back to its
hydrostatic value). The low-frequency DAS response to the water
injection occurs at the same time in both wells (highlighted by the
dashed ellipses). However, there is no evidence (Figure 12b) of tem-
perature change in the CRC-7 well during injection in CRC-6 (and
vice versa). Thus, the anomaly in the adjacent CRC-7 well is arti-
ficial and can be explained with the measurement calibrations inside
the DAS interrogator that acquires monitoring data from the CRC-6
and CRC-7 wells simultaneously via the same cable. Besides the
low-frequency temperature response, there are strong broadband
events that can be mainly observed around the perforation interval
and mostly in the injection well. These events can probably be
treated as artifacts and could be caused by a direct (strong) temper-
ature impact on the cemented FO cable. Injection in the CRC-7 well
started 24 h after the start of the water injection in the CRC-6 well.
Similar to the first injection, there is a response in the data from both
wells; broadband events are primarily associated with the injector
well. A few strong broadband events can be observed on the CRC-6
spectrogram during the injection in the CRC-7 well. However, those
events are most likely associated with the previous injection in the
CRC-6 well.

Joint DAS/DTS analysis and data calibration

To quantitatively estimate the relationship between DAS mea-
surements and temperature for the water injection effect described
in the previous section, we performed a time-domain analysis of
DAS and DTS data recorded in the CRC-6 and CRC-7 wells.
Figure 13 shows DAS and DTS data recorded during the water in-
jection in the CRC-6 well. Figure 13a shows DTS data: the temper-
ature change in the CRC-6 well. Figure 13b shows DAS data from
the CRC-7 well. Figure 13c and 13d shows DAS data from the

Figure 10. Otway site map. The black lines show projections of
monitoring wells’ trajectories (CRC-4, -5, -6, and -7) on the surface.
The CRC-3 well is a subvertical injection well.
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CRC-6 well before and after correction, respectively. All data in
Figure 13 are shown after the removal of the high-frequency com-
ponent using a moving average filter. Thus, here we are dealing only
with low-frequency signals.

DTS data recorded in the CRC-6 well indicate a temperature
decrease of more than 20°C (Figure 13a). This value matches the
information recorded by the borehole temperature gauge in the well
(Figure 12a). Because water is being injected into the formation
through the perforated interval of approximately 1500 m MD, there
is no evidence of the temperature change below the perforated in-
terval. (Only convectional heat exchange is possible.) The start and
stop of the water injection can be easily tracked on DTS data as a
temperature decrease at 21:00 and an increase at 03:00.

As expected, CRC-6 DAS data (Figure 13c) recorded above the
perforation depth correspond to temperature variations recorded by
DTS. The DAS strain-rate signal responds to the time derivative
(rate of change) of the temperature. Thus, there is a clear change
of polarity along the time vector when the temperature derivative
changes the sign from negative to positive. Besides the temperature
strain-rate response recorded by DAS, there are series of strong con-
tinuous periodic events that occur mainly around the perforation
depth. These events correspond to broadband spikes on the DAS
spectrogram (Figure 12c). They are most probably related to defor-
mations of the cable or movements that can be caused either by
slippage of the fiber core inside the gelled loose tube or by the cable
relaxation due to strong direct impact of injected water on the cable
at the perforation interval.

The signal on DAS below the perforation depth in the CRC-6
well perfectly repeats the CRC-7 DAS signal, which is uniform

Multimode fibers

DTS NOT TO SCALE

DAS

Single-mode
fiber

Engineered
—— fiber ™

Fiber cemented behind
the well’s casing

Pressure gauge:

1378 m MD Pressure gauge:
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Perforation interval <l 1495—-1501 m MD

1510-1524 mMD <

1685 m MD 1657 m MD

CRC-7 well

CRC-6 well

Figure 11. Schematic of the configuration of borehole FO monitor-
ing equipment in the CRC-6 and CRC-7 wells.
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along the entire length of the well (Figure 13b). Because there is no As such, this signal can be treated as an artificial acquisition noise.
evidence of temperature change either in the CRC-6 or CRC-7 well The existence of this noise in each well can be explained by the fact
below the perforation, there should be no physical reason that could that DAS data in both wells are being recorded simultaneously by
cause this effect on DAS measurements in the borehole (CRC-7). different parts of the single cable connected to a single interrogator
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Figure 12. The DAS and pressure-temperature gauge responses to water injections in the
CRC-6 and CRC-7 wells. (a and b) Pressure and temperature gauge responses in the CRC-
6 and CRC-7 wells, respectively, and (c and d) spectrograms showing low-frequency strain-
rate response from water injections in the CRC-6 and CRC-7 wells, respectively.
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Figure 13. The DTS and DAS data recorded during water injection in the CRC-6 well.
(a) The DTS data recorded in the CRC-6 well, (b) DAS data recorded in the CRC-7 well,
and (c and d) CRC-6 DAS data before and after signal compensation, respectively.

