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Integrating earthquake-based passive seismic methods in mineral
exploration: Case study from the Gerolekas bauxite mining area, Greece

Katerina Polychronopoulou1, Michal Malinowski2, Marta Cyz3, Nikos Martakis4, George
Apostolopoulos5, and Deyan Draganov6

ABSTRACT

As the global need for aluminum constantly rises, bauxite is
considered to be a critical mineral, and the mining industry is
in search of new and effective exploration solutions. In this con-
text, we design and implement a purely earthquake-based passive
seismic survey at the Gerolekas bauxite mining site in Greece. It
is a very difficult exploration setting, characterized by rough
topography, limited accessibility, and a very complex geotectonic
regime. We gather a passive seismic data set consisting of four
months of continuous recordings (May to August 2018) from
129 stand-alone 3C seismological stations. We then analyze this
data set and extract 848 microearthquakes that will serve as
sources for the application of local earthquake tomography
(LET) and transient-source seismic interferometry (TSI) by

autocorrelation. We apply LET to estimate the 3D P- and S-wave
velocity models of the subsurface below the study area and TSI
by autocorrelation to retrieve the zero-offset virtual reflection re-
sponses below each of the recording stations. The velocity models
provide a relatively coarse image of a previously completely
unexplored part of the mining concession, whereas the higher-
resolution virtual reflection imaging illuminates in detail the dif-
ferent interfaces. We also reprocess three lines of legacy active
seismic data that were shot in 2003, using the LET P-wave veloc-
ity model for depth migration, and confirm the improvement of
seismic imaging. Finally, we evaluate the obtained results using
well data and jointly interpret them, extracting useful information
on the expected target depths and indicating that earthquake-
based passive seismic techniques can be an innovative and envi-
ronmentally friendly option for mineral exploration.

INTRODUCTION

Critical minerals are a key component of the technological
advances, energy orientation, and economic growth of human soci-
eties. However, as the need for critical minerals constantly rises and
the known deposits are steadily depleted, the quest for fresh depos-
its becomes more and more demanding and challenging. Critical
mineral targets become deeper, often located in complex geologic
settings or environmentally sensitive areas, and their importance

makes it necessary for mineral exploration to adapt and provide
efficient solutions for their discovery and exploitation.
Such a case is the Gerolekas bauxite mining site in Central

Greece. It is one of the major bauxite-producing areas of Europe,
and despite the fact that the broader area has been extensively ex-
plored and exploited for decades — uncovering tones of bauxite
— there is a part of the mining concession where there is absolutely
no information on the subsurface. This part, which is affected by a
significant stratigraphic overlap that altered the normal stratigraphic
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series, is completely unexplored, mainly due to its rough topo-
graphic relief and limited accessibility. However, taking into ac-
count the fact that the surrounding area is very rich in bauxite,
geologists expect a similar situation below the Gerolekas overlap
and the main question is the depth at which the allochthonous over-
burden is replaced with the normal series, where the bauxitic depos-
its are expected to lie. This depth, which according to the existing
geologic scenarios is expected to be located at or below the mean
sea level (MSL), is the crucial indicator that will permit the mining
company to assess the exploitability of possible deposits below the
unexplored area.
This question was only recently raised by the mining company

exploiting the bauxite deposits in the area, because, on the one hand,
this relatively low-risk greenfield exploration would offer many
years of life to an important mining site nearing depletion, and,
on the other hand, this is a very challenging exploration setting.
The deep exploration target, which is actually not the bauxite,
but a flysch-limestone interface confirming the passage to the nor-
mal series, as well as the complex geologic setting below an area
characterized by significant topographic differences and limited ac-
cess, led us to the design and implementation of a purely passive
seismic survey in the hope of overcoming these difficulties and il-
luminating the Gerolekas subsurface.
Passive seismic is a broad term describing the exploitation of

seismic signals that are present in a survey area for the imaging
of the subsurface. These signals may be either naturally produced
or anthropogenic, but they are not deliberately generated for a spe-
cific survey. The term incorporates several different methodolo-
gies, which are primarily categorized based on the type of
passive seismic signal that is used and also on the scale of the
survey.
The exploited signal may be naturally occurring earthquakes

(Daneshvar et al., 1995; Nakata et al., 2014; Nishitsuji et al.,
2016b; Orfanos et al., 2016; Polychronopoulou et al., 2019a), ambi-
ent noise (Draganov et al., 2009; Panea et al., 2014; Romero and
Schimmel, 2018; Giannopoulos et al., 2019), or higher-frequency mi-
crotremors (Morton et al., 2021; Capizzi and Martorana, 2022) re-
corded in an area of interest. These signals are extracted from the
continuous passive seismic data sets and processed to provide images
of the subsurface below the study area. Numerous case studies of
passive seismic surveys for exploration purposes have been shown
during the past few years at a broad range of scales: from large-scale
crustal studies (Nishitsuji et al., 2016a; Casas et al., 2020) to oil and
gas exploration projects (Polychronopoulou and Martakis, 2016) and
from smaller-scale mining exploration studies (Cheraghi et al., 2015;
Polychronopoulou et al., 2019b; Chamarczuk et al., 2021) to near-
surface engineering or archaeological applications (Abu Zeid et al.,
2017; Morgan et al., 2022).
In the context of our research, we focused on the application of

earthquake-based passive seismic methodologies that exploit natu-
rally occurring earthquakes as seismic sources. Our aim was to pro-
vide a subsurface image of the Gerolekas area by applying a
combination of different passive seismic techniques. The main chal-
lenge that we faced was the fact that our target, considered as rel-
atively deep in terms of mining, is quite shallow in terms of
earthquake seismology. Therefore, the Gerolekas survey offered
a unique opportunity to explore the upper limits of the imaging
ability of earthquake-based passive seismic techniques (namely,
local earthquake tomography [LET] and transient-source seismic

interferometry [TSI] by autocorrelation), which have never been
applied at this scale. The Gerolekas seismic network consisted
of 129 stand-alone stations, equipped with 3C short-period sensors,
which continuously recorded during a period of four months
(Figure 1). The LET and TSI rely on the detection and location
of the local microearthquake sources, which we define as the nat-
urally occurring events located within or at a very close distance
from our seismic network (inside a perimeter defined by peripheral
stations surrounding the study area and down to the Moho) that are
characterized by very small magnitudes (even negative magnitude
on the Richter scale). These events exhibit relatively higher-fre-
quency content than typical larger-magnitude earthquakes and seis-
mic wave emission patterns that are closer to the point-source
approximation (because they are not produced by extended
ruptures).
We initially apply LET — a traveltime tomography method that

exploits earthquakes as sources and the passive seismic stations as
receivers. In that sense, the first-arrival times of the P and S waves of
local microearthquakes are used as input for tomographic inversion,
which results in the estimation of 3D P- and S-wave velocity models
for a subsurface volume that is spatially delineated by the horizontal
dimensions of the recording seismic network and extends from the
surface down to the maximum depth of occurrence of the recorded
seismicity (usually at depths of several kilometers). Subsequently,
we exploit the P- and S-wave coda of those of the detected micro-
earthquakes that are located (nearly) vertically below each station.
Using autocorrelation-based TSI, following the workflow described
in Polychronopoulou et al. (2020), we retrieve the zero-offset virtual
reflection responses, for the P and S waves, below a station under
consideration, from a virtual source colocated with the station and
emitting energy (nearly) vertically down. This provides a 1D pas-
sive seismic reflection image below each of the recording stations,
resulting in a pseudo-3D reflection image of the study area, the spa-
tial resolution of which, given the existence of adequate passive
seismic signals, is mainly defined by the number of stations and
the interstation distances of the seismic network.
Moreover, we explore the idea of evaluating the application of the

3D P-wave velocity (VP) model derived by LET to the depth mi-
gration of legacy active seismic data. Reprocessing of existing data
(mainly legacy active-source seismic data) is a practice that is nowa-
days becoming more and more common in mineral exploration
(Malehmir et al., 2019; Manzi et al., 2019; Donoso et al., 2020).
The technological advances of all exploration disciplines during
the past few years often permit reprocessing of existing data using
more sophisticated techniques and extracting additional information
about the subsurface in a cost-effective manner.
Next, we initially present a brief overview of the Gerolekas sur-

vey and its exploration target, followed by the description of the
analysis of the acquired continuous passive seismic data set and
the detection and location of the microearthquake sources. We then
describe the application of the two earthquake-based exploration
techniques (LET and TSI by autocorrelation) to the Gerolekas data
set. Subsequently, we analyze the exploitation of the obtained sub-
surface models for the reprocessing of legacy active-source seismic
reflection data. Thus, we show an alternative contribution of a
purely passive survey to the subsurface imaging of an area of in-
terest. Following this, we attempt an integrated interpretation of
these results. We jointly evaluate the different available pieces of
information to provide answers to the exploration question that
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was set. Finally, we discuss the overall contribution of earthquake-
based passive seismic techniques in mineral exploration.

