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SUMMARY

Seismic data acquisition can innovatively be implemented on the surface and within under-
ground infrastructure to illuminate subsurface targets. In the seismic data processing and
imaging phases, prior subsurface information, such as approximate interface dipping angles,
can enhance reflection imaging in a target-oriented manner. We leverage a unique field data
set from an unconventional seismic acquisition setup to image a volcanogenic massive sul-
phide (VMS) deposit at the Neves-Corvo mining site in southern Portugal. The setup involved
seismic sources positioned in a tunnel at a depth of approximately 650 m, from which the
wavefields were recorded by surface receivers deployed along a 2-D line directly above the
tunnel. The data were marred by strong noise and limited acquisition aperture due to the tun-
nel length, resulting in significant smearing artifacts in images generated from conventional
migration techniques, which impeded a detailed delineation of the deposit. By utilizing direc-
tional information from illumination vectors, derived from the gradients of source-side and
receiver-side traveltime fields, we implemented a controlled-illumination strategy within the
Kirchhoff pre-stack depth migration workflow. This approach resulted in enhanced imaging
of the targeted Lombador VMS deposit. The improved image revealed a subtle discontinuity
in the Lombador reflector, indicating a possible fault, which is also present in the area. The
reflection imaging results highlight the advantages of employing underground infrastructure,
such as tunnels, for seismic applications in supporting detailed in-mine exploration and drilling
programmes for resource estimations.
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surveys has particularly been promising, as a growing body of lit-

1. INTRODUCTION erature (Donoso et al. 2021; Brodic et al. 2021a; Wang et al. 2023;

Supported by advances in manufacturing more portable acquisition
equipment (e.g. modern nodal seismic sensors), seismic surveys
have evolved through various innovative acquisition designs to in-
vestigate the subsurface for natural resource (e.g. critical miner-
als and geothermal) exploration (Hillers et al. 2020; Liu & Long
2022), geohazard mitigation (Malehmir ef al. 2016), waste (e.g. car-
bon, nuclear byproducts) management (e.g. Manukyan et al. 2012;
Papadopoulou et al. 2024) and seismicity controlled by regional
tectonics (Malehmir et al. 2022). Though seismic recorders and
sources are typically deployed at the surface for resource explo-
ration purposes, seismic surveys in tunnels can effectively assess
rock conditions and help mitigate potential geohazards during tun-
neling operations (Bohlen ez al. 2007; Petronio et al. 2007; Jetschny
et al. 2010, 2011) despite the technical and logistical challenges.
This trend towards utilizing underground infrastructure for seismic

Rapetsoa et al. 2024; Zhang et al. 2024) highlights that employing
underground infrastructure creatively in seismic acquisition designs
can significantly improve data quality and enhance our understand-
ing of the subsurface, particularly for resolving complex geological
structures (e.g. Brodic ef al. 2017).

Seismic methods have been utilized in the mining industry
(Malehmir ez al. 2012; Heinonen & Laakso 2024) due to their high-
resolution imaging capabilities at great depths compared to poten-
tial methods (Yehuwalashet & Malehmir 2018; Dias ef al. 2021;
Zhang et al. 2023). When mineral exploration and mine planning
are conducted in brownfield sites (Urosevic et al. 2008; Koivisto
et al. 2012, 2015; Kukkonen et al. 2012; Malehmir et al. 2012;
White et al. 2012; Heinonen et al. 2019), tunnels and boreholes
(Heinonen et al. 2011) are often available for seismic investiga-
tions. Since the 1990s, significant efforts have been made within
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the mining geophysics community to assess the potential of seis-
mic methods that utilize underground infrastructure to prospect
for mineral resources in crystalline environments. For example, a
tomographic study using cross-well data was conducted to image
mineralization (Cao & Greenhalgh 1997). In-tunnel seismic acqui-
sition was used to investigate weak fractured zones and lithological
variations around a tunnel in an iron mine near Thabazimbi, South
Africa (Wright et al. 2000). Bellefleur et al. (2004) conducted a fea-
sibility study of a multi-offset vertical seismic profiling (VSP) sur-
vey using three-component (3C) receivers distributed in a borehole
to image the kimberlite-sedimentary rock contact at Victor Kim-
berlite, Canada. A comparative study by Greenwood et al. (2012)
examined VSP surveys using hydrophones and geophones to assist
3-D surface seismic imaging of structural features in the Kambalda
mining district, Western Australia. Riedel et al. (2018) conducted
a multi-offset and multi-borehole VSP survey using fibre-optic ca-
bles and 3C geophones to delineate a massive sulfide deposit in the
Kylylahti Polymetallic Mine, Eastern Finland. In-mine seismic sur-
veys were conducted in inclined tunnels to image platinum deposits
and associated geological structures at the Maseve Platinum Mine,
South Africa (Rapetsoa et al. 2022).