(Figure 11). Because most of the data in CRC-6
are dominated by the presence of the temperature
signal, the observed artificial noise results from
possible common-mode compensation inside the
DAS unit. Nevertheless, this noise can be esti-
mated for each time sample as a truncated mean
value over the entire length of the CRC-7 well
and then subtracted from the entire CRC-6—
CRC-7 data set (Figure 13d). After the subtrac-
tion, there is no low-frequency signal related to
the temperature change below the perforation in-
terval.

Figure 14 shows an example of DAS and DTS
data recorded during water injections in the
CRC-5 well. Similar to the injection in CRC-6,
DTS shows no temperature change below the
perforation interval (Figure 14a), and the part
of the DAS cable buried on the surface (outside
the CRC-5 well) has a signal (Figure 14b) similar
to CRC-5 below the perforation (Figure 14c).
After subtraction of the artificial noise estimated
outside the injector well, the signal below perfo-
ration disappears (Figure 14d).

QUANTITATIVE DATA ANALYSIS

Simultaneously, recorded temperature data
(DTS or temperature logger) and DAS strain-rate
data converted to strain (for all previously de-
scribed acquisitions) allow us to estimate the over-
all coefficient for a particular FO cable or DAS
acquisition setup for all previously described sets
of data. To this end, we explore whether this co-
efficient differs between different cables depend-
ing on the installation design. To estimate thermal
coefficients for all setups, we build crossplots
between strain estimated from DAS amplitudes
and temperature change relative to the starting
point (baseline value). Crossplots for the NGL
well and laboratory experiments are shown in
Figure 15. To build these plots, we take a single
channel DAS data and temperature responses.
Figure 15a shows the strain-temperature relation
for the Curtin/NGL well experiment with ice
dropped in the borehole; Figure 15b and 15c
shows results from the laboratory measurements
with a bare fiber and tight-buffered fiber, respec-
tively.

To estimate thermal coefficients (microstrain
per degree celsius) for the Curtin/NGL well ex-
periment and laboratory test with the bare fiber,
we use linear regression. Crossplots for these two
experiments clearly demonstrate the linear rela-
tionship between strain and temperature change.
Estimated linear trends are shown in orange
(Figure 15a) and green (Figure 15b) colors.
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The estimated strain-temperature change coefficient for cable
cemented in the NGL well is 2.9 and 9.1 pe/°C for the bare fiber
tested in the laboratory. Each coefficient represents the overall ther-
mal effect for a particular tested cable. Both estimated coefficients are
of the same order of magnitude. The estimated coefficient for the bare
fiber is close to a thermo-optic coefficient of silica (dn/dT = & * nqg ~
1073, where negr 1s the refractive index of silica). At the same time, it
is not clear why the coefficient is lower for the fiber in a gel-fitted
loose tube (cable in the well). A similar observation of a low apparent
thermal coupling coefficient in a loose-tube optical cable was made
by Miller and Coleman (2018). They suggest that the anomaly might
be caused by the combined thermal response of the steel tube and its

contents (gel and fiber). If the steel tube of the cable expands
uniformly (circumferentially and axially), to a greater extent than
the gel, the result would be a volume deficit for the gel, which could
cause a net axial contracting force applied to the fibers inside.
The trend for the tight-buffered cable (Figure 15¢) is not perfectly
linear. Significantly, different behavior can be observed from
temperature-strain plots in Figure 8b and 8c and Figure 9b and
9c. Figure 8b and 8c shows a much clearer similarity between
DAS and temperature time series. At the same time, the experiment
with the tight-buffered fiber (Figure 9b and 9c) shows a clear
deviation of DAS measurements from the temperature log for rapid
heating/cooling intervals. Most likely, the deviation from the linear
trend is caused by the presence of a tight coating
(acrylate layer), which is firmly bound to the

a) DTS temperature change, CRC5 plastic fiber layer and experiences too rapid
£ 1200 ;Zf;z::;u'ebis B heating and cooling. Relatively fast temperature
; 1400 Sk 30 G variations cause quite complicated interaction
& 1600 eroration intervale sy u o &  between the acrylate coating and the fiber itself
e hosmpere (e ne below 306 due to the different thermal characteristics of these
b) 12:00 R b i =0 b two materials (two orders of magnitude higher for
E 2000 DASiciats, sufscarcatile acrylate than glass: 75 versus 0.55 pe/°C). In ad-
B iifi’f‘:'r:]ismb“m" s . I 5 @ dition, the thermal expansion coefficient and stiff-
§ across all the channels u 0 £ ness of plastic coating depend on the temperature
£ — _30 2 that also can cause nonlinear dependence between
12:00 18:00 00:00 06:00 12:00 18:00 e strain and temperature change at low tempera-

