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Virtual Sources of Body Waves from Noise
Correlations in a Mineral Exploration
Context

Philippe Dales™, Laura Pinzon-Ricon', Florent Brenguier', Pierre Boué', Nick Arndt?, John McBride?,
Francois Lavoué', Christopher J. Bean?, Sophie Beaupretre?, Rosemary Fayjaloun’, and Gerrit
Olivier'>*®

Abstract

The extraction of body waves from passive seismic recordings has great potential for
monitoring and imaging applications. The low environmental impact, low cost, and
high accessibility of passive techniques makes them especially attractive as replacement
or complementary techniques to active-source exploration. There still, however, remain
many challenges with body-wave extraction, mainly the strong dependence on local
seismic sources necessary to create high-frequency body-wave energy. Here, we
present the Marathon dataset collected in September 2018, which consists of 30 days
of continuous recordings from a dense surface array of 1020 single vertical-component
geophones deployed over a mineral exploration block. First, we use a cross-correlation
beamforming technique to evaluate the wavefield each minute and discover that the
local highway and railroad traffic are the primary sources of high-frequency body-wave
energy. Next, we demonstrate how selective stacking of cross-correlation functions dur-
ing periods where vehicles and trains are passing near the array reveals strong body-
wave arrivals. Based on source station geometry and the estimated geologic structure,
we interpret these arrivals as virtual refractions due to their high velocity and linear
moveout. Finally, we demonstrate how the apparent velocity of these arrivals along
the array contains information about the local geologic structure, mainly the major dip-
ping layer. Although vehicle sources illuminating array in a narrow azimuth may not
seem ideal for passive reflection imaging, we expect this case will be commonly encoun-
tered and should serve as a good dataset for the development of new techniques in this
domain.
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Introduction
Keeping pace with the global demand for metals and minerals
requires ongoing discovery of new ore deposits. Following the
selection of target areas using geological and other criteria, a
program of mineral exploration incorporates geophysical tech-
niques such as magnetic, electromagnetic, or gravity surveys
followed by drilling. In some cases, in which impedance con-
trasts between a target and host are sufficient, active seismic-
reflection surveys have been used as an intermediary imaging
step (Salisbury and Snyder, 2007; Malehmir et al., 2012), but
active seismic sources (e.g., vibrating trucks or explosive shots)
are expensive and difficult to operate in remote or environmen-
tally sensitive areas. In recent years, passive seismic imaging
using dense surface arrays has emerged as a low-cost and envi-
ronmentally friendly approach for exploring the subsurface.
First proposed by Claerbout (1968) for vertical propagation
of seismic waves within the framework of reflection seismic
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exploration, seismic interferometry typically refers to the
retrieval of the seismic wavefield at one receiver as if there were
a virtual source at another. It has since been demonstrated that
some components of this seismic response (or Green’s func-
tion) can be estimated through the temporal cross correlation
of ambient seismic noise recordings between sensor pairs
(Lobkis and Weaver, 2001; Roux and Kuperman, 2004; Shapiro
and Campillo, 2004; Snieder, 2004; Wapenaar, 2004).

With sensor arrays typically deployed on the Earth’s surface,
research has mainly focused on imaging with surface-wave
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arrivals (Sabra et al., 2005; Shapiro et al., 2005; Campillo, 2006;
Brenguier et al., 2007; Nishida et al, 2009; Lin et al, 2013),
which are easier to recover due to their large amplitudes rel-
ative to body-wave arrivals. There has also been success in
recovering body-wave arrivals at local (Nakata et al., 2015,
2016; Olivier et al., 2015; Brenguier et al., 2019), regional
(Ruigrok et al., 2011; Poli et al, 2012), and global scales
(Boué et al., 2013; Nishida, 2013) through distance binning
and stacking of cross-correlation functions (CCFs) to enhance
the signal-to-noise ratio.

For high-resolution imaging of geologic structure at depth,
as is the case in exploration seismology, reflected body-wave
arrivals remain the most useful. Unfortunately, these arrivals
prove very difficult to extract from passive datasets due to
the unavailability of high-frequency body-wave sources.
Nonetheless, some studies have produced promising results
in recovering reflected body waves (Draganov et al, 2009,
2013; Nakata et al, 2011; Almagro Vidal et al, 2014;
Quiros et al., 2016). Although ambient recordings typically
refer to the background seismic energy generated by natural
sources, we use the term “passive” to include any sources that
we do not control (e.g., trains, traffic, and earthquakes). At the
exploration scale, successful recovery of body waves relies
heavily on the availability and distribution of these passive
sources, which are unique to each study site. The nature of
these passive sources will also dictate the most appropriate
method for recovering the virtual reflection response.