THE GEROLEKAS BAUXITE MINE

The Gerolekas bauxite mining site is located in a mountainous
area between the Giona and the Parnassus mountains in Central
Greece (Figure 1). It is part of one of the major bauxite-producing
sites of Europe. Even though the surrounding area has been exten-
sively explored and exploited for decades, the Gerolekas site re-
mained completely unexplored. Its topographic relief, which
ranges between 300 m and 1200 m above MSL along an area of
approximately 35 km2, as well as the very limited number of mining
roads that constitute the sole means of access, prevented any explo-
ration attempts for this part of the mining concession for years.
Geologically, Gerolekas belongs to the geotectonic zone of

Parnassus-Giona and is characterized by a rela-
tively simple stratigraphy but a very complex
tectonic regime. As explained in detail in
Polychronopoulou et al. (2020), the normal
series of the Parnassus-Giona zone consists of
a superficial Paleogene flysch layer, followed
by a succession of limestones of different geo-
logic periods, dating from the Cretaceous down
to the Upper Triassic, which lie above a dolo-
mitic layer of the Middle Triassic. The bauxite
deposits in the area appear in three distinct parts
of the stratigraphic column and have the form of
layers or lenses hosted within the carbonate rocks
of the Jurassic (first and second bauxitic hori-
zons) and the Cretaceous periods (third bauxitic
horizon). From these three bauxitic horizons, the
most important in terms of mining is the third
bauxitic horizon, which is located closest to
the surface and hosted between the limestones
of the Middle and Upper Cretaceous. These lime-
stones lie directly below the flysch-limestone in-
terface of the Parnassus-Giona series.
Moreover, part of the Gerolekas area has been

affected by a stratigraphic overlap, consisting of
a limestone layer followed by Boeotian flysch,
which has been tectonically set on top of the nor-
mal series. The superficial appearance of this
overlap (Gerolekas nappe — limestone of the
Pelagonic zone) is shown in Figure 1, defining,
at the same time, the unexplored part of the sur-
vey area. Three different hypotheses exist con-
cerning the thickness of the allochthonous
layers below the Gerolekas overlap area (Fig-
ure 2). These hypotheses are presented along
the profile AA′ (see profile location in Figure 1)
and were constructed using information from
superficial geology and the numerous wells that
exist in the surrounding area. According to them,
the targeted flysch-limestone interface: (1) might
be located at significant depth (more than 900 m
below MSL) due to the graben structure (Fig-
ure 2b), in which case, even if bauxite exists,
it is of no interest for the mining company;
(2) might be located at a depth close to MSL

and followed by bauxite deposits similar to those of the surrounding
area (Figure 2c), in which case exploitation of the bauxite deposits
is possible; and (3) might be located at a depth close to MSL, but the
graben structure has resulted in the entrapment of larger quantities
of bauxite (Figure 2d), in which case large bauxite deposits are ex-
pected to be discovered.

THE GEROLEKAS PASSIVE SEISMIC SURVEY

Taking into account the complicated exploration conditions at the
Gerolekas site, we decided to implement a purely passive survey
that was the most efficient and cost-effective solution for the first
exploration attempt of the subsurface below this difficult terrain.
Our target was not to directly detect the bauxite deposits because
it is currently impossible to image a thin layer of 1–3 m that lies at a
depth of several hundreds of meters, or even deeper than 1 km, from

Figure 1. The Gerolekas seismic network superimposed on a geologic map of the study
area (geologic map: Institute of Geology and Mineral Exploration of Greece). Black
triangles correspond to the 129 stand-alone seismological stations of the network. Blue
line represents the location of the TSI profile 01-106; cyan lines represent the the active-
source seismic profiles PARV-1, PARV-2, and PARV-3; and red dots represent the well
positions showing the explored area.
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the surface. Instead, our target was to delineate the flysch-limestone
interface, which is indirectly linked to the appearance of the baux-
itic horizon of interest and the location of which, especially below
the disturbed overlap area, is completely unknown.
We installed a seismic network consisting of 129 stand-alone

seismological stations (Figure 1), equipped with the same 3C
short-period sensors, which are recording at a bandwidth of 0.2
(−6 dB) Hz to 98 (−3 dB) Hz. Most of the seismological stations
(117 stations) were installed above the Gerolekas area (inner net-
work), at a regular grid of approximately 500 m × 500 m, except for
the parts of the study area that were completely inaccessible (see
Figure 1), whereas a dozen stations were installed at distant loca-
tions surrounding the inner network. The peripheral stations served
as control points, ensuring a satisfactory azimuthal coverage for the
location of events occurring at the edges of the study area and a
more robust estimation of hypocentral depths. The network re-
corded continuously during a period of four months (May to August
2018).

LOCATION OF THE PASSIVE SEISMIC SOURCES

We analyze the acquired continuous records to detect and locate
the microearthquakes that occurred during the recording period
within or at a distance of less than 5 km from the Gerolekas net-
work. These microearthquakes will be our passive seismic sources
for the application of LET and TSI by autocorrelation. An example
of the application of the data analysis procedure on an event of the
Gerolekas data set is shown in Figure 3.

First, we remove the DC component of the signals and band-pass
filter the continuous records between 1 Hz and 45 Hz. The selection
of the filter is based on the knowledge that the local microearth-
quakes are characterized by a frequency content that is significantly
higher than 1 Hz and usually lower than 45 Hz (see spectrogram of
Figure 3d); the 100 samples per second rate of the recording, and
the consequent Nyquist frequency of 50 Hz, imposes a hard upper
limit. Then, we perform event detection, using an energy-based al-
gorithm with an improved short-time-average/long-time-average
(STA/LTA) detector that uses information from all three compo-
nents of each record (Leontarakis et al., 2015). The signals recorded
by the three components at each station (Figure 3a) are used to es-
timate a characteristic function, which is then subjected to energy
criteria by means of two moving windows, whereas the threshold-
ing needed for the declaration of a candidate seismic event is dy-
namic and based on the statistical characteristics of the STA/LTA
ratio sequence for each characteristic function. In that sense, the
procedure takes into account the specific conditions prevailing at
each recording site and time, which might change during the
month-long recording period. The event-detection algorithm is
complemented by multistation analysis, which imposes the detec-
tion of a candidate event in a predefined number of neighboring
stations, taking into account the network’s geometry as well as
the magnitude of the events that we aim to detect (Figure 3b). Sub-
sequently, we automatically estimate the P- and S-waves’ onset time
for the detected events (Figure 3c), using an algorithm that exploits
the statistical characteristics of the detected signals and, more spe-
cifically, their fourth-order zero-lag cumulant kurtosis. The P-wave

Figure 2. Geologic hypotheses regarding the thickness of the allochthonous layers below the Gerolekas overlap presented along the profile
AA′ of Figure 1. (a) Known geologic features along the profile AA′. The exploration target area is marked with the question marks. (b) Hy-
pothesis 1: the flysch-limestone interface is located at significant depth due to the graben structure. (c) Hypothesis 2: the flysch-limestone
interface is located at a depth close to MSL and the bauxite deposits are similar to those of the surrounding area. (d) Hypothesis 3: the flysch-
limestone interface is located at a depth close to MSL, and larger quantities of bauxite have been trapped due to the graben structure.
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onset time is assigned to the point where the kurtosis of the detected
signal presents its maximum slope (Saragiotis et al., 2002), whereas
the S-wave onset time is estimated by the application of the kurtosis
criterion on the maximum eigenvalue sequence resulting from
eigenvalue analysis of the 3C signal (Lois et al., 2013). We then
use the obtained P- and S-wave first-arrival times to estimate the
hypocentral locations of the detected earthquakes through an iter-
ative linearized least-squares procedure.
In the case of the Gerolekas passive seismic

survey, we locate 954 microearthquakes at epi-
central distances of less than 5 km from at least
one of the stations of the network. The duration
magnitude (Md) of these earthquakes ranges be-
tween −1.5 and 2.0 on the Richter scale. Md is
commonly used for estimating the magnitude of
very small events, and its calculation takes into
account the duration of the signals recorded dur-
ing an earthquake (coda duration defined at the
time between the red and green lines in Figure 3c)
in relation to their epicentral distance. We further
select those of the located earthquakes that are
characterized by the lowest uncertainty in their
location. More specifically, the selected micro-
earthquakes satisfy the following quality criteria.
(1) The estimation of their location is based on
more than 10 P- and S-wave arrival times,
(2) the root-mean-square (rms) error of their
location solution is less than 0.15, and (3) the
horizontal and vertical uncertainty of their hypo-
central locations is less than 1 km. This results in
a data set of 848 microearthquakes (Figure 4)
that are used as the passive seismic sources for
the application of LET and TSI by autocorrela-
tion. In Figure 5, we present the statistical char-
acteristics of the selected seismicity, in terms of
hypocentral depths, number of P- and S-wave
first arrivals used for locating, as well as rms er-
rors of the earthquakes’ locations.