9 150 _ DAS da:a' CRCS well (before compensation) tures, as plastic becomes stiffer. Nevertheless,
% 1600 Temperafure_ sang) ai‘f s : 5 = the right part of the crossplot in Figure 15¢ shows
B 1700 ::I::I:t':" '"It:"l’a' u 0 £ llpear behaylor (the blue line). The‘lmelar c'oefﬁ-
a Cleline —30 % cient for this part is 10.5 pe/°C, which is slightly
12:00 18:00 00:00 06:00 12:00 18:00 A higher than the thermal coefficient obtained for

d)1 500 DAS data, CRC5 well (after compensation) the bare fiber (9.1 pe/°C). The higher value for
E S - E 4 = the tight-buffered fiber can be explained by the
g p;’,?fr’;fiof;t“;, BTN - ' 3 3 influence of the tight plastic coating, which can
3 17997 compensation g E result in a larger cumulative thermal effect. How-
12:00 18:00 00:00 06:00 12:00 18:00 —303 ever, in the linear segments, the estimated values
Time (HH:MM) for both tested fibers are close and comparable to

Figure 14. DTS and DAS data recorded during water injection in the CRC-5 well.
(a) DTS data recorded in the CRC-5 well, (b) DAS data recorded along the surface part
of the DAS cable, and (c and d) CRC-5 DAS data before and after signal compensation.

the thermo-optic coefficient for silica (%10 pe/°C).

Figure 16 shows crossplots between DTS
temperature change and DAS strain for four dif-
ferent injections (wells). Figure 16a—16d shows

NGL well i ight- i

a) 0 b) 500 Lab (bare fiber) ¢) 500 Lab (tight-buffered fiber) ,
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Figure 15. Crossplots between DAS strain and temperature change for the NGL well and laboratory experiment: (a) NGL well (ice level 26 m);
(b) bare fiber in water bath (averaged); and (c) tight-buffered fiber in water bath (averaged).
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Figure 16. Strain-temperature crossplots between DAS and DTS data recorded during water injections at Otway site. The black plots show
relation between temperature change and strain before compensation of acquisition noise; the blue plots show data after compensation of the
acquisition noise. (a and b) Water injection in CRC-4, (c and d) water injection in CRC-5, (e and f) water injection in CRC-6, and (g and h) water

injection in CRC-7.

DAS-DTS values relationship before signal compensation and
Figure 16e—16h shows corresponding data after the signal compen-
sation. The crossplots include data recorded at 10 m intervals from
100 to 1500 m MD (only above the perforation). The orange lines
in Figure 16 show a linear regression estimated for each data set.
Estimated linear coefficients (slopes) correspond to the strain-tem-
perature dependencies specific for each borehole setup.

Figure 16a—16d demonstrates linear dependency between in-
duced DAS response and temperature change. However, quite
strong deviations from a linear trend can be observed for some
depths (especially in Figure 16b and 16d). Estimated strain-temper-
ature coefficients change from 3.9 pe/°C for the CRC-5 well to
7 pe/°C for the CRC-6 well.

Corrected data shown in Figure 16e-16h demonstrate much
clearer linearity between DAS and DTS and higher estimations
for strain-temperature coefficients. Higher coefficients for the cor-
rected data (Figure 16e—16h) indicate that the applied signal com-
pensation is a valid operation that helps to retrieve more accurate
DAS measurements. Increased strain-temperature coefficients
(9.5 pe/°C on average) are close to the estimation made in the labo-
ratory experiment for a bare fiber (Figure 15b) despite different
DAS interrogators used in these two studies.

CONCLUSION

To examine DAS strain-rate response and its sensitivity to chang-
ing temperature conditions, we performed three separate tests using
the following setups: research NGL well with the FO cable ce-
mented behind the casing, controlled laboratory measurements with
two different fibers, and field borehole FO recordings of water
injections in four wells at the Otway site. Phase-based DAS is

sensitive to temperature time derivative and is able to register very
low-frequency signals (<0.01 Hz). Our results demonstrate a linear
relationship between DAS response and temperature change. The
proportionality constant in these linear relationships has different
values for different types of DAS cables and installations, but it
is all of the same order of magnitude (from 2.9 to 10.5 pe/°C).

The rapid temperature change has a significant effect on DAS
measurements and must be taken into account in time-lapse DAS
seismic monitoring applications and especially in passive monitor-
ing with the usage of low frequencies.

Knowing a linear dependency between strain and temperature,
we can potentially remove low-frequency temperature-related noise
from DAS data or use DAS records to estimate temperature varia-
tions along the FO cable. Thus, DAS can be potentially used to track
temperature changes in the absence of DTS or other direct temper-
ature measurements. However, the usage of DAS and DTS together
can be very beneficial because it would allow estimating the thermal
effect on DAS measurements and can help separate the temperature
effect from the acoustic (seismic) signal.

