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Did they blow it? Time-lapse velocity variations during
an open-pit mine slope failure using seismic noise

interferometry
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Abstract Landslidesare geological events that directly impact thousands of people every year and cause
significant loss of life. Landslides are often triggered by extreme weather events or earthquakes. While most
slope monitoring approaches focus on surface deformation (e.g. using radar), in some cases by the time
changes manifest at surface, it can be too late to provide adequate early warning. Seismic ambient noise
correlation has been successfully applied in landslide monitoring, but has yet to be applied on the slope of
an open-pit mine. This approach measures time-lapse seismic velocity changes in the subsurface of a slope.
Several cases of precursory changes have been shown using seismic ambient noise correlation and shows
promise in providing early warning of failure. We present a case study from a dense borehole geophone array
installed beneath a well-instrumented slope of an open-pit mine in Australia. We applied seismic ambient
noise correlation across a period of slope failure and measured a decrease in seismic velocity approximately
12 days priorto the initiation of the slope failure. We investigated this change and its relationship to seismicity,
rainfall and surface deformation recorded during this period.

Non-technical summary Landslides are geological events that directly impact thousands of peo-
ple every year and cause significant loss of life. While many slope monitoring approaches focus on surface
displacements, in many cases by the time changes manifest at the surface, it can be too late to provide ade-
quate early warning. This paper investigates a slope failure at an open-pit mine in Australia using a technique
called seismic interferometry. This method analyses background vibrations in the ground (seismic noise) to
detect changes in the subsurface. About 12 days before the slope failed, we detected a decrease in seismic
velocity beneath the slope, likely indicating weakening from fracturing within the slope. The study demon-
strates that seismic interferometry can detect changes beneath the surface before a slope failure occurs to
potentially provide an early warning system for an impending mining accident, saving lives and reducing eco-
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nomic losses.

1 Introduction

Landslides are a geological hazard that directly impact
thousands of people around the world every year, and
have the potential to cause huge economic damage (Sim
et al., 2022) and significant loss of life (Petley, 2012;
Froude and Petley, 2018). Landslides are often triggered
by extreme weather events (most notably heavy rain-
fall) or shaking from earthquakes (Wieczorek, 1996; Sim
et al., 2022). Human activities such as construction, ex-
cavation for roads, and illegal mining, have been shown
to play an increasing role in the growing incidence rate
of landslides (Froude and Petley, 2018). With the im-
pacts of climate change expected to accelerate the melt-
ing of permafrost in mountainous areas and increase
the occurrence of extreme weather events, landslides
are anticipated to pose a greater threat in the future par-
ticularly in already vulnerable regions around the world

*Corresponding author: tjaartdewit@mines.edu

(Gariano and Guzzetti, 2016).

As a result, the assessment and on-going monitoring
of known landslides plays an essential role in risk miti-
gation and disaster prevention. Modern landslide mon-
itoring techniques generally focus on continuous mon-
itoring of slope displacements. These techniques in-
clude ground based monitoring using technology such
as inclimometers, extensometers, Global Navigation
Satellite System (GNSS) stations, or Real Aperture Radar
(RAR), and various remote sensing techniques such
as Interferometry Synthetic Aperture Radar (InSAR).
These techniques each have their own set of challenges
and limitations (Carla et al., 2019; Lissak et al., 2020).
Some ground based techniques, for example, are lim-
ited to just a few ground points and remote sensing tech-
niques like InSAR provide infrequent measurements
due to low satellite revisit rates or seasonal snow cover
in high alpine regions of interest, impacting their relia-

bility.
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Figure1 Plan view of the locations of the geophones in the seismic array (magenta triangles) installed below the western
slope of the open-pit of Century Mine. The location of the mine within Australia (left inset) and the location of the array within
the open-pit are both indicated (red box in right inset). Locations of microseismic events recorded by the geophone array are
also shown, coloured according to time and sized according to local magnitude. The location of a blast performed by the
mine at the foot of the slope on the 11" of February 2014 at 10:40 local time is indicated by the red explosion symbol.

