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ABSTRACT
Distributed acoustic sensing (DAS) is an emerging technology increasingly employed tomonitor
changes of formation properties, production noise andmicro-seismic activity, and as an array of
sensors in active seismic surveys. The data recorded with the DAS systems are very rich; some
features observed in DAS records are often not well understood, and thus are underutilised. A
systematic analysis of the data recorded passively with a DAS system in a 900-m deepwell over a
period of 12weeks in the Perthmetropolitan area,Western Australia, reveals the presence of sev-
eral types of ambient energy in the subsurface, such as earthquakes, ocean swell andurbannoise.
In particular, over 85 days of the experiment, the analysis detected sixteen earthquakes, with
epicentres ranging from 126 km to 900 km (for the local events) and from 2300 km to 6400 km
(for the remote events). Signals with frequencies below 0.9 Hz are dominated by the oceanic
swell. The recorded urban noise includes mine blasting, machinery and traffic. The experiment
shows the ability of DAS to detect these events and as such is potentially useful for subsurface
characterisation and monitoring.
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Introduction

Distributed acoustic sensing (DAS) is a novel sensing
technology for active and passive seismic monitoring
and characterisation. A central element of a DAS system
is an interrogator, which sends a pulse down an opti-
cal fibre and records back-scattered light (Hartog 2017).
DAS uses an optical fibre itself as a sensing element.
As such, the DAS technology allows the deployment of
large arrays of seismic sensors to virtually any location
on or under the Earth surface, providing a dense spa-
tial and temporal sampling of recorded signals (Hartog
2020).

DAS technology allows a cost-effective installation
of highly sensitive dense arrays of acoustic receivers,
which can record seismic waves in a broad frequency
band. At the lower end of the frequency spectrum,
DAS can measure strain in the mHz range (Parker,
Shatalin, and Farhadiroushan 2014; Becker et al. 2017).
The upper-frequency limit of DAS is defined by the
Nyquist frequency, which is in the range of tens of kHz.
An optical fibre is naturally unaffected by corrosion over
time, which is important for reliable long-termmonitor-
ingwhendeployedunderground.Oneexampleof long-
term DAS deployment comes from the San Andreas
Fault Observatory at Depth, where a fibre was used for
twelve years (Lellouch et al. 2019a).

High sensitivity, high spatial sampling, broad band-
width, relatively low cost as well as resistance to high
temperatures and corrosion, and excellent repeatability
(Daley et al. 2013) make the use of DAS in seismic mon-
itoring a rapidly developing area (Lellouch and Biondi
2021).

The DAS technology has been applied to various
seismic studies includingmonitoring of naturally occur-
ring events as well as human-related everyday activ-
ities and exploration studies. Several recent studies
report the application of distributed acoustic sensing in
global seismology (Lellouch et al. 2019b; Biondi et al.
2017; Ajo-Franklin et al. 2019; Yu et al. 2019). Lind-
sey et al. (2017) analysed regional/teleseismic earth-
quake waveforms from three different DAS arrays in
Alaska, and California. Wang et al. (2018) found coher-
ent earthquake waveforms recorded at a dense DAS
array and a dense geophone array from a local ML4.3
event. Lellouch et al. (2021) used DAS to study seis-
micity around the FORGEEnhancedGeothermal System
experiment. Using adownholeDASarray, they recorded
low-magnitude earthquakes at a range of up to 10 km
from the well location. Hudson et al. (2021) and Walter
et al. (2020) reported applications of the DAS technol-
ogy to monitor icequakes in Antarctica and the Alpine
mountain glacier, respectively. Williams et al. (2019)
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and Glubokovskikh et al. (2020) utilised DAS to study
oceanicmicroseisms,whileMartin et al. (2016) usedDAS
to monitor permafrost thaw.

Another popular application of DAS is monitor-
ing human activity. Unused telecommunications fibre
enables easy access to many urban locations (Lindsey
and Martin Eileen 2021). In particular, Shen and Zhu
(2021) showed how the use of telecommunication fibre
aids in quantifying human activities during COVID-19
pandemicmeasures. There are many examples of using
DAS for perimeter monitoring and security applications
or characterising traffic patterns (see e.g. Martin et al.
2017). Dou et al. (2017) used traffic noise interferometry
for seismic monitoring of the near-surface structure.