For retrieval of body-wave reflections, the theory requires
only sources in the subsurface (Wapenaar, 2004). Therefore,
when processing recordings from a surface array, the goal is
to maximize the ratio of body- to surface-wave energy, espe-
cially body-wave energy with high-incident angles (i.e., that
coming from below the array). For example, when there exists
sufficient time-separable sources, such as microearthquakes,
they can be used directly for imaging (Reshetnikov et al., 2010;
Chaput et al., 2012, 2015). When sources are not time sepa-
rable, it is still possible to evaluate noise over time to select
periods when there exists high ratios of body- to surface-wave
energy based on apparent velocity analysis (Draganov et al.,
2013; Almagro Vidal et al, 2014; Cheraghi et al, 2015;
Chamarczuk et al., 2019). There are also many studies that uti-
lize trains passing on nearby railways as strong sources of
body-wave energy (Quiros et al., 2016; Brenguier et al., 2019).
When using sources at the surface to recover body-wave reflec-
tions, care must be taken, as nonphysical arrivals will also be
retrieved, such as nonphysical reflections (Draganov et al,
2012; King and Curtis, 2012; Loer et al., 2014) and virtual
refractions (Dong et al., 2006; Mikesell et al., 2009). The most
appropriate way to construct the virtual shot gathers depends
on the availability and characteristics of the passive sources and
the imaging goal.

In this work, we introduce the Marathon dataset, which
should prove useful for developing techniques to perform
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passive reflection imaging for exploration. In the Dataset sec-
tion, we describe the study area and dataset. In the following
section, we locate and characterize the sources of body-wave
energy. Next, we demonstrate how to selectively stack time
periods to isolate traffic sources and construct virtual shot
gathers. We then analyze the apparent arrival velocities of body
waves along the dense station line and demonstrate how they
are influenced by the local geologic structure. Finally, we dis-
cuss the challenges of passive reflection imaging and the future
work needed.

Dataset
The Marathon dataset (see Data and Resources) consists of 30
days (21 September to 22 October 2018) of continuous seismic
recordings from a 1020 node (single-component 10 Hz geo-
phones recording at 250 Hz) surface array deployed over a
roughly area near Marathon, Ontario in Canada (Fig. 1). This
area corresponds to an existing mineral exploration block
where the potential targets are high concentrations of platinum
group metals and minor Cu hosted in a gabbro intrusion
(Fig. 2). The targets are lenses and irregular bodies up to
200 m in strike length and 25 m thick containing sparsely dis-
seminated sulfides in more mafic (olivine-rich) lithologies. For
a more detailed discussion of the local geology, see Good et al.
(2015). Because there has only been drilling down to a few
hundred meters around the gabbro surface contact, the deeper
geologic structure, in particular, the thickness and dip of the
intrusion and the geometry of the lower contact, is largely
unknown. The velocities of the geologic units are estimated
from lab measurements of the drill cores and surface-wave
dispersion.

The study site is situated on the Canadian shield and is
mostly forested, with very little overburden. We expect no
anthropogenic activity within the deployment area, except for
occasional off-road vehicles. There is also a low-traffic airport
nearby and an active underground mine 30 km away. We
expect the main sources of high-frequency energy to be traffic
on the nearby highway and railroad.