To address the challenging issues presented by the complex ge-
ological settings and often geophysically noisy environments in
active mineral exploration regions, the EU-funded Smart Explo-
ration Project (2017-2020, Malehmir ez al. 2020) focused on in-
novative seismic methods, supported by new instrumentation de-
velopment (Brodic et al. 2021b). Within the project, to enhance
the ore deposits mapping strategies, reverse time migration (Ding
& Malehmir 2021), full-waveform inversion (Singh et al. 2022)
and Fresnel volume migration (Hlousek ez al. 2022) have been ap-
plied to 2-D or sparse 3-D surface-seismic data in the Ludvika
mining area, Sweden. Additionally, a sparse 3-D survey was con-
ducted at the Neves-Corvo mining site in Portugal to target the deep
volcanogenic massive sulphide (VMS) deposits. Unlike traditional
surface or in-tunnel seismic surveys, this acquisition used a hybrid
setup with seismic sources and recorders (single-component and
three-component) deployed in tunnels and on the surface to obtain
a sparse 3-D seismic data set. Conventional sub-data sets were uti-
lized, including: (1) sources and receivers positioned at the tunnel
level (Brodic et al. 2021a), and (2) one source profile paired with
two receiver profiles on the surface (Donoso ez al. 2021) to image
the Lombador deposit. However, the unconventional sub-data set of
tunnel-to-surface acquisition remains unexploited concerning the
reflected signals, despite the application of its P-wave first arrivals
in 3-D velocity tomography to derive a 2-D velocity model for seis-
mic migration along one surface profile (Donoso ef al. 2021). This
unconventional sub-data set offers two key advantages: (1) transmit-
ted waves can reveal velocity variations from lithological changes
above the tunnel through first arrival traveltime tomography, which
aids in subsequent seismic imaging (Donoso et al. 2021); and (2) re-
flected waves could delineate detailed geological structures (e.g. ore
deposits) beneath the tunnel when processed with tailored seismic
migration techniques.

In a seismic migration, the reflection image quality can be sig-
nificantly affected by the signal-to-noise ratios (SNR) of the data
and the acquisition geometry (Yan et al. 2014; Revelo-Obando &
Blacquiere 2023). When the acquisition aperture is limited, smear-
ing artifacts (Liith et al. 2005; Buske et al. 2009; Hlousek & Buske
2016) caused by insufficient deconstructive interference could de-
teriorate the final seismic image and consequently pose challenges
for interpretation. The tunnel-to-surface acquisition in this study
primarily allows imaging of the subsurface below the tunnel. To

enhance the image of the Lombador reflector and reduce smear-
ing artifacts, we utilized illumination analysis (Gelius et al. 2002;
Lecomte et al. 2005; Xie et al. 2006; Lecomte 2008) to weigh the
images during the migration of individual seismic traces.

This paper is organized as follows: it begins with an overview of
the study area and acquisition parameters relevant to this sparse seis-
mic survey. We then present the controlled-illumination Kirchhoff
pre-stack depth migration (PSDM) to image the Lombador deposit
using a tomographic velocity model and the vertical component of
the data. We then evaluate the advantages of the tunnel-to-surface
configuration by comparing our imaging section with the results
of previously reported studies, including one obtained from sur-
face seismic acquisition (Donoso et al. 2021) and the other from
in-tunnel seismic acquisition (Brodic et al. 2021a).

2. OVERVIEW OF STUDY AREA AND
SEISMIC DATA

The Neves—Corvo mine, located in the mineral-rich Iberian Pyrite
Belt near Castro Verde in southern Portugal (Fig. 1), hosts world-
class tier-1 and tier-2 VMS deposits exceeding 150 million tonnes
(Tornos 2006). Neves—Corvo hosts seven major deposits: Neves,
Corvo, Graga, Zambujal, Lombador, Semblana and Monte Branco.
This study’s seismic survey concentrates on Lombador (Fig. 1), a
zinc-rich deposit discovered through an unexplained subtle grav-
ity anomaly (Marques et al. 2019). Lombador features several ore
lenses distributed in 3-D space, roughly aligned along a plane dip-
ping northward at angles between 30° and 35° (Dias et al. 2021). In
1996, this site was selected for seismic studies aimed at deep min-
eral exploration. The detailed geological background of the Neves—
Corvo mine is described in Dias ef al. (2021) and Carvalho et al.
(2022).