Nowadays DAS is frequently applied in resource
exploration. In particular, DAS is rapidly being adapted
in Vertical Seismic Profiling (VSP) acquisitions, partic-
ularly in wells inaccessible for geophones (Mestayer
et al. 2011; Mateeva et al. 2012). The DAS technol-
ogy has also been utilised for passive seismic studies
including monitoring of hydrocarbon production and
CO2 geo-sequestration (Daley et al. 2013), monitoring
hydraulic fracture reservoir stimulation (Verdon et al.
2020; Richter et al. 2019) and microseismic monitoring
on geothermal sites (Mondanos and Coleman 2019).

One advantage of DAS is the ability to install and
use it in urban settings. Stanford DAS array in California
was installed in existing telecommunications conduits
under the Stanford University campus (Martin et al.
2017a). That array was used for ambient noise inter-
ferometry (Martin et al. 2017b), earthquake detection
(Biondi et al. 2017), urban seismic site characterisation
(Spica et al. 2020) and active seismic survey record-
ing. Another example is 460-m deep Houston Aramco
Research Centre Test Well used for a series of studies
to evaluate various aspects of DAS acquisition technol-
ogy, such as comparison to geophones and influence
of gauge length on VSP data quality (Alfataierge et al.
2020).

The ambient seismic energy propagating in the
subsurface can come from various sources such as
earthquakes, other natural powers like the ocean, and
human-related activities (especially in an urban envi-
ronment). The use of this ambient energy as a seismic
source could potentially lead to a reduction of the cost
of seismic acquisition, its environmental footprint and
disturbance to other land users. A number of studies
demonstrate the feasibility of this approach (Issa, Lum-
ley, and Pevzner 2017), and its uses (Dou et al. 2017).
Shragge et al. (2019) analysed a low-frequency swell
signal recorded on a DAS array using a combination
of seismic interferometry and multi-channel analysis of
surface waves (MASW) to estimate a 1D S-wave veloc-
ity profile down to a depth of 750m. Studies conducted
at the Stanford DAS array facility with a horizontal fibre
showed thepotential of theambientnoise seismic inter-
ferometry (Martin and Biondi 2018).

Passive downholeDAS acquisitionwas trialled in sev-
eral wells in Australia, including wells located in rural
Victoria (Glubokovskikh et al. 2021) and rural Western
Australia (Pevzner et al. 2020). Unlike near-surface stud-
ies mentioned above, downhole data are much less
affectedbyground roll, which gives an advantage in the
analysis of body waves and their sources. Despite some
similarities, the distribution of the dominant ambient
noise sources and themethods which can be utilised to
retrieve the information about the subsurface are site
specific. Therefore, further studies utilising DAS acqui-
sition for passive seismic recording in different parts of
the world and different environments are in order.

The paper focuses on the passive DAS data acquired
continuously in a vertical 900-m deepwell located in an
urban setting at the Curtin University campus in Perth,
Western Australia. There is a limited number of deep
wells drilled in cities, and to our knowledge, this is the
only such well where long continuous passive seismic
recording using DAS is available. A pilot attempt to col-
lect passive data in the Curtinwell was in 2018 (Pevzner,
Tertyshnikov, and Bona 2018) and lasted for one day.
Analysis of these data revealed the presence of a sig-
nificant number of surface seismic events originating at
distances of up to several hundredmetres from thewell,
predominantly arising from human activities. Pevzner,
Tertyshnikov, and Bona (2018) also found that there is
an advantage in individual event analysis over conven-
tional passive seismic interferometry. However, in order
to fully characterise the passive seismic field, a longer
acquisition is needed. In this paper, we analyse the data
from the same well, covering nearly three months of
acquisition. By using spectral analysis and kinematics
of the recorded seismic waves, we identify a number of
different sources, both anthropogenic and natural.

Data acquisition

The passive seismic data were acquired using dis-
tributed acoustic sensing (DAS) system at the Curtin
NGL trainingwell inBentley,WesternAustralia (Figure1).
The well is located 13 km away from the Indian Ocean
coast, in the middle of the student campus close to
busy roads. The data were recorded continuously from
16 May 2018 till 9 August 2018, totalling 85 days of
recordings in total.