Ambient seismic noise interferometry has shown
tremendous promise in the field of landslide monitor-
ing (Mainsant et al., 2012; Voisin et al., 2016; Le Bre-
ton et al., 2021). Notably, Mainsant et al. (2012) used
ambient seismic noise correlations to detect precursory
velocity changes in a landslide in the Swiss Alps prior
to slope failure. Their study highlighted the potential
application for the technique in providing early warn-
ing to landslide failure. Over the last two decades, seis-
mic noise interferometry has also been applied across
a wide range of other settings to monitor time-lapse
velocity changes, for example: following large earth-
quakes (Brenguier et al., 2008a; Hillers et al., 2019);
near volcanoes (Snieder and Hagerty, 2004; Brenguier
etal., 2008b; Nakata et al., 2016; Donaldson et al., 2017);
underneath ice sheets (Mordret et al., 2016); around
geothermal reservoirs (Obermann et al., 2015; Hillers
et al., 2015); tracking of ground water (Lecocq et al.,
2017; Clements and Denolle, 2018); across earthen dams
(Planés et al., 2016; Olivier et al., 2017); and in un-
derground mining environments (Olivier et al., 2015;
Olivier and Brenguier, 2016; Czarny et al., 2016). The
interferometric method relies on the reconstruction of
the seismic Green’s function between sensors, effec-
tively turning one station into a virtual active source
(Curtis et al., 2006). Since these virtual sources contain
information about the medium between sensors, this
method is able to detect tiny changes in the seismic ve-
locity of the medium.

In this paper we present the first application of seis-
mic interferometry to the monitoring of a slope failure
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in an open-pit mine. Slope failures in open-pit mines
have occurred regularly over the past two decades,
with several notable slope failures including: Bingham
Canyon mine in the United States of America in 2013
(Hibert et al., 2014); Palabora Mine, South Africa in
2003 (Brummer et al., 2006); Super Pit near Kalgoorie,
Australia in 2018 (Darbritz, 2023); and Gamsberg Mine,
South Africa, in 2020 (Pretorius et al., 2025). The causes
of these various failures have been attributed to a com-
bination of geological structural weaknesses and trig-
gering events such as heavy rainfall or seismic activity.

Future projections for the increased requirement for
electrical batteries is expected to generate knock-on de-
mand for minerals that are critical to battery produc-
tion, such as copper, lithium, and cobalt (IRENA, 2024).
The extraction of these minerals will require the estab-
lishment of new mines, including open-pit mines, and
will expose human populations to the increased risks
of associated pit wall slope failures. In this study we
demonstrate how seismic noise interferometry is able
to play a role in monitoring the slopes of open-pit mines
of the future.

2 Data and Methods

The seismic data used in this study was recorded at
the Century Mine, an open-cut zinc, lead, and silver
mine located in north-east Queensland, Australia (see
left inset in Fig. 1). The local geology consists primar-
ily of interbedded sedimentary sequences, dominated
by shale and sandstone units, with the western slope
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Figure 2 Cross-correlations for sensor component pair 1X and 3Z, shown for lag times in [-2s, 2s] between the 25 of De-
cember 2013 and 31% of March 2014 (UTC). The average cross-correlation over this whole period is show as an overlay in red.
Dashed vertical lines on both the causal and acausal sides indicate estimates of direct P- and S-wave arrival times (from ap-
proximate P-wave velocity of 3.6 km/s and S-wave velocity of 2 km/s).

wall geology consisting of units dominated by black car-
bonaceous shales (Salvoni and Dight, 2016). While the
fresh rock is mechanically competent, the shales have
a high clay (montmorillonite) and pyrite content, mak-
ing them prone to rapid deterioration and slaking upon
exposure. The structural setting is complex. A sub-
vertical fault, the Page Creek Fault, intersects the slope,
creating a localized zone of highly sheared and frac-
tured rock (Salvoni and Dight, 2016). This combination
of lithology and heavy fracturing makes the slope sen-
sitive to external forcing.

In late 2013, an array of 16 geophones (numbered 1 to
16) was installed in four boreholes (Fig. 1), drilled from
surface on the perimeter of the open-pit, underneath
the western slope face (see right inset in Fig. 1). The
original objective of the geophone array was to record
and analyse microseismic events to aid in the analy-
sis of slope stability (Meyer, 2015; Salvoni and Dight,
2016; Luo et al., 2018). In addition to the microseismic
events, continuous seismic data was also recorded at a
sampling rate of 6000 Hz for 2 months prior to a slope
failure that occurred on the 23" February 2014. In this
study, we focus on the continuous data recordings. The
high-frequencies present in the seismic wavefield in
this active mine environment are generated by continu-
ous anthropogenic noise sources, including haul trucks,
crushers, and excavation machinery.