The data analysis shows that DAS measurements can be affected
by the artificial equipment-related noise that should be removed
from data before low-frequency data analysis. It is caused by tem-
perature variations in the room housing the acquisition unit and af-
fects the interrogator itself (shown in Curtin/NGL well experiment
and iDASv2). This noise appears as a common-mode signal, which
is closely correlated with the room temperature. Similar equipment-
related noise was observed during water injections in Otway
(iDASv3). We observed a weakened temperature signal for the
cable section that was affected by the cold water and an artificial
signal for the section that was not affected by any temperature varia-
tion (adjacent borehole). Thus, this noise possibly appears because
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of internal measurements processing (common-mode subtraction).
The described noise can be estimated using a reference (not affected
by any signals) piece of fiber and subtracted from the data.
Many other aspects such as DAS acquisition parameters (gauge
length and pulse length), types of interrogators, type of cable, cable
installation designs, etc. influence the DAS measurements. Overall,
it is apparent that the combination of a particular FO cable, specific
interrogator unit, and deployment strategy should be considered,
assessed, and operated as a single acquisition system in which each
component has its own contribution to the data quality.
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Distributed Acoustic Sensing (DAS) is a fast-developing technology and is being actively used in geophysical
monitoring applications. DAS technology is based on continuous measurements along a fibre-optic cable and can
record seismic waves/signals that induce axial strain in the cable. Most DAS systems are designed to measure
signals higher than 1 Hz; however some DAS systems are sensitive to low-frequency (< 1 Hz) signals such as
reservoir pressure variations.

At the time of CO2 injection within the CO2CRC Otway Project, pressure related strain-rate DAS signals were
observed in two monitoring wells. These signals are highly correlated with the pressure signals measured by
borehole pressure gauges above the perforations in monitoring wells.

Comparison of DAS measurements and pressure measurements shows a linear relationship between the two
datasets. Analysis of data shows that DAS is able to detect reservoir pressure variations higher than 10~ psi/s.
Analysis of pressure variations and strain calculated from DAS strain rate values allows estimation of the elastic
modulus of the reservoir formation.

Obtained results show that DAS systems can be utilised not only as seismic sensors, but also as continuous
pressure sensors that can help track possible CO5 leakages into the overburden. In contrast to traditional pressure
gauges, DAS is also capable of tracking the pressure profile along the entire well. DAS pressure sensing capa-
bilities open up many new applications to complement subsurface reservoir pressure monitoring, CCUS and
hydrogeological studies.

1. Introduction monitoring applications as a continuous borehole vibrational sensor

instead of traditional geophones or hydrophones (Parker et al., 2014).

Monitoring of the injected CO, is one of the key components of
Carbon Capture Utilisation and Storage (CCUS) technology, as it allows
the prediction, monitoring and tracking of the CO2 plume. It can also
detect possible CO2 leakages into the overlying strata or along the in-
jection/monitoring well. Monitoring in CCUS often includes borehole
pressure monitoring and borehole-based seismic monitoring (Jenkins
et al., 2017a). Borehole pressure monitoring is usually implemented
with downhole pressure gauges (transducers), which work as point
sensors and provide precise measurements of pressure and temperature
inside boreholes. Borehole seismic monitoring increasingly uses
Distributed Acoustic Sensing (DAS) technology, which provides mea-
surement along the fibre-optic cable along the entire wellbore.

DAS technology is designed to measure and record perturbations that
induce strain in the fibre-optic cable. DAS can be utilised in seismic

As one DAS cable can replace hundreds of geophones, this technology is
becoming increasingly popular in reservoir monitoring and vertical
seismic profiling (VSP) applications (Correa et al., 2017; Daley et al.,
2013; Isaenkov et al., 2021; Mateeva et al., 2014).

Another advantage of DAS compared to geophones is its very broad
frequency range. Lindsey et al. (2019) showed that subsea DAS cables
can record different types of signals below 1 Hz (such as secondary
microseisms, tide bores, sediment transport), which can be used for
ocean dynamics studies. Glubokovskikh et al. (2021) demonstrated that
borehole-based DAS can be utilised for in-depth characterisation of
ambient seismic wavefield generated by ocean waves. Lindsey et al.
(2017) and Ajo-Franklin et al. (2019) showed that telecommunication
DAS arrays can be used for a broadband seismic monitoring of earth-
quakes (broadband seismic event detection).

* Corresponding author at: Centre for Exploration Geophysics, Curtin University, 26 Dick Perry Ave, Kensington, WA, 6151, Australia.

E-mail address: evgenysidenko@gmail.com (E. Sidenko).

https://doi.org/10.1016/j.ijggc.2022.103735

Received 24 January 2022; Received in revised form 10 July 2022; Accepted 17 July 2022

Available online 29 July 2022
1750-5836,/© 2022 Elsevier Ltd. All rights reserved.



