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ABSTRACT

Distributed fiber-optic sensing is useful in geophysical exploration and monitoring

applications. Distributed temperature sensing (DTS) is used for measuring and monitoring

temperature and distributed acoustic sensing (DAS) for recording the seismic wavefield.

However, DAS measurements are also sensitive to temperature changes. To understand and

quantify the DAS signature of temperature changes during water injections at CO2CRC Otway

site, a series of experiments were conducted at the Curtin/NGL well research facility and Curtin

Rock-Physics Laboratory. Overall, three DAS cables were examined. Two fibers were tested in

the laboratory and one cable, which is installed behind the casing in the Curtin/NGL well, was

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 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. Obtained proportionality constants between

strain and temperature change show some dependency on the cable type/design and acquisition

setup, but are all of the same order of magnitude. DAS measurements can also be affected by
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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

signal and show that DAS can be used as a distributed temperature sensor if direct temperature

measurements are not available.

INTRODUCTION

Fiber-optic distributed acoustic sensing (DAS) is an emerging 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 both natural and industrial 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 utilized in seismic exploration. However, DAS applications often

include passive broadband monitoring of the subsurface. Since fiber-optic measurements are

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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capable of acquiring data at very low frequencies, passive DAS recording is 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), earth tides

(Becker and Coleman, 2019). Low-frequency DAS is also being utilised in different industrial

applications, such as hydraulic fractures geometry characterisation (Jin and Roy, 2017), low-

frequency strain measurements (Becker et al., 2019), multiphase flow characterisation (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). Since temperature

variations can occur in the same frequency band, they can distort 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. However, the temperature response on DAS should

not be always treated as noise. 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).

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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There are two main aspects of how DAS amplitudes can be affected 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 (2012), amplitude dependence on temperature change can be expressed as:

AD = BAT (ar + §)

where A® is the amplitude of the DAS signal (change of optical phase); @ the optical phase; AT

the temperature change; ar the thermal expansion coefficient; ¢ the thermo-optic effect

coefficient. Thermal expansion effect manifests itself as an induced strain, while thermo-optic

effect changes the refractive index of the fiber. Both of these phenomena have the same effect on

DAS measurements as they both change the travel time of the laser pulse in the fiber. For a silica

fiber, the thermal expansion coefficient is 0.5-10° °C-! (Roy et al., 1989; Feng et al., 2010) and

the thermo-optic coefficient is ~0.68-10-3 °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 as different

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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materials and compositions will expand/compress differently in response to temperature changes.

Thus, DAS response to the changing temperature is likely to depend on a particular cable setup.

In order to study the temperature effect on DAS in a controlled environment, we first run

series of experiments in Curtin/NGL well and Curtin’s rock-physics laboratory. First, in order to

estimate the order of the temperature 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-Physics Laboratory where we organised a heating/cooling setup which allowed

us to control the temperature variations. The findings of these controlled experiments are then

applied to multi-well DAS observations 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 analysed passive DAS and DTS field data recorded during water

injections within the Otway CO2 geosequestration project.

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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All experiments show that DAS is sensitive to long-period temperature 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

temperature and should be calibrated/tested separately. Also, 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 utilized an iDASv2

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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(Silixa Ltd) interrogator and BandWeaver DTS (Bandweaver) connected to a fiber-optic (FO)

cable cemented behind the casing of the 900 m deep Curtin/NGL well. The cemented fiber-optic

cable is a non-metallic armoured loose-tube cable carrying single and multimode fibers, which

are housed in individual plastic buffer tubes filled with gel. Figure 1a shows the location of 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

temperature change, we drop 50 kg of ice into the well. The ice stayed at a water level around 30

m deep. The ice melted and cooled the borehole water, which caused the temperature decrease of

the well’s casing and the fiber-optic cable cemented behind it. Figure 2 shows the DTS and DAS

data recorded during this experiment. Figures 2a and 2b show four days of DTS data and its time

derivative. DTS recording uses 1 m channel spacing. Figure 2c shows 24 hours of DAS data

decimated to 5 m channel spacing. The vertical dotted black lines in Figures 2a and 2b indicate

the start and end times of the DTS record shown in Figures 2c. The temperature anomaly is

clearly visible on both DTS and DAS data recorded on 07/08/2020 at the same depth level

around 25-30 m.