Thewell is 900mdeepand instrumentedwith a fibre-
optic cable cemented behind the fibreglass casing of
the 152/180mm inside/outside diameter. The casing is
machine slotted below 652m with 1.3–1.45mm aper-
ture. The armoured non-metallic cable is deployed to
a total depth of 900m and physically looped at the
bottom. It carries four multi-mode (2× 62.5 um OM1
and 2× 50 umOM2) and two single-mode optical fibres
(2xG.652dSM). The seismic acquisitionparameterswere
as follows: 18.5m gauge length, 12.3m pulse length
and 30 kHz pulse repetition frequency. The data set
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Figure 1. Curtin NGL training well location (marked with a red triangle) in Bentley, Western Australia.

was acquired using the Fotech Helios Theta dual pulse
true phase interrogator unit and one of the single-
mode fibres. FotechHelios Thetameasures the so-called
dynamic strain expressed as a phase change in radians.
The vertical channel spacing was 0.67m. The data set
was later resampled to 5m/4ms space/time sampling
for further processing. The volume of the resampled
data set is 1338GB.

Data analysis

DAS has a significant sensitivity within a broad fre-
quency range; as a result, the recorded passive data
have very rich content in terms of the presence of a vast
number of various seismic events. Many major events,
like distant and local earthquakes, as well as local mine
blasting, are directly visible on the seismograms.

In order to thoroughly inspect the acquired data set
and detect and describe diverse seismic occurrences,
we analysed data in several domains. First, we exam-
ined the data in the time–depth domain, which is a
native format of the acquired seismograms. The analysis
provides information on the individual components of
thewavefield and allows their detection and separation
using travel–time curves.

Another powerful approach to explore DAS data
is creating spectrograms by decomposing data to
the time–frequency domain. This spectrogram analy-
sis gives us overall information about the wave field

and distribution of events throughout the recorded fre-
quency range. The spectrograms show the contribution
of human activity (traffic, machinery) and the natural
events (such as the ocean swell) to the total wavefield
as well as variations and evolution of these contribu-
tions over time. The data analysis reveals and allows an
analysis of different wavefield components initiated by
natural (e.g. oceans) and anthropogenic sources (e.g.
mine blasting).

Results

Here, we categorise anddescribe the detected events in
detail.

Regional and distant earthquakes

When an earthquake occurs, it generates large amounts
of energy that transmits as compressional and shear
waves, which are detectable by DAS sensors. Due to
the systematic increase of velocities with depth, body
waves from remote sources such as earthquakes prop-
agate as head waves or diving waves, and thus arrive
at the surface almost vertically, and hence travel along
the fibre with the apparent velocity close to the inter-
val velocity. Thus, all earthquakes have a distinct pat-
tern on the downhole DAS data, comprising a set of
upgoingwaves (see Figure 2). Compressional or P-wave
arrivals arrive first and are usually clearly visible onbore-
hole DAS seismograms. Shear or S-wave arrivals are
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Figure 2. Raw DAS record of the ML 2.9 earthquake with an epicentre in Pingelly, Western Australia, happened on 5 June 2018 at
17:12:21 UTC. P- and S-wave arrivals are marked with red and green arrows, respectively.

generally also evident for local events (Figure 2). Such
a prominent appearance of earthquakes enables their
automatic identification. To this end, we first performed
an automatic event detection using the semblance
algorithm in a chosen velocity range. In particular: (i)
we predefine apparent velocity range (vmin = 1000m/s
and vmax = 6000m/s) and generate a set of velocities in
this range with a spacing of 100m/s, (ii) for each of the
velocity from the above set, we apply normal move-out
correction to the raw DAS data, (iii) we define the sem-
blance window (5 s) that contains at least a few periods
of signal oscillations for the lowest expected frequency
of an event to be detected, (iv) for each velocity from
the defined set, we calculate semblance in a slidingwin-
dow, (v) we define velocity for which the semblance
is the largest, and (vi) we compare this largest sem-
blance value with a predefined threshold level (0.13),
and if it is above the threshold, we record, in a text file,
the apparent velocity corresponding to the largest sem-
blance and the timewhen the semblance exceeded the
threshold. Later, each of the selected events is exam-
ined and corrected manually. Since all the events are
checked and correctedmanually, we set the semblance
threshold to a rather low value in order to not miss any
of the events.

