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S U M M A R Y 

Seismic data acquisition can innov ati vel y be implemented on the surface and within under- 
g round infrastr ucture 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 
wa vefields w ere recorded b y surface recei vers deployed along a 2-D line directl y 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 v ectors, deriv ed from the gradients of source-side and 

receiv er-side trav eltime fields, we implemented a controlled-illumination strategy within the 
Kirchhoff pre-stack depth migration w orkflo w. 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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.  I N T RO D U C T I O N  

upported b y adv ances in manufacturing more portable acquisition
quipment (e.g. modern nodal seismic sensors), seismic surv e ys
av e evolv ed through v arious innov ati ve acquisition designs to in-
estigate the subsurface for natural resource (e.g. critical miner-
ls and geothermal) exploration (Hillers et al. 2020 ; Liu & Long
022 ), geohazard mitigation (Malehmir et al. 2016 ), waste (e.g. car-
on, nuclear byproducts) management (e.g. Manukyan et al. 2012 ;
apadopoulou et al. 2024 ) and seismicity controlled by regional

ectonics (Malehmir et al. 2022 ). Though seismic recorders and
ources are typically deployed at the surface for resource explo-
ation purposes, seismic surv e ys in tunnels can ef fecti vel y assess
ock conditions and help mitigate potential geohazards during tun-
eling operations (Bohlen et al. 2007 ; Petronio et al. 2007 ; Jetschny
t al. 2010 , 2011 ) despite the technical and logistical challenges.
his trend towards utilizing underground infrastructure for seismic
C © The Author(s) 2025. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
urv e ys has particularly been promising, as a growing body of lit-
rature (Donoso et al. 2021 ; Brodic et al. 2021a ; Wang et al. 2023 ;
apetsoa et al. 2024 ; Zhang et al. 2024 ) highlights that employing
nderg round infrastr ucture creati vel y in seismic acquisition designs
an significantly improve data quality and enhance our understand-
ng of the subsurface, particularly for resolving complex geological
tructures (e.g. Brodic et al. 2017 ). 

Seismic methods have been utilized in the mining industry
Malehmir et al. 2012 ; Heinonen & Laakso 2024 ) due to their high-
esolution imaging capabilities at great depths compared to poten-
ial methods (Yehuwalashet & Malehmir 2018 ; Dias et al. 2021 ;
hang et al. 2023 ). When mineral exploration and mine planning
re conducted in brownfield sites (Urosevic et al. 2008 ; Koivisto
t al. 2012 , 2015 ; Kukkonen et al. 2012 ; Malehmir et al. 2012 ;

hite et al. 2012 ; Heinonen et al. 2019 ), tunnels and boreholes
Heinonen et al. 2011 ) are often available for seismic investiga-
ions. Since the 1990s, significant efforts have been made within
oyal Astronomical Society. This is an Open Access 
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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- 
v e y 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 ) 
e xamined VSP surv e ys 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 surv e y using fibre-optic ca- 
bles and 3C geophones to delineate a massive sulfide deposit in the 
Kyl ylahti Pol ymetallic Mine, Eastern Finland. In-mine seismic sur- 
v e ys 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 et al. 2020 ) focused on in- 
nov ati ve seismic methods, supported by new instrumentation de- 
velopment (Brodic et al. 2021b ). Within the project, to enhance 
the ore deposits mapping strate gies, rev erse time migration (Ding 
& Malehmir 2021 ), full-waveform inversion (Singh et al. 2022 ) 
and F resnel v olume migration (Hlou šek et 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 surv e y was con- 
ducted at the Neves-Corvo mining site in Portugal to target the deep 
volcano genic massi ve sulphide (VMS) deposits. Unlike traditional 
surface or in-tunnel seismic surv e ys, 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 et al. 2021 ) to image 
the Lombador deposit. Ho wever , the uncon ventional 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 et al. 2021 ). This 
unconventional sub-data set offers two key advantages: (1) transmit- 
ted waves can rev eal v elocity variations from lithological changes 
above the tunnel through first arri v al 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- 
nificantl y af fected b y the signal-to-noise ratios (SNR) of the data 
and the acquisition geometry (Yan et al. 2014 ; Revelo-Obando & 

Blacqui ère 2023 ). When the acquisition aperture is limited, smear- 
ing artifacts (L üth et al. 2005 ; Buske et al. 2009 ; Hlou šek & 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 rele v ant to this sparse seis- 
mic surv e y. 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 e v aluate the adv antages of the tunnel-to-surface 
configuration by comparing our imaging section with the results 
of pre viousl y 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 .  OV E RV I E W  O F  S T U DY  A R E A  A N D  

S E I S M I C  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 
(Tor nos 2006 ). Neves–Cor vo hosts seven major deposits: Neves, 
Corvo, Gra c ¸a, Zambujal, Lombador, Semblana and Monte Branco. 
This study’s seismic surv e y 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 et al. ( 2021 ) and Carvalho et al. 
( 2022 ). 