The survey at the Neves—Corvo mining site involved two in-
tersecting surface seismic receiver lines (SP6 and SP7) and four
underground receiver arrays within four tunnels (GP2, GP3, GP4
and GV5) at approximately 650-m depth below the surface (Fig. 1).
Both cabled and nodal recorders connected to geophones, as well
as Micro-Electro-Mechanical System (MEMS)-based landstreamer
recorders, were utilized for the survey. The acquisition involved two
types of seismic sources: a 250-kilogram accelerated weight drop
(AWD) on the surface and an e-vib source (Brodic et al. 2021b)
in the tunnels. Based on the locations of sources and receivers, the
entire data set was divided into three sub-data sets (Table 1) for data
processing and imaging purposes: (1) surface sources and surface
receivers (i.e. surface seismic) used by Donoso et al. (2021), (2)
tunnel sources and tunnel receivers (i.e. in-tunnel seismic) used by
Brodic et al. (2021a) and (3) tunnel sources and surface receivers
(i.e. tunnel-to-surface seismic) used in this study.

Compared to the previous imaging results of Lombador deposits
from the surface and in-mine surveys (Donoso et al. 2021; Brodic
etal. 2021a), we focus on the wavefields excited by the e-vib seismic
source in the GP4 tunnel and recorded by the vertical-component
of receivers along the surface profile SP6 (Fig. 2) to image the
Lombador deposit. The receiver line SP6 is positioned above the
source line GP4, aiming at an alignment in a vertical plane. As
shown in Fig. 2, only the southern section of the tunnel source line
(shot 1 to 30 in red stars) is directly below the receiver line SP6 in
the vertical plane, while the northern segment of the source array
(shot 31 to 76 in blue stars) deviates westward from this vertical
plane. Since the GP4-to-SP6 configuration was predominantly 2-
D, we restricted our analysis within a 2-D framework. To guide
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Figure 1. Seven major deposits consisting of Neves, Corvo, Graga, Zambujal, Lombador, Semblana and Monte Branco are located at the Neves—Corvo mine
in southern Portugal. The sparse 3-D seismic survey including two surface lines SP6 and SP7, and four exploration tunnel profiles GP2, GP3, GP4 and GV5

was conducted over the Lombador deposit.

Table 1. The 3-D sparse seismic data of three sub-data sets (Detailed acquisition parameters in Brodic et al. 2021a).

3-D sparse data set acquired at the Neves—Corvo mining site, Portugal

Sub-data set Surface seismic

In-mine seismic Tunnel-to-surface seismic

Source lines SP6 (portion)
Source interval 10 m
Source type 250 kg AWD
Receiver lines SP6, SP7
Receiver interval 10 m
Receiver type 1C and 3C

geophone-nodal

GVS5 (portion), GP4

MEMS landsteamer,

GVS5 (portion), GP4

5-6m 5-6m
e-vib e-vib
GP2, GP3,GP4, GV5 SP6, SP7
GP4: 2 m, 4 m and 5m 10 m
GP3 and GP5: 5m
GP2: 6 m
1C geophone-cabled, 1C and 3C

geophone-nodal
1C geophone-nodal

our 2-D analysis in the subsequent data processing and seismic
imaging, we extracted a 2-D reference reflector from a reference ore
body model, which was interpolated from exploration drilling and
core samples (Fig. 2). This reference ore body model offers a first-
order approximation of the Lombador deposit, omitting detailed
geological features such as faults and ore lenses.

To handle the deviated source locations, we projected those devi-
ated sources into the vertical plane (yellow-shaded plane in Fig. 2)
to fulfill the 2-D seismic imaging. This projection was examined by
calculating the Fresnel zones (Lindsey 1989; Monk 2009, 2010) on
the reference ore body model due to the deviated sources and their
projections. In a constant background velocity model, the Fresnel
zone related to a zero-offset acquisition defines a circle on a planar