E. Sidenko et al.

Being sensitive to slow strain variations, DAS can be utilised for
monitoring reservoir temperature (Karrenbach et al., 2019; Miller and
Coleman, 2018) and pressure (Becker et al., 2017). In particular, Becker
et al. (2017) showed in their experimental study that fibre-optic cables
can be utilised to measure oscillating pressure signals at mHz fre-
quencies. In the later study Becker and Coleman (2019) demonstrated
that DAS is able to record signals at Earth tide frequencies (down to
uHz). Low-frequency DAS is also used for characterisation of induced
fractures in geological reservoirs. Becker et al. (2017) also showed that a
DAS cable attached to a borehole wall is able to record fracture dis-
placements caused by pressure variations of less than 20 Pa. Jin and Roy
(2017) demonstrated examples of using low-frequency DAS to constrain
hydraulic fracture geometry. Furthermore, low-frequency capabilities of
DAS allow it to be used as a real-time monitoring tool for early detection
of gas (kick detection) and for flow characterisation in a wellbore (Feo
et al., 2020; Sharma et al., 2021, 2020). Capability of pressure sensing
indicates that DAS can be potentially utilised as a distributed sensing
tool in harmonic pulse method for leakage detection (Sun et al., 2015). A
recent study by Ekechukwu and Sharma (2021) demonstrated that DAS
technology can be effectively used for automatic downhole pressure
prediction.

Despite the cited research on DAS sensors, their full pressure sensing
capabilities are not yet fully understood. The lack of real project dem-
onstrations does not allow the DAS technology to be recognised as a
continuous pressure sensor that can be efficiently utilised in different
areas such as CO; injection monitoring, hydrogeological studies, bore-
hole leakage detection.

The most straightforward fibre-optic technique for monitoring stress
variations caused by pressure changes is Distributed Strain Sensing
(DSS). However, the CO2CRC Otway project monitoring system is pri-
marily designed for seismic monitoring of the injected CO», and does not
include DSS measurements. Nevertheless, rapid pressure changes can
still be monitored using dynamic (strain rate) measurements with DAS.
This is a situation in many field projects, and therefore it is important to
understand how effective this method is, its accuracy and limitations.
These issues are investigated in this paper.

In this study we explore the capabilities of DAS technology as a
continuous pressure sensor in an active CCUS project. To this end, we
describe the DAS strain rate response to reservoir pressure changes
during CO; injection at the CO2CRC Otway injection site. We analyse
DAS data and borehole pressure gauge data recorded in monitoring and
injection wells. Analysis of low-frequency DAS response indicates a
linear relationship between pressure-induced strain rate (time deriva-
tive of strain) and pressure variation. Sensitivity of DAS to reservoir
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pressure change suggests that DAS can be utilised for CO; monitoring
not only as a seismic sensor, but also as a continuous pressure sensor that
can help detect and accurately locate CO; leakages.

2. Data: CO2CRC Otway project

The data were acquired in the scope of CO2CRC Otway Project, a
pilot research initiative of onshore CO, geosequestration in Australia
(Cook, 2014). Stage 3 of the Otway project is focused on borehole-based
monitoring of a small (15 kt) injection of supercritical CO; into a saline
aquifer through the CRC-3 (Isaenkov et al., 2021; Jenkins et al., 2017a,
b). This injection well and four monitoring wells (CRC-4, 5, 6, 7) are
being used for the seismic, temperature and pressure monitoring. Fig. 1
shows the well trajectories (black lines) in plane (a) and 3D (b) views
(Glubokovskikh et al., 2016).

All the wells are equipped with fibre-optic sensing equipment: fibre-
optic cables are cemented behind casings and connected to DAS (Silixa
Carina systems) and DTS (Silixa Ultima DTS) interrogators. A simplified
schematic of the fibre-optic cable deployment for CRC-3, CRC-4 and
CRC-5 is shown in Fig. 2. The CRC-3 and CRC-4 share the same fibre-
optic cable for DAS acquisition. This acquisition design allows the use
of a single DAS interrogator for simultaneous data acquisition in several
wells. The cable covers the CRC-4 first (standard single-mode fibre
downhole and engineering fibre uphole) and then CRC-3 (engineering
fibre downhole only). DAS data from CRC-5 is acquired with a separate
interrogator, which collects data from the CRC-5 well and along a sur-
face line also using a single continuous fibre-optic cable. Temperature
data is acquired with two different DTS units for the CRC-3 and CRC-4;
however, the CRC-4 shares the continuous multimode cable with the
CRC-5 (Fig. 2). A more detailed description of the Otway project Stage 3
setup can be found in (Isaenkov et al., 2021).

As shown in Fig. 1b, both CRC-4 and CRC-5 are slightly deviated (not
shown in Fig. 2) from approximately 700 m measured depth (MD) to the
bottom. All the wells are perforated at the Paaratte formation depth
interval and equipped with downhole pressure-temperature gauges
installed above perforations. CRC-3 has two downhole pressure/tem-
perature gauges installed below and above perforation. These pressure-
temperature gauges are single point receivers and can be used as a
reference for fibre-optic sensing data recorded at the same depth.