LOCAL EARTHQUAKE
TOMOGRAPHY

The 848 carefully selected microearthquakes
are used as the passive seismic sources for the
application of LET. We exploit the measured
traveltimes of the first arrivals for the P and S
waves of the located microearthquakes and invert
them to estimate the P- and S-wave velocity dis-
tribution below the study area. Note that we es-
timate the S-wave velocity distribution indirectly
by inversion for the VP/VS ratio.
Due to the additional uncertainty of the loca-

tion and time of occurrence of the microearth-
quake sources, we treat the source parameters
as unknowns and their initial locations and origin
times as starting source parameters. For that, we
apply a joint velocity-hypocenter inversion
scheme (Lee and Stewart, 1981; Thurber, 1983).
During each iteration of the inversion procedure,
we calculate the updated VP and VP/VS ratio

models and use this information to recalculate the sources’
hypocentral parameters.
An issue of using earthquake sources is that, in most cases, the

medium is sampled unevenly and preferentially along certain direc-
tions defined by the seismicity rate of the study area as well as the
location of active faults. As a result, the LET inverse problem is
generally a mixture of over- and underdetermined problems and re-
quires regularization to stabilize the inversion. This regularization is

Figure 3. Data analysis procedure. (a) Event detection of the earthquake that occurred
on the 29 July 2018 at 15:05:07 (GMT). Signals recorded by the three components of the
first 70 stations of the Gerolekas seismic network (accepted traces in black and rejected
traces in blue). (b) Locations of the triggered stations (circled blue dots) of the Gerolekas
seismic network. (c) Picking of the first arrivals on the recordings of the three compo-
nents of station 25 (red line: P-wave onset time, blue line: S-wave onset time, and green
line: coda duration). (d) Spectrogram of the recording of the vertical component of sta-
tion 25 presented in (c). PSD, power spectral density.
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done using an appropriate damping factor that controls the degree of
parameter perturbations. We select the appropriate damping factor
empirically, performing several single-iteration inversions for VP

and VP/VS ratio, through the construction of trade-off curves be-
tween the data and model variance, as proposed by Eberhart-
Phillips (1986). The appropriate damping factor values are those
that correspond to the best compromise between the data and model
variance.

LET implementation

For the 848 selected microearthquakes, we obtained 98,763
exploitable P- and S-wave first arrivals (51,412 P-wave and 47,351
S-wave first arrivals), i.e., an average of approximately 117 first-
arrival times per seismic event (61 P-wave and 56 S-wave arrival
times). The high number of arrival times per earthquake, despite
the very low magnitude of the exploited seismicity, is due to the very
dense seismic network installed in the Gerolekas area and constitutes
an indicator of the quality of the initial hypocenter-location solutions.
In Table 1, we present a description of the inversion problem that we
solve, in terms of number of known and unknown variables.
We perform LET using a revised version of the SIMULPS inver-

sion code (Thurber, 1983; Evans et al., 1994). The inverse problem
is solved using damped least squares based on singular value de-
composition that incorporates a parameter-separation scheme be-
tween velocity and hypocenter parameters. Parameterization of
the model space is achieved using the 3D grid-node technique,
whereas the velocity values of the space between the model nodes
are estimated using the linear B-spline interpolation. The forward
problem is solved using the pseudobending approximation (Um and
Thurber, 1987), which performs satisfactorily for ray lengths shorter
than 80 km (Um and Thurber, 1987; Eberhart-Phillips, 1990), as
in our case. In Figure 6, we present the raypaths involved in the
inversion, along with the limits of the model space. We see that

the ray coverage is excellent, especially for the inner model space,
which constitutes the area of major interest.
We parameterize the model using different node distances for the

inner (6 km × 8 km) and outer model space (see the rectangles in
Figure 6). We use a finer grid of 500 m × 500 m for the inner model
space, which delineates the actual area of interest, and a coarser grid
of 1 km × 1 km for the remaining nodes. For depth parameteriza-
tion, we also adopt a variable grid, setting a node every 500 m for
the first 3.5 km from the surface (down to 2 km below MSL) and
gradually increasing the internode distance down to the Moho
(every kilometer down to 6 km below MSL, every 2 km down
to 10 km, every 5 km down to 20 km, and a final node at 35 km).
The vertical extent of the model space is defined by the depths of the
hypocenters, located mainly shallower than 15 km with very few

Figure 4. Spatial distribution of the Gerolekas seismicity. Color-
coded dots correspond to the epicenters of the 848 selected micro-
earthquakes that are used as the sources for the passive seismic
methods. Their colors represent the earthquakes’ depth of occur-
rence, whereas black triangles mark the locations of the 129
stand-alone seismological stations of the Gerolekas network.

Table 1. Number of knowns and unknowns that describe the
Gerolekas inversion problem.

Knowns P-wave observations 51,412

S-wave observations 47,351

Total 98,763

Unknowns Model parameters for
VP [x × y × z]

11,339 [23 × 29 × 17]

Model parameters for
VP/VS [x × y × z]

11,339 [23 × 29 × 17]

Hypocenter coordinates
[x × y × z]

2544 [848 × 3]

Origin times 848

Total 26,070

Figure 5. Statistical analysis of the Gerolekas selected 848
microearthquakes. Histograms showing (a) the occurrence-depth
distribution, (b) the number of P- and S-wave first arrivals per mi-
croearthquake, and (c) the rms error of the earthquakes’ locations.
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occurring at depths of approximately 25 km (histogram in
Figure 3a), whereas the Moho depth in the area is expected at
approximately 35 km (Sachpazi et al., 2007).
Due to the complexity of the structures and the exceptionally shal-

low depths that we aim to image, we perform a two-step 3D inversion
procedure, with increasing complexity during each step. We initially
invert only for VP, using a simple 1D P-wave velocity model that has
been estimated from the data by means of a rough initial 1D inversion
of the coarse seismological model proposed by Latorre et al. (2004)
for a nearby area, and a uniform VP/VS ratio of 1.78, estimated using
the Wadati diagram presented in Polychronopoulou et al. (2020), as
starting models. The 1D VP starting model is presented in Table 2.
We then repeat the procedure using the resulting output 3D VP model
as the starting model, along with the previously defined uniform
VP/VS ratio and the relocated microearthquakes. In Figure 7, we
present the trade-off curves for the Gerolekas data set. Regularization
is done by selecting a damping factor equal to 10 for the VP and the
VP/VS inversion.

Inversion results

In Figures 8 and 9, we present the VP and VP/VS ratio distribu-
tions, respectively, obtained from the field data along the depth sli-
ces of interest (from 500 m above MSL down to 2 km below MSL).
Examining the LET results, we can already extract some initial

information on the subsurface below Gerolekas. For this, we focus
on the unexplored part of the study area that is delineated by the
surficial appearance of the Gerolekas nappe (brown lines in Fig-
ures 8 and 9) and compare them with the explored area around
it. Taking into account the P-wave velocity distribution in Figure 8

and the known geology outside the Gerolekas nappe, we observe a
clear separation between the flysch layer (VP of the order of
4.0–4.5 km/s) and the underlying limestone of the normal Parnas-
sus-Giona series (VP higher than 4.8 km/s). This passage, which has
already occurred at MSL for the northern part of the Gerolekas
nappe and seems to be completed for almost all of the Gerolekas
area at the depth slice of 500 m below MSL, is a first indicator that
the geologic hypothesis of Figure 3b is not valid. This observation is
of great interest for the mining potential of the Gerolekas area be-
cause the bauxite deposits are expected to reside slightly below this
flysch-limestone interface. Moreover, the VP/VS ratio distribution in
Figure 9 confirms this interpretation because it clearly shows a high
VP/VS ratio area following the form of the surficial appearance of
the Gerolekas nappe and extending down to depths between MSL
and 500 m below MSL (VP/VS ratio values higher than 1.85). This
can be explained by considering the VS properties involved in the
estimation of the VP/VS ratio because the formations of the overlap
area are expected to be more disturbed than the same formations
that appear in the neighboring tectonically stable areas, thus being
characterized by lower VS values. This is clear, especially for parts
of the model space that are characterized by similar VP and very
different VP/VS ratio values. Consequently, a first evaluation of
the Gerolekas LET results provides some insight into the depth
at which the interface between the overlap formations and the for-
mations of the normal Parnassus-Giona series lies — it begins a
few hundreds of meters above MSL for the northern part of the
Gerolekas nappe area and is completed a few hundreds of meters
belowMSL for the southern part. This information is directly linked
to the exploration question that was initially set.

