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S U M M A R Y
Here we analyse ambient noise (AN) data generated during drilling of exploration boreholes
and recorded using a dense array deployed over one of the numerous shallow iron-ore mineral-
ization targets in the Pilbara region (Western Australia). Drilling and drilling-related operations
were reoccurring in a sequence as described by the drillers’ field notes, which created the rare
opportunity to analyse AN data in time segments when only one type of technical process was
predominantly active. Consequently, most of the recorded AN sources did not overlap in time
and space. We extract the recordings in 15-min-long segments matching the time-span of sin-
gle field-note entry and identify individually acting AN sources associated with specific field
operations. The temporal variations of noise spectrograms and AN cross-correlations show
dependency on the sequence of a few consecutive field operations and specific frequency–
amplitude patterns associated with single field operations. These changes are directly reflected
by the events visible in the retrieved virtual-source gathers (VSG), implying significant changes
in noise temporal and spatial stationarity. Some VSGs represent the mixed contributions of
surface and air waves. To remove the contributions of these arrivals to the reflection imaging,
we visually inspect all data and select only field operations acting as stationary-phase sources
specifically for the reflection retrieval. This was done for different receiver configurations
inside PilbArray, and as a result, we obtain a collection of VSGs containing coherent body-
wave reflections. Database of visually inspected VSGs is used to develop and benchmark a
semi-automatic curvelet-based method for accurate parametrization of the reflection events
retrieved from passive data and to compare the imaging quality of the different field operations.
Common-midpoint stacks from manually and automatically selected VSGs show reflectivity
consistent with the one obtained from the active-source data and related to the structure hosting
shallow iron mineralization. Our results demonstrate the capacity of AN seismic interferome-
try to retrieve body-wave reflections and image shallow mineralization. They also provide an
intermediate step toward automating the passive reflection imaging with similar data sets.

Key words: Australia; Body waves; Induced seismicity; Seismic interferometry; Seismic
noise.

1 I N T RO D U C T I O N

Continuous recordings of seismic ambient noise (AN) allow to
study natural and anthropogenic seismicity as well as to retrieve
information about the subsurface using seismic interferometry (SI,
e.g. Shapiro & Campillo 2004; Sens-Schönfelder & Wegler 2006;
Nakata et al. 2015; Brenguier et al. 2020). The SI principle states

that by cross-correlation (CC) of seismic recordings at two receivers,
it is possible to retrieve an estimate of the impulse response be-
tween them as if one of the receivers were acting as a so-called vir-
tual source (Schuster 2001; Wapenaar 2003; Wapenaar & Fokkema
2006). The resulting virtual-source response is influenced by the
content of the AN wavefield and pre-processing applied before the
CC (Curtis et al. 2006; Wapenaar et al. 2008).
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Studies have shown that AN induced by local anthropogenic
seismicity is suitable for subsurface imaging purposes. First suc-
cessful applications utilized AN induced by trucks moving in the
tunnels beneath a hill to retrieve its P-wave reflectivity image (Mat-
suoka et al. 2006). Further investigations of AN induced by road
traffic were used to extract surface waves (Halliday et al. 2008;
Nakata et al. 2011; Behm et al. 2014) and shear waves (Nakata
et al. 2011). Quiros et al. (2016) demonstrated that AN induced by
trains could be utilized to extract both body and surface waves
and produce virtual shots similar to those from active seismic
data. The application of railroad ANSI was further extended to
crustal depths by Brenguier et al. (2019), who showed that pass-
ing trains generate direct P waves useful for monitoring of active
faults. Another contribution to anthropogenic AN comes from in-
dustrial activities. Initially, Olivier et al. (2015) showed that un-
derground recordings of AN induced by mine activity could be
used to obtain the S-wave velocity structure of the mine. Further
studies showed that mine activities could be utilized for imaging
also with arrays at the surface (Cheraghi et al. 2015; Roots et al.
2017; Girard & Shragge 2019), primarily by retrieval of reflected
P waves.

In contrast to the complicated AN wavefield generated by vehicle
movement and mine activity, continuous recordings of borehole
drilling are dominated mostly by the repetitive type of arrivals with
approximately known source positions (Liu et al. 2016). This type
of data is often referred to as active noise (e.g. Liu et al. 2016) and
dedicated methods were developed for its processing (e.g. Seismic
While Drilling; Rector & Marion 1991; Poletto & Miranda 2004).
These methods usually require pilot signals to remove the drilling-
induced signatures. However, even without a pilot trace, it is possible
to retrieve the reflection response from drilling-induced AN using
SI (Liu et al. 2016; Asgharzadeh et al. 2019).