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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DTS data are shown in Figure 2a as a temperature change with respect to the baseline

(ambient temperature distribution) temperature. Both 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 the next chapter). The response from the introduced

ice can be traced on DTS data over 2 to 3 days. DAS measurements demonstrate a shorter visible

response of only ~3-4 hours. 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

while 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-frequency random noise,

DAS and DTS recordings contain low-frequency periodic common-mode noise of unknown

origin (shown with 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 the DAS traces. It

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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seems that a similar sensitivity to environmental temperature 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 suggest that it is most likely related to

the changing ambient temperature conditions in the acquisition room housing both 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-frequency DAS signal (strain rate) recorded with the fiber optic cable

cemented 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 to 800 m depth interval in the well (black line)

and logged room temperature (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

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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same origin. Positive DAS values correspond to the decreasing room’s temperature, and vice

versa (note that the ice in the borehole caused negative DAS values). Black and orange curves do

not have to perfectly match each other as 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 signal in DAS and DTS recordings is

not related to changing conditions in the borehole and should be filtered out or suppressed for

further analysis.

To separate the signal of interest (response from the ice) from ambient-temperature

related noise (common-mode noise), we estimated a noise trace for both DAS and DTS by

averaging the recorded data over the depth range of 600-800 m. Figure 5 shows DAS data before

(a,b) and after (c) common-mode noise removal. Horizontal dashed lines in Figure 5a indicate

the depth interval used to estimate the DAS common-mode noise. The estimated trace is then

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 paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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This calibration allowed us to highlight the response of DAS and DTS to the temperature

change caused by the ice placed in the borehole. Figure 3 shows DAS and DTS recordings

before and after noise subtraction for two different depths in the NGL well. Figure 3a and Figure

3c show DTS response at the depth of 26 m and 847 m; Figure 3b and Figure 3d show the DAS

response at at the same depth points. The depth of 26 m corresponds to the “ice” level; depth 847

m corresponds to the interval with no expected temperature change (signal should be constant for

both DAS and DTS). All four plots (a,b,c,d) in Figure 3 present two traces: before and after

acquisition noise removal. Black arrows in Figure 3 indicate the acquisition (room) noise. The

amplitude of this noise in DAS data is comparable with the temperature response signal. DAS

data is also complicated 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 acquisition noise, there is no visible signal at 847 m in both 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),

Figure 6b shows DAS strain (black) and DTS (orange). The temperature strain-rate on DAS is

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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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 DAS and

temperature recordings can be used to estimate DAS strain-rate response to the temperature

change for a particular acquisition system as demonstrated below.

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

insights on the influence of different fiber-optic cables on such temperature response. The

laboratory setup is schematically shown in Figure 7.

We utilised 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

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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(the fiber submerged 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 before and after the water bath).

Both experiments were conducted with several cycles of heating and cooling.

Figure 8 and Figure 9 show the results of the laboratory test with bare and tight-buffered

fibers, respectively. Figure 8a and Figure 9a show the filtered (moving average smoothing) DAS

strain-rate response for all DAS channels. White dashed 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: yellow colour indicates heating cycles; blue colour corresponds to cooling periods. The

temperature logs are shown in orange colour in Figure 8c and Figure 9c, the time derivatives of

temperature are shown in Figure 8b and Figure 9b (orange colour). Black curves in Figures 8b-c

and Figures 9b-c correspond to averaged DAS responses (average trace computed for the

channels between two black lines in Figure 8a and Figure 9a) and strain values calculated from

DAS strain-rate amplitudes using integration, respectively.

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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In the bare fiber test, the DAS strain-rate response is very close to the temperature

derivative (Figure 8b), while the strain calculated from the DAS strain rate looks similar to the

temperature log (Figure 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-c). However, 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 temperature time derivative (d7/dr)

and DAS response (strain rate, d&/df) 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-temperature dependence for a particular DAS-cable combination. To analyse this in

more detail, later in the paper we estimate this dependency between strain and temperature

change for both laboratory tests and for the borehole ice experiment.