Figure 6. Raypaths used for the inversion of the Gerolekas data
(gray lines). Red triangles represent the Gerolekas-network stations,
blue dots represent the relocated epicenters of the 848 microearth-
quakes, the dashed black lines represent the model space, and the
solid black lines represent the inner finely gridded model space cor-
responding to the area of interest.

Table 2. The VP and VP/VS ratio starting models for the
inversion.

VP and VP/VS starting models

Depth (km) VP (km/s) VP/VS

1.5 (above MSL) 4.40 1.78
1.0 (above MSL) 4.60

0.5 (above MSL) 4.80

MSL 5.00

0.5 (below MSL) 5.10

1.0 (below MSL) 5.20

1.5 (below MSL) 5.25

2.0 (below MSL) 5.30

3.0 (below MSL) 5.40

4.0 (below MSL) 5.50

5.0 (below MSL) 5.55

6.0 (below MSL) 5.60

8.0 (below MSL) 5.80

10.0 (below MSL) 6.00

15.0 (below MSL) 6.20

20.0 (below MSL) 6.40

35.0 (below MSL) 7.00

The VP model is estimated using a 1D inversion of the data, whereas the VP/VS ratio
is estimated by means of a Wadati diagram (Polychronopoulou et al., 2020).
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Model robustness

The inversion resolution of LET is neither uniform nor fully con-
trolled because it is heavily affected by the spatial distribution of the
seismic rays spanning the study volume. Consequently, it is very
important to accompany LET results with a means to assess the sol-
ution’s quality at each part of the inverted volume. A detailed as-
sessment of the Gerolekas LET model robustness is described in
Appendix A.

TRANSIENT-SOURCE SI BY AUTOCORRELATION

The same 848 carefully selected local microearthquakes are fur-
ther processed by the application of TSI by autocorrelation for
retrieval of reflected waves.
According to the theory of seismic interferometry (SI), for a seis-

mic station installed on the free surface above a horizontally layered
subsurface and a source illuminating the target from below by a ver-
tical plane wave, we can retrieve the global reflection response RðtÞ
that would be emitted from a virtual source co-located with the sta-
tion under consideration and emitting energy vertically down. This is

done by calculating the autocorrelation of the global transmission re-
sponse TðtÞ of the vertically propagating plane wave recorded at the
free surface, corrected by a term corresponding to the pulse of the
illuminating wavefield (the Kronecker δðtÞ) (Claerbout, 1968;
Wapenaar et al., 2010):

RðtÞ þ Rð−tÞ ¼ δðtÞ − TðtÞ � Tð−tÞ: (1)

In the case of the Gerolekas data set, we apply this principle using
the selected microearthquakes as sources, following the methodology
proposed by Polychronopoulou et al. (2020). We select those of the
848 microearthquakes whose first arrivals are incident (nearly) ver-
tically at a station of the Gerolekas seismic network. We assume that a
recorded seismic ray is nearly vertical when the hypocentral location
of an earthquake lies within a circular cone extending vertically down
with its apex fixed on the station location and an apex half-angle equal
to 20°. This is a prerequisite for the application of TSI by autocorre-
lation for reflected-wave retrieval, ensuring that the data satisfy the
necessary condition of vertical illumination from below.
This procedure results in the selection of several microearth-

quakes whose first arrival is nearly vertical at a station of the
Gerolekas network (Figure 10). These events will contribute to
the retrieval of the zero-offset virtual reflection response below the
station under consideration, by applying the processing steps
described in Appendix B.

Weighted stacking

Unlike the simple stacking that was initially proposed in
Polychronopoulou et al. (2020), we apply a two-step weighted sum-
mation procedure, taking into account the crosscorrelation coeffi-
cient (CCC) between the unstacked traces and a reference trace.
This weighted-stacking procedure is a methodological addition that
aims to improve the quality of the obtained virtual reflection re-
sponses below each station. We initially assess the overall quality
of each trace, by building a reference trace per station and estimat-
ing the global CCC between each unstacked trace under investiga-
tion and this reference trace. The reference trace is the output of the
simple stacking of all the traces that are obtained for a given station
by the application of the processing sequence described in Appen-
dix B. Traces that are characterized by insufficient correlation with
the reference are discarded.
Following this, we calculate a new reference trace, by stacking

only the traces that passed the correlation criterion of the previous
step, to further assess these traces’ quality. To make this assessment,
we select an appropriate time window (in this case we select a win-
dow length of 10 samples) and estimate the local CCC with the new
reference trace for each part of the unstacked traces. This provides a
means of assessing the traces’ local coherency and serves as a
weighting factor that highlights the coherent parts, where the esti-
mated CCC lies above a specific threshold value (in this case set at
50%), whereas it suppresses the noisy parts of the obtained signal,
for which CCC is either lower than the threshold value (incoherent
parts) or negative (coherent but of opposite polarity). The resulting
weighted traces are then stacked per station and component, and the
remaining reflectors are kept only if they are observed in several
unstacked traces (in this case more than five). The obtained final
summed results at each station correspond to the retrieved zero-off-
set virtual reflection response that would be acquired if a source and

Figure 7. Model variance versus data variance for several single-
iteration inversions: (a) for VP and (b) for VP/VS ratio, using differ-
ent damping factor values.
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a receiver are colocated at the station’s location and the source is
emitting energy vertically down.
An example of the application of the weighted-stacking pro-

cedure on the signals recorded by station 118 of the Gerolekas
seismic network is shown in Figure 11. We select station 118 for
two reasons: (1) it is located at the edges of the network and thus
provides the opportunity to check if the limited azimuthal cover-
age of such location affects SI results and (2) it is located close to
mining waste piles, where material is occasionally dumped, affect-
ing local noise conditions. Observing the stacked ACF resulting at
each step of the procedure, we note that the obtained final stacked
traces (right panels in Figure 11) are globally similar and we delin-
eate areas where the weighted-stacking procedure suppresses
incoherent parts of the ACFs, providing a less noisy image
(red rectangles in Figure 11). For example, the reflector R1 in
Figure 11c (at approximately 90 ms) is enhanced because the pro-
cedure eliminates the few traces that remained locally incoherent,

even after discarding the globally incoherent traces (Figure 11a
and 11b). In contrast, the area at approximately 450 ms (R3),
where two small reflectors appear as a result of stacking visibly
incoherent signals, is improved in Figure 11c, in which their am-
plitudes are further reduced. Another difference is observed at ap-
proximately 240 ms (R2), where we observe two reflectors clearly
separated before local weighting (Figure 11a and 11b), which tend
to merge in one in Figure 11c.
The low CCC that characterizes the discarded traces can be ex-

plained either by their severe contamination by noise — due to var-
iable local noise conditions that occasionally affect the recorded
signals at a specific station — or by some violation of the station-
ary-phase region of vertical incidence that is assumed. This violation
might be due to an erroneous selection of the condition of near-ver-
tical incidence (if the assumed incidence angle is larger than it should
be) or to significant error at the relevant hypocentral location that may
be placing an earthquake inside the selected zone, whereas, in reality,

Figure 8. The P-wave velocity distribution along depth slices crossing the study area. The depth slices range from 500 m above MSL to 2 km
belowMSL. Black triangles represent the Gerolekas-network stations, and brown line represents the superficial appearance of the Gerolekas nappe.

Passive seismic for mineral exploration WB43

D
ow

nl
oa

de
d 

12
/2

8/
23

 to
 1

54
.5

9.
12

4.
11

3.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

S
E

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/p

ag
e/

po
lic

ie
s/

te
rm

s
D

O
I:1

0.
11

90
/g

eo
20

23
-0

21
3.