The ability of seismic-reflection surveys to detect ore depos-
its is determined by the impedance contrast (ore vs. the host
rock) and the geometry of the deposit (size and depth of burial)
relative to the seismic-source frequency (see Salisbury and
Snyder, 2007, for more detailed explanation). In our case, the
zero-offset reflection coefficients (seen in Fig. 2) are sufficient
with especially strong contrasts between the host intrusion and
the hangingwall (0.14) and footwall (0.16) (Salisbury and
Snyder, 2007 recommends above 0.06 in practice). It is unlikely
we will be able to image the mineralized zones directly due to
their low-impedance contrasts (0.05) and expected sizes less
than the minimum wavelengths we hope to recover from
the ambient noise (180 m wavelength for 30 Hz P wave in gab-
bro). In this case, the mineralization would require a minimum
thickness of around 50 m (Rayleigh limit), and a minimum
Volume XX« Number XX
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Figure 1. Map of the study area, which is located just north of Marathon, Ontario, Canada. The
1020 node surface geophone array (green dots) has 150 m spacing except for the dense middle
line, which has 50 m spacing. The purple shaded region shows the mapped surface contact of the
gabbro intrusion, which hosts the target mineralization. The green dashed circle outlines the
vehicle source locations used for selective stacking of cross-correlation functions (CCFs). The
location of the study area is outline by a red box in the inset. The color version of this figure is
available only in the electronic edition.
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Figure 2. Simplified cartoon cross-section (along the dense line from Fig. 1) of the local geology. The
targets of interest are small lenses rich in Cu-platinum group metal (PGM; shown in gold) hosted in
a gabbro intrusion (purple). The depth and thickness of the layers is estimated from drill-core data
constraining only the first few hundred meters near the intrusion surface contact (gray shaded
area). Also plotted are the zero-offset reflection coefficients of the different contacts (e.g., the
syenite—gabbro contact has a reflection coefficient of 0.14). The color version of this figure is
available only in the electronic edition.
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width of around 180 m
(Salisbury and Snyder, 2007
states that, in practice and
under ideal conditions, deposits
across one wavelength can be
detected as diffractors). In addi-
tion, the mineralization consists
of a small fraction of dissemi-
nated platinum minerals-bear-
ing sulfides in concentrations
that are too low (usually less
than 10%) to influence the
impedance contrast. The main
goal of the survey is therefore
to image the basal contact of
the host intrusion to constrain
in which potential mineraliza-
tion could occur.

Low-frequency (below
10 Hz) properties of the passive
seismic recordings can be seen
in Figure 3. Below 2 Hz, the
signals are dominated by sur-
face waves generated on the
shores of the nearby Lake
Superior. Between 5 and 10 Hz,
the energy is a combination of
surface-wave energy from the
lake and nearby traffic. The
high-frequency portion (above
10 Hz) of the passive record-
ings are analyzed in the follow-
ing section.

Data Processing
and Results

To characterize the passive
seismic wavefield at higher
frequencies, applied a
plane-wave  cross-correlation
beamforming method (similar
to illumination diagnosis, see
Almagro Vidal et al, 2014;
Chamarczuk et al., 2019) using
a subarray and 1 min time
windows filtered between 15
and 40 Hz (results in Fig. 4).
The small size of the subarray
(50 stations) was chosen, so
that incoming waves from
nearby traffic still
appear relatively planar. For
each time window, we use

we

would
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cross correlations between all station pairs within the subarray
to perform a grid search for maximum beam power over all
azimuths and velocities. Because the search is only over surface
azimuths, any arrivals from below will have a high apparent
velocity related to the angle of incidence.

It can be seen in Figure 4 that high-frequency seismic
energy comes predominantly from the railway and highway.
The dominant arrival with apparent velocities of 3600 m/s
suggests that we are recording either direct S waves arriving
with about a 20° angle of incidence with the surface or non-
physical arrivals (discussed further on). Another interesting
feature is the very-fast (7000 m/s) arrivals near 250° of azi-
muth, which we believe are either reflected or refracted P-wave
arrivals. Below 12 Hz, we only see surface-wave arrivals with
apparent velocities around 2300 m/s. The dominance of body
waves above 12 Hz can be explained by the more rapid attenu-
ation of the high-frequency surface waves, which typically
travel in the shallow and lower-quality material. Because this
effect becomes more pronounced with propagation distance,
the arrivals would have been more difficult to separate if the
railway and highway were closer to the array. Although not
explicitly shown, we also see weak body-wave arrivals from
blasting events at a mine 30 km southeast of the array. If the
mine were closer and blasting more frequent, we would con-
sider using the coda of these events to construct the virtual shot
gathers. From these results, we conclude that trains and cars,
which pass the array, are the most significant sources of body-
wave energy during this 30-day period.

To compute the final CCFs (or virtual shot gathers), we
compare two different approaches of selectively stacking the
individual 1 min CCFs: (1) selective stacking of CCFs com-
puted during time periods, in which there is no clear direction-
ality in the noise; and (2) selective stacking of CCFs when
vehicles (trains and cars) are passing nearby the array.

