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Abstract 
Donoso, G. A. 2022. Seismic imaging of volcanogenic massive sulphide deposits. From 
legacy to innovative surveys. Digital Comprehensive Summaries of Uppsala Dissertations 
from the Faculty of Science and Technology 2161. 71 pp. Uppsala: Acta Universitatis 
Upsaliensis. ISBN 978-91-513-1528-7. 

The volcanogenic massive sulphide deposits at the Neves-Corvo mine area, part of the Iberian 
Pyrite Belt in southern Portugal, were studied using seismic methods. Three distinct reflection 
seismic datasets were used in this study: a 2D legacy data from 1996, an innovative 2019 surface 
and in-mine acquisition, and a 2011 3D seismic survey. The seismic data were processed with 
the main objective of improving the seismic signature of the volcanogenic massive sulphide 
deposits in the area by the use of modern and innovative seismic methods. 

The legacy dataset, acquired in 1996, was reprocess using today’s processing software. The 
Lombador massive sulphide was better imaged and a number of never-before-seen shallow but 
steeply dipping reflections were detected. In the 2019 seismic survey, 2D seismic profiles were 
acquired on the surface above the Lombador deposit, and four seismic profiles were deployed 
inside mine exploration tunnels at 650 m depth. Arguably, the first time a seismic acquisition 
survey of this size has been carried-out inside an active underground mine. The processing of 
the surface profiles was complemented by additional methods that indicate how the out-of-plane 
contribution of the Lombador deposit may not be detectable when employing 2D data only, 
showing the imaging potential of a small-scale survey implemented with innovative acquisition 
technologies. The 3D seismic data processing showed sensitivity to parameter selection for 
imaging. Processing results using pre-stack dip move-out and post-stack migration methods 
show moderate to steeply dipping reflections. Which can be correlated with known lithological 
contacts, some are interpreted to be originated from the Semblana and Lombador deposits. 
Despite the mixed signal-to-noise ratio the seismic volume reveals improved 3D seismic images 
of both shallow and deep structures, allowing to account for the deposit’s lateral extension 
beyond the capabilities of 2D seismic imaging alone. It was possible to distinguish strong 
diffraction patterns, interpreted as originating from faults and edges of the Lombador deposit, 
illustrating the usefulness of diffraction patterns for better interpretation of geological features in 
hard-rock environments. All of the aforesaid allows to conclude that an exploration programme 
solely based on 2D seismic data would have showed false-positive results in depth. This 
encourages the employment of 3D seismic methods, instead of 2D, in mineral exploration for 
accurate detection and targeting of VMS deposits. 
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1 Introduction 

This thesis work was sponsored by the EU-funded Smart Exploration™ pro-

ject (www.smartexploration.com). The project involved 27 partners from nine 

European countries and six exploration sites, launched in late 2017 with the 

goal of developing new geophysical instruments for a wide range of applica-

tions and to generate new mineral exploration targets, while training new gen-

erations of young professionals. An innovative seismic dataset studied and 

presented in this thesis was acquired in 2019 within the project’s frame. 

Mineral exploration traditionally has employed geological mapping, geo-

chemical analysis, and potential field methods, for greenfield exploration 

(Dentith and Mudge, 2014). However, for mature mining camps and in brown-

field exploration sites, innovative and novel techniques are required since 

many shallow targets, usually less than 500 m deep, have already been dis-

covered or are currently being exploited. Consequently, modern mineral ex-

ploration is becoming more focused in extending the knowledge of known 

deposits and helping find new mineralizations at greater depths, hence the 

need to develop and apply new technologies that allow for direct mineral de-

posit targeting with improved resolution at depth. 

Although electromagnetic (EM) methods are typically preferred for min-

eral exploration because of the conductive nature of many metallic mineral 

deposits, EM methods lose resolution at depth and can be affected by the fact 

that non-mineralized conductive bodies may shield regions underneath from 

being resolved. Whereas seismic methods, already proven successful in hy-

drocarbon exploration, retain their resolution at depth relatively well com-

pared to other geophysical methods particularly for exploration depths ranging 

from 500 to 3000 m. 