3. Low-frequency pressure signal on DAS passive recordings

Injection of supercritical CO2 within the CO2CRC Otway Project
provided an opportunity to analyse the pressure response of DAS using

b) ® well trajectories
*  perforation intervals
horizontal projections
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Fig. 1. Otway site map (a) and well trajectories overlaid with Otway site velocity model (b). Black lines show projections of monitoring wells trajectories (CRC-3,

CRC-4 and CRC-5) on the surface. CRC-3 is a subvertical injection well.
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data from borehole pressure gauges and data recorded by DAS cables
cemented in monitoring and injection wells. The DAS response to
pressure changes has been observed in CRC-4 and CRC-5 during the CO,
injection in CRC-3. As mentioned earlier, CRC-3 and CRC-4 are con-
nected to the same DAS unit via the same fibre-optic cable, while CRC-4
and CRC-5 are connected to the same DTS unit via the same cable
(Fig. 2). Low-frequency DAS measurements in a particular borehole can
be affected by signals (artificial noise) from another borehole if they are
being acquired using the same continuous cable connected to the same
DAS interrogator. Thus, comparison of pressure responses between CRC-
3 and CRC-5 is more appropriate as these wells are monitored using
different DAS interrogators. More details about this issue can be found in
the Discussion section and in Sidenko et al. (2021).

Fig. 3 shows DAS response to a pressure change in the CRC-5. Fig. 3a
shows DAS data recorded in the 1400 — 1650 m MD interval. The data
were smoothed by a moving average filter in 800 s time window. A
yellow signal above 1650 m MD indicates noise at the perforation in-
terval of the CRC-5 (1637 — 1650 m). This noise can be possibly related
to some filtration processes through the perforation. A blue signal
matches the pressure change in CRC5 and corresponds to the strain-rate
signal caused by the pressure change in the reservoir. The pressure
signal on DAS is present only at the top of the perforation interval and
slightly above. Fig. 3b shows hydrostatic pressure recorded in CRC-3
(purple curve) and CRC-5 (blue curve) wells. Note that pressure for
CRC-3 and CRC-5 shown in different vertical scales indicated on the
right and left axes, respectively. Fig. 3b shows the significant pressure
increase in the CRC-3 around 2:30 am UTC due to the CO» injection into
the formation. Approximately at 2:50 am, pressure starts to increase in
the CRC-5 as recorded by the borehole pressure gauge installed right
above the perforation interval at 1630 m MD (Fig. 2). The interval be-
tween 3:00 and 4:00 am UTC corresponds to the maximum pressure
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change (dp/dt) in the CRC-5. During this time interval, the DAS response
shows a strong signal in the upper part and slightly above the perfora-
tion interval. The DAS pressure signal begins to decrease after 4:00 am
and disappears after 4:30 am UTC as the pressure change (dp/dt) is
significantly decreasing. These observations indicate that DAS is sensi-
tive to the pressure change (pressure time derivative, dp/dt) and can be
utilised to monitor pressure distribution (relative pressure change)
along the well or/and to detect any potential leakages along the well.

To analyse the DAS pressure response in more detail, in Fig. 4 we
show continuous DAS recordings made during an inconsistent working
regime of the compressor (pump), when the injection pressure (recorded
by a pressure sensor in CRC-3) rose and dropped periodically within a 48
hours’ time interval.

Fig. 4c shows the pressure and temperature response recorded in
CRC-5 by the borehole pressure/temperature gauge installed at 1630 m
MD. The blue line indicates periodic pressure variations in the CRC-5.
The maximum pressure variation (difference between highest and
lowest pressure) reached almost 3 psi in CRC-5. The orange line shows
the temperature variation. It is clear that the temperature in CRC-5 is
virtually constant (observed variation < 0.05 °C). Thus, there should not
be a temperature related DAS strain rate signal (Sidenko et al., 2021).
Fig. 4a shows a smoothed DAS response to the pressure change. The
periodic DAS signal in Fig. 4a shows a good match with the pressure
change shown in Fig. 4c. The strongest response can be observed at
1635-1640 m MD interval, which corresponds to the top of the perfo-
ration interval. Fig. 4b shows a comparison between the DAS strain rate
at 1635 m MD (black line) and pressure time derivative dp/dt (blue
curve) corresponding to the DAS channel at 1635 mMD indicated by the
thin horizontal black line in Fig. 4a. The DAS strain rate response repeats
most of the features of the pressure time derivative curve. This indicates
that there is a near-linear relationship between strain rate recorded by
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Fig. 4. CRC-5 pressure response to CO, injection in CRC-3. (a) - low-frequency DAS response around the perforation interval; (b) - DAS strain rate (black curve) and
CRC-5 pressure time derivative (blue curve) comparison (strain rate response corresponds to the DAS channel at 1635 m MD indicated by the thin horizontal black
line in plot “a™); (c) — pressure (blue) and temperature (orange) recorded by the borehole pressure gauge installed in CRC-5.
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DAS and pressure time derivative. Comparison of the strain rate and
pressure data recorded in CRC-5 well indicates that DAS in CRC-5 can
accurately record pressure change signals at or above 1610~ psi/s.