Preprocessing of the CCFs is the same for both approaches
and only involves spectral whitening and tapering of the 1 min
time windows prior to cross correlation. Although not shown

4 Seismological Research Letters
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Figure 3. (a) Probability power spectral density for station near
center of array and (b) plane-wave beamforming results for the
entire array. Both plots are averaged over the entire 30-day
recording period. The color version of this figure is available only
in the electronic edition.

here, the results using one-bit normalization were similar. We
do not, however, recommend one-bit normalization, unless
there is good justification for why it could potentially enhance
body-wave arrivals. To visualize the results, we arrange the
final stacked CCFs in common midpoint (CMP) gathers com-
puted by interstation distance binning (in 20 m bins) and
stacking CCFs for all station pairs along the dense line that
share a CMP (midpoint is near the center of the dense line).
Prior to distance bin stacking, certain CCFs are time-reversed
based on interstation azimuth, so causal lag times always cor-
respond to energy traveling up the array from southwest to
northeast.

First, we consider selective stacking of time periods in which
there is no clear directionality in the noise. This is achieved
using a selective stacking metric based on the distribution
of energy at different azimuths. We assume that periods in
which seismic energy is evenly distributed across all azimuths
will be closest to the theoretical diffuse wavefield conditions
required to properly estimate seismic Green’s functions.
These conditions are met for approximately four out of the
30 total days. The resulting virtual CMP gathers for a single
midpoint (Fig. 5a) reveal dominance of surface-wave arrivals
with very little energy above 20 Hz. Although the signal at
causal lag times is much stronger (due to lack of sources north-
east of the array), the arrivals appear symmetrical. We attribute
the very weak body-wave arrivals during the “quiet” periods
(20-60 Hz) to time periods when vehicular sources are present
but too weak to create a strong noise directionality in an indi-
vidual 1 min time window (and thus are incorrectly included in
the stack).
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Figure 4. Beamforming results computed for the 30 days of continuous recordings between 15 and
40 Hz. (a) Scatter plot of beamforming results for 30 days showing the slowness and azimuth
corresponding to the maximum beam power for each 1 min time window. Note the velocities for
many time periods are higher than the expected true velocities (dashed lines) in the syenite layer.
(b) Map showing the relative incoming energy at each azimuth (blue circles) over the 30-day period
centered around the 50 station subarray used for the beamforming (red dots). Note the patterns
with respect to the highway and railway (yellow and red line, respectively). The color version of this

figure is available only in the electronic edition.

To visualize this, we perform
a velocity slant-stack for virtual
CMP gathers (constructed
from vehicle periods) along
the dense line (Fig. 6). Slant
stacking aims at measuring

x (m)

the coherent summation at dif-
ferent velocities and results in
a single column for each CMP
gather. For example, the col-

Our second approach is to selectively stack CCFs when
vehicles (trains and cars) are passing nearby the array. We also
limit the azimuth to only keep periods when the vehicles are
inline with the dense station line to ensure that the stationary-
phase location is met for the majority of sensor pairs (green
dashed area in Fig. 1). This results in keeping approximately
31 hr out of the 30 days. The advantage of this approach is that
it results in well-understood sources that generate high-fre-
quency body-wave energy. The resulting virtual CMP gathers
(Fig. 5b) reveal two main branches of body-wave arrivals, both
of which have fast apparent velocities; the slower surface waves
arrivals disappear almost completely above 20 Hz. The strong
high-frequency body-wave arrivals that we observe are similar
to those recorded in other studies modeling train radiation
(Brenguier et al., 2019; F. Lavoué et al, unpublished manu-
script, 2016, see Data and Resources). The linear moveout
of these arrivals suggests they are either direct or refracted
waves. Attempts to reveal reflected arrivals by stacking along
hyperbolic moveouts were unsuccessful. Binning and stacking
the individual shot records based on interstation distance are
necessary to reveal these body-wave arrivals.