Most early works that examined the use of seismic reflection methods for 

direct targeting of volcanogenic massive sulphides (VMS) deposits come from 

Africa (Stevenson and Durrheim, 1997) and Canada (Verpaelst et al., 1995; 

Milkereit et al., 1996; Adam et al., 1996). However, Europe was not so far 

behind on the use of the seismic methods for mineral exploration, although 

less publications are found from that time. The use of seismic methods to de-

tect and delineate mineral deposits, especially VMS, has become more fre-

quent in the past few decades. (Eaton et al., 2003; Malehmir and Bellefleur, 

2009; Malehmir et al., 2012 and references therein; Bellefleur et al., 2012 and 

2018; Urosevic et al., 2012; Buske et al., 2015 and references therein).  
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One of the areas where seismic methods was attempted in Europe during 

the early 1990s is the world-class (>350 Mt) VMS Neves-Corvo mine area in 

the Iberian Pyrite Belt (IPB), southern Portugal. The first successful recorded 

use of seismic methods for exploration at the Neves-Corvo was done during 

1991. In 1996, six 2D seismic profiles were acquired in the area, allowing to 

illuminate the northern section of the tier-11 (ca. 150 Mt) Lombador deposit. 

The 1996 dataset is considered legacy; being legacy implies data from before 

the systematic and standardized storage of digital data became common prac-

tice in the late 1990s, and usually lacking complete information regarding ac-

quisition equipment, field geometry setup, or support observation logs, or are 

found in a non-standardized digital format. With the large increase in compu-

ting processing power in the past decade it has been possible to revisit and 

reprocess legacy data using today’s technologies and solutions especially 

those from hard-rock settings, with the goal of finding new results in the light 

of new technologies and methods. Motivated by this, the 1996 2D legacy seis-

mic data was recovered, reprocessed, and presented in Paper I, where the 

world-class Lombador massive sulphide and other smaller deposits were im-

aged with improved continuity and resolution. Furthermore, a few never-be-

fore-seen shallow and steeply-dipping reflections were imaged, highlighting 

the value of legacy seismic data and the importance of taking advantage of 

state-of-the-art data processing algorithms in hard-rock environments and val-

idating the usefulness of reprocessing legacy data in a mature mining camp.   

Within the frame of Smart ExplorationTM project and for the purpose of 

testing new technologies for VMS deep targeting (Malehmir et al., 2019a), a 

pioneering study was conducted at the beginning of 2019 at the Neves-Corvo 

mine. Two 2D seismic profiles were acquired on the surface above the Lom-

bador deposit, while simultaneously four seismic profiles were deployed and 

recorded inside mining and exploration tunnels at 650 m depth, facilitated by 

a prototype system that enabled accurate GPS-time synchronization in areas 

with no GPS-satellite signal (Malehmir et al., 2019b); arguably the first time 

a seismic acquisition survey of this size has been carried-out inside an active 

underground mine in the world. Paper II presents the results of reflection 

seismic data processing along the 2019 surface profiles, complemented with 

additional techniques such as 3D exploding reflector forward modelling and 

cross-dip analysis of the main reflections, allowing to account for the out-of-

plane contribution of the Lombador deposit that may not be detectable when 

employing inline data only (Wu et al., 1995). Paper II also presents the ben-

efits from the shots activated inside the mining tunnels and recorded on the 

surface and a velocity model obtained between the tunnel and surface profiles 

for migration and time-to-depth conversion. Given the rich and unique nature 

of the 2019 dataset this study was divided in to two parts, Paper II focused 

                               
1 Tier-1 refers to the highest quality deposits regarding high ore concentration and size, long 
life-of-mine of more than 10 years, and economic value of billions of dollars. 
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primarily on the surface profiles while an article by Brodic et al. (2021) pre-

sented the tunnel seismic data. Paper II shows the imaging potential of a 

small-scale survey implemented together with innovative acquisition and data 

processing technologies. 

A 3D surface seismic reflection survey, covering an area of approximately 

24 km2, was conducted at the Neves-Corvo area from March to June of 2011. 

This dataset was reprocessed with the main objective of improving the seismic 

signature of the Lombador and Semblana VMS deposits. The 3D surface seis-

mic survey was part of a successful effort to delineate the Semblana deposit, 

discovered in 2010 (West and Penney, 2017), and to evaluate if additional 

targets could be found in the area (Yavuz et al., 2015). Paper III presents 

results from revisiting and reprocessing the 3D surface reflection seismic data, 

while validating the observations against the known deposit surfaces. The 

study also highlights the importance of 3D imaging by comparing it with pre-

vious 2D seismic results (Paper I) for adequate targeting and mapping of the 

Lombador deposit extension. Additional focus was put on observed diffrac-

tion patterns and their importance for defining the structure and extension of 

the Lombador VMS deposit. 