4. Measurements analysis

The effect of fluid pressure on the DAS response can be quantified by
stress-strain relations for a porous rock, which for an isotropic rock can
be written as (e.g., Detournay and Cheng (1993), eq. (105); Jaeger et al.
(2007), eq. (7.42))

O + apdy; = 24t * £x; + A x € % 5. 1)

where ¢y is the total stress tensor, xex; the strain tensor of the solid
frame, xex = %exp = *Ekxx + *E%yy + *€%5; the volumetric strain, p the
fluid pressure, A and y the Lamé constants of the frame (so-called drained
moduli), a the Biot effective stress coefficient, and §; the Kronecker
delta. Injection of fluid into a layer of reservoir rock results in the change
of the fluid pressure p, which, according to Eq. (1) results in deformation
of the rock. According to the strain convention, a positive normal stress
corresponds to tension (Detournay and Cheng, 1993). In contrast,
pressure is usually defined as positive in compression: p = — (o{(x +
a{,y + aﬁz) /3, where o;; is the (diagonal) stress tensor in the fluid. For a
laterally confined (or laterally infinite) reservoir, the horizontal strains
are Zero, x&xy = &%y, = 0 and hence xex = xex,; Then, Eq. (1) for the
vertical stress o, reduces to

Gt ap = (+2p0) % 5, ©)

cf. Jaeger et al. (2007), eq. (7.100). For a horizontally layered earth, the
vertical total stress is the lithostress resulting from the weight of the
overburden layers, and is thus independent of the injection pressure, so
that 6,, = 0. Then, Eq. (2) reduces to

ap = (l+2ﬂ) * Ekyp 3)
or

a
= L ) 4
&= Tyl (4)

where A+ 2u is the P-wave modulus of the dry frame. For a mono-
mineralic rock (for example, quartz sandstone) with a mineral bulk
modulus K,

K

a=1-2 (5)

where K= 1+ 2u/3 is the drained bulk modulus (Detournay and
Cheng, 1993; Jaeger et al., 2007). From Caspari et al. (2015), the dry
bulk modulus K of core samples from the reservoir level are about 8 GPa.
Together with the quartz bulk modulus K,= 37 GPa, Eq. (5) gives
a ~ 0.8. Note that for such high-porosity rocks, a is relatively insensi-
tive to K.

The strain induced in the fibre-optic cable should be inversely pro-
portional to the P-wave elastic modulus. The strain rate measured by
DAS should then be proportional to the effective pressure change:

de,, dp a
z _ 9P 6
dt dt <ﬁ + 2;4) ®

Such linear proportionality between DAS strain rate and pressure
time derivative is shown in Fig. 4.

From these plots, the ratio of the induced pressure to DAS strain is
about 8 GPa. According to Eq. (6), the corresponding theoretical value
from the measured moduli (Caspari et al., 2015) is (A+2u)/a
= (K+4u /3)/a ~ 23 GPa, i.e., three times higher. Note that theoretical
values are derived from measured compressional and shear wave ve-
locities, and thus correspond to so-called dynamic moduli, whereas the
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ratio of pressure to strain corresponds to static moduli, which are rele-
vant for geomechanical observations. Dynamic moduli are typically
higher than static. The factor of 3 difference between dynamic and static
moduli is reasonable for soft sandstones (Cheng and Johnston, 1981)
and is usually attributed to the contribution of plastic deformation.
There may be some confusion with the use of the terms static and
dynamic. As discussed earlier, DAS responds to the strain rate, and in
this sense, is a dynamic measurement in contrast to strain sensing, which
is (quasi-)static. However, in rock mechanics, the term “dynamic
moduli” refers to moduli obtained from elastic-wave velocities (seismic,
acoustic or ultrasonic), while moduli obtained from explicit measure-
ments of stress and strain are called static. In this sense, the moduli
obtained from DAS and pressure-gauge measurements are static.

5. Discussion

DAS systems are primarily designed to record vibrational signals at
frequencies commonly used in seismic exploration. Therefore, not every
DAS system can provide reliable measurements below 1 Hz. Neverthe-
less, some DAS systems are sensitive to far lower frequencies than 1 Hz;
however, their sensitivity does decline with decreasing frequency. Thus,
DAS is mostly expected to be sensitive to short but strong signals
(Becker et al., 2017). In this sense, ideally Distributes Strain Sensing
(DSS) systems would be the best method for such a study. But in the
absence of that, strain rate DAS can provide reliable measurements for
relatively rapid pressure changes (up to several hours). The strain is
reconstructed from strain rate by integrating the DAS response, and thus
is only known subject to an integration constant or a slow trend.