1



it is located outside. To examine this, we depict the selected events,
satisfying the verticality criterion that was set, below station 118 and
show which of these events are rejected during the first step of the
weighted-stacking procedure (Figure 12). We see that the spatial dis-
tribution of the rejected earthquakes is random and they are not lo-
cated at places that would imply either a problematic selection of the
stationary-phase region (e.g., if they were located at the edges of the
cone of Figure 12) or significant error at their hypocentral location
(e.g., if they were located at the poorly azimuthally covered area at
the north, northwest of station 118). Consequently, we consider that
the low correlation of specific traces is most probably due to in-
creased local noise levels at specific times.

TSI results

We further process these traces by applying standard seismic-ex-
ploration processing routines to obtain zero-offset seismic sections
along directions of interest. For that, we use CWP/SU: Seismic
Un*x (Cohen and Stockwell, 2008). We apply static corrections,

taking into account the significant elevation differences of the Ger-
olekas site (elevations range between 300 m and 1300 m above
MSL for an area of 5 km × 7 km) and time-to-depth conversion
to the resulting time sections, using an average 1D P-wave velocity
model (estimated from LET).
In Figure 13, we present the obtained virtual zero-offset reflec-

tion responses by the application of TSI by autocorrelation on the
signals recorded by the vertical component of the stations along
the TSI profile 01-106, using the proposed weighted-stacking
procedure (Figure 13a) and the simple stacking that was initially
applied (Figure 13b). The presented depth sections provide infor-
mation from the surface (elevations that range between 300 m and
1000 m) down to a depth of 2 km below MSL. Note that the zero-
offset traces are interpolated for visualization purposes. This pro-
file is selected because part of it follows one (PARV-3) of the three
2D active-source seismic profiles acquired in 2003 along the edges
of the Gerolekas overlap area. Locations of the TSI profile 01-106
as well as the 2D active-source seismic profiles PARV-1, PARV-2,
and PARV-3 are shown in Figure 1.

Figure 9. As shown in Figure 8 but for the VP/VS ratio.
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LEGACY SEISMIC DATA

In 2003, active seismic data were acquired in the Gerolekas area,
along three seismic profiles (PARV-1, PARV-2, and PARV-3), by
Hellenic Petroleum (Figure 1). In 2004, Hellenic Petroleum proc-
essed the seismic data up to poststack time/poststack depth migra-
tion. Original processing and interpretation results were available
only as hardcopies (for an original processing example, see
Polychronopoulou et al., 2020). During the original processing,
only the field statics were applied, using a datum of 800 m and
a replacement velocity of 3500 m/s. All profiles were acquired
using vibroseis (15–90 Hz sweep, five sweeps/vibroseis point).
Acquisition parameters for each line are summarized in Table 3.

Seismic data reprocessing

Original data are initially inspected for bad or test shots and
merged into shot gathers for each line (2 s long, with a sampling
of 2 ms). Lines PARV-2 and PARV-3 partially overlap, but due to
their different receiver spacing, they are processed separately. During
the reprocessing, a crooked line geometry is adopted for each profile,
with the following bin sizes: PARV-1, 7.5 m; PARV-2, 5 m; and
PARV-3, 2.5 m. We use the same replacement velocity (3500 m/s)
that was used during the original processing. The basic processing
flow is summarized in Table 4.
On average, the data quality was good. An example shot gather

before and after processing is shown in Figure 14. There is a strong
effect of topography, which is visible in the shape of the first arriv-
als. Reflections are discontinuous in general, but there are energetic
wide-angle reflections present, originating from a high-velocity
layer. The presence of this layer was causing problems during
velocity analysis and required a careful mute-function design.
Therefore, in the next steps, prestack depth migration (PreSDM)
is attempted for all the profiles.
During the reprocessing, a lot of attention was paid to the statics.

We test refraction statics and tomostatics, concluding that the tomo-
statics provide a better reflection alignment.

Depth imaging

Due to the presence of strong lateral and vertical velocity contrasts,
in the next step we run PreSDM for all of the profiles. We start with
the PARV-1 profile, in which long offsets (up to 5 km) are present.
First-arrival energy is picked up to the farthest offset and first-arrival
tomography (FAT) is applied (Zhang and Nafi Toksöz, 1998), using
the full-offset range, to produce a starting velocity model for migra-
tion. However, due to the presence of shadow zones and complex
wavefields, picking of first arrivals is very tedious.
Because of the preceding, we make use of the passive seismic

velocity model estimated by LET, as an alternative velocity model
for PreSDM. Smooth velocity distributions are extracted from the
3D LET results along the seismic profiles and regridded to match
the common-depth points spacing. Subsequently, we perform stan-
dard Kirchhoff PreSDM. Figure 15 shows a comparison of the
depth-migrated stacks along the seismic line PARV-1, obtained us-
ing the FAT and LET models, respectively.
Note that the LET velocities seem to be more conformable with the

general structural pattern, whereas velocity values of the LET model
seem to be lower beneath the depth of 750–1000 m (below the seismic
datum). The final PreSDM stack reflectors of Figure 15b are flatter

and a shallow reflector (undetectable in Figure 15a) appears at a depth
of approximately 250 m (below the datum) between the common-
depth points of 110 and 150. This also is reflected in the common-
image gathers, which are clearly showing flatter events for the migra-
tion using the LET model (Figure 16). This can be explained by the
fact that the LET velocity distribution is more robust, especially at
greater depths, than the respective FAT model. In addition, the
FAT velocity model is built using near-horizontally propagating re-
fracted arrivals, whereas in the LET model, the dominant rays are
more vertical and therefore more compatible with near-vertical inci-
dence reflection data.
Based on the comparison of the results of PreSDM along PARV-1,

we decide to use the LET-derived velocity model for migrating the
other two profiles. After inspection of the common-image gathers,
the LET velocities are scaled by 85% for migrating lines PARV-2
and PARV-3 because this seems to provide the optimum migration
results. The need to downscale the LET velocities shows that the
LET velocity field is probably overestimated along the seismic pro-
files. This could be due to two possible reasons: (1) an erroneous se-
lection of an overestimated starting velocity model for the LET
inversion and (2) the fact that the values of the LET velocity model
are estimated for large volumes (LET grid of 500m× 500m× 500m),
which might result in overestimating the values close to the surface.

INTERPRETATION

To exploit the results of the Gerolekas passive seismic survey
better, we need to calibrate them using the available geologic knowl-
edge, which is mainly based on well information from the numerous
wells drilled in the surrounding area. These wells, despite being very
shallow and located outside the Gerolekas overlap area, provide a
robust means of evaluating our results and serve as control points
in our attempt to correlate geophysical images with geologic forma-
tions. This correlation was one of the reasons why we designed a

Figure 10. Number of events satisfying the verticality criterion at
each station of the Gerolekas inner network. Red line represents the
location of the TSI profile 01-106, and magenta lines represent the
active-source seismic profiles PARV-1, PARV-2, and PARV-3.

Passive seismic for mineral exploration WB45

D
ow

nl
oa

de
d 

12
/2

8/
23

 to
 1

54
.5

9.
12

4.
11

3.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

S
E

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/p

ag
e/

po
lic

ie
s/

te
rm

s
D

O
I:1

0.
11

90
/g

eo
20

23
-0

21
3.