To prepare the data for seismic interferometry we
processed the continuous waveforms by first decimat-
ing the records to a sampling rate of 500 Hz, and de-
meaning and detrending the resulting time series. One-

3

bit amplitude normalisation was applied, followed by
spectral whitening between 5 Hz and 100 Hz (Bensen
et al., 2007). The time series were then divided into
10-second windows. To estimate empirical Green’s
functions, we cross correlated each sensor-component
pair within the array and calculated average cross-
correlation functions over non-overlapping two-day pe-
riods. Although the individual cross-correlations for a
particular sensor component pair were consistent, two-
day stacking periods were used to ensure stability in
time (Hadziioannou et al., 2009). Upon visual inspec-
tion of the correlations for all sensor-component pairs,
correlations involving the Z-component of sensor 7 ap-
peared to be of poor quality. Subsequent inspection re-
vealed the geophone element to be faulty. Using a ho-
mogeneous velocity model calibrated from the analysis
of P- and S-wave travel-times from known blasting loca-
tions performed at the mine, we were able to identify di-
rect body wave arrivals in many of the cross-correlation
functions (for example, see Fig. 2).

To measure temporal variations in seismic veloc-
ity throughout the recording period of the seismic ar-
ray, we applied the Moving Window Cross-Spectrum
(MWCS) method (Clarke et al., 2011) to the coda portion
of our two-day correlation stacks in the 6 to 30 Hz fre-
quency range. In this frequency range, this coda por-
tion likely consists of surface waves and scattered body
waves trapped in the near-surface heterogeneities. The
coda portion considered in this study corresponds to
lag-times in the correlations between 1.2 times the di-
rect S-wave arrival time and 2s for both the causal and
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Figure3 Time-lapse velocity changes calculated using the MWCS method from correlations of the same sensor component
pair shown in Fig. 2 (1X and 3Z) between the 25" of December 2013 and 31 of March 2014 (UTC). Measurements are coloured
according to the correlation coefficient between current and reference stacks. Uncertainties in these measurements are indi-
cated by the shaded region. The black dashed line indicates when the slope first began to fail. Velocity change observations

are plotted at the centre time of the 2-day correlation window used to measure the change.

acausal sides of the correlation. This window seeks to
avoid the direct arrivals while capturing the multiply
scattered energy most sensitive to medium changes.

The MWCS approach measures a phase shift (¢)
within a defined lag-time window. We utilised a lag-time
window of length 0.17 s, which contains at least one full
period at the lowest frequency of interest in the cor-
relation functions. We overlap our measurement win-
dows by 0.02s (90%) to increase the number of measure-
ments and reduce the uncertainty in phase shift mea-
surements. Assuming a homogeneous velocity change
in the medium, a weighted linear regression of these
phase shifts can be used to measure a change in veloc-
ity (using dv/v = —dt/t) and the associated uncertain-
ties. The weighting of the regression is the coherency of
the waveforms in each lag-time window (Clarke et al.,
2011). We calculate these relative velocity changes be-
tween consecutive 2-day stacks (a moving reference) to
maintain high coherency. These incremental changes
are then accumulated to produce the time-lapse velocity
variation series shown in the results. Velocity changes
(given as a percentage) in Fig. 3 are those calculated
from correlations of the same sensor component pair
shown in Fig. 2 (1X and 3Z) between the 25™ of Decem-
ber 2013 and 31° of March 2014.

3 Results and Interpretation

Time-lapse velocity changes (and associated uncertain-
ties) were measured using the MWCS method for each
of the 476 sensor-component pairs in the array as out-
lined in Section 2. Fig. 4 shows the average of these

4

changes across all sensor-component pairs. The initial-
isation of slope failure on the 23" of February 2014 is
indicated by the dashed black line. Also shown in Fig. 4
is the daily rainfall (in mm) recorded at the nearby Aus-
tralian Bureau of Meteorology Station also located at the
mine (YCNY). Line-of-sight slope displacement mea-
surements (in mm) from ground-based radar and the
cumulative number (and associated local magnitudes)
of recorded microseismic events are also included in
Fig. 4. Positive displacements represent movement out
of the slope, towards the radar sensor.