Currently, drilling-related AN studies utilize only a small fraction
of the recorded data, that is those directly associated with hammer-
ing action of a drill-bit (e.g. Miyazawa et al. 2008; Asgharzadeh
et al. 2019). Incorporating contributions from AN sources acting
between borehole locations could yield more isotropic illumina-
tion of the medium, extending the capacity of AN to image parts
of the subsurface uncovered by drilling-induced noise. Further-
more, in conjunction with continuous recordings from an array
of sensors, SI allows retrieving multiple virtual-source responses
for a single receiver position. In this context, the additional ad-
vantage of utilizing AN sources not related to hammering action
comes from the fact that such sequential virtual-source responses
might be retrieved at receiver locations which do not fall in sta-
tionary regions (Snieder 2004) of seismicity induced by actual
drilling.

The repeatability of the virtual-source response patterns would
depend on the statistical repeatability of AN oscillations over spe-
cific time windows (Sanchez-Pastor et al. 2019). If the AN con-
ditions vary between time windows, the resulting virtual sources
are the function of both the underlying subsurface and the noise
conditions. Provided the variations of AN are repeatable, it should
allow to identify repeatable patterns of virtual sources and select
a specific type of pattern directly related to subsurface properties.
Such repetitive AN is known to be generated by technical processes
related to the drilling of boreholes. The recent study performed at
a Reykjanes geothermal field (Sànchez-Pastor et al. 2019), where
multiple injection boreholes were drilled, indicated the possibility
to identify short-term AN fluctuations associated with significant
changes in the drilling process. However, because the multiple in-
jection boreholes were drilled simultaneously in different locations

of the study area, the associated AN variations could not be directly
linked with a single process causing them. If a technical process
involves periods when an only single type of field operation (e.g.
drilling of an exploration borehole in a single location) predom-
inantly contributes to seismic recordings, it would be possible to
establish a causal link between specific variations of AN and indi-
vidual processes.

In SI used for reflection retrieval, the virtual-source response,
for which the trace from one receiver position (referred to as a
master trace) is cross-correlated with the traces from all other re-
ceivers of the recording array, is referred to as virtual-shot gather
(VSG, Draganov et al. 2009). In this configuration, SI processing
aims to obtain a VSG resembling its counterpart from active-source
exploration surveys, that is characterized by the similar slope of
the first-arrivals and similar appearance of reflections (character-
ized by hyperbolic moveout in case of horizontal layers). Body-
wave arrivals could be detected using well-established methods like
beamforming (Johnson & Dudgeon 1993) or illumination diag-
nosis (Almagro-Vidal et al. 2014). Compared to body-wave illu-
mination, appraisal of the reflectivity content is more challeng-
ing, because reflections might exhibit coherency only across few
traces and might be characterized by a lower signal-to-noise ratio
(SNR) in the VSGs as compared to the same events in the active-
source data (e.g. Draganov et al. 2013). Determining thresholds
of the first-arrivals slope, and SNR of reflection arrivals usually
requires using either a priori knowledge about the medium (e.g.
Olivier et al. 2015) and/or synthetic tests (Ruigrok et al. 2010;
Minato et al. 2012). Having a manually selected set of VSGs, we
would be able to perform reverse process and define the param-
eters characterizing the specific radiation pattern and presence of
coherent events in the VSGs, which already satisfy the criteria
for reflection imaging. Several methods exist that indirectly eval-
uate reflection content (e.g. see convergence measure proposed by
Girard & Shragge 2019); however, to our knowledge, there are
no SI array-processing methods that directly measure the kine-
matics and spatio-temporal location of reflection events retrieved
in VSGs.

The aim of this study is twofold. First, we investigate how to
effectively parametrize and characterize AN data to be able to dis-
tinguish between different anthropogenic processes. Then, we use
this knowledge for generating VSGs containing coherent reflection
events. Initially, we optimize the reflectivity content in the VSGs
by manual selection. The visual verification allows to confirm ob-
jectively the presence of reflections in VSGs, which in turn means
that the AN source, whose time segment was cross-correlated to
obtain the given VSG, was located in the stationary-phase region
for the retrieval of a reflection. Next, we introduce an automatic
data-driven approach using the curvelet transform to maximize the
reflectivity content in the VSGs. Our method selects the VSGs that
have the highest probability of containing the correct reflections out
of all analysed data (meaning that the targeted reflection event has
the highest SNR out of all VSGs inspected for a given master-trace
position).