The identified eventswere cross-checkedwith earth-
quakedata fromtheGeoscienceAustralia (GA)Database
(2021). According to this database, the number of
events detected worldwide during the experiment was
426. About 120 out of these 426 events happened in
Australia, from which 52 events occurred in Western
Australia and were detected with regional stations. The
magnitudes of these 52 events vary from 1.6–4.7. The
distance to the epicentre varies from 116 to 1700 km.

Over the duration of the observation, we recorded
sixteen earthquakes: eight were local and eight were
distant tremors. The distances to the earthquake epi-
centres vary from 126 km to 900 km for the local events
and from2300 kmto6400 km for the remoteevents (see
Table 1).

Table 1. A list of earthquakes detected during the experiment.

Location Distance to epicentre, km Magnitude

Western Australia 126 2.9
Western Australia 141 1.9
Western Australia 225 3.1
Western Australia 250 2.9
Western Australia 550 3.4
Western Australia 558 4.3
Western Australia 558 4.7
Western Australia 900 4.3
Sumbawa region, Savu Sea 2550 5.1
Sumbawa region 2650 5.2
Sumbawa region 2650 5.3
South of Sumbawa region 2320 5.5
Sumbawa region 2650 5.5
South of Fiji 6400 5.6
Sumbawa region 2650 6.4
Sumbawa region 2700 6.4

The detectability of the earthquakes depends on the
eventmagnitudeand thedistance to theepicentre from
the sensor location. Thus, local event 2 (Table 1) with
a minimal magnitude of 1.9 is only slightly above the
detection limit.

The earthquake nearest to the well was detected on
5 June 2018 at 17:12:21 UTCwith amagnitude of ML 2.9
(localmagnitude) and theepicentre at Pingelly,Western
Australia, 126 km east of Perth (Figure 2).

The axes in Figure 2 correspond to theUTC time (hor-
izontal) and depth (vertical). The depth range 0–160m
is omitted due to a high level of surface wave noise. The
P-wave arrival (marked with red arrow) is observed 24 s
after the earthquake, followed by S-wave (marked with
green arrow) 19 s later. The apparent velocities of the P-
and S- waves measured along the well were 2744 and
1255m/s, respectively.

Figure 3 shows an example of a local ML 3.1 Dumb-
leyung earthquake, which occurred 225 km away from
the wellhead on 23 May 2018 at 17:26:55 UTC. The P-
and S-waves were detected 41 and 72 s after the start
of the earthquake, with apparent P and S-velocities of
2271 and 1144m/s, respectively. Being 100 km further
from the test well, the Dumbleyung earthquake has
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Figure 3. RawDAS record of theML 3.1 earthquake occurred in Dumbleyung, Wheatbelt Region, Western Australia, on 23May 2018
at 17:26:55 UTC. P- and S-wave arrivals are marked with red and green arrows, respectively.

Figure 4. RawDAS record of theMD 5.6 earthquake that occurred in the South of Fiji Islands on 12 July 2018 at 06:51:20 UTC. P-wave
arrival is marked with a red arrow.

much weaker energy of the P-wave arrival. It also has a
larger delay between P- and S-waves: 31 s vs. 19 s and
a lower frequency content of the S-wave: central fre-
quency of 4.3 Hz vs. 7.8 Hz. The P-wave frequency was
around 7Hz for both earthquakes.

The most distant event we recorded was an earth-
quakewith a body-wavemagnitudeMb 5.6 in the South
of Fiji Islands, about 6413 km away from the well on
12 July 2018 at 06:51:20 UTC (Figure 4). The P-wave is
detected 8min 54 s after the onset of the earthquake
termor. For this remote event, no S-wave is detectable,
probably due to attenuation over such a long distance
or low sensitivity of DAS waves polarised perpendicular
to the fibre.