WATER INJECTIONS AT THE OTWAY SITE

CO2CRC Otway Site

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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CO2CRC Otway Project is a pilot research project focused on the geological

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 monitoring 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, 7) are being used for seismic, temperature and pressure monitoring. Figure 10

shows the Otway site map with overlaid monitoring well trajectories. All five wells are equipped

with fiber-optic sensing equipment: fiber-optic cables are cemented behind the casings and

connected to DAS (Silixa Carina systems) and DTS (Silixa Ultima DTS) interrogators. A

simplified schematic of fiber-optic cable deployment for the CRC-6 and CRC-7 wells is shown

in Figure 11. The CRC-7 and CRC-6 wells share the same fiber-optic cable for DAS acquisition.

Such acquisition design allows the use of a single DAS interrogator for two wells. The cable

covers the CRC-7 well first (standard single-mode fiber downhole and engineering fiber uphole)

and then CRC-6 (engineering fiber downhole only). DTS data is being acquired separately for

both wells using a downhole-uphole cable loop design. Similarly to CRC-6 and CRC-7, CRC-4

and CRC-3 share the same DAS cable connected to the same interrogator (CRC-4 first, CRC-3

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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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 description of the Otway

project Stage-3 setup can be found in Isaenkov et al. (2021).

Both 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 around 1500 m MD and equipped with downhole

pressure-temperature gauges installed above perforations. Pressure-temperature gauges are single

point receivers and can be used as a reference for fiber-optic sensing data recorded at the same

depth.

Water injections

The Otway monitoring design includes pressure 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. During 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 temperature is changing (decreasing) at each depth along the borehole due to the

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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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) variations recorded by borehole gauges are shown in Figures 12a-b. The

temperature decrease can reach as much as 25°C. Pressure and temperature changes shown in

Figures 12a-b clearly indicate the start and end of water injections in the CRC6 and CRC7 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.

Figures 12¢c-d show spectral density calculated for both wells for a single DAS channel located

right above the perforation interval. Corresponding borehole pressure and temperature gauge

responses are shown in Figures 12a-b.

The spectrograms in Figure 12 shows the change of the frequency content in the range

0.008-10 Hz over time. The frequency band between 0.1 and 1-1.2 Hz contains mainly the signal

from secondary oceanic microseisms (Bromirski, 2002; Nishida, 2017; Glubokovskikh et al.,

2021). The dashed ellipses show the temperature response on DAS spectrograms during the
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© 2022 Society of Exploration Geophysicists



e 190of 57 GEOPHYSICS

Geophysics 19

water injection in the CRC-6 well. The temperature 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), warming up process corresponds to the temperature equilibration 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 dashed

ellipses). However, there is no evidence (Figure 12b) of temperature change in the CRC-7 well

during injection in CRC-6 (and vice-versa). Thus, the anomaly in the adjacent CRC-7 well is

artificial and can be explained with the measurement calibrations inside the DAS interrogator

that acquires monitoring data from both 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 artefacts and could be caused by a direct (strong)

temperature impact on the cemented fiber-optic cable. Injection in the CRC-7 well started 24

hours 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

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
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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

In order to quantitatively estimate the relationship between DAS measurements 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 injection in the CRC-6 well. Figure 13a

shows DTS data: the temperature change in the CRC-6 well. Figure 13b shows DAS data from

the CRC-7 well. Figures 13c-d show DAS data from the CRC-6 well before and after correction

respectively. All data in Figure 13 are shown after the removal of the high-frequency component

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 (Figures 12a). As water is being injected into the formation through the perforated
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interval around 1500 m MD, there is no evidence of the temperature change below the perforated

interval (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

continuous periodic events that occur mainly around the perforation depth. These events

correspond to broadband spikes on the DAS spectrogram (Figures 12c). They are most probably

related to deformations 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 along the entire length of the well (Figure 13b). As there is

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.