Indeed, DAS strain rate responds to dynamic pressure change
(pressure time derivative). However, as pressure variation drops with
the distance from the injector, the ability to detect dynamic pressure
changes over large distances depends on the geological setting. In the
Otway setup, DAS detected no obvious pressure-related signals in CRC-6
or CRC-7 wells, which are ~1 km away from the injection CRC3 well.

Traditional borehole pressure gauges can provide more precise
pressure estimates in the borehole environment and can be used for
inter- or cross-well communication detection, leakage detection, pres-
sure monitoring and tomography (Jenkins et al., 2015). However,
traditional pressure gauges are usually based on electrical transducers
that may fail in harsh environments with high-pressure and/or high
temperature (Becker et al., 2017). Borehole gauges also require cali-
brations and are prone to rate measurement errors and long-term drift
(Unneland et al., 1998). Moreover, borehole gauges provide measure-
ment only at a few points along the wellbore. In contrast, DAS uses a
fibre-optic cable, which does not have electrical parts, is insensitive to
electro-magnetic signals and can withstand harsh borehole environment
conditions. In addition, DAS provides continuous measurements along
the entire length of the cable.

As mentioned earlier, CRC-3 and CRC-4 are connected to the same
DAS unit via the same fibre-optic cable (Fig. 2). Low-frequency DAS
measurements in a particular borehole can be affected by signals from
another borehole if they are acquired using the same continuous cable
connected to the same DAS interrogator (Sidenko et al., 2021). In this
case DAS data can be distorted by additional artificial signal that arises
perhaps because of the compensation of common-mode signal related to
temperature variations. For instance, this can be an issue for “two wells —
one interrogator” acquisition setup. Water or CO; injection in one of the
wells creates a temperature decrease along the entire borehole. This
temperature variation causes a strong signal on DAS measurements
(almost uniform along the entire fluid injection path) which are pro-
portional to the rate of temperature change. Some DAS interrogators can
have build-in compensation algorithms, which can eliminate
common-mode temperature effect (by estimating and subtracting the
mean value along the entire fibre-optic cable). However, for the acqui-
sition setup described in this study, such common-mode noise
compensation can result in artificial signal in the second borehole not
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affected by any temperature variation (Sidenko et al., 2021). Thus, in
our experiment, comparison of pressure responses between CRC-3 and
CRC-5 is more appropriate as these wells are monitored using separate
DAS interrogators, and hence, DAS data recorded in CRC-5 should not be
distorted by the presence of the equipment/artificial noise caused by
COy, injection in CRC-3. iDASv3 systems (Silixa Carina systems), utilised
in CO2CRC Otway Project, have a fixed Gauge length of 10 m, which is
defined during the manufacturing process. Thus, we were not able to test
other gauge lengths. It is hard to predict what measurement would look
like for different gauge length without field tests. This large gauge length
may be a limitation of the study. However, since the reservoir interval is
relatively homogeneous, the DAS measurement is probably an adequate
estimate of average strain within the interval.

6. Conclusions

Results of our study show that DAS can accurately and continuously
record local pressure changes in a dynamic borehole environment.
During the Stage 3 of Otway Project we recorded a pressure response on
DAS in two monitoring wells from CO; injection in the injection well.

Comparison of pressure gauge and DAS data shows that the DAS
response is proportional to pressure time derivative and is sensitive to
pressure variations as low as 10~* psi/s. Capability of DAS to record
such minor pressure deviations opens up a perspective to utilize DAS for
CO monitoring not only as a seismic sensor, but as a continuous pres-
sure sensor, which can help track possible CO, leakages into the over-
lying formations (leakage detection). While borehole pressure gauges
provide response only from certain depth points, DAS is capable of
tracking the pressure profile along the entire well (at 1 m spacing).

The data analysis of strain-pressure relationship provided an esti-
mation of the ratio of the induced pressure to DAS strain of about 8 GPa.
The corresponding theoretical value from the measured moduli is 23
GPa, i.e., three times higher. The theoretical values are derived from
measured velocities and correspond to the dynamic moduli. Dynamic
moduli are typically higher than static, and the observed difference is
reasonable for soft sandstones.

Pressure sensing capabilities open up many new applications for DAS
technology in subsurface reservoir pressure monitoring, CCS and
hydrogeological studies. As the DAS system examined in this study re-
sponds to pressure change (pressure time derivative), its sensitivity can
be limited by the rate of pressure variations, thus, it can be insensitive to
very small and long period signals. This is the major limitation of DAS
compared to traditional borehole pressure gauges. Nevertheless, DAS
can be utilised in monitoring systems and setups that are not designed to
have a dense pressure gauge coverage. In such situations DAS can be
used to interpolate pressure data between high sensitivity pressure
Sensors.
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