Theminimal detectablemagnitudewe recordeddur-
ing the experiment was ML 1.9, corresponding to an
earthquake that occurred in Quairading, Western Aus-
tralia, 141 km east of the research site. The earthquake
with the largest magnitude of 6.4 Mw (moment mag-
nitude) came from Sumbawa, Indonesia, 2583 km to
the north on 28 July 2018 at 22:47:39 (Figure 5), which

shows the P-wave arrival at ∼22:53:10 (marked with a
red arrow) and S-wave arrival at 22:57:18 (marked with
a green arrow), 5min 31 s and 9min 39 s after the start
of the earthquake, respectively.

The mean frequency of the P-wave measured on
the records varies from 2Hz for the remote events to
12–14Hz for local earthquakes (Figure 6).

Blasting at local mine sites (within ∼ 100 km)

Over the experiment time, we have also recorded fifty-
five seismic events that did not appear in the earth-
quake database. These events were identified by the
automatic event detection algorithmbasedon the sem-
blance analysis. Each event appeared on the data as a
set of two up-going waves corresponding to P- and SV-
wave arrivals. The signature of these events is similar to
that of the earthquake pattern but with a higher fre-
quency content and a smaller interval between P- to
S-wave arrivals compared to the earthquakes. The reg-
ularity of these events, similar initiation times of the day
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Figure 5. Raw DAS record of the 6.9 Mwp earthquake in Sumbawa Region, Indonesia, happened on 28 July 2018 at 22:47:39. P- and
S-wave arrivals are marked with red and green arrows, respectively.

Figure 6. Dominant frequency of P-wave arrivals versus the
distance to the earthquake epicentre.

as well as proximity to mining site locations suggests
that these events likely correspond to human activity,
namely mine blasting.

Figure 7 shows a typical example of such an event
that happened on 5 June 2018 at 04:52:39 UTC. The
timedifferencebetweenP andSwaves (marked red and
green arrows, respectively) arrivals suggests that this
event was initiated ∼25 km away from the testingwell.
Thepossible epicentremaybeaquarry locatedat 25-km
radius mark.

The average apparent P- and S-wave velocities
for the events related to the blasting are 2700 and

1300m/s, respectively. The frequency contents of the
P- and S-waves are similar and vary from 5 to 25Hz, see
Figure 8.

Interestingly, the times of the day for the P-wave
arrivals are quite regular and mostly correspond to
afternoon hours (Figure 9), which correlates with the
scheduled blasting times.

The time delay between P- and S-waves (�T) pro-
vides an estimate of the distance to an epicentre (D),
which can be calculated as D = �T∗coefficient. The
coefficient Vp∗Vs/(Vp-Vs) was estimated analytically
basedon the earthquakes data taken from theGAEarth-
quakes database, namely distances to the epicentres
and the earthquakes’ incidence times. The correspond-
ing P- and S-wave arrival times found in the recorded
DAS data for the selected earthquakes provided time
delay estimations (�T). We plot the distances (D) versus
the time delays (�T). The coefficient D = 7.5 was then
estimated from a linear fit.

Figure 10 shows amapwith themarkedwell location
in the centre and the local mining sites within 100-km
radius. Table 2 shows the local mine site names, dis-
tances to the sites from the well and expected time
delays between P- and S-waves.

Having this image in mind, the fifty-five recorded
events were further conditionally classified into five
groups based on the time delay between P-and S-wave

Figure 7. Raw DAS record showing the mine site blasting at a quarry 25 km away from the site. P- and S-wave arrivals are marked
with red and green arrows, respectively.
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Figure 8. P-wave (blue) and S-wave (orange) average apparent velocities (left) and mean frequencies (right) for the events related
to the mine site blasting.

Figure 9. Time of P-wave arrivals for the events related to the mine blasting.

arrivals, ranging from 2.3-s (coming from a quarry ∼
25 km away from the well) to 14.7-s delay (mining at
∼100 km away) (Figure 11). The groups are marked
with different colours: light blue (time delays rang-
ing 2–5 s), orange (5.5–7.5 s), grey (8.4–10.65 s), yellow
(11.3–11.95 s) and blue (12–15 s).