The 2011 3D seismic survey area coverage (Paper III) fully incorporates 

the 2019 innovative survey (Paper II) and is partially collocated with the leg-

acy 2D seismic dataset from 1996 (Paper I). Paper III was motivated by the 

experiences obtained from reprocessing the legacy 1996 2D dataset in Paper 

I and by the new knowledge in geophysical properties obtained from the sur-

face-tunnel experiment in Paper II. The three papers that comprise this thesis 

have been built upon each other.  

 

The main objectives of this thesis are:  

 

• To illustrate the usefulness of seismic methods for directly targeting and 

improving the seismic signature of the Lombador and Semblana VMS 

deposits at the Neves-Corvo mine area; 

• To show how additional structural information can be extracted from 

reprocessing 2D seismic reflection legacy data through a dedicated 

workflow in a hard-rock environment; 

• To identify, using only 2D seismic methods, the location in depth as 

well as 3D (lateral) extension of VMS deposits; 

• To show how 3D seismic data acquisition and processing is instrumen-

tal for VMS deposit targeting and imaging in hard-rock environment 

and encourage future mineral exploration in the Neves-Corvo area.  
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1.1 Outline of the thesis 

This thesis is divided into two parts. The first part comprises seven chapters 

that present main aspects of the thesis research work. The second part com-

piles the three papers written during my PhD thesis. Chapter 1 introduces the 

main goals of this thesis and an overview of the topics covered in each paper. 

Chapter 2 presents a brief geology of the study area and datasets available for 

the research work. A theoretical background for methods applied beyond the 

conventional seismic data processing techniques is presented in Chapter 3. 

Chapter 4 summarizes each of the papers, and Chapter 5 presents the conclu-

sions reached throughout the thesis research work. Chapter 6 provides a look 

into future research possibilities. A popular summary of my work in Swedish 

is given in Chapter 7.  

1.2 Contributions 

My own contributions in each paper are summarized as: 

 

Paper I: I processed the 1996 2D legacy data with the assistance of my 

supervisor, who also guided me as I wrote the manuscript and prepared the 

figures in it. Other co-authors provided feedbacks on the geological back-

ground and interpretation and helped improve the manuscript.  

Paper II: I participated in the 2019 data acquisition campaign (surface and 

inside the mine). I processed the surface seismic data, my co-authors helped 

with the 3D exploding reflector modelling, and provided the velocity model 

from the travel-time tomography. I wrote the manuscript and prepared the fig-

ures. My co-authors provided feedbacks on the geological interpretations and 

helped improved the manuscript. 

Paper III: I processed the 3D seismic dataset, my supervisor guided me 

for the application of DMO, 3D velocity model building, and diffraction in-

terpretations. I wrote the manuscript and prepared the figures. My co-authors 

helped refine the manuscript. 
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2 Study area and datasets 

The seismic data used and presented in this thesis are a 1996 2D legacy seis-

mic dataset (Paper I), a new 2019 surface and in-mine seismic dataset (Paper 

II), and a 2011 3D seismic dataset (Paper III). All were acquired at the 

Neves-Corvo mining area (Figure 2.1) in southern Portugal. Additional phys-

ical properties and well log data from the area were also utilized in the thesis. 

All seismic datasets illuminate and define the geometric characteristics of the 

Lombador deposit, making it the main target of this research. While the rock 

physics properties and future work focus more on the Semblana deposit. 