© 2022 Society of Exploration Geophysicists



GEOPHYSICS Page 22 of 57

Geophysics 22

no evidence of temperature change either in the CRC-7 or CRC-6 well below the perforation,

there should be no physical reason that could cause this effect on DAS measurements in the

borehole (CRC-7). As such, this signal can be treated as an artificial acquisition noise. The

existence of this noise in each well can be explained by the fact that DAS data in both wells are

being recorded simultaneously by different parts of the single cable connected to a single

interrogator (Figure 11). As most of the data in CRC-6 is 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 estimated 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 dataset (Figure 13d). After the subtraction, there is no low-

frequency signal related to the temperature change below the perforation interval.

Figure 14 shows an example of DAS and DTS data recorded during water injections in

the CRC-5 well. Similarly to the injection in CRC-6, DTS shows no temperature change below

the perforation interval (Figure 14a), 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).
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After subtraction of the artificial noise estimated outside the injector well, the signal below

perforation 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 described acquisitions) allows us to estimate the

overall coefficient for a particular fiber-optic cable or DAS acquisition setup for all previously

described sets of data. To this end, we explore whether this coefficient differs between different

cables depending on the installation design. In order to estimate thermal coefficients for all

setups, we built cross-plots between strain estimated from DAS amplitudes and temperature

change relative to the starting point (baseline value). Cross-plots for the NGL well and

laboratory experiments are shown in Figure 15. To build these plots we took 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 ¢ show results

from the lab measurements with a bare fiber and tight-buffered fiber, respectively.
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To estimate thermal coefficients (microstrain per degree Celsius) for the Curtin/NGL

well experiment and laboratory test with the bare fiber, we used linear regression. Cross-plots for

these two experiments clearly demonstrate the linear relationship between strain and temperature

change. Estimated linear trends are shown in orange (Figure 15a) and green (Figure 15b) colours.

The estimated strain-temperature change coefficient for cable cemented in the NGL well
is 2.9 ue/°C and 9.1 pe/°C for the bare fiber tested in the laboratory. Each coefficient represents
the overall thermal 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 (% = § k Ny = 105 °C ~1, where n, 7 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 suggested 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 (both 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.

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition.
© 2022 Society of Exploration Geophysicists



e 25 of 57

GEOPHYSICS

Geophysics 25

The trend for the tight-buffered cable (Figure 15¢) is not perfectly linear. Significantly

different behavior can be observed from temperature-strain plots in Figures 8b-c and Figures 9b-

c. Figures 8b-c shows a much clearer similarity between DAS and temperature time series. At

the same time, the experiment with the tight-buffered fiber (Figures 9b-c) 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 plastic fiber layer and experiences too rapid heating

and cooling. Relatively fast temperature variations cause quite complicated interaction between

the acrylate coating and the fiber itself due to the different thermal characteristics of these two

materials (two orders of magnitude higher for acrylate than glass: 75 vs 0.55 ue/°C). Also, the

thermal expansion coefficient and stiffness of plastic coating depend on the temperature. That

can also cause non-linear dependence between strain and temperature change at low

temperatures, as plastic becomes more stiff. Nevertheless, the right part of the cross-plot in

Figure 15c shows linear behavior (blue line). The linear coefficient for this part is 10.5 pe/°C

which is slightly higher than the thermal coefficient obtained for the bare fiber (9.1 pue/°C). The

higher value for the tight-buffered fiber can be explained by the influence of the tight plastic
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coating, which can result in a larger cumulative thermal effect. However, in the linear segments,

the estimated values for both tested fibers are close and comparable to the thermo-optic

coefficient for silica (=10 pe/°C).

Figure 16 shows cross-plots between DTS temperature change and DAS strain for four

different injections (wells). Figures 16a-d show DAS-DTS values relationship before signal

compensation and Figures 16e-h show corresponding data after the signal compensation. The

cross-plots include data recorded at 10 m intervals from 100 to 1500 m MD (only above the

perforation). Orange lines in Figure 16 show a linear regression estimated for each dataset.

Estimated linear coefficients (slopes) correspond to the strain-temperature dependencies specific

for each borehole setup.