1



seismic network spanning a broader area that also
includes parts of the mining site that are thor-
oughly explored. This also is the reason why
we select to focus our interpretation on TSI profile
01-106 — it follows PARV-3, which is the only
active-source seismic line that is located relatively
close to several the existing wells (see Figure 1),
thus providing the opportunity to jointly evaluate
active- and passive-source seismic data with geo-
logic information.
We select those of the wells that are located

along the TSI profile 01-106 (Figure 1) and
present their findings in Figure 17a. The geologic
formations encountered during drilling are flysch,
different types of limestone, as well as rare and
mainly superficial appearances of alluvia. The pla-
ces where bauxite is drilled are marked with the
red crosses on the relevant wells because the
thickness of the bauxitic lenses is too small to
be depicted along the TSI profile. We overlay well
data on the reprocessed active-source seismic line
PARV-3. Even though PARV-3 is located at a rel-
atively short distance from the selected wells, we
observe a good correlation between the reflectors
that appear at a depth of approximately 600 m
above MSL (offsets: 200–1400 m and 3400–
4200 m) with the flysch-limestone interface that
is observed in the well data.
Following this, we examine the imaged reflec-

tion responses on TSI profile 01-106, searching for
reflectors with similar characteristics, to delineate
the geologic interfaces in the subsurface. We then
evaluate the detected interfaces, taking into ac-
count the well information along the profile, and
we attribute them to specific geologic formations.
These interfaces, corresponding to the bottom of
the different layers, are shown in Figure 17b. More
specifically, dashed green and blue lines corre-
spond to the bottom of flysch and limestone, re-
spectively, whereas the gray lines delineate areas
where the virtual reflectors seem to be interrupted
and are interpreted as faulting zones. We overlay
the SI data, along with their interpretation, on the
active-source data of Figure 17a, and we observe
a satisfactory correlation between active- and pas-
sive-source reflectors. We note that the location of
the areas interpreted as faulting zones is confirmed
by the reprocessed active-source data because the
relatively continuous reflectors that appear at the
beginning of PARV-3 are interrupted and become
chaotic between the offsets of approximately
1500 m and 3000 m.
The imaging capacity of the application of the

TSI methodology in the case of the Gerolekas
data set does not permit the delineation of layers
thinner than approximately 50 m because the
average frequency of 25 Hz that is observed in
the P-wave coda of the recorded earthquakes,
along with the average P-wave velocity of

Figure 11. Weighted-stacking procedure applied on data recorded by the vertical com-
ponent of station 118 of the Gerolekas seismic network. (a) Unstacked ACFs of all the
signals (left) and initial reference trace (right). (b) Selected ACFs by means of assessing
the global CCC per trace with the initial reference trace (left) and intermediate reference
trace calculated by summation of the selected traces (right). (c) Selected parts of the ACFs
by means of assessing the local CCC per time window with the relevant part of the in-
termediate reference trace (left) and final reference trace (right). The red rectangles delin-
eate areas where improvement is observed.

Figure 12. The assumed stationary-phase region of near-vertical incidence below sta-
tion 118 of the Gerolekas seismic network (gray cone). Black triangles represent the 129
stand-alone seismological stations of the network, red triangle represents the station 118,
cyan circles represent the selected events with hypocenters inside the stationary-phase
region, and asterisks represent those of the selected events that are accepted by the
weighted-stacking procedure.
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4–5 km/s, results in vertical seismic resolution on the order of
40–50 m (λmin = 160–200 m and λ/4 = 40–50 m). As a result,
we cannot interpret bauxitic lenses. Instead, we aim to delineate
areas where bauxite is more likely to exist by considering that
the bauxitic lenses in the surrounding area are located close (right
below) to a flysch-limestone interface as well as considering the
well data. In any case, the major target of this survey is to evaluate
the hypotheses assumed for the flysch-limestone interface below the
Gerolekas overlap (Figure 2).
Depending on the polarity of the virtual reflectors forming each

delineated interface, we draw conclusions about the characteristics
of the two layers forming the interface in terms of the impedance
contrast. Equation 1 shows that the autocorrelated transmission re-
sponse should be multiplied by −1 to retrieve a positive reflection
response. As we do this, a passage to a layer of higher velocity and
density will be marked by virtual reflectors with a positive polarity,
whereas a passage to a layer of lower velocity and density will be
marked by a negative polarity. In the case of the Gerolekas survey,
we expect the flysch layer to be characterized by lower seismic
velocity and density than the different types of limestone. More spe-
cifically, according to Orfanos et al. (2021), an average value of the
P-wave velocity (V) and the density (ρ) of the flysch and limestone
formations that appear in the Gerolekas area have been estimated,
using in situ measurements inside the mine’s galleries, as well as
laboratory measurements of core samples. These average values are:
Vflysch = 3.1 km/s, ρflysch = 2.61 g/cm3, V limestone = 4.5–4.8 km/s, and
ρlimestone = 2.67–2.71 g/cm3. Because the geology of the study area
is quite complicated, we expect velocity inversions, due to the

Gerolekas stratigraphic overlap. These velocity inversions, which
in the case of TSI profile 01-106 are interpreted as passage from
a limestone to a flysch layer, appear on the zero-offset virtual re-
flection profile as reflectors of negative polarity that delineate the
interface between the two different lithologies (e.g., interface at a
depth of approximately 500–560 m above MSL for the first 1300 m
of the profile; interface at 380–440 m above MSL for distances of
1700–2600 m; and interface at 290–310 m aboveMSL for distances
of 3900–6000 m).
Finally, to evaluate our results, we superimpose the interpreted in-

terfaces on the well data of Figure 17a. Observing Figure 17c, we see
that the top flysch layer, which is delineated in detail by well data, is
reconstructed quite well by the virtual reflectors obtained using TSI
by autocorrelation. It is followed by a limestone layer, hosting baux-
itic lenses close to the flysch-limestone interface for the major part of
TSI profile 01-106. However, this is not the case for the part of the

Table 3. Acquisition parameters for the legacy active seismic
lines PARV-1, PARV-2, and PARV-3.

Acquisition parameters

PARV-1 PARV-2 PARV-3

Receiver interval (m) 15 10 5

Shot interval (m) 15 10 5

Active channels 360 220 200

Max offset (m) 5377.5 2295 1992.5

Figure 13. Virtual reflection zero-offset depth sec-
tions along the TSI profile 01-106, part of which
follows the active-source seismic line PARV-3
from Figure 1. The depth sections are obtained
by the application of TSI by autocorrelation using
P-wave coda, and using the (a) weighted-stacking
and (b) simple-stacking procedure.
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profile between distances of 1500 m and 3500 m, where two faulting
zones seem to be heavily affecting the subsurface. At this part of the
profile, bauxite is found close to the second flysch-limestone inter-
face, which is located after the flysch reappearance, at a depth of
approximately 250 m above MSL.
This observation can be directly linked to the stratigraphic overlap

of the Gerolekas area because the TSI profile 01-106 is located at the
edges of the Gerolekas nappe. Figure 18 depicts the LET VS distri-
bution at the depth slice of 500 m above MSL and shows that the
affected part of the profile (purple ellipse in Figure 18) is located
along a discontinuity separating the Gerolekas overlap from the sur-
rounding areas. We choose to plot VS because we expect to encounter
the same formations (flysch and limestone) but affected by different
degrees of disturbance (due to faulting), rather than different forma-
tions. We use the velocity distribution of Figure 18 to delineate areas
with similar characteristics with the various zones of interest that
appear along the TSI profile. We jointly evaluate the findings of
Figures 17 and 18 and conclude that for the areas located at the west
of the purple ellipse, possible bauxite deposits are probably located
below the first flysch-limestone interface, whereas toward the east
(below the Gerolekas overlap), they should be expected deeper, after
the flysch reappearance.
Consequently, for the part of the profile that belongs to the over-

lap area, TSI findings show that the flysch-limestone interface of
interest is located at a depth of 250 m above MSL, thus confirming
the geologic hypotheses in Figure 2c or 2d. The scenario in Fig-
ure 2b, which assumes that this interface has been moved to several
hundreds of meters below MSL and possible bauxite deposits are of
no mining interest, is clearly rejected. Moreover, using the LET S-
wave velocity distribution, we show that the findings of the well
3487 in Figure 17, which is drilled at the edges of the Gerolekas
overlap area and finds bauxite at the depth of 200 m above MSL,
conform with the geology below the disturbed area. Taking into
account the fact that the type of the bauxite deposits found by this
well are similar to the ones encountered in the surrounding area, we
conclude that the prevailing hypothesis for the subsurface below
Gerolekas is the one shown in Figure 2c.

DISCUSSION

In the case of the Gerolekas mining investigation, the main chal-
lenge related to the application of LET was the fact that even the
indirect exploration target (flysch-limestone interface) was expected

Figure 14. Example of shot gather from PARV-1 profile: (a) raw
data and (b) processed data.

Figure 15. Final PreSDM stacks along the line PARV-1. The stacks
are obtained using (a) FATand (b) LET velocity models (overlain in
the background).

Table 4. Reprocessing workflow for the Gerolekas data.