reflector where the reflected signals will be constructively interfered
(Fig. 3a). When two sources are sufficiently close, the distance D
between their corresponding reflection points (i.e. centres of Fresnel
zones) on the reflector (Fig. 3a) can be smaller than the radii (R,
and R;) of the respective Fresnel zones (e.g. Foy and FL3). If both
the reflection points are illuminated within the overlapping Fresnel
zones of either source, we consider the two sources equivalent for
imaging the shared area on the reflector. Using the reference ore
body model, we calculated the Fresnel zones (e.g. F5» and F£3) for
each pair of deviated sources and their projected locations (Fig. 3a),
assuming zero-offset acquisition at the tunnel level. Specifically, we
used a velocity of 5.5 km s~!, observed from P-wave first arrivals
recorded by the tunnel receivers, along with a selected frequency
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Figure 2. (a) The GP4-to-SP6 acquisition profile used in this study and (b) its map view. The source and receiver lines lie approximately in a vertical plane
(yellow-shaded plane) that intersects the mineralization block model, forming a 2-D reference reflector (R, blue line). The reference ore body model was
generated by interpolating the exploration drilling and core samples (yellow dots), representing a simplified approximation of the Lombador deposit.
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Figure 3. (a) Fresnel zones (Fﬁs and F%;S) on the reference ore body model (Fig. 2) due to deviated sources and those (F{IS and Ff;s) due to their
corresponding projections. R and R, denote the Fresnel zone radii for the actual (deviated) and projected source positions, respectively. D is the distance
between two reflection points (centres of Fresnel zones) on the ore body model. (b) The values of D, Ry, and R, for each pair of the deviated sources (31-76)

and their projected locations.
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Figure 4. 2-D projection of the source line GP4 (red and blue stars) and the receiver line SP6 (green triangles) in the 2-D vertical plane (yellow shaded plane in
Fig. 2a). The dashed magenta box delineates the zone for conducting 2-D seismic tomography. The dashed black box encompasses the zone where the seismic
image is shown. The 2-D reference reflector (blue line segment) is the intersection between the reference ore body model and the 2-D imaging plane (Fig. 2a).

of 70 Hz, which robustly represents the dominant frequency in the
field data (Brodic er al. 2021a), to calculate the Fresnel zones. For
both the deviated sources (31-72) and their projected locations, we
observed their corresponding reflection points fall within the over-
lapping area of two Fresnel zones, as indicated by the conditions
D < R, and D < R, (Fig. 3b). Note that when receivers are placed
on the surface, the resulting Fresnel zones will be larger than those
derived from a zero-offset arrangement at the tunnel level. The over-
lap between Fresnel zones (radii R, for deviated sources, radii R,
for projected sources) on the target reflector permits effectively re-
placing these deviated sources with their projected locations when
implementing a 2-D imaging algorithm. Starting from this point,
the projected locations of deviated sources (31 to 72) and the in-
plane sources (1 to 30) were always utilized for the subsequent 2-D
analysis (Fig. 4).

3. CONTROLLED-ILLUMINATION
KIRCHHOFF PSDM

Utilizing the unique acquisition geometry described previously, we
proceeded to image the Lombador deposit in a 2-D manner. Most re-
flection seismic imaging methods rely on three essential elements:
(1) an accurate velocity; (2) a pre-processed data set containing
mainly reflections from the subsurface interfaces; and (3) a seismic
migration method, which accurately positions the reflections to their
correct subsurface locations. To ensure an accurate image of the
Lombador deposit using the tunnel-to-surface seismic data set, we
carefully addressed each element within the framework of Kirchhoff
PSDM. Specifically, the Kirchhoff PSDM was chosen for its effec-
tiveness in handling complex geological structures (Yilmaz 2001),
like the steeply dipping Lombador deposit and the spatial variations
in the tomographic velocity, when compared to post-stack migration
methods (Donoso ef al. 2021). Moreover, it is efficient to employ
a fast marching method (Sethian & Popovici 1999; Rawlinson &
Sambridge 2004) for solving the eikonal equation when compared

to wave-equation-based migration methods (Deng & McMechan
2007; Ding & Malehmir 2021; Fomel & Kaur 2021).