The surv e y at the Nev es–Corv o mining site inv olved 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 surv e y. The acquisition involv ed 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 w as di vided 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 surv e ys (Donoso et al. 2021 ; Brodic 
et al. 2021a ), we focus on the wav efields e xcited 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, Gra c ¸a, Zambujal, Lombador, Semblana and Monte Branco are located at the Neves–Corvo mine 
in souther n Por tugal. The sparse 3-D seismic surv e y 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) GV5 (portion), GP4 GV5 (portion), GP4 
Sour ce interv al 10 m 5–6 m 5–6 m 

Source type 250 kg AWD e-vib e-vib 
Receiver lines SP6, SP7 GP2, GP3,GP4, GV5 SP6, SP7 
Recei ver inter val 10 m GP4: 2 m, 4 m and 5m 10 m 

GP3 and GP5: 5 m 

GP2: 6 m 

Receiver type 1C and 3C 

geophone-nodal 
1C geophone-cabled, 
MEMS landsteamer, 
1C geophone-nodal 

1C and 3C 

geophone-nodal 
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ur 2-D analysis in the subsequent data processing and seismic
maging, we extracted a 2-D reference reflector from a reference ore
ody model, which was interpolated from exploration drilling and
ore samples (Fig. 2 ). This reference ore body model offers a first-
rder approximation of the Lombador deposit, omitting detailed
eological features such as faults and ore lenses. 

To handle the deviated source locations, we projected those devi-
ted sources into the vertical plane (yellow-shaded plane in Fig. 2 )
o fulfill the 2-D seismic imaging. This projection was examined by
alculating the Fresnel zones (Lindsey 1989 ; Monk 2009 , 2010 ) on
he reference ore body model due to the deviated sources and their
rojections. In a constant background velocity model, the Fresnel
one related to a zero-offset acquisition defines a circle on a planar
eflector where the reflected signals will be constructi vel y interfered
Fig. 3 a). When two sources are suf ficientl y close, the distance D
etween their corresponding reflection points (i.e. centres of Fresnel
ones) on the reflector (Fig. 3 a) can be smaller than the radii ( R 1 

nd R 2 ) of the respective Fresnel zones (e.g. F 

DS 
72 and F 

PS 
72 ). If both

he reflection points are illuminated within the overlapping Fresnel
ones of either source, we consider the two sources equi v alent for
maging the shared area on the reflector. Using the reference ore
ody model, we calculated the Fresnel zones (e.g. F 

DS 
72 and F 

PS 
72 ) for

ach pair of deviated sources and their projected locations (Fig. 3 a),
ssuming zero-offset acquisition at the tunnel le vel. Specificall y, we
sed a velocity of 5.5 km s −1 , observed from P -wave first arri v als
ecorded by the tunnel receivers, along with a selected frequency

art/ggaf201_f1.eps
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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. 

Figure 3. (a) Fresnel zones ( F DS 
31 and F DS 

72 ) on the reference ore body model (Fig. 2 ) due to deviated sources and those ( F P S 
31 and F P S 

72 ) due to their 
corresponding projections. R 1 and R 2 denote the Fresnel zone radii for the actual (deviated) and projected source positions, respecti vel y. D is the distance 
between two reflection points (centres of Fresnel zones) on the ore body model. (b) The values of D , R 1 , and R 2 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. 2 a). 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. 2 a). 
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f 70 Hz, which robustly represents the dominant frequency in the
eld data (Brodic et al. 2021a ), to calculate the Fresnel zones. For
oth the deviated sources (31–72) and their projected locations, we
bserved their corresponding reflection points fall within the over-
apping area of two Fresnel zones, as indicated by the conditions
 < R 1 and D < R 2 (Fig. 3 b). Note that when receivers are placed
n the surface, the resulting Fresnel zones will be larger than those
erived from a zero-offset arrangement at the tunnel level. The over-
ap between Fresnel zones (radii R 1 for deviated sources, radii R 2 

or projected sources) on the target reflector permits ef fecti vel y re-
lacing these deviated sources with their projected locations when
mplementing a 2-D imaging algorithm. Starting from this point,
he projected locations of deviated sources (31 to 72) and the in-
lane sources (1 to 30) w ere al wa ys utilized for the subsequent 2-D
nalysis (Fig. 4 ). 