Reprocessing workflow

1 Read SEG-Y

2 Geometry merge

3 Spherical divergence compensation (tpow = 1.2)

4 Tomostatics

5 Floating datum correction

6 Air wave attenuation

7 Velocity steered median filter (V = 1000, 1500 m/s)
applied to a cone defined by V = 1500 m/s

8 f-x deconvolution

9 Trace edits

10 Surface-consistent spiking deconvolution
(150 ms operator)

11 Single-trace predictive deconvolution
(150 ms operator, 12 ms gap)

12 Band-pass filtering (18–22–80–90 Hz)

13 Automatic gain control (500 ms)
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to lie at relatively shallow depths (less than 1 km below the surface),
which constitutes the weaker zone for LET imaging. To overcome
this, we exploited very small-magnitude local microearthquakes,
occurring at shallow depths, along with a dense network recording
at the surface. This resulted in a satisfactory coverage of the upper
part of the study area with seismic rays, traveling at various direc-
tions, as we confirmed by the model robustness assessment that we
performed.
From the two factors that affected the method’s capability to image

such shallow depths (dense network and shallow microearthquakes),
only the network is controllable. The exact number and depth of
occurrence of the earthquake sources are unknown before data analy-
sis and only assumptions can be made, based on the area’s regional
seismicity. However, the Gerolekas experiment shows that in seismi-
cally active areas, such as Greece, low-magnitude events, which are
usually not recorded by global or regional networks (because they
can only be recorded at limited distances from their epicenters),
are always present and the operation of a very dense seismological
network at the surface is necessary to reveal their existence.
Our results show that LET provided a means of distinguishing

between different formations (e.g., flysch and limestone), using
the P-wave velocity, and also of delineating areas where the same
formation is more disturbed due to the overlap faulting (e.g., lime-
stone of the overlap compared with limestones of the normal Par-
nassus-Giona series), using the VP/VS ratio distribution. In contrast,
the LET results suffer from relatively low resolution, taking into
account the scale of the survey. Consequently, the LET output only
provides a coarse estimation of the zone where the flysch-limestone
interface is expected below the Gerolekas nappe (somewhere be-
tween 500 m above and below MSL). Given the abundance of mi-
croseismicity in the area, LET results could be further improved
with the installation of a denser seismic network.
We improved autocorrelation-based TSI imaging by applying a

weighted-stacking procedure, based on the estimation of the CCC
(global and local) between each unstacked trace and a reference vir-
tual reflection response below the station under consideration. This
procedure provided a means of eliminating incoherent signals (or at
least decreasing their amplitudes), which seemed to be affecting the
retrieved virtual reflection responses, even after application of a

simple-stacking procedure. We analyzed the location of the rejected
traces and confirmed the correct selection of the stationary-phase
region of vertical incidence. Consequently, we verified that the re-
trieved virtual reflection responses do not suffer from mode conver-
sion contamination, due to the accurate estimation of the sources’
locations and the strict selection of events occurring inside the sta-
tionary-phase region for each station. Note that the nature of the
signal used — the P-wave coda of local microearthquakes —
ensures that our signals are not affected by surface waves or
near-surface effects. We explained the existence of incoherent sig-
nals after simple stacking as the result of variable local noise con-
ditions at the recording sites, which is very common in areas with
mining activity. During the month-long continuous data acquisition,
repetitive noisy works take place at different locations of the mining
site, affecting some of the recorded signals. Our results show that an
assessment of each signal’s quality before stacking and a weighted
contribution of each trace, based on its coherency, provides a clearer
imaging of the subsurface.
We exploited the obtained passive seismic results in two ways. We

initially used them for reprocessing legacy active seismic data that
were acquired in the area and originally processed in 2004. We re-
processed the original data and performed PreSDM using the FAT-
and LET-derived velocity models. Comparison between the obtained
PreSDM stacks shows that migration using the LET model results in
the obtaining of flatter events and the appearance of hidden reflectors
(see Figure 15). The relatively coarse (compared to active seismic)
velocity model of LET provides a more robust image, especially for
the deeper parts of the seismic profile, for which FAT suffers due to
the ray penetration (ray channeling along high-velocity anomalies)
and the presence of velocity inversions. Due to the nature of the earth-
quake sources, which illuminate the model space from below, LET is
less affected by signal-penetration issues, whereas the 3D nature of
the LET model provides a means of considering the 3D effect, es-
pecially in cases of complex geologic settings and crooked-line ac-
quisition. Moreover, the refracted arrivals used for FAT are more
sensitive to horizontal velocities, thus less compatible with the
near-vertical incidence reflections. Compared with that, LET uses
vertical raypaths from the earthquakes below the target, which are
better suited for imaging near-vertical incidence data. A single

Figure 16. Common-image gathers obtained after
migrating PARV-1 data using (a) FAT and (b) LET
velocities.
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scaling factor (85% in the case of line PARV-3) applied to the LET
velocity model was sufficient to produce consistently flat gathers
across almost the whole profile. These results can be further im-
proved by updating the velocity model using reflection tomography.
In this case, the LETmodel will serve as a more robust starting model

than the one typically derived by converting the stacking/prestack
time migration velocities to interval velocities.
Following this, we attempted to jointly interpret the obtained pas-

sive seismic results. For that, we selected a profile that is affected by
the Gerolekas overlap and, at the same time, passes through an area

where active-source seismic and well data are
available, for calibration and evaluation purposes.
Unlike the LET results, TSI by autocorrelation
provided virtual reflection imaging with a mini-
mum resolution on the order of 40–50 m. This dis-
criminating capacity, which is difficult to achieve
with an earthquake-based survey — where the
involved signals are of lower frequency than in
the case of active-source seismic surveys —
proved to be adequate for the delineation of the
target of this mining exploration study. Interpreta-
tion of the retrieved virtual reflectors along the TSI
profile 01-106 provided an insight on the subsur-
face, despite the complex geologic setting (faulting
zones, stratigraphic inversions, etc.). We showed
that the part of the TSI profile for which well data
are available correlates satisfactorily with the well
information, whereas this information is used to
assign the interpreted reflectors to specific geo-
logic formations. Moreover, we confirmed the
presence of some of the interpreted features —
faulting zones and flysch-limestone interfaces
— in the reprocessed final PreSDM stack along
the active-source seismic profile PARV-3. We
jointly interpreted the obtained results and esti-
mated the depth at which the interface of interest
lies along the examined profile, thus evaluating the
existing geologic hypotheses for the subsurface be-
low Gerolekas. We concluded that the prevailing
scenario is the one described in Figure 2c, which
assumes that the targeted flysch-limestone inter-
face is located at a depth close to MSL — at ap-
proximately 250 m above MSL along the TSI
profile 01-106 — and followed by bauxite depos-
its similar to those of the surrounding area. These
observations were further extended in space using
the velocity distribution from LET.
It must be noted here that our work is a first

step toward integrating a purely earthquake-
based approach in mineral exploration. Even
though the results are encouraging, it is evident
that they could be further improved with a denser
coverage of the study area with seismological
stations. This would improve the spatial resolu-
tion of LET and TSI by autocorrelation and, with
the selection of interstation distances adequate
for crosscorrelating the signals without introduc-
ing any aliasing effects, it would even permit
2D/3D TSI processing. Finally, exploitation of
the S-wave virtual reflection responses from the
horizontal components of the recording passive
seismic stations could further contribute to the
illumination of the subsurface below the study
area.

Figure 17. (a) Available well data along TSI profile 01-106 overlain on the final
PreSDM stack along the active-source seismic line PARV-3. The stack is obtained using
the LET velocity model. (b) Interpretation of the virtual reflection zero-offset depth sec-
tion along TSI profile 01-106 obtained from TSI by autocorrelation using P-wave coda
and the weighted-stacking procedure. Dashed lines correspond to the estimated bottom
of the different layers, whereas gray lines denote the location of faulting zones. The TSI
profile is overlain on the active-source final stack of (a). (c) The interpretation of TSI
profile 01-106 superimposed on the available well data. For all three panels, well lo-
cations are marked with the black-outline rhombi, whereas Gerolekas-network stations
are indicated by the yellow triangles.
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CONCLUSION

We applied a purely earthquake-based passive seismic survey for
mineral exploration in a bauxite-producing mining site in Greece.
The scope of the survey was the delineation of the expected target
depths for the known bauxite-bearing formations.We initially applied
LETand managed to obtain a coarse image below a completely unex-
plored part of the mining site. We reprocessed three lines of legacy
active seismic data that existed in the area and showed that the use of
the LET velocity model for PreSDM improved the seismic imaging
significantly. We then applied TSI by autocorrelation and we re-
trieved zero-offset virtual reflection responses below each of the re-
cording stations. In this way, we recovered a more detailed image
with a vertical resolution of approximately 50 m at the depths of in-
terest, which permitted us to draw conclusions about the location of
the target interface. Finally, we jointly interpreted our results and
provided an insight on the subsurface below the study area, using
a totally environmentally friendly and easy to implement methodol-
ogy that can be applied even in cases of extreme difficulty in acces-
sibility or environmental sensitivity conditions.
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APPENDIX A