3.1 Ray-based cell tomography

Accurate velocity estimation is crucial for correctly positioning re-
flected signals into the subsurface within depth imaging algorithms.
Seismic tomography with various parametrization strategies (Zelt
& Smith 1992; Rawlinson & Sambridge 2004; Wo et al. 2020,
2024) has demonstrated effectiveness in imaging the surface ve-
locity structures. The unique acquisition geometry of this data set,
recording P-wave first arrivals (Fig. 5a) transmitted from the tunnel
sources to the surface receivers, provides an ideal opportunity to
invert velocities within this region (Fig. 4) using the first arrival
traveltime tomography. While Donoso et al. (2021) produced a 3-
D tomographic model using the first arrivals recorded by the two
surface profiles (SP6 and SP7) from tunnel and surface sources, we
conducted 2-D tomography (Riicker et al. 2017) using only SP7-
recorded first arrivals from tunnel sources. In the 2-D tomography,
we used the first break picks from 72 shot gathers (13 656 picks) and
a gradient velocity model of 5-m cell size in x and z directions as the
initial model. The cell size (5 m by 5 m) matches the source spac-
ing interval approximately. For the traveltimes (Fig. 5b) obtained at
the last iteration during tomography, the standard deviation of trav-
eltime misfit was 2.05 ms, which is approximately two sampling
intervals (dt = 1 ms). A cross-plot (Fig. 5c) was shown between the
picked first arrivals and the traveltimes from the tomographic veloc-
ity. For building a migration model from the tomographic velocity,
interpolation and extrapolation were applied to extend the model
above the tunnel where ray coverage was absent (Fig. 6). A veloc-
ity of 5.5 km s~! was chosen below the tunnel (Fig. 6b) based on
the observed P-wave first arrivals recorded by the tunnel receivers.
The inverted velocity model effectively captured the near-surface
low-velocity zone (Fig. 6b), matching the low-velocity zone iden-
tified by Donoso et al. (2021). Furthermore, a high-velocity zone
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calculated from the tomographic velocity and those picked from the field data (R?> = 0.999). The cyan dashed line denotes that the picked arrivals are ideally
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Figure 6. (a) Ray-based tomographic velocity model obtained using the P-wave traveltime tomography. (b) Migration velocity model used in the seismic
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velocity zone is approximately between receiver 6110 and receiver 6190, as also speculated by Donoso et al. (2021).
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Figure 7. An example of a shot gather with automatic gain control (AGC) applied for display purposes. (a) Field data with the picked first arrivals marked as
green dots. (b) Trim static corrections to align the picked first arrivals (green dots) with the calculated first arrivals (solid red line). (c) A bandpass frequency
filter (20-30-170-190 Hz) was applied to the data. (d) Trace editing and muting based on the receiver locations and first arrivals. PP reflections were highlighted
in a yellow-shaded area. The arrival times of converted waves (PS and SP) were marked by green dashed lines. Direct arrivals of P and S waves were marked

by solid red and green lines, respectively.

near the tunnel suggests a potential transition from sedimentary to
crystalline lithology.

3.2 Data pre-processing

Through pre-processing of the field data, we aim to enhance primary
(PP) reflections effectively over the strong coherent noise caused
by the operation of two crushers and the ambient noise. Using the
migration model (Fig. 6b) and the 2-D reference reflector (Fig. 4)

extracted from the reference ore body model, we calculated the trav-
eltimes of direct waves (P, S), reflected waves (PP), and converted
waves (PS, SP) using the fast marching method (White et al. 2020).
The S-wave velocity (V) model was derived from the P-wave ve-
locity (¥p) model under the assumption of a constant Vp/V; ratio
of 5/3 for the overburden velocity. These calculations allowed us to
develop a customized pre-processing approach applied to the seis-
mic data. Exemplified with a shot gather, the key steps (Fig. 7) of
our pre-processing approach included trim statics, bandpass filter
and selective temporospatial muting (Table 2).
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Table 2. Principal 2-D data processing steps applied to data from seismic acquisition configuration GP4-to-SP6.

Process Parameters

Data input SEG-Y data input

Geometry assignment From trace headers and projection
Frist break picking Automatic and Manual

Static correction
Band-pass filter
Trace muting
Trace editing

Trim statics using picked and calculated first arrivals
20-30-170-190 Hz

Top mute (10-point tapering) using calculated first arrivals
Kill traces from trace number 151 to 214 for every shot
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Figure 8. (a) Velocity model and acquisition geometry (150 receivers and 72 sources) for 2-D imaging overlaid with the reference reflector extracted from the
reference ore body model (Fig. 2a). (b) Seismic image obtained from the conventional Kirchhoff PSDM. L1 denotes the Lombador reflector’s image, while the

black arrows highlight smearing artifacts.

Traveltime residuals can persist in the field data even after re-
fraction static corrections, potentially introducing distortions in the
continuity of reflected signals and negatively impacting the final
image (Docherty 1992). To reduce the negative effects of traveltime
residuals, trim statics (Cox 1999; Zhou 2014) can be applied as
a refining step of the static corrections process, aiming for further
alignment of reflections of neighbouring traces. Because we directly

used the tomographic velocity as the migration velocity model, no
refraction static corrections needed to be applied to the data. How-
ever, the misfits (Fig. 5) between the picked first arrivals and the
calculated ones indicate that the tomographic velocity cannot fully
account for the true 3-D velocity variations in the subsurface. To
eliminate these small traveltime misfits (i.e. the residuals), we ap-
plied a trim statics module that adjusts and aligns the picked first
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arrivals (Fig. 7b) with the first arrivals calculated from the migration
velocity model.