Figure 2.1. Map showing the location of the seismic datasets relative to the major VMS deposits 
(magenta surfaces) in the Neves-Corvo mining area. The 1996 2D seismic profiles (red lines), 
2019 SP6 and SP7 surface (cyan) and in-mine (green) seismic profiles, as well as the 2011 3D 
seismic survey coverage (grey grid) are shown. Also the position of drillhole PSJ-50 (black 
triangle) used for downhole logging and physical properties studies. 
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2.1 Neves-Corvo mine 

Neves-Corvo is a copper and zinc mine; producing copper, zinc, and lead con-

centrates. Located in the Alentejo district of southern Portugal, it is owned and 

operated by Somincor, a Portuguese subsidiary of Lundin Mining. The mine 

is 15 km southeast of the town of Castro Verde and approximately 220 km 

southeast of Lisbon. It operates underground with principal access by a ramp 

from the surface and a shaft used to hoist ore from the 700 m level, the mine 

complex also comprises two ore processing plants for copper and zinc. The 

produced copper and zinc concentrates are transported by rail to a dedicated 

port facility at the coast city Setúbal (Portugal), while lead concentrate is send 

by truck to ports for overseas shipment. In 2017, the Zinc Expansion Project 

(ZEP) was approved and is currently under construction with the goal of in-

creasing the Neves-Corvo zinc processing capabilities (Lundin mining, 2022).   

2.1.1 General geological setting 

The Neves-Corvo VMS deposits are considered the richest known mineralized 

bodies of the IPB. The IPB, which stretches through southern Spain into Por-

tugal (Figure 2.2), is arguably the largest and one of the most important VMS 

metallogenic provinces in the world (Relvas et al., 2002). Seven major depos-

its have been discovered in the Neves-Corvo area, namely: Neves, Corvo, 

Graça, Zambujal, Lombador, Semblana, and Monte Branco (Figures 2.1 and 

2.2). The deposits have generally thicknesses of 20 m to 100 m and can reach 

up to 140 m (Oliveira et al., 2013). After the discovery of Semblana in 2010 

and Monte Branco in 2012, the area is still considered prospective with the 

expectation that more lenses are still to be found. 

Figure 2.2. Overall geology of the Neves-Corvo mining area showing the shape and extent of 

the major deposits in the area. Adapted from Pereira et al. (2021). 
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The Neves-Corvo deposits are found in the Upper Devonian Volcanic-Sed-

imentary Complex (VSC) stratigraphic sequence, at depths ranging from 200 

to 1300 m (Carvalho et al., 2021), within a footwall of autochthonous volcano-

sedimentary rocks of mainly shales and felsic volcanic rocks (360–342 Ma). 

The deposits typically occur as massive sulphide lenses that host base metals 

(copper, zinc, tin, and lead) and stockwork mineralization that formed at or 

near the seafloor in submarine intracontinental volcanic environments. The 

dominant minerals are pyrite, chalcopyrite, sphalerite, galena, and in a lesser 

amount cassiterite (West and Penney, 2017). Figure 2.3 shows a schematic 

geologic cross-section over the Neves and Lombador deposits, which were 

deformed into separate ore lenses by a set of thrust faults. The cross-section 

illustrates how repeated lenses of mineralization occur at different depths due 

to at least three sets of thrust faults, which dip between 20° and 40° toward 

the northeast.  

 

Figure 2.3. (a) Geological cross-section over the Neves and Lombador deposits. Mining level 

labelled in the y-axis refers to the real elevation plus 1000 meters. (b) Inset map shows the 

cross-section location (dark blue) relative to the Lombador and Neves deposits (projected red 

surfaces). Courtesy of Somincor. 

The lithostratigraphy at the Neves-Corvo region (e.g., Oliveira et al., 2004, 

2013, 2016, 2019) is comprised of three main geologic formations (Figure 

2.2), from bottom to top: the Phyllite-Quartzite (PQ) Group, with the base 

unknown, the volcanic-sedimentary complex (VSC) hosting the VMS depos-

its, and the Mértola Formation (the lower unit of the Baixo Alentejo Flysch 

Group) (Pereira et al., 2008; Oliveira et al., 2013; Mendes et al., 2018).  

The PQ group is mainly composed of phyllites and quartzites of Givetian-

late Famennian age (Pereira et al., 2008; Mendes et al., 2018). The VSC is 

classically divided into an allochthonous (upper VSC) and an autochthonous 

(lower VSC) sequence, separated by a middle-upper Tournaisian sedimentary 
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stratigraphic hiatus (Oliveira et al., 2004, 2013; Pereira et al., 2008). The top 

of Lower VSC is of particular interest since it is where massive sulphides min-

eralization is found. 

The Lower VSC sequence comprises felsic volcanic rocks, including co-

herent and abundant autoclastic rhyolites and rhyodacites, pumice breccias, 

and minor basalt lava flows and intrusive mafic volcanic rocks with a total 

thickness up to 100 m, Famennian age dark-grey shales of approximately 40 

m thick corresponding to the Corvo Formation and black pyritic shales of the 

Neves Formation, which vary in thicknesses from a few metres up to approx-

imately 100 m, with interbedded massive sulphides. The Neves Formation 

shales are dated late Famennian (Strunian) based on fossil dating, correspond-

ing to an age between 359 Ma (Devonian-Carboniferous boundary) and ap-

proximately 360.5 Ma (Streel et al., 2006; Streel, 2009). Because of its close 

relation to the VMS, the well-defined Strunian age of the Neves Formation is 

an important stratigraphic horizon and exploration guide in the IPB, not only 

in Portugal but also in Spain, such as in the Tharsis and Aznalcollar areas 

(González et al., 2002; Oliveira et al., 2004; Pereira et al., 2008, 2021; Matos 

et al., 2011; Saez et al., 2011). 

The Upper VSC sequence, with an approximate total thickness of 350–400 

m is composed from top to bottom by the Brancanes Formation (black shales 

with disseminated pyrite), the Godinho Formation (volcanogenic sediments 

and grey siliceous shales),  the “Borra de Vinho” Formation (purple and green 

shales), the Grandaços Formation (black shales with carbonate lenses and nod-

ules),  and the Graça Formation (black graphitic shales and grey siliceous 

shales) with basic intrusive rocks and interbedded felsic volcanic rocks 

(Oliveira et al., 2013 ; Pereira et al., 2008). 

The VSC is overlain by the Mértola Formation, the lowermost unit of the 

Baixo Alentejo Flysch Group (of middle–late Visean Age), which is a thick 

Flysch sequence composed mostly of intercalations of greywackes and dark 

grey shales (Oliveira et al., 2004, 2013).  

2.1.2 Lombador deposit 

The world-class zinc-rich Lombador orebody is the largest (approximately 

150 Mt) of the massive sulphides at Neves-Corvo area. It was discovered in 

1988 following the deep drilling exploration of a gravimetric anomaly at the 

northern end of the Corvo and Neves deposits (Pacheco and Ferreira, 1999). 

The deposit is located at the northern side of the Neves-Corvo mine area (Fig-

ures 2.1, 2.2 and 2.3) and is found at approximately 400 m depth at its western 

margin and extending down to approximately 1200 m below the surface along 

a northwest–southeast strike. The sulphide lens itself has dimensions of over 

100 m in thickness and extends for approximately 1400 m down-dip and at 

least 1600 m along strike (Lundin Mining, 2017, NI 43-101 technical report).  
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2.1.3 Semblana deposit 

The Semblana deposit is a high-grade copper-rich orebody, discovered in 

2010. It is mostly horizontal gently dipping northeast, located at 820 m depth 

with up to 100 m thickness, containing sulphidic copper mineralization (Ya-

vuz et al., 2015). The Semblana discovery came after targeting the area based 

on coinciding gravimetric and ground electromagnetic geophysical anomalies 

(Owen and Meyer, 2013). Following the Semblana discovery, a 3D seismic 

reflection survey was successfully conducted in 2011 with the goal to better 

delineate the known deep massive sulphide deposits (Lombador and Sem-

blana) and to generate new targets over the east and southeast of the Neves-

Corvo mine. The copper sulphide extensions south of Semblana were ulti-

mately discovered through drilling following the interpretations from the 3D 

seismic dataset (West and Penney, 2017). 

2.2 Physical rock properties 

A physical rock properties study was carried out in 2012 on 397 drill core 

samples from the Neves-Corvo area, as a follow up to the 2011 3D seismic 

survey (Yavuz et al., 2015; West and Penney, 2017). Ultrasonic measurements 

of velocities and laboratory density values for host-rock and mineralization 

were made, categorizing the results by their lithology as supplied by Lundin 

Mining Corporation (Lundin, internal communication).  The study also in-

cluded data from downhole sonic logging from a few boreholes that cored 

through host rock and mineralization of Semblana (Yavuz et al., 2015; West 

and Penney, 2017). 

A cross-plot of density against P-wave velocity (Figure 2.4a) for core sam-

ples measured in the laboratory (ultrasonic frequency) show that massive sul-

phides and stockwork formations present distinctly higher velocities (both for 

P- and S-waves) and density values than their surrounding host rock (hanging 

and footwall). This is observed in most of the logs where massive sulphides 

and stockwork formations are present. Downhole logging measurements for 

drillhole PSJ-50 (black triangle in Figure 2.1), which intersects the Semblana 

deposit is presented in Figure 2.4b. The ultrasonic measurements of samples 

along the same well, namely velocity and density, are shown in Figure 2.4c. 

A closer look at the ultrasonic velocity measurements suggests an average 

host rock velocity of approximately 4300 m/s and a much higher one, from 

5500 up to 7500 m/s, for the massive sulphides. Given that the velocities 

measured at ultrasonic frequencies (1 MHz in this study) produce higher val-

ues than the downhole sonic ones, they are preferable since sonic frequencies 

(ca. 20 kHz) are closer to the seismic data frequency range (Salisbury et al., 

2003). 
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This study suggests that the massive sulphides and stockwork formations 

have higher acoustic impedances when compared with the surrounding sili-

cates and justify why seismic methods can be useful in not only delineating 

massive sulphides but also rich stockwork bodies; granted that the deposit has 

favourable geometry and thickness, and that the seismic data have adequate 

signal-to-noise ratio (S/N) as well as frequency content adequate for their im-

aging (e.g., Salisbury et al., 2000 and 2003; Malehmir et al., 2012 and 2013; 

Yavuz et al., 2015). 

 

Figure 2.4. (a) Cross-plot of P-wave velocities measured at ultrasonic frequencies and labora-

tory measured densities for a selection of core samples from the Neves-Corvo mining area. 

VMS deposits (circled in grey) show a much higher contrast against their surrounding host rock 

(circled in cyan), and should generate a strong seismic signal. (b) PSJ-50 downhole sonic log-

ging measurements versus core sample (c) ultrasonic P-wave and S-wave velocities and density 

measurements intersecting the Semblana deposit. Both downhole logging and ultrasonic meas-

urements suggest elevated velocity and density at the Semblana deposit.  

2.3 Legacy 2D seismic data (1996) 

The legacy 2D dataset, acquired by a service seismic acquisition company 

during March-April of 1996, is comprised by six profiles that add up to ap-

proximately 25 km (Figures 2.1 and 2.5). Data can be considered legacy when 

referring to data acquired before the systematic and standardized storage of 

digital seismic data became common practice in the late 1990s. 

Prior to the main seismic data acquisition, source and receiver tests were 

carried out to optimize the survey acquisition parameters. Given the absence 

of field observer logs, it is most likely that the tests were first done along pro-

file 96PS04 only using 96 channels, and a decision was made afterwards for 

120 channels on the other profiles, providing a nominal fold of 48 for the for-

mer and 60 for the latter. The main acquisition parameters used were nominal 

receiver and source spacing of 15 m, explosive sources fired in 1.5 m-deep 
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holes, and a recording length of 2 s with 2 ms sampling rate employing an 

asymmetric split-spread roll-along type acquisition setup. Other relevant pa-

rameters are summarized in Table 2.1. 

Figure 2.5. The 2D 1996 legacy seismic profiles (red) with respect to the nearby deposits (pro-

jected magenta surfaces). 

The seismic data became available as raw shot-gathers, together with 

stacked seismic profiles from a previous reprocessing work conducted in 

2007, both datasets in SEG-Y format. These 2007 reprocessing results were a 

great contribution since it allowed for a proper comparison with our own pro-

cessing results (Paper I); although, no information was made available re-

garding the original processing workflow for the 2007 stacked sections. 
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Table 2.1. Main acquisition parameters of the 1996 seismic data in the Neves-Corvo mining 

area. 

Acquisition system Sercel SN368 

Acquisition dates April 9th to 19th 1996 

Acquisition type Split-spread roll-along 

Profiles 96PS01, 02, 03, 05, 06 96PS04 

Number of active receivers 120-1C (10 Hz) 96-1C (10 Hz) 

Receiver interval 15 m 

Shot interval 15 m 

Max. source-receiver offset ~ 1800 m ~ 1440 m 

Source Explosives, 420 gr 

Nominal Fold 60 48 

Recording parameters: 

Record length 2 s 

Sampling rate 2 ms 

Receiver and source parameters: 

Number of sensors Linear array of 9-1C (10 Hz) 

Geophone distance 1.87 m 

Source pattern 3 holes per source point 

Shot-hole depth 1.5 m 

Geodetic surveying: 

Equipment Traditional total station theodolite (TST) 

Profiles 01 02 03 04 05 06 

Shots 102 313 285 397 268 224 

Length (m) 2010 4410 4260 5925 4035 3360 

2.4 Surface and in-mine seismic data (2019) 

An innovative seismic survey took place in early 2019 at the Neves-Corvo 

mine as part of the EU-funded Smart ExplorationTM project, from the last week 

of January until the first week of February. The survey resulted in a unique 

seismic dataset, since it was acquired on the surface and simultaneously un-

derground inside the active mine tunnels (or drifts), above the Lombador de-

posit.  

2.4.1 Surface seismic data acquisition 

The surface seismic survey consisted of two orthogonal profiles, namely, SP6 

(2130 m long) and SP7 (1000 m long) deployed perpendicular to each other, 

with the former oriented in a north to south direction and the latter from west 

to east (Figure 2.6). The survey was conducted with a fixed spread, using 214 

wireless stations positioned every 10 m, connected to 3C geophones along 

SP6 (Figure 2.7a); and 101 stations along SP7, with 3C and 1C geophone in-

tercalation. Source points were placed every 10 m with five shot records made 
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at every shot position for subsequent vertically stacking to improve the S/N. 

A 250 kg vertically accelerated weight drop (AWD) was employed as a seis-

mic source (Figure 2.7b). Other relevant acquisition parameters are summa-

rized in Table 2.2.  

Figure 2.6. Surface lines (SP6 and SP7) and the four underground seismic profiles (GP2, GP3, 

GP4, and GP5) deployed inside the mine drifts located approximately 650 m below the surface 

lines overlaying Lombador deposit (red surface). 

All of the wireless recorders were set to operate in an autonomous mode 

during the entire survey. A trigger geophone was placed directly beside the 

source to tag each record with a GPS timestamp that allowed to harvest the 5 

s long raw shot gather data from each wireless recording station with micro-

second precision.  

Given that Neves-Corvo is an active mine operating seven days a week, 24 

hours a day, additional logistical challenges defined the acquisition survey. 

Shooting was only possible along the northern half of SP6 with 120 shot points 

done in total, simultaneously recorded by all stations on SP6 and SP7. No 

shots were made along SP7, resulting in a higher CDP fold (approximately 

120) on the northern part of SP6, and a lower CDP fold (approximately 70) at 

the intersection with SP7. Inside the mine a strict schedule was established to 

synchronize with the three mine shifts and three daily blasts.  
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Figure 2.7. (a) Wireless recorders connected to 10 Hz geophones spaced every 10 m were used 

as receivers for the surface profiles. (b) A 250-kg AWD seismic source used for the surface 

profiles. 

The surface-acquired raw seismic data present high ambient noise levels due 

to the nature of a fully active operating mine, such as a rock crushing equip-

ment in lower levels of the mine and in particular an active raise boring that 

produced strong coherent noise at times commensurable to the seismic active 

source itself (Figure 2.8). 

Figure 2.8. (a) Raw shot-gather affected by strong coherent noise. (b) Raise boring machine 

operating during the survey in one of the mine tunnels approximately 650 m below the surface 

profile (projected raise bore surface location in green triangle). 
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Table 2.2. Main acquisition parameters of the 2019 surface seismic data in the Neves-Corvo 

mine. 

Acquisition system Sercel eUnite 

Acquisition dates January 27th to February 9th 2019 

Acquisition type Fixed spread 

Profiles SP6 SP7 

Profile length 2140 m 1000 m 

Number of active receivers 214, mixed 1C-3C (10 Hz) 101, 3C (10 Hz) 

Receiver interval 10 m 10 m 

Source interval 10 m (five impacts per point) along profile SP6 

Max. source-receiver offset 2130 m 1255 m 

Source 250-kg accelerated vertical drop-hammer 

Recording parameters 

Record length 5 s 5 s 

Sampling rate   2 ms 2 ms 

Geodetic surveying 

Equipment Total Station & DGPS 

2.4.2 In-mine seismic data acquisition 

For the underground acquisition, seismic receivers were deployed along four 

mine tunnels (GP2, GP3, GP4, and GP5; Figure 2.6) approximately 650 me-

ters below the surface and directly above the Lombador deposit (Brodic et al., 

2021). The survey was made possible thanks to an innovative GPS-time tran-

sition system developed and tested within the framework of the Smart Explo-

rationTM Project (Malehmir et al., 2019a and 2019b) that allowed to transmit 

GPS-time signal to an array of wireless receivers inside the mine tunnels.  

The recording equipment comprised 1C cabled and wireless seismic receiv-

ers, and a 3C landstreamer recording system (Brodic et al., 2015, 2018; 

Malehmir et al., 2017a; Kammann et al., 2019). Single component geophones 

were planted vertically in holes drilled on the side walls of the tunnels, while 

the landstreamer was deployed along the tunnel floor. Seismic profiles GP2, 

GP3, and GP5 were acquired using cabled geophones spaced 5–6 m. Data ac-

quisition along GP4 involved 70 cabled geophones 5 m apart on the northern 

side, the landstreamer (100 sensors with 2 m and 20 with 4 m spacing) in the 

middle, and 30 wireless receivers 5 m spaced on the southern portion of the 

profile. A prototype broadband electric vibrator (Noorlandt et al., 2015) was 

used as a seismic source. Further details of the underground data acquisition 

are reported by Brodic et al. (2021). 

The uniqueness of the innovative survey lies in the simultaneous recording 

of surface-surface reflections, tunnel-surface direct waves and tunnel-tunnel 
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reflections (Figure 2.9). The surface recorded reflections are studied in Paper 

II.  

 

Figure 2.9. Reflections raypaths recorded using the 2019 surface and tunnel survey. Surface-

surface reflections in (black arrows), tunnel-surface direct wave (yellow arrows) and tunnel-

tunnel reflections (blue arrows).  The underground tunnel receivers (shown in magenta) and 

surface receivers (shown in cyan) above the Lombador (deposit model surface in red). Other 

service tunnels and drifts shown in green.  

2.5 3D seismic data (2011) 

A 3D surface seismic reflection survey, covering an area of approximately 24 

km2, was conducted at the Neves-Corvo area during March-June of 2011. The 

main survey objective was to help delineate the VMS Semblana deposit, dis-

covered in 2010 (West and Penney, 2017), and to evaluate if additional targets 

could be found in the area (Yavuz et al., 2015). The dataset available for re-

processing consisted of 14000 raw shot-gathers, in SEG-Y format, totalling 

approximately eight million seismic traces with 2 ms sampling rate and 2 s 

length. No support information nor written field reports were available, hence 

most of the acquisition parameters were taken from the trace headers and pre-

vious publications based on this same 3D dataset by West and Penney (2017) 

and Yavuz et al. (2015). The 3D grid coverage coincides in the north with the 

2019 surface and in-mine survey, and partially with profile 96SP04 from the 

legacy 1996 seismic survey (Figure 2.10). 
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Figure 2.10. The location of the 3D seismic survey relative to the major VMS deposits (magenta 

surfaces), together with the 1996 2D seismic profiles (red lines), 2019 SP6 and SP7 surface 

(cyan) and in-mine (green) seismic profiles. The dense blue and red points are receiver and shot 

positions, respectively, for the 2011 surface 3D seismic survey.  

The main 3D survey parameters consisted of receivers positioned every 15 m 

along receiver lines 90 m apart, and source positions at every 45 m along 

source lines 90 m apart. The receiver lines were perpendicular to the source 

lines, forming an acquisition geometry that allowed to define an orthogonal 

CDP grid established by inlines and crosslines of approximate length 6 km 

(NW-SE) and 4 km (NE-SW) respectively. The recording was done using 

twenty-eight overlapping patches using approximately 1200 live receivers in 

each patch. Due to access issues, no receivers were positioned in the southeast 

corner of the 3D grid on the mine tailing area. The primary source used was a 

138 kN (31022 ft-lbs) Mertz M22-601 Vibroseis using a linear sweep fre-

quency range of 10 to 120 Hz. A few patches near the Lombador village were 

done with a 16 kJ (11800 ft-lbs) Hydrapulse accelerated weight drop system 

(West and Penney, 2017). Relevant 3D acquisition parameters are summa-

rized in Table 2.3. 
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Table 2.3. Main acquisition parameters for the 3