The initiation of slope failure closely coincides with
a two day period of heavy rainfall (around 50mm per
day). It is also clear from Fig. 4 that the rate of recorded
seismicity began to increase only as the open-pit slope
started to fail. Similarly, while line-of-sight slope dis-
placement is detected in some parts of the slope prior
to the failure (particularly following the heaviest rain-
fall day of 115 mm on the 16™ of February 2014), signif-
icant displacements are only measured after the slope
began to fail. In contrast, our measured seismic ve-
locity changes begin to decrease approximately two
weeks prior to the slope failure (between two-day cross-
correlation stacks centered on the 9™ and 11" of Febru-
ary 2014). We also observe a slight increase in velocity
prior to the initial velocity decrease. This trend likely
corresponds to the drying and stiffening of the shal-
low subsurface material during the relatively dry period
preceding this.

The seismic velocity changes presented in Fig. 4 in-
dicate a precursory decrease in seismic velocity prior
slope failure. A similar observation was made prior to

SEISMICA | volume 5.1| 2026



SEISMICA | RESEARCH ARTICLE | Did they blow it?

—_ 05 E Local Magnitude
2 ; @ }1000L
@ e S i g P i . g
2 0.0 | - D
© ! e a)
5 i ke >
2 e | 1 P E
§ _05' i ’-ﬁ g

Q ,: o - - E

= .- D ° - | 5 P
. i £
E 100 b —
= i I | =
& 50 i = - i _-1000%
o | : =
0 . 2

&\ e o 0 e e (e W& e
0\—\ Qo b A5 L fL’L\ Q’\'? Qo < e ¢ q:l-? 0’\&\ Qo W
Date

32 \“a('ﬂ‘\\a(

Figure4 Time-lapse velocity changes averaged across all sensor component pairs calculated using the MWCS method be-
tween the 25 of December 2013 and 31%t of March 2014 (grey) and shaded region indicating the cumulative average uncer-
tainty in the measurements across all sensor component pairs (top). Velocity change observations are plotted at the centre
time of the 2-day correlation window used to measure the change. The cumulative number of recorded seismic events dur-
ing this same period is also shown in the top Fig. (coloured and sized according to local magnitude). Daily rainfall (blue)
recorded at the nearby Australian Bureau of Meteorology Station at the mine: code YCNY (bottom). Time-lapse line-of-sight
displacement measurements (orange points) from ground-based radar (bottom). Red and black dashed lines indicate the
approximate times of the blast and when the slope first began to fail respectively.

the landslide failure case of Mainsant et al. (2012) in the
Swiss Alps, but uniquely, the seismic velocity decrease
that we detect in the present study was distinctly sharp
for all sensor-component pairs.

On further investigation, we discovered that the on-
set of the seismic velocity decrease coincided with the
largest ground motion recorded at the array during
recording (41 mm/s recorded by sensor 3). This ground
motion originated from a blast performed by the mine
at the foot of the slope on the 11" of February 2014 at
10:40 local time. The blast (with a dominant frequency
between 10 and 15 Hz) was located from phase arrival
picking (indicated by the explosion symbol in Fig. 1).

Co-seismic velocity decreases following a large
ground motions are a common phenomena, and are
generally attributed to “co-seismic damage in the shal-
low layers and to deep co-seismic stress change and
post-seismic stress relaxation” (Brenguier et al., 2008a).
Though we believe the co-seismic velocity decrease de-
tected at Century Mine following the blast can similarly
be related to co-seismic damage of the shallow sub-
surface below the slope face, we note that in this case
seismic velocities continue to decrease for a further 12
days until the slope begins to fail. The sharpness of
the observed velocity drop, compared to the gradual
changes from creep observed in natural landslides (e.g.,
Mainsant et al. 2012), reflects the impulsive nature of
the blast source causing immediate co-seismic damage.
Furthermore, the 6-30 Hz frequency band is highly

5

sensitive to changes in the shallow, weathered layer of
the slope, which would have been most susceptible to
the shaking from this blast. The continued decrease
in seismic velocity could be attributed to the heavy
rainfall a few days after the blast (115 mm on the 16 of
February 2014), causing water to to seep into existing
fault structures, weakening or softening them, or even
into newly formed cracks (following co-seismic damage
from the blast) of the shallow subsurface below the
slope face.