Following the trim static correction (Fig. 7b), we implemented
a series of additional pre-processing steps (Table 2). A bandpass
filter (20-30-170-190 Hz) was applied to the data to remove strong
ambient noise (Fig. 7¢), which can obscure the desired reflections
and distort the seismic image. Top-mute (Fig. 7d) was applied to re-
move P-wave first arrivals, which arrived before the reflected waves
of interest, by zeroing data above a certain time guided by the cal-
culated first arrivals. Additionally, we muted 64 seismic traces from
0 m to 630 m horizontally (Fig. 7d) that showed a high noise amount
due to the operation of two large crushers during data collection.
Although we removed strong noise by muting 64 traces, this action
has the trade-off effect of reducing the acquisition aperture.

3.3 Controlled-illumination migration.

Seismic migration algorithms commonly assume a Born scatter-
ing model (Thierry et al. 1999; Huang et al. 2016), treating each
subsurface point as a potential scatterer and mapping the signal to
all possible scatterer locations (Lecomte 2008). This assumption
is often justified because the subsurface is typically unknown be-
fore imaging. However, when the seismic acquisition aperture is
limited (Sun 1999) or the coverage is low, smearing artifacts could
be introduced in the reflection section due to insufficient construc-
tive interference for imaging the target (Buske et al. 2009). In the
GP4-to-SP6 setup, the acquisition aperture was constrained by the
relatively short length (556 m) of the tunnel GP4, where the source
line suited. Additionally, due to significant noise at the southern end
of the receiver line SP6, its length was reduced from 2130 to 1500 m
(Fig. 8a). This limited acquisition aperture could introduce severe
smearing artefacts in the conventional pre-stack Kirchhoff PSDM.

The conventional pre-stack Kirchhoff PSDM (Schneider 1978;
Liu 1993; Schleicher et al. 1993; Buske et al. 2009), as a diffraction
summation method, will form a subsurface image

Im (x) = //W(x, x’)U(x’,tS —I—tr) dx/, (1)

where the image value Im at a subsurface point x is formed by inte-
grating the time-differentiated wavefield U in plane A formed by the
receivers occupying positions x’. W denotes the weighting function
which accounts for the correct amplitude treatment based on Kirch-
hoff theory. t; and t; denote the traveltimes from the source and the
receiver to the image point x, respectively. Resulting from the lim-
ited acquisition aperture utilized in conventional Kirchhoff PSDM
(eq. 1), significant smearing artifacts appear in the seismic image
(Fig. 8b). The smearing artifacts pose challenges in determining the
detailed geometry of the Lombador deposit and increase

To address the smearing artifacts generated by the conventional
Kirchhoft PSDM, we developed a weighting function guided by the
seismic illumination analysis. This function is specifically tailored
to enhance the specular reflection from the dipping Lombador de-
posit for each source-receiver pair. We calculated the illumination
vector I, (Fig. 9a) for each imaging point x in the target area and
used it in the weighting function. This Iy was determined as the
difference (eq. 2) of the slowness vectors p; and p; associated with
the wavefields from the source and the receiver, respectively. Since
the magnitudes of p] and p are equal at a given imaging point,
their directions are the key factors in calculating I,. Recognizing
that these slowness vectors p$ and p}, in isotropic media, are per-
pendicular to the isochrons of the traveltime fields, we obtained the

Tunnel-to-surface imaging of sulphide deposits 9

Figure 9. Seismic illumination analysis for a source—receiver pair. (a) The
illumination vector /;; at one imaging point (1) on a dipping reflector,
defined as the difference of pj pointing away from the source and p}
pointing towards the receiver. (b) Two normalized illumination vectors /7,
and [, at different locations on one two-way traveltime isochron of the
source and receiver pair. The deviation angle 6 is defined by the normalized
illumination vector and the reference reflector normal 7yf.

normalized gradients @i} and @ of the source and receiver travel-
time fields at each imaging point (Miller et al. 1987). &} and @, are
directly related to the slowness vectors pj and p} by scaling them
with velocity V. Since we only used the directional information of
I, for the weighing function, we define the normalized illumination
vector I} (eq. 3) for subsequent analysis:

. u—a
I, = p;_pizT» 2
and
I,
r= > A3)
L]

Relative to the directional normal 7..¢ of a reference reflector, the
deviation angle 6 of the normalized illumination vector /! varies
at different locations (Fig. 9b). In our case where both 7,.¢ and I
have a negative vertical component (i.e. they point upwards), the
deviation angle 6 ranges from 0 to 7. To suppress smearing artifacts,
this deviation angle 6 (Fig. 9b) is incorporated into an exponential
expression in the designed weighting function