.  C O N T RO L L E D - I L L  U M I N  AT I O N  

I RC H H O F F  P S D M  

tilizing the unique acquisition geometry described pre viousl y, we
roceeded to image the Lombador deposit in a 2-D manner. Most re-
ection seismic imaging methods rely on three essential elements:
1) an accurate velocity; (2) a pre-processed data set containing
ainly reflections from the subsurf ace interf aces; and (3) a seismic
igration method, which accurately positions the reflections to their

orrect subsurface locations. To ensure an accurate image of the
ombador deposit using the tunnel-to-surface seismic data set, we
arefully addressed each element within the framework of Kirchhoff
SDM. Specifically, the Kirchhoff PSDM was chosen for its effec-

iveness in handling complex geological structures (Yilmaz 2001 ),
ike the steeply dipping Lombador deposit and the spatial variations
n the tomographic velocity, when compared to post-stack migration
ethods (Donoso et al. 2021 ). Moreover, it is efficient to employ
 fast marching method (Sethian & P opovici 1999 ; Ra wlinson &
ambridge 2004 ) for solving the eikonal equation when compared
o wave-equation-based migration methods (Deng & McMechan
007 ; Ding & Malehmir 2021 ; Fomel & Kaur 2021 ). 

.1 Ray-based cell tomography 

ccurate velocity estimation is crucial for correctly positioning re-
ected signals into the subsurface within depth imaging algorithms.
eismic tomography with various parametrization strategies (Zelt
 Smith 1992 ; Rawlinson & Sambridge 2004 ; Wo et al. 2020 ,

024 ) has demonstrated ef fecti veness in imaging the surface ve-
ocity structures. The unique acquisition geometry of this data set,
ecording P -wave first arrivals (Fig. 5 a) transmitted from the tunnel
ources to the surface receivers, provides an ideal opportunity to
nv ert v elocities within this region (Fig. 4 ) using the first arri v al
raveltime tomography. While Donoso et al. ( 2021 ) produced a 3-
 tomographic model using the first arri v als recorded b y the two

urface profiles (SP6 and SP7) from tunnel and surface sources, we
onducted 2-D tomography (R ücker et al. 2017 ) using only SP7-
ecorded first arri v als from tunnel sources. In the 2-D tomography,
e used the first break picks from 72 shot gathers (13 656 picks) and
 gradient velocity model of 5-m cell size in x and z directions as the
nitial model. The cell size (5 m by 5 m) matches the source spac-
ng interval approximately. For the traveltimes (Fig. 5 b) obtained at
he last iteration during tomography, the standard deviation of trav-
ltime misfit was 2.05 ms, which is approximately two sampling
ntervals (dt = 1 ms). A cross-plot (Fig. 5 c) was shown between the
icked first arri v als and the traveltimes from the tomographic veloc-
ty. For building a migration model from the tomographic velocity,
nterpolation and extrapolation were applied to extend the model
bove the tunnel where ray coverage was absent (Fig. 6 ). A veloc-
ty of 5.5 km s −1 was chosen below the tunnel (Fig. 6 b) based on
he observed P -wave first arri v als recorded b y the tunnel recei vers.
he inv erted v elocity model ef fecti vel y captured the near-surface

ow-velocity zone (Fig. 6 b), matching the low-velocity zone iden-
ified by Donoso et al. ( 2021 ). Fur ther more, a high-velocity zone

art/ggaf201_f4.eps
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Figure 5. (a) First break picks from the field data. (b) First arri v als calculated from the tomographic velocity model. (c) Cross-plot between the first arri v als 
calculated from the tomographic velocity and those picked from the field data ( R 

2 = 0 . 999 ). The cyan dashed line denotes that the picked arri v als are ideally 
equal to the calculated arri v als. 