While the average seismic velocity change across all
sensor-component pairs was approximately -0.5% for
the period between the blast and the onset of failure
(Fig. 4), the magnitude of this change varied spatially.
Several sensor pairs observed decreases significantly
larger than the average; for example, pair 1X-3Z ob-
served a change of approximately -1.0% (Fig. 3).

We analyzed the statistics of these variations to check
for directional dependencies. The velocity changes
observed across different cross-components of com-
mon sensor pairs were consistent (average standard
deviation of 0.16%), and no specific component com-
binations (e.g., X-X, Y-Z) or azimuthal directions of
the sensor pairs showed significantly different veloc-
ity changes. This lack of directionality suggests that
the coda waves used were sufficiently scattered to sam-
ple the medium without strong bias from the source-
receiver orientation.

SEISMICA | volume 5.1| 2026
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Figure 5 Spatial interpolation of time-lapse velocity changes on the slope surface, averaged for the period between the
blast event and the onset of slope failure. The red sphere marks the location of the blast source, and the black plane repre-

sents the approximate trace of the Page Creek Fault.

3.1 Regionalisation

In order to gain an understanding of how the tem-
poral variations in seismic velocity are distributed in
3D space, we follow the procedure of Brenguier et al.
(2008b). Though a more rigorous approach to examin-
ing spatial variations in velocity changes measured us-
ing coda-wave interferometry could be undertaken by
calculating spatial sensitivity kernels for each sensor
pair (Obermann et al., 2013; Kanu and Snieder, 2015;
Obermann et al., 2016, 2019), the density and regular
distribution of sensors throughout the array at Century
Mine allowed the simplified approach to provide good
insight into the spatial variations in velocity changes
measured.

Velocity changes from each of the 476 sensor com-
ponent pairs are averaged for each sensor according to
the pairs with which it was constituent. As sensitivity
kernels associated with coda-wave interferometry are
peaked around sensor locations, the average velocity
changes for each sensor are interpolated onto a grid on
the slope surface relative to its proximity to each sen-
sor location (inverse square of distance). Spatial vari-
ations of velocity changes in the time period following
the blast and leading up to when the slope first began
to fail are shown in Fig. 5 (time period between red and
black dashed lines in Fig. 4). The southern part of the
slope region shows large decreases in seismic velocity,
which coincides with the Page Creek fault and the part
of the slope that first began to fail (Salvoni and Dight,
2016). The largest decreases in seismic velocity were de-
tected near the bottom of the pit, in close proximity to
the location of the blast. This supports the suggestion
that the seismic velocity decrease detected in this re-
gion is related to co-seismic damage of the shallow sub-
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surface below the slope face from the blast performed
nearby.

4 Conclusions

We have presented observations of time-lapse velocity
variations from a dense array of geophones installed be-
neath the slope of an open-pit mine during an episode
of slope failure. Our time-lapse seismic velocity obser-
vations show a precursory decrease approximately 12
days prior to the slope initiating failure. This velocity
decrease coincided with a blast performed by the mine
near the foot of the slope, indicating possible co-seismic
damage to the slope as the initial source of these ve-
locity changes. Most interestingly, these initial velocity
changes were detected in the absence of an increase in
the rate of recorded microseismic activity or significant
surface displacement in the slope itself. Approximately
aweek before the slope failure, heavy rainfall appears to
drive further decreases in seismic velocity, possibly due
to water seeping into existing fault structures, weaken-
ing or softening them, or even into newly formed cracks
(following co-seismic damage from the blast).

In this study we have demonstrated the potential for
seismic noise interferometry in detecting precursory
velocity variations in the subsurface that may indicate
an impending slope failure in open-pit mines. With
many mines likely to be built over the next decade to
meet increased demands for minerals, seismic interfer-
ometry might play a key role in preventing such fail-
ures. This would potentially save lives and significantly
reduce the economic impact to the mine.
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