Although the surface-wave symmetry in the “quiet” virtual
CMP gathers is encouraging, the lack of any clear direct body-
wave arrivals suggests extracting the much weaker reflected
body-wave arrivals would be very difficult. On the other hand,
the clear body-wave arrivals in the “train” virtual shot gathers
suggests that these signals should contain significant informa-
tion on the reflection response. The main drawback of using
Volume XX »

Number XX « —2020 « www.srl-online.org

umn highlighted by the green

dashed line in Figure 6 corre-
sponds to a slant stack of the bottom-right virtual CMP gather
in Figure 5. We restrict the stacking to traces with interstation
distances between 500 and 1500 m in each CMP gather. The
lower bound is chosen to ensure separation of the fast-arrival
branches, which is only achieved on pairs with interstation dis-
tance over 500 m. The upper bound is based on the assumption
that lateral variations in geologic structure degrade coherent
summation in the slant-stack procedure.

Discussion

To assist in our interpretation of these observed arrival veloc-
ities, a cartoon depiction of the different possible body-wave
arrivals can be seen in Figure 7 in which vehicular traffic (red
stars) radiates body-wave energy, which travels along direct,
reflected, and refracted paths (dashed lines) to arrive at stations
A and B. For station A, to act as a virtual source of direct and
reflected body waves, station B would need to be located along
the orange or blue dotted paths, respectively. As demonstrated
for this pair, and what is most often the case, is that the kin-
ematics are incorrect for the direct and reflected body waves.
What is special about the refraction (Dong et al., 2006; Mikesell
et al., 2009) is that the kinematics will always be correct,
regardless of the source location and station pair. Therefore,
as long as the vehicle sources are in line with the dense station
line, the lateral position of the source is not important, as the
time difference of the virtual refraction arrival for a given sta-
tion pair will remain the same. This suggests that after cross
correlation and stacking over many source locations, the virtual
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refraction arrival should be the strongest. Although coherent
summation will still occur for the direct and reflected body
waves, it is restricted to specific source-station geometries.
Following this reasoning, we believe the main branch
around 3500 m/s, annotated by (1) in Figure 6, is not the
direct-direct S-wave correlation, but is instead the virtual
S-wave refraction. Assuming a homogeneous syenite layer,
refraction off a flat interface directly estimates the velocity of
the underlying unit, in this case, the gabbro, which has an esti-
mated velocity matching our measured velocity. In addition, if
this arrival was the direct-direct S-wave correlation, we would
expect the highest slant-stack amplitudes (colored dots in Fig. 6)
to be closest to the vehicular sources, which is not the case.
This interpretation is also supported by the appearance of
the 7500 m/s branch (annotated by (2) in Fig. 6), which we
believe is the virtual refracted P-wave arrival. Apart from inter-
action with a dipping layer, the P-wave arrivals should be
almost nonexistent due to the geometry (vertical-component
geophones recording surface sources) and low-velocity gra-
dient in the upper layer. We believe its appearance around
3200 m along the dense line is due to the increasing slope
of the gabbro contact, causing refracted waves to arrive with
a steeper angle at the surface. Based on our estimated velocities
of the syenite and gabbro, a contact slope of about 10° above

6 Seismological Research Letters
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Figure 5. Virtual common midpoint (CMP) gathers for the dense
line selectively stacking only. (a) CCFs for “quiet” time periods in
which there is no obvious noise directionality and (b) periods
when rail or highway traffic is passing the dense line. Note the
relative dominance of the faster body-wave arrivals for the train
periods compared to the surface-wave dominance for the quiet
periods. These CMP gathers are computed by distance binning
(20 m bins) and stacking CCFs for all station pairs along the dense
line that share a CMP. All panels use the same midpoint, which is
near the center of the dense line. The CCFs are arranged so
causal lag-times correspond to energy traveling up the array from
southwest to northeast. The color version of this figure is
available only in the electronic edition.

horizontal would match the observed apparent refraction
velocity of 7500 m/s. We are still unsure of the geologic struc-
ture, which would cause the relative P-wave dominance we
observe between 2200 and 2600 m along the dense line (anno-
tated by (2) in Fig. 6). Our best guess would be some disconti-
nuity in the contact creating more vertically traveling energy.