Figure 6. (a) Ray-based tomographic velocity model obtained using the P -wave traveltime tomography. (b) Migration velocity model used in the seismic 
imaging w orkflo w. The red and blue contours in panel (b) represent a high-velocity zone ( > 5.4 km s −1 ) and a low-velocity zone ( < 3.9 km s −1 ). The low 

velocity zone is approximately between receiver 6110 and receiver 6190, as also speculated by Donoso et al. ( 2021 ) . 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/242/2/ggaf201/8155240 by The U

ppsala Program
m

e for H
olocaust and G

enocide studies user on 11 Septem
ber 2025

art/ggaf201_f5.eps
art/ggaf201_f6.eps


Tunnel-to-surface imaging of sulphide deposits 7 

Figure 7. An example of a shot gather with automatic gain control (AGC) applied for display purposes. (a) Field data with the picked first arri v als marked as 
green dots. (b) Trim static corrections to align the picked first arri v als (green dots) with the calculated first arri v als (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 arri v als. PP reflections were highlighted 
in a yellow-shaded area. The arri v al times of converted waves ( PS and SP ) were marked by green dashed lines. Direct arrivals of P and S wa ves w ere marked 
by solid red and green lines, respectively. 
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ear the tunnel suggests a potential transition from sedimentary to
rystalline lithology. 

.2 Data pre-processing 

hrough pre-processing of the field data, we aim to enhance primary
 PP ) reflections ef fecti vel y over the strong coherent noise caused
y the operation of two crushers and the ambient noise. Using the
igration model (Fig. 6 b) and the 2-D reference reflector (Fig. 4 )
xtracted from the reference ore body model, we calculated the trav-
ltimes of direct waves ( P , S ), reflected waves ( PP ), and converted
aves ( PS , SP ) using the fast marching method (White et al. 2020 ).
he S -wave velocity ( V s ) model was derived from the P -wave ve-

ocity ( V P ) model under the assumption of a constant V P / V s ratio
f 5/3 for the overburden velocity. These calculations allowed us to
evelop a customized pre-processing approach applied to the seis-
ic data. Exemplified with a shot gather, the key steps (Fig. 7 ) of

ur pre-processing approach included trim statics, bandpass filter
nd selective temporospatial muting (Table 2 ). 

art/ggaf201_f7.eps
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Table 2. Principal 2-D data processing steps applied to data from seismic acquisition configuration GP4-to-SP6. 

Process Par ameter s 

Data input SEG-Y data input 
Geometry assignment From trace headers and projection 
Frist break picking Automatic and Manual 
Static correction Trim statics using picked and calculated first arri v als 
Band-pass filter 20–30-170–190 Hz 
Trace muting Top mute (10-point tapering) using calculated first arri v als 
Trace editing Kill traces from trace number 151 to 214 for every shot 

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. 2 a). (b) Seismic image obtained from the conventional Kirchhoff PSDM. L1 denotes the Lombador reflector’s image, while the 
black arrows highlight smearing artifacts. 
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T ra veltime residuals can persist in the field data even after re- 
fraction static corrections, potentially introducing distortions in the 
continuity of reflected signals and ne gativ ely impacting the final 
image (Docherty 1992 ). To reduce the ne gativ e effects of trav eltime 
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 arri v als 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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Figure 9. Seismic illumination analysis for a source–receiver pair. (a) The 
illumination vector I x1 at one imaging point ( 1 ) on a dipping reflector, 
defined as the difference of p s x pointing away from the source and p r x 
pointing towards the receiver. (b) Two normalized illumination vectors I n x1 
and I n x2 at different locations on one two-wa y tra veltime isochron of the 
source and receiver pair. The deviation angle θ is defined by the normalized 
illumination vector and the reference reflector normal n ref . 

n  

t  

d  

w  

I  

v

I

a

I

 

d  

a
h  

d  

t  

e

W

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/242/2/ggaf201/8155240 by The U

ppsala Program
m

e for H
olocaust and G

enocide studies user on 11 Septem
ber 2025
rri v als (Fig. 7 b) with the first arri v als calculated from the migration
elocity model. 

Following the trim static correction (Fig. 7 b), we implemented
 series of additional pre-processing steps (Table 2 ). A bandpass
lter (20–30-170-190 Hz) was applied to the data to remove strong
mbient noise (Fig. 7 c), which can obscure the desired reflections
nd distort the seismic image. Top-mute (Fig. 7 d) was applied to re-
ov e P -wav e first arri v als, which arri ved before the reflected w aves

f interest, by zeroing data above a certain time guided by the cal-
ulated first arri v als. Additionall y, we muted 64 seismic traces from
 m to 630 m horizontally (Fig. 7 d) that showed a high noise amount
ue to the operation of two large crushers during data collection.
lthough we removed strong noise by muting 64 traces, this action
as the trade-off effect of reducing the acquisition aperture. 