Traffic, local noise andmachinery

We also closely analysed traffic, local machinery noise
on seismograms and spectrograms. The presence of the
urban noise is evident in the shallow part of the data up
to the depth of 160m (see Figure 12). Figure 12 demon-
strates the DAS recordings of an earthquake (same as in
Figure 2) in a range of the depths starting from 0m (top
image) and the same recording with a muted shallow
part of the data from 0 to 160m (bottom image). Note
the high energy level of the urban noise in the shallow
part (top image) and its effect on visibility of the data
160–900m (bottom image). In other examples, the top

part of the datawas excluded from the analysis of earth-
quakes and mine blasting events in order to enhance
their visibility. See the improvement in its prominence
and overall visibility of the P-wave arrival (generated by
the earthquake 126 km away from the well and marked
with red arrows) in the bottom image when compared
to the top one.

Human-generated events are observed as down-
going waves with a negative slope on a seismic record
(arrival time increasing with depth) (Figure 13).

The event detection algorithm based on the sem-
blance analysis capturedmore than 200 such events for
each day over the observation period, totalling more
than 17,000 events and making it challenging to use
them for further analysis. As such, the intensity of these
occasions and the overall pattern can be better visu-
alised using spectrograms.

Figure 14 shows a spectrogram recorded at a depth
of 250m on 20 May 2018. Here, we can clearly see the
decrease in the intensity during the night-time (from
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Figure 10. A map showing well location in the centre and local mining sites within 100 km radius. The red circles have radii of 25,
50, 75, 87 and 100 km.

Table 2. Local mine sites, the distances from the NGL well and
approximate expected time delays between P- and S-waves.

Mine site Km Time delay, s Marker

Hope Valley 23 3.1

Keysbrook 52 6.9

Huntly 85 11.3

Boddington 95 12.7

Willowdale 101 13.5

midnight to 7.30 AM and from 9 PM). The data analy-
sis shows a number of mono-frequency events mainly
ranging from 2Hz up to 50Hz. There are a number
of continuous events, which exist everywhere at all
times and have a frequency around 17.5 Hz; several
events with a frequency of 4Hz, which only appear dur-
ing office hours on the weekdays; some events appear
on the record only occasionally. All these occasions
are most likely attributed to various running equip-
ment and machinery around the site. For example, the
14Hz event is day- and time-dependent. It disappears at

Figure 11. Event classification based on the time delay
between P-and S-wave arrivals.

around 6:15 PM on Fridays and then appears at various
times on Mondays. The 4.88Hz event is present during
working hours only on weekdays from 7:15 AM until
4:30 PM and sometimes subsides around lunchtime.

Figure 15 shows a behaviour of the 22-Hz compo-
nent on the spectrograms of two consecutive days on
29–30 June 2018 as observed at a depth of 250m.
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Figure 12. A fragment of the same raw DAS record in a depth range starting from 0m (top image) and with amuted shallow part of
the data (0–160m) (bottom image).

Figure 13. Raw DAS record showing down-going waves (marked with red arrows) related to the human activities in the vicinity of
the well.

Figure 14. Spectrogram computed at the depth of 250m on 20 May 2018.
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Figure 15. Behaviour of ∼ 22 Hz component on the spectrograms computed at the depth of 250m on 29–30 June 2018.

Figure 16. Amplitude distribution in 4–22 Hz frequency range at 250m depth over time.

A 22Hz-event experiences a gradual increase in the
morning hours around 8 AM, has its peak at about 2
PM, and thendecreases again. This eventmaybe related
to an air-conditioning system and its increasing oper-
ational intensity due to a daytime natural heating of a
nearby office.

Figure 16 shows the amplitude distribution in
4–22Hz frequency range at 250-m depth (single chan-
nel) for the whole duration of the experiment from 16
May till 9 August 2018. The axes correspond to the
UTC time (horizontal) and the date (vertical). The ampli-
tude changes (shown by colour) demonstrate the over-
all pattern of local events related to human activity,
which increases during daytime (green, yellow and red
colours) and subsides at night-time (blue). The blue
horizontal stripes correspond to weekends. The local

increase in the width of the stripe on 4 June 2018 corre-
sponds to a long weekend. The relative decrease in the
intensity at around 28 June–8 July 2018 may be related
to the first week of school holidays.