Figures 16a-d demonstrate linear dependency between induced DAS response and

temperature change. However, quite strong deviations from a linear trend can be observed for

some depths (especially in Figure 16b and Figure 16d). Estimated strain-temperature coefficients

change from 3.9 ug/°C for the CRC-5 well to 7 pe/°C for CRC-6 well.
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Corrected data shown in Figures 16e-h demonstrate much clearer linearity between DAS
and DTS and higher estimations for strain-temperature coefficients. Higher coefficients for the
corrected data (Figures 16e-h) indicate that the applied signal compensation is a valid operation
that helps to retrieve more accurate DAS measurements. Increased strain-temperature
coefficients (9.5 ue/°C on average) are close to the estimation made in the laboratory experiment

for a bare fiber (Figure 15b) despite different DAS interrogators used in these two studies.

CONCLUSIONS

To examine DAS strain-rate response and its sensitivity to changing temperature
conditions, we performed three separate tests using the following setups: research NGL well with
the fiber optic cable cemented behind the casing; controlled laboratory measurements with two
different fibers and field borehole fiber-optic 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 theses linear
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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 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

monitoring with the utilisation 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 variations along the fiber-optic cable. Thus, DAS can be potentially utilised to track

temperature changes in the absence of DTS or other direct temperature measurements. However,

utilisation of DAS and DTS together can be very beneficial, as 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 temperature variations in the room housing the acquisition unit and affects the
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interrogator itself (shown in Curtin/NGL well experiment, 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 weakened

temperature signal for the cable section that was affected by the cold water and artificial signal

for the section that was not affected by any temperature variation (adjacent borehole). Thus, 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 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 fiber 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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LIST OF FIGURES

Figure 1. Schematic of NGL well experiment.

Figure 2. DTS and DAS response to the temperature change in the Curtin/NGL well. (a) -

DTS response after temperature baseline subtraction, (b) - DTS time derivative, (c) — DAS

strain-rate response.

Figure 3. DTS and DAS before and after common-mode noise removal. Common-mode

noise is indicated by black arrows. Red arrows indicate DAS strain-rate response to the
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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; (d) — DAS signal at

847 m depth before and after common-mode noise removal.

Figure 4. DAS strain-rate response (common-mode noise) to changing room temperature.

(a) — DAS signal in the NGL well; (b) — DAS averaged signal and temperature recorded in the

acquisition room.

Figure 5. Ice response on DAS data. (a) — the whole well interval before the common-

mode noise removal; (b) — first 100 m of the well before the common-mode noise removal; (c) —

first 100 m of the well after the common-mode noise removal. Dashed line in (a) shows the depth

interval used to estimate the DAS common-mode noise.

Figure 6. Comparison of DAS and DTS responses. (a) — DAS strain rate response (black

curve) and time derivative of temperature/DTS (orange curve); (b) - strain (black curve)

calculated from DAS strain rate and DTS response (blue curve).

Figure 7. Schematic of the laboratory setup for DAS temperature test.
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Figure 8. Laboratory test on a bare fiber: (a) - DAS strain-rate response over all channels;

(b) - DAS averaged strain-rate trace (black curve) and temperature time derivative (orange

curve); (c) - DAS converted to strain (black curve) and temperature log (orange curve).

Figure 9. Laboratory test on a tight-buffered fiber: (a) - DAS strain-rate response over all

channels; (b) - DAS averaged strain-rate trace (black curve) and temperature time derivative

(orange curve); (c) - DAS converted to strain (black curve) and temperature log (orange curve).

Figure 10. Otway site map. Black lines show projections of monitoring wells’ trajectories

(CRC 4, 5, 6, 7) on the surface. CRC3 well is a subvertical injection well.

Figure 11. Schematic of the configuration of borehole fiber-optic monitoring equipment

in the CRC-6 and CRC-7 wells.

Figure 12. DAS and pressure-temperature gauges responses to water injections in the

CRC6 and CRC7 wells. (a, b) - Pressure and temperature gauge responses in the CRC-6 and

CRC-7 wells; (c, d) - spectrograms showing low-frequency strain-rate response from water

injections in the CRC-6 and CRC-7 wells.
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Figure 13. DTS and DAS data recorded during water injection in the CRC-6 well. Plot

“a” shows DTS data recorded in the CRC-6 well; plot “b” shows DAS data recorded in the CRC-

7 well; plots “c” and “d” show CRC-6 DAS data before and after signal compensation.