.3 Controlled-illumination migration. 

eismic migration algorithms commonly assume a Born scatter-
ng model (Thierry et al. 1999 ; Huang et al. 2016 ), treating each
ubsurface point as a potential scatterer and mapping the signal to
ll possible scatterer locations (Lecomte 2008 ). This assumption
s often justified because the subsurface is typically unknown be-
ore imaging. Ho wever , when the seismic acquisition aperture is
imited (Sun 1999 ) or the coverage is low, smearing artifacts could
e introduced in the reflection section due to insufficient construc-
ive interference for imaging the target (Buske et al. 2009 ). In the
P4-to-SP6 setup, the acquisition aperture was constrained by the

elati vel y short length (556 m) of the tunnel GP4, where the source
ine suited. Additionally, due to significant noise at the southern end
f the receiver line SP6, its length was reduced from 2130 to 1500 m
Fig. 8 a). This limited acquisition aperture could introduce severe
mearing artefacts in the conventional pre-stack Kirchhoff PSDM. 

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

m 

( x ) = 

∫ ∫ 
W 

(
x , x ′ 

) . 

U 

(
x ′ , t s + t r 

)
d x ′ , (1) 

here the image value Im at a subsurface point x is formed by inte-
rating the time-differentiated wavefield U in plane A formed by the
eceivers occupying positions x ’. W denotes the weighting function
hich accounts for the correct amplitude treatment based on Kirch-
off theory. t s and t r denote the traveltimes from the source and the
eceiver to the image point x , respectively. Resulting from the lim-
ted acquisition aperture utilized in conventional Kirchhoff PSDM
eq. 1 ), significant smearing artifacts appear in the seismic image
Fig. 8 b). The smearing artifacts pose challenges in determining the
etailed geometry of the Lombador deposit and increase 

To address the smearing artifacts generated by the conventional
irchhoff PSDM, we developed a weighting function guided by the

eismic illumination analysis. This function is specifically tailored
o enhance the specular reflection from the dipping Lombador de-
osit for each source–receiver pair. We calculated the illumination
ector I x (Fig. 9 a) for each imaging point x in the target area and
sed it in the weighting function. This I x was determined as the
ifference (eq. 2 ) of the slowness vectors p 

s 
x and p 

r 
x associated with

he wavefields from the source and the recei ver, respecti vel y. Since
he magnitudes of p 

s 
x and p 

r 
x are equal at a given imaging point,

heir directions are the key factors in calculating I x . Recognizing
hat these slowness vectors p 

s 
x and p 

r 
x , in isotropic media, are per-

endicular to the isochrons of the traveltime fields, we obtained the
or malized g radients ˆ u 

s 
x and ˆ u 

r 
x of the source and receiv er trav el-

ime fields at each imaging point (Miller et al. 1987 ). ˆ u 

s 
x and ˆ u 

r 
x are

irectly related to the slowness vectors p 

s 
x and p 

r 
x by scaling them

ith velocity V . Since we only used the directional information of
 x for the w eighing function, w e define the normalized illumination
ector I n x (eq. 3 ) for subsequent analysis: 

 x = p 

r 
x − p 

s 
x = 

ˆ u 

r 
x − ˆ u 

s 
x 

V 

, (2) 

nd 

 

n 
x = 

I x 
| I x | . (3) 

Relative to the directional normal n ref of a reference reflector, the
eviation angle θ of the normalized illumination vector I n x varies
t different locations (Fig. 9 b). In our case where both n ref and I n x 

av e a ne gativ e v ertical component (i.e. the y point upwards), the
eviation angle θ ranges from 0 to π . To suppress smearing artifacts,
his deviation angle θ (Fig. 9 b) is incorporated into an exponential
xpression in the designed weighting function 

 

x 
sr ( θ, b ) = 

⎧ ⎨ 

⎩ 

1 0 ≤ θ ≤ γ

e b ∗( cos θ−cos γ ) γ < θ < 

π

2 
0 π ≤ θ ≤ π

, (4) 
2 
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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 n ref = 

( sin ϕ, −cos ϕ ) 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 ). 
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where γ is a chosen small angle less than π

2 and b is a positive 
number. Parameter γ controls the region where no suppression of 
data is applied (Fig. 10 a). Parameter b controls the exponential 
decay rate of the weighting function (Fig. 10 a). Since cos θ can be 
obtained as I n x · n ref , eq. ( 4 ) can be expressed as: 

W 

x 
sr 

(
I n x , n ref , b 

) = 

⎧ ⎨ 

⎩ 

1 0 ≤ θ ≤ γ

e b ∗( I 
n 
x ·n ref −cos γ ) γ < θ < 

π

2 
0 π

2 ≤ θ ≤ π

. (5) 

To enhance the imaging of the Lombador deposit, which has an 
approximate dip of ϕ = 32 o relative to the horizontal, we set the 
reference normal vector n ref as ( sin ϕ, − cos ϕ ) in the weighting 
function for every imaging point. We selected γ to be 10 o 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 ) = 

∫ ∫ 
A 

W 

x 
sr 

(
I n x , n ref , b 

)
W 

(
x , x ′ 

) . 