We use visual inspection of every calculated VSG to assure that
we are not mixing surface, direct and reflected waves: (i) We per-
form analysis of the recorded noise to see if some field operations
contribute constructively to the VSGs (not specifically to surface
or body waves, but coherent arrivals in general). (ii) During the
visual inspection, we start to distinguish between arrivals useful for
our reflection imaging study and those that are not useful. (iii) For
the curvelet evaluation, we use as a benchmark data that is already
visually verified as the ground truth.
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Avoiding mixing of arrivals is ensured by the visual inspection
(we check whether every single correlated panel contains specific
arrivals). We prove this by showing multiple AN quality-control
(QC) panels, that represent the majority of the recorded data. The
processing done in this study is visualized for a single master-trace
position, and the imaging results are the consequence of applying
the same procedure to every other receiver position. In the visual
inspection, we focus on finding only specific arrivals that are im-
portant for the reflection imaging in this study, that is arrivals with
high apparent (body-wave) velocity and events with a hyperbolic
moveout (later automatically scanned using illumination diagnosis
and curvelet evaluation, respectively). Naturally, when we observed
other features than those mentioned above, we classified such a
panel accordingly and stored the information for future studies.
However, for the final reflection imaging in this study, all panels
without events specific for reflection retrieval are discarded from
further analysis.

We use the PilbArray data set recorded for evaluating the possibil-
ity of imaging iron-bearing formations in the Pilbara region (West-
ern Australia) using drill-bit-induced seismic noise (Asgharzadeh
et al. 2019). This data set is complemented with field notes de-
scribing field operations in 15-min-long segments. This catalogue,
in conjunction with continuous, dense measurements of the se-
quence of field operations performed in multiple locations inside
the array, allows us to identify temporal changes in the AN wave-
field associated with specific processes. Because the drillers field
notes contain only time occurrence of the performed field op-
erations, we cannot a priori select the source-receiver pairs for
every performed field operation. Thus, for this study, the only
reliable and trustful way to say that a given source is located
in the stationary-phase region for reflection retrieval is the data-
driven verification that the correlation gather contains the retrieved
reflections.

The paper is structured as follows. First, we focus on tempo-
ral changes of the AN recorded by PilbArray. We analyse noise
spectrograms, CC functions (CCF) and VSGs to understand the
frequency-amplitude AN characteristics and changes in the dom-
inant noise sources stationarity (both temporal and spatial) and
illumination. In the next step, these characteristics are used to
analyse the influence of specific field operations on AN. The
second part is focused on processing and imaging using SI. We
obtain VSGs using AN segments related to specific field op-
erations and evaluate their illumination and reflection content.
Subsequently, we design an automatic tool for estimating VSGs
quality using the curvelet transform, which is used to assess
the imaging quality of different field operations objectively. Fi-
nally, we show a comparison of imaging results using active-
source data, manually selected VSGs and VSGs selected after
automatic evaluation. The acronyms we use in the manuscript,
other than acronyms of the drilling-related operations, are listed in
Table 1.

2 DATA S E T A N D F I E L D O P E R AT I O N S

In June 2017, a dense (∼1000 receivers) array (PilbArray) was de-
ployed by BHP Minerals Australia in Pilbara region of Western Aus-
tralia. It recorded drilling of 19 shallow exploration boreholes and
associated field operations (Asgharzadeh et al. 2019). The primary
aim of this experiment was to establish a cost-effective method-
ology for imaging the iron mineralization in the Pilbara region
(Fig. 1) using drill-bit-induced seismic noise.

Table 1. Definitions of acronyms used in the
manuscript.

Acronym Meaning

AN Ambient noise
CC Cross-correlation
CCF Cross-correlation function
PSD Power-spectral density
SNR Signal-to-noise ratio
SI Seismic interferometry
QC Quality control
VSG Virtual-source gather

PilbArray consisted of 945 single-component point receivers
(10-Hz geophones), distributed in 14 east–west oriented receiver
lines, with an alternating number of 90 and 45 receiver stations
along receiver lines 1–7 and 8–14, respectively (see Fig. 1). Re-
ceiver spacing was 3 and 6 m over lines 1–7 and 8–14, respectively,
with receiver line spacing of 12.5 m. The subset of receivers used
for analysing of the AN characteristics and those used for the gen-
eration of VSGs is shown in Figs 2(a) and (b), respectively. In total,
61.5 hr of AN data, spread over seven days of operations, were
recorded with a sampling rate of 2 ms. The drilling type was reverse
circulation and the bit action was a combination of percussion and
rotation. The average depth of boreholes was approximately 75 m.

Continuous measurements enabled recording AN coming from
periods when the boreholes were drilled as well as all the events
occurring in-between. The drillers’ field notes account the activities
every 15 min. The following categories were listed: Standby (ST),
Pre-start (PS), Drilling (DR), Collaring (CO), Geophysical Survey
(SR), Pull rods (PL), Move (MV), Safety (SF) and Maintenance
(MT, see Fig. 3 for their statistics). Throughout the paper, we refer
to the type of activity using its acronym. Additionally, for AN
segments recorded in the period of a single field operation, we
provide its ordinal number counted from the beginning of the survey.
The dominant activity is drilling (51 per cent); however, another part
of the data comprises recordings related to different operations (with
SR, PL, CO and MV activities occurring more than ten times, see
Fig. 3). The data were initially stored in 2-min-long panels which
were subsequently concatenated into 15-min-long segments and
time-aligned to match the duration of activities provided in the field
notes.