Pevzner et al. (2020) showed that as a P-wave arrival
of relativelydistant earthquake canbe treatedas aplane
wave, the inverse amplitude should be proportional to
(ρVP3)1/2, where ρ is density and VP is the P-wave veloc-
ity. As such, we can use P-wave amplitudes of these
earthquakes to derive a “well log” containing informa-
tion about the distribution along the well, and, poten-
tially, temporal variation of the elastic properties. How-
ever, in that study, only two relatively strong events
recorded in the same well were analysed.

To build upon the analysis of Pevzner et al. (2020), we
compare amplitudes recorded during the experiment
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Figure 17. Comparison of the RMS normalised amplitudes of
recorded P-waves for the earthquake (red) and 4 local blasts
from different locations.

of the natural events, i.e. earthquake, against those
of human-related events, such as blasting. Figure 17
shows a comparison of the RMS normalised amplitudes
of the recorded upgoing P-waves for the earthquake
(red) and four local mine sites from different locations
(orange ∼25 km away from the well), green (∼50 km),
blue (∼90 km) and black (∼100 km). Note that all the
lines show similar trends.

Surface waves generated by the oceanwaves and
swell

The well is located only about 13 km away from
the Indian Ocean coast. As such, we can expect the
ocean swell to appear on the recordings (see e.g.
Glubokovskikh et al. 2020). Figure 18 shows a compari-
son of the spectrograms (left) and their amplitude spec-
tra (right) computed at various depths for the recording
of 21 July 2018. The horizontal axis is time in hours, and
the vertical axis is data frequency in Hz. The greyscale
shows the amplitude intensity. The ocean swell within a
frequency range of 0.5–0.8 Hz appears on the data per-
sistently (see Figure 18, left). The ocean swell could be
detected in the spectrograms at depths down to 202m.
The depth of 236m is probably a borderline for the
detection of these events (see Figure 18, right).

Figure 19 shows amplitude distribution in 0.2–0.9 Hz
frequency range at 250m depth (blue plot) overlayed
with wind speed recordings (orange plot) taken at local
WA stations (Australian Bureau of Meteorology).

Both curves show overall similarity along the whole
duration of the experiment. Note the correspondence
between the peaks around 25 May, 4 June and 23 July
2018 related to big storms.

Discussion

The location of the test well drilled in urban settings rel-
atively close to the ocean coast enables the recording
of seismic energy from various sources of natural and
human origin. This paper has focused on the identifica-
tion of these sources on passive DAS records, similar to
the forensic seismology approach. The analysis of pas-
sive data collected with DAS in this well demonstrates
that elastic waves can be detected at any depth from
the surface to the bottom of the well.

While, in principle, DAS can be used frommHz range
(e.g. Parker, Shatalin, and Farhadiroushan 2014; Becker
et al. 2017), in this experiment, the lowest detectable
signal (ocean swell) was above 0.1 Hz (Figure 18). We
attribute this to specific features of the interrogator
design and the choice of acquisition parameters as both
Parker, Shatalin, and Farhadiroushan (2014) and Becker
et al. (2017) used a different DAS interrogator (iDASv2,
Silixa). Having frequencies below 0.1 Hz in the record
may be beneficial for the analysis of global planetary
processes, such as Earth tides.

Above 0.1 Hz, DAS sensitivity is high enough to
record a large variety of events that might be of inter-
est for various applications. The analysis of urban noise
can provide an abundance of information about human
activities. For example, in our experiment, we were able
to detect on and off times of machinery and their level
of noise even from the downhole fibre placed in a verti-
cal well (Figure 14). Even thoughwewere not be able to
locate the machinery source, the spectrograms derived
from the DAS data provided overall characteristics of
the urban noise field, their intensity, frequency con-
tent and activity times. Unlike the passive seismic data
acquired in quiet rural environments, data from the city
provide information about properties and vertical dis-
tribution of the urban noise. It gives an opportunity to
both study human activities and use this information to
understand the limitations on which natural processes
can be studied in such environments. It is important to
emphasise that the urban noise can be detected over
theentiredepthof thewell; e.g. there is no suchdepth in
thewellwhere thenoisewill dropbelowDAS sensitivity.