Figure 14. DTS and DAS data recorded during water injection in the CRC-5 well. Plot

“a” shows DTS data recorded in the CRC-5 well; plot “b” shows DAS data recorded along the

surface part of the DAS cable; plots “c” and “d” show CRC-5 DAS data before and after signal

compensation.

Figure 15. Cross-plots between DAS strain and temperature change for NGL well and

laboratory experiment: (a) — NGL well (“ice” level, 26 m); (b) — bare fiber in water bath

(averaged); (c) — tight-buffered fiber in water bath (averaged).

Figure 16. Strain-temperature crossplots between DAS and DTS data recorded during

water injections at Otway site. Black plots show relation between temperature change and strain

before compensation of acquisition noise; blue plots shows data after compensation of the

acquisition noise. (a,b) — water injection in CRC-4; (c,d) —water injection in CRC-5; (e,f) —water

injection in CRC-6; (g,h) —water injection in CRC-7.
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Figure 4. DAS strain-rate response (common-mode noise) to changing room temperature. (a) — DAS signal
in the NGL well; (b) - DAS averaged signal and temperature recorded in the acquisition room.
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DAS temp response (smoothed - 240 sec), all channels
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Figure 5. Ice response on DAS data. (a) - the whole well interval before the common-mode noise removal;
(b) - first 100 m of the well before the common-mode noise removal; (c) - first 100 m of the well after the
common-mode noise removal. Dashed line in (a) shows the depth interval used to estimate the DAS
common-mode noise.
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Figure 6. Comparison of DAS and DTS responses. (a) — DAS strain rate response (black curve) and time
derivative of temperature/DTS (orange curve); (b) - strain (black curve) calculated from DAS strain rate and
DTS response (blue curve).
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Figure 7. Schematic of the laboratory setup for DAS temperature test.
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DAS bare fibre response
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Figure 8. Laboratory test on a bare fiber: (a) - DAS strain-rate response over all channels; (b) - DAS
averaged strain-rate trace (black curve) and temperature time derivative (orange curve); (c) - DAS
converted to strain (black curve) and temperature log (orange curve).
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Figure 9. Laboratory test on a tight-buffered fiber: (a) - DAS strain-rate response over all channels; (b) -
DAS averaged strain-rate trace (black curve) and temperature time derivative (orange curve); (c) - DAS
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converted to strain (black curve) and temperature log (orange curve).
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Figure 10. Otway site map. Black lines show projections of monitoring wells’ trajectories (CRC 4, 5, 6, 7) on
the surface. CRC3 well is a subvertical injection well.
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Figure 11. Schematic of the configuration of borehole fiber-optic monitoring equipment in the CRC-6 and
CRC-7 wells.
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Figure 12. DAS and pressure-temperature gauges responses to water injections in the CRC6 and CRC7 wells.
(a, b) - Pressure and temperature gauge responses in the CRC-6 and CRC-7 wells; (c, d) - spectrograms
showing low-frequency strain-rate response from water injections in the CRC-6 and CRC-7 wells.
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Figure 13. DTS and DAS data recorded during water injection in the CRC-6 well. Plot “a” shows DTS data
recorded in the CRC-6 well; plot *b” shows DAS data recorded in the CRC-7 well; plots “c” and “d” show
CRC-6 DAS data before and after signal compensation.
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Figure 14. DTS and DAS data recorded during water injection in the CRC-5 well. Plot “a” shows DTS data
recorded in the CRC-5 well; plot “b” shows DAS data recorded along the surface part of the DAS cable; plots
“c” and “d” show CRC-5 DAS data before and after signal compensation.
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Figure 15. Cross-plots between DAS strain and temperature change for NGL well and laboratory experiment:
(a) = NGL well (“ice” level, 26 m); (b) - bare fiber in water bath (averaged); (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. Black plots show relation between temperature change and strain before compensation of
acquisition noise; blue plots shows data after compensation of the acquisition noise. (a,b) — water injection
in CRC-4; (c,d) —water injection in CRC-5; (e,f) —water injection in CRC-6; (g,h) —water injection in CRC-7.
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