3 I M PAC T O F D R I L L I N G - R E L AT E D
O P E R AT I O N S O N A N
C H A R AC T E R I S T I C S A N D
V I RT UA L - S O U RC E R E S P O N S E S

In this section, we analyse the AN temporal behaviour and data
characteristics, without interpreting the type of waves that are re-
trieved (e.g. surface or body waves). We investigate the possibility
to observe the constant retrieval of coherent arrivals (whatever type
they are). The essence of data comparison in this section is linking
the observed changes in AN (Figs 4 and 5) to changes in field opera-
tions, and associated virtual-source gathers (Fig. 6): (i) We evaluate
the data consistency and the general behaviour of CCF using the
AN QC panel shown in Fig. 4. (ii) We prove the dependency of
the noise spectrograms (Fig. 5) and VSGs (Fig. 6) on the changes
in the field operations. (iii) We find time periods when the noise
sources appear in such positions that stationary-phase requirements
are satisfied (because we do not know a priori the location of the
noise sources, and we do not track their location).
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Figure 1. Location of the PilbArray. Green triangles denote 945 receiver stations used in this study.

Fig. 4 shows whether we can expect any dependency between
changes in the field operations and recorded AN. The information
in Fig. 4 allows observing temporal changes of (i) CCF and (ii) the
frequency-amplitude character of the data (now only with the DR
operation). To compute the CCFs in Fig. 4, we used receivers 3046
and 5046 (shown with blue triangles in Fig. 2a) oriented perpendic-
ularly to the inline direction. With this spatially limited information,
we can not judge whether the observed peaks are associated with
surface or body waves. However, because of the presence of other
peaks in CCFs, and varying PSD characteristics, the analysis in
Fig. 4 highlights the potential to observe changes also associated
with other field operations if: (i) more receivers would be used and
(ii) preferably in the inline direction. With this in mind, Figs 5 and
6 are showing: the consistency of the data across the whole array
(Fig. 5), the differences between different periods (Figs 5 and 6)
and VSGs calculated between all receivers along receiver line 4
(Fig. 6). For these purposes, it is not needed to see the zoomed,
detailed PSDs, but it is sufficient to comprehend the recorded data
as a whole, such that the repeatability of similar patterns can be
observed. Fig. 6 provides a direct depiction of the visual inspection
process. We use the visual inspection shown in Fig. 6 as a tool for
QC, because the visual scanning of VSGs allows (i) a quick glimpse
of the whole range of retrievable events and (ii) choosing a suitable
SI processing approach for the whole array.

3.1 CCF pre-processing

Before investigating the temporal evolution of CCFs and VSGs,
we tested one-bit amplitude normalization and spectral whiten-
ing in conjunction with several frequency bandpass filters for the

pre-processing of noise panels (see Fig. A1 for the summary of pre-
processing routines comparison). To produce all CCFs and VSGs
results shown in this study, we applied spectral whitening followed
by a bandpass filter (10-20-90-110 Hz). This bandpass filter was
adjusted to the frequency content of the PilbArray, with the lower
limit of 10 Hz coinciding with the corner frequency of the geo-
phones, while the higher limit of 110 Hz was dictated by the most
energetic segments identified in the noise spectrograms shown in
Figs 4 and 5b.

3.2 Sequence of field operations

Compared to the active-source studies, processing and visualization
of passive data must include additional information—the temporal
behaviour of data. In order to investigate whether activities listed in
the field notes are identifiable in the AN data, we calculated power-
spectral density (PSD, McNamara & Buland 2004) for the central
crossline of PilbArray (see yellow receivers in Fig. 2a) for every
15-min-long AN segment (see bottom panels in Fig. 4). Generally,
amplitude variations of the observed AN fall in the range between
∼10 and ∼110 Hz. The most significant contribution comes from
drilling, which can be observed as an increase in PSD amplitudes
between 15 and 40 Hz and is denoted with the violet dashed box in
Fig. 4(a). In correspondence with the noise spectrograms, drilling
has a clear impact also on the CCF (indicated with the black dashed
box in Fig. 4a), manifesting itself as a strong peak between 0 and
±0.1 s lag time throughout most of the recording time. Besides, we
provide in Supporting Information Fig. S1 a plot of the RMS am-
plitude values. It shows data consistency over the whole recording
time, as well as the temporarily increased amplitude levels consis-
tent with the drilling itself.
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