The DAS data also contained a number of events
related tomineblasting. The correlation of the recorded
events with a list of existing mine sites shows that we
can detect activities on the mine sites located as far as
100 km over the entire length of the borehole.
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Figure 18. Comparison of the spectrograms (left) and their amplitude spectra (right) computed at various depths for the recording
of 21 July 2018.

Figure 19. Amplitude distribution in 0.2–0.9 Hz frequency range at the 250m depth (blue plot) overlayed with wind speed
recordings (orange plot) for the whole duration of the experiment.

Natural seismic events detected on DAS data primar-
ily include earthquakes and ocean swell. Amplitudes of
earthquakes recorded by DAS can be used to derive the
distribution of the elastic properties along the well. The
similarity of the plots in Figure 17 derived for both an
earthquake and several blasting events confirms that,
in principle, mine blasts can be utilised for this pur-
pose too. However, the degree of repeatability of the

measurement is affected by the presence of the other
urban noise, and further studies are required to opti-
mise the amplitude analysis.

If the main goal is to detect earthquakes or blasting
events detection, then themain limitationwould be the
presence of urban noise (up to 160-m range, Figure 12)
and depth of the well, but not the DAS sensitivity. In
this case, a way to overcome these issues is to use DAS
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sensors placed in a quiet (e.g. rural) environment, which
provides even higher clarity of the data.

The earthquake/blasting monitoring may be further
enriched with a simultaneous recording by an array of
several wells separated by tens, hundreds or thousands
of kilometres. Regional or even global versus single well
approach might be potentially adopted in seismology.

Despite the fact that each point on the sensing fibre
is equivalent to a single-component seismic sensor, the
ability to analyse travel time curves partially compen-
sates for the absence of three-component geophones.
In particular, our analysis shows that the slope of the
travel–time curve can differentiate downward going
waves from upward going ones and P- from S-waves.
Moreover, since different events have different appar-
ent P- and S-wave velocities along thewell, it is possible
to infer some information about the angle at which a
particular seismic wave crosses the well. In this respect,
simultaneous recording in several wells separated by
a few kilometres opens additional opportunities for
underground characterisation using ambient noise.

The energy from natural processes such as ocean
swell can alsobeobservedon thedownholeDASdata. It
appears in a low-frequency rangeof thedata (Figure18).
In fact, even at a depth as large as 250m, there is a
strong correlation between the level of noise and wind
speed (Figure 19) and associated wind waves and swell.
Interestingly, there is sometimes a time shift between
the wind and swell noise in curves around 19 June, 17
and 22 July with high wind speed delayed by up to one
day. This can happen if the swell from a distant weather
event came ahead of strongwinds (Glubokovskikh et al.
2020).

The link between low-frequency Raleigh waves
and wind provides an opportunity to use downhole
data, i.e. a well instrumented with the DAS fibre,
for global earth physics, including sea and atmo-
spheric processes (e.g. wave climate from oceanic
microseisms (Glubokovskikh et al. 2020), infrasound
related to distant explosions or fireballs (NORSAR 2021.
https://t.co/gai6DCFjLv?amp=1)).

Conclusions

Analysis of 85 days of continuous passive DAS record
from a 900-m deep well located at the Curtin Univer-
sity campus in Perth, Australia, demonstrates that ambi-
ent elastic energy in a form of both surface and body
waves can be detected at any depth, from surface to
the bottom of the well. This was done using a conven-
tional single-mode fibre in a cable cementedbehind the
casing of the well.

Dominant sources of energy comprise oceanic micr-
oseisms, human-related events including both vehicle
traffic andmine site blastings as well as natural seismic-
ity. We detected 16 regional earthquakes and teleseis-
mic events and 55 blasting events from distances of up

to ∼100 km. Both earthquakes and mine blasts can be
used to characterise the vicinity of the well.

DAS appears to be sufficiently sensitive for global
seismology applications. The lack of polarisation anal-
ysis can be compensated by the multi-channel nature
of DAS sensors, which gives travel–time curves for each
event.

The urban location of the NGL facility allowed us to
explore the relationship between the noise levels and
the local traffic activity. However, this traffic noise is
present at any depth, which complicates the analysis of
ambient seismic energy linked toother sources. As such,
it may be useful to compare the records from this well
and a well located in a quiet environment.
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