LET MODEL ROBUSTNESS ASSESSMENT

For the assessment of the Gerolekas LET model robustness, we
use two different tools. The first tool is the estimation of a control
parameter directly linked to the ray coverage. This parameter is the
derivative weighed sum (DWS), which assesses data resolution, or,
more precisely, data sufficiency at each unit of the model space
(Thurber and Eberhart-Phillips, 1999). The DWS is the number
of seismic rays passing through the volume of influence of each
model node weighted according to the ray-node separation and
the raypath length in the vicinity of the node. This means that the
DWS describes the amount of data that actually constrains the
velocity value of a specific node during inversion, providing a ro-
bust way to distinguish between model areas that are adequately
covered by data and areas where insufficient data result in a poorly
constrained model.
In Figures A-1 and A-2, we present the obtained DWS distribu-

tions for VP and VP/VS, respectively, along depth slices crossing the
study area. We visualize depth slices from 500 m above MSL down
to 2 km below MSL, where the depth of interest lies. Given the
small size of the model cells, we assume for DWS a rather strict
value of 100 weighted rays per grid cell, below which we character-
ize the model space as poorly resolved (white spaces along
the depth slices in Figures A-1 and A-2). We can see from
Figures A-1 and A-2 that the model space of interest is very well
covered by seismic rays — only a very small part located outside
the northeast and southwest edges of the inner seismic network on
the depth layer of 500 m above MSL is not adequately covered by
data. This means that the overall data sufficiency is satisfactory.
However, estimation of the DWS distribution cannot assess the

quality of the inversion procedure itself (parameterization, regulari-
zation, etc.). For this, we use a second tool — a synthetic
reconstruction test using a checkerboard model. Initially introduced
by Spakman and Nolet (1988), checkerboard models consist of a
regularly alternating pattern of positive and negative anomalies.
We construct the checkerboard VP and VP/VS ratio models by ap-
plying P-wave velocity perturbations of ±10% on the 1D VP start-
ing model and VP/VS ratio perturbations of ±5% on the uniform
VP/VS ratio starting model of the field-data inversion (Figure A-3).
The percentages of the assumed synthetic velocity perturbations are
selected taking into account the range of the calculated VP and
VP/VS ratio values from the field-data inversion at the depths of
interest. These checkerboard models are used to forward model
a synthetic traveltime data set using the same source-receiver geom-
etry and phase distribution as in the case of the field survey. The
calculated traveltimes are then subjected to the same inversion pro-
cedure as for the field data. The results (Figures A-4 and A-5)
are evaluated to assess the procedure’s ability to accurately recon-

Figure 18. The S-wave velocity (VS) distribution along the depth
slice of 500 m above MSL. The purple ellipse marks the part of the
TSI profile 01-106 that is located between the faulting zones noted
in Figure 17c. Black triangles represent the Gerolekas-network sta-
tions, red line represents the location of the TSI profile 01-106, and
brown lines represent the the active-source seismic profiles PARV-
1, PARV-2, and PARV-3.
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struct the synthetic checkerboard models. Even though synthetic
reconstruction tests suffer from limitations in their ability to assess
the quality of an inversion procedure (Lévêque et al., 1993;
Rawlinson and Spakman, 2016), they remain the simplest and most
widely used tool for qualitatively assessing the reliability of a tomo-
graphic model.
Figure A-4 shows that the anomalies of the synthetic model of

Figure A-3 in the case of P-wave velocity inversion are recon-
structed quite accurately, especially close to the surface, where
LET generally suffers from lower resolution. This can be explained
by the very dense seismic network, with interstation distances ap-
proximately equal to the length of the grid cell used for inversion,
resulting in a large number of rays being driven toward the surface
as well as the type of the recorded local seismicity — very low-
magnitude events occurring at shallow depths. The shallow depths
of occurrence create rays that are crossing the shallow model cells at

various directions, thus better constraining the estimated model, op-
posed to the mainly, or even exclusively, subvertical rays expected
to be recorded close to the surface from deeper seismicity. Smearing
of the anomalies is observed at limited spots, mainly concentrated
toward the edges of the examined model space outside the dense
inner seismic network or toward the central part of the Gerolekas
nappe, which lacked seismic stations. We also observe that the
reconstruction of the VP anomalies in terms of amplitudes seems
to be more accurate toward the upper layers in Figure A-4. This
might be due to the design of the synthetic reconstruction test be-
cause we apply ±10% velocity perturbations on a 1D model that
increases with depth. This means that the absolute velocity changes
increase at greater depths, which is not necessarily the case in the
earth’s subsurface. As a result, this observation should be evaluated
cautiously and cannot lead to robust conclusions on the inversion’s
ability to reconstruct the anomalies’ amplitudes at depth.

Figure A-1. The DWS distribution of the P-wave velocity inversion along depth slices crossing the study area. The depth slices range from
500 m above MSL to 2 km below MSL. Black triangles represent the Gerolekas-network station, and brown line represents the superficial
appearance of the Gerolekas nappe.
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Figure A-2. As shown in Figure A-1 but for the VP/VS ratio.

Figure A-3. Checkerboard models used for syn-
thetic reconstruction testing of the Gerolekas to-
mographic inversion. The models consist of
alternating perturbations of ±10% of the VP value
of the reference 1D starting model and ±5% of
the reference VP/VS ratio value. Black triangles re-
present the Gerolekas-network stations.
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In the case of Figure A-5, we observe that the VP/VS ratio model
reconstruction is acceptable but clearly less accurate than the
reconstruction of the respective P-wave velocity model, in terms
of delineation of the geometry and estimation of the amplitudes
of the anomalies. The calculated VP/VS ratio values are generally
underestimated throughout the inverted volume, and this underes-
timation has no dependence on the depth, as in the case of P-wave
velocity, indicating that the amplitudes of the estimated VP/VS ratio
values of the field data also might be underestimated. Moreover,
even though the general form of the alternating high-low anomalies
is reconstructed, we observe some smearing not only at the places
that are not covered by seismic stations but also along the diagonal
of the synthetic model, where no anomaly alternation occurs be-
tween neighboring grid cells, and more precisely toward a north-
east–southwest direction. This relatively lower performance of
the VP/VS ratio inversion can be attributed to two reasons:
(1) the higher uncertainty in the S-wave onset time picking, which

results in down-weighted S-wave arrivals during the inversion pro-
cedure and (2) the relatively lower number of S-wave first arrivals in
the data set, especially in the case of the low-magnitude events oc-
curring at shallow depths, which are the major contributors to the
reconstruction of the shallower parts of the VP/VS ratio model.

APPENDIX B

PROCESSING WORKFLOW FOR TSI BY
AUTOCORRELATION

Following the procedure proposed in Polychronopoulou et al.
(2020):

1) For each station of the recording seismic network, we isolate
the selected events and extract the useful signal from the con-
tinuous records. We use the previously estimated P- and

Figure A-4. Inverted P-wave velocity models of the checkerboard test along depth slices crossing the study area. The depth slices range from
500 m above MSL to 2 km below MSL. Black triangles represent the Gerolekas-network stations, and thick black line represents the iso-DWS
contour equal to 100 (see Figure A-1).
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S-wave first-arrival times to define adequate windows for the
extraction of the P- and the S-wave coda. The P-wave coda is
accurately extracted from the vertical component, using a
window equal to the time interval between the P- and S-wave
first arrivals of each of the selected microearthquakes,
whereas the S-wave coda, which is characterized by more am-
biguity, is extracted from the horizontal components, assum-
ing it starts at the moment of the S-wave first-arrival time and
using a window length equal to the extracted P-wave coda
from the same microearthquake.

2) For each component separately, we amplitude normalize the
extracted signals and calculate their autocorrelation functions
(ACFs). These autocorrelograms for all selected microearth-
quakes for a station are then stacked per component and the
result of the summation is used to define a spiking deconvo-
lution operator, using the Levinson-Durbin recursion algo-
rithm (Ljung, 1987).

3) We apply spiking deconvolution on the original signals to
enhance their vertical resolution by flattening the spectrum
in the interval of interest.

4) We calculate the autocorrelation of the deconvolved signals.
5) We stack the estimated autocorrelograms of the deconvolved

signals per component for each station over the microearth-
quakes selected for that station.
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