The increasing apparent velocities of both the S- and P-
wave virtual refraction branches (2 and 3) approaching the
gabbro surface contact can be explained by a steepening of
the contact to a maximum of 13°. Although drill measurement
suggests a much steeper contact nearing the surface (as seen in
Volume XX« Number XX
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Figure 6. Image resulting from slant-stacking virtual CMP gathers
(20-60 Hz) for different midpoints along the dense station line
(gray scale represents amplitudes with white being high positive).
The maximum value for each column is denoted by a scatter point
with color corresponding to the relative strength of that maximum
(red is high). Pink dashed lines indicate estimated surface contact
of the gabbro intrusion. The column highlighted by the green
dashed line corresponds to the slant-stack of the bottom-right
virtual CMP gather in Figure 5. The image features annotated by
numbers are discussed in the Discussion section. The color version
of this figure is available only in the electronic edition.

Fig. 2), the high level of spatial smoothing from slant-stacking
pairs up to 1500 m apart would make this difficult to observe.

Another interesting feature is that the highest energy traces
have midpoints close to the gabbro surface contact, suggesting
energy is trapped and/or focused in this area (annotated by (3)
in Fig. 6). Although not shown here, we also observe this effect
in simulations of elastic wave propagation with similar geologic
structure. Further experimentation is needed to determine the
exact nature of this effect.

We expect this type of situation (vehicle sources illuminat-
ing array within narrow azimuth) will be relatively common in
exploration campaigns. Unless the exploration area is near
active mining, volcanoes or fault systems, the best available
sources of high-frequency seismic energy will likely be cars,
trains, and other anthropogenic surface sources. These sources
are also likely to be irregularly distributed, illuminating the
array in a limited azimuth and limiting the effectiveness of tra-
ditional imaging techniques.

In these cases, in which the diffuse wavefield conditions nec-
essary to estimate the seismic Green’s functions are absent, a more
practical approach must be taken and tailored to the available
body-wave arrivals. In our case, the biggest challenge was properly
interpreting the observed arrival branches in the virtual shot gath-
ers. Without some knowledge of the sources of seismic energy
and the local geologic structure, this would have been very diffi-
cult. Fortunately, beamforming can be used to locate sources, and
the general geology in exploration areas is usually known. The
nature of these arrivals will then dictate the appropriate algorithm
to migrate the virtual shot gathers and image the subsurface.
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t=0 A x B (causal)
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Figure 7. Cartoon depiction of the expected body-wave arrivals
for station pair A-B given a source located at the red star and a
two-layer model. The correlation of the arrivals recorded at each
station is quite complex due to the multiple arrivals, phases (P and
S waves), and cross terms between the different arrivals. In this
case, the kinematics are correct for the virtual refraction (green)
but not for the direct (orange) and reflected (blue) body waves
whose failed paths are shown by dotted lines. The color version
of this figure is available only in the electronic edition.

Conclusion

In this work, we used the Marathon dataset, a new and soon to
be publicly available passive seismic dataset, to evaluate the
application of passive interferometry for subsurface imaging
in a mineral exploration context. After examining the proper-
ties of the noise, we found that nearby highway and railway
traffic are the main sources of high-frequency body-wave
energy. We constructed virtual shot gathers by selectively
stacking and comparing both quiet time periods and time peri-
ods when traffic was passing nearby the array. The virtual shot
gathers for the quiet time periods are dominated by surface
waves and lack body-wave energy necessary for reflection
imaging. The virtual shot gathers constructed for the vehicle
time periods have significant body-wave energy, even at higher
frequencies. We then analyzed the apparent velocities of the
body waves at different locations along the dense line and
related our observations to the local geologic structure. From
this analysis, it is most likely that the observed body-wave
arrivals correspond to virtual refractions off the syenite-gabbro
contact. The apparent velocities of these refracted arrivals are
also consistent with the dipping gabbro intrusion. The next
step will be to use these measurements to invert for the depth,
dip, and seismic velocities of the syenite-gabbro contact. This
information will be helpful for constraining where mineraliza-
tion could potentially occur.

Data and Resources

The Marathon dataset will be made publicly available on June 2021.
It will either be hosted online or freely sent on external hard disks
upon request via the website of passive seismic techniques for envi-
ronmentally friendly and cost efficient mineral exploration
(PACIFIC) (https://www.pacific-h2020.eu, last accessed May 2020).
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The unpublished manuscript by F. Lavoué, O. Coutant, F. Brenguier,
P. Boué, L. Pinzon-Rincon, and P. Dales, (2020). “Modelling of long-
range seismic waves generated by train traffic” was submitted to
Geophysics.
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