U 

(
x ′ , t s + t r 

)
d x ′ . (6) 

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. 11 a). 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. 11 a) below the Lombador 
deposit was imaged (Brodic et al. 2021a ). While the choice of n ref 

at each imaging point highlights other reflectors or artifacts of a 
similar dip ( ϕ = 32 o ), 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, CIG 01 , CIG 02 and CIG 03 , 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- 
ti vel y that the controlled-illumination Kirchhoff PSDM effectively 
imaged the Lombador deposit. 

4 .  D I S C U S S I O N  

This study demonstrates the ef fecti veness of utilizing seismic data 
from a tunnel-to-surface seismic surv e y 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 w orkflo w 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 et 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 receiv er trav eltime fields, was used in our controlled- 
illumination Kirchhoff PSDM to preferentially highlight reflectors 
at a selected dipping angle, thereby reducing smearing artifacts. 
Ho wever , 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 ref to account for the changing dip of the re- 
flector. Additionall y, alternati v e imaging strate gies, such as Fresnel 
volume migration (L üth et al. 2005 ; Hlou šek 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 ef fecti vel y 
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. 13 a) with two previous sections (Figs 13 b 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. 8 b) obtained from the conventional Kirchhoff 
PSDM for comparison purposes. Three locations, CIG 01 (x = 420 m), CIG 02 (x = 520 m) and CIG 03 (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. 
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ata (Brodic et al. 2021a ). With a careful selection of the weighting
unction in eq. ( 5 ), the tunnel-to-surface seismic data reveal two
ignificant features: (1) a subtle discontinuity F (Fig. 11 a) intersect-
ng the Lombador reflector, interpreted as originated from a fault
tructure consistent with the geology described in the mine and
rom boreholes (Carvalho et al. 2017 ), and (2) a deeper reflector L2
xhibiting a dip parallel to the main deposit reflector L1 (Fig. 11 a).
he matching wavelet polarity between reflectors L1 and L2, cou-
led with the elastic impedance contrast between the orebody and
ost rocks (Donoso et al. 2020 ), rules out L2 as representing the
ombador deposit’s base. Instead, this reflector L2 may arise from
tructures (e.g. faults) or lithological boundaries within the host
ocks (Rosa et al. 2008 ), provided that no mode conversions (e.g.
P) are present in the data. 
Surface acquisitions were affected by the near-surface weather-
ng layer on both the source and receiver sides, which attenuated
he higher frequency content of the data and led to low-resolution
mages. Additionally, the surface surv e y’s source deployment was
imited to the nor ther n side of the line SP6, primarily favouring the
maging of the lower portion of the Lombador deposit. Meanwhile,
he in-tunnel acquisition constrained the deployment length for both
ources and receivers, confining the imaging area to the upper part
f the Lombador deposit. Assuming all sources were directly below
he receiver line in our 2-D imaging framework could introduce
naccuracies in the imaged 2-D reflectors due to the complex 3-D
ubsurface geometr y. Integ rating and innov ati vel y utilizing the three
ub-data sets (Table 1 ) simultaneously in a 3-D migration (Donoso
t 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 CIG 01 , CIG 02 and CIG 03 marked in the controlled-illumination image 
(Fig. 11 a). 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. 
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in 3-D. Ho wever , 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 .  C O N C LU S I O N S  

Using seismic data acquired from a tunnel-to-surface surv e y at the 
Neves–Corvo mining site in southern Portugal, w e ha ve successfully 
imaged the Lombador VMS deposit in high resolution at depth. 
We hav e dev eloped 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 et 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), (e) and (f) display the images in panels (a), (b) and (c) overlaid with the detailed 3-D Lombador 
ore deposit. 
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n seismic imaging. Overall, this research indicates that seismic
cquisition utilizing underground infrastructure has great potential
or ef fecti v e reflection seismic surv e ys. Along with targeted seismic
cquisition, seismic data processing and imaging guided by prior
nformation can enhance the characterization of mineral deposits
nd support more informed exploration strategies. 
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