1 0<6<y
eb#(cosf—cos y) y <0< % s )
0 T<0=<m

WX (0, b) =
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Figure 10. Controlled-illumination imaging based on using a single
trace (shot 30, receiver 70). (a) Weights based on eq. (5) with ngr =
(sing, —cosg) and b = 10. The shaded area denotes the zone of a uniform
weight 1. (b) Conventional image using eq. (1). (c) Controlled-illumination
image using eq. (6).

where y is a chosen small angle less than % and b is a positive
number. Parameter y controls the region where no suppression of
data is applied (Fig. 10a). Parameter b controls the exponential
decay rate of the weighting function (Fig. 10a). Since cos 6 can be

obtained as ' - nyt, €q. (4) can be expressed as:

1 0<6<y
Wi (I‘Q, nref,b) = { ebr(Bner—cosy) y<0<73. %)
0 F<0=<m

To enhance the imaging of the Lombador deposit, which has an
approximate dip of ¢ = 32¢ relative to the horizontal, we set the
reference normal vector n.s as (sing, — cosg) in the weighting
function for every imaging point. We selected y to be 10° and b
to be 10 for obtaining the final image. By embedding this specific
weighting function into the kernel of Kirchhoff PSDM, we devel-
oped a controlled-illumination Kirchhoff PSDM that preferentially

images the Lombador reflector while reducing smearing artifacts:

Im (x) = / W2 (I8, nee, b) W (x, X') U (X, tg + t) dX'. (6)
A

After applying the controlled-illumination pre-stack Kirchhoff
PSDM to each seismic trace (Fig. 10), we stacked all the migrated
traces to produce the final image (Fig. 11a). In the image, a subtle
discontinuity labelled as F in Fig. 11(a) was identified as a possible
fault that intersects the Lombador deposit (L1 in Fig. 11). Addi-
tionally, another reflector (L2 in Fig. 11a) below the Lombador
deposit was imaged (Brodic ef al. 2021a). While the choice of n.¢
at each imaging point highlights other reflectors or artifacts of a
similar dip (¢ = 32°), potential reflectors with different normals
are likely suppressed in the obtained image. To assess the qual-
ity of the migration section, we generated three common image
gathers, CIGy;, CIGy, and CIGyj, at three corresponding horizontal
locations, 420, 520 and 620 m (Fig. 12). Specifically, the CIG was
created by collecting the image trace at the same horizontal location
from each shot migration section. Examining the CIGs, the flatness
of events at the depth of the Lombador deposit indicates qualita-
tively that the controlled-illumination Kirchhoff PSDM effectively
imaged the Lombador deposit.

4. DISCUSSION

This study demonstrates the effectiveness of utilizing seismic data
from a tunnel-to-surface seismic survey setup to image world-class
VMS deposits below a tunnel in a 2-D framework, despite the chal-
lenges posed by low SNR in the data and a limited acquisition
aperture within an operating mine. We implemented a customized
pre-processing workflow to suppress the noise and developed a
weighting function based on the illumination vector concept to
reduce smearing artifacts, ultimately enhancing the image of the
Lombador deposit.

In seismic imaging, the directional information of the wavefields
(or the rays) has been exploited for image quality enhancement
(Yoon & Marfurt 2006; Buske et al. 2009; Yan & Xie 2016; Jo et al.
2018; Hu ef al. 2023) and target-oriented subsurface investigations
(Zheng et al. 2013; Ding et al. 2017, 2021). The illumination vec-
tor, derived from the difference between the slowness vectors of
source and receiver traveltime fields, was used in our controlled-
illumination Kirchhoff PSDM to preferentially highlight reflectors
at a selected dipping angle, thereby reducing smearing artifacts.
However, its major limitation is the suppression of possible subsur-
face reflectors with dipping angles different from the reference dip
when they are present in the same imaging area. To address this, we
recommend applying the proposed imaging strategy locally where
the dip of a reflector has minimal variations. The weighting func-
tion eq. (5) can be adapted for each subsurface point by selecting
different reference n.s to account for the changing dip of the re-
flector. Additionally, alternative imaging strategies, such as Fresnel
volume migration (Liith ez al. 2005; Hlousek et al. 2015) or Gaus-
sian beam migration (Hill 1990, 2001; Huang et al. 2016), which
can reduce smearing artifacts without being constrained by chang-
ing dipping angles, is worthwhile to be employed for effectively
imaging subsurface reflectors with complex geometries.

The acquisition design plays a crucial role in determining the fi-
nal image quality. To assess the impact of acquisition configuration
on imaging outcomes, we compare the tunnel-to-surface imaging
results (Fig. 13a) with two previous sections (Figs 13b and c): one
using surface data (Donoso et al. 2021) and another using in-tunnel
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Figure 11. (a) Seismic image generated by the controlled-illumination Kirchhoff PSDM. (b) Seismic image (Fig. 8b) obtained from the conventional Kirchhoff
PSDM for comparison purposes. Three locations, CIGo; (x = 420 m), CIGg; (x = 520 m) and CIGy3 (x = 620 m) in (a) were chosen for examining common
image gathers. The identified two reflectors, L1 and L2, and the discontinuity F intersecting L1 in panel (a), were also marked in panel (b) for comparison

purposes.

data (Brodic et al. 2021a). With a careful selection of the weighting
function in eq. (5), the tunnel-to-surface seismic data reveal two
significant features: (1) a subtle discontinuity F (Fig. 11a) intersect-
ing the Lombador reflector, interpreted as originated from a fault
structure consistent with the geology described in the mine and
from boreholes (Carvalho ef al. 2017), and (2) a deeper reflector L2
exhibiting a dip parallel to the main deposit reflector L1 (Fig. 11a).
The matching wavelet polarity between reflectors L1 and L2, cou-
pled with the elastic impedance contrast between the orebody and
host rocks (Donoso et al. 2020), rules out L2 as representing the
Lombador deposit’s base. Instead, this reflector L2 may arise from
structures (e.g. faults) or lithological boundaries within the host
rocks (Rosa et al. 2008), provided that no mode conversions (e.g.
SP) are present in the data.

Surface acquisitions were affected by the near-surface weather-
ing layer on both the source and receiver sides, which attenuated
the higher frequency content of the data and led to low-resolution
images. Additionally, the surface survey’s source deployment was
limited to the northern side of the line SP6, primarily favouring the
imaging of the lower portion of the Lombador deposit. Meanwhile,
the in-tunnel acquisition constrained the deployment length for both
sources and receivers, confining the imaging area to the upper part
of the Lombador deposit. Assuming all sources were directly below
the receiver line in our 2-D imaging framework could introduce
inaccuracies in the imaged 2-D reflectors due to the complex 3-D
subsurface geometry. Integrating and innovatively utilizing the three
sub-data sets (Table 1) simultaneously in a 3-D migration (Donoso
et al. 2022) could enhance the imaging of the Lombador deposit
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Figure 12. Three common image gathers (a), (b) and (c) at the corresponding locations CIGg;, CIGg, and CIGg3 marked in the controlled-illumination image
(Fig. 11a). The red trace in every subplot is obtained by stacking the CIG. The shaded rectangular zone highlights the approximate depth of the Lombador

reflector at different CIG locations.

in 3-D. However, differing characteristics within the overall 3-D
sparse data set, arising from the various source and receiver types,
must be managed carefully to optimally image the subsurface. We
anticipate that the smearing artifacts caused by the limited aperture
of'the 3-D sparse acquisition will be substantial, and that leveraging
the directional information of wavefields could help mitigate this
issue. Additionally, building a reliable 3-D velocity model below
the tunnel level using the in-tunnel seismic data, instead of relying
on a constant velocity approach, would enhance the imaging of ore
deposits in 3-D.

5. CONCLUSIONS

Using seismic data acquired from a tunnel-to-surface survey at the
Neves—Corvo mining site in southern Portugal, we have successfully
imaged the Lombador VMS deposit in high resolution at depth.
We have developed a controlled-illumination Kirchhoff PSDM to
generate an improved PP migration section that revealed a potential
fault intersecting the deposit and another reflector underneath the
Lombador deposit. The imaging section was compared with the
previous results to demonstrate the effects of the acquisition setup
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Figure 13. (a) Image below tunnel GP4 utilizing tunnel-to-surface acquisition from this study. (b) Image below the surface line SP6 obtained from surface-
seismic acquisition as shown by Donoso ef al. (2021). (c) Image below the tunnel level, sliced from a 3-D pre-stack depth migration volume using in-tunnel
acquisition, as demonstrated in Brodic et al. (2021a). Panels (d), (¢) and (f) display the images in panels (a), (b) and (c) overlaid with the detailed 3-D Lombador

ore deposit.

on seismic imaging. Overall, this research indicates that seismic
acquisition utilizing underground infrastructure has great potential
for effective reflection seismic surveys. Along with targeted seismic
acquisition, seismic data processing and imaging guided by prior
information can enhance the characterization of mineral deposits
and support more informed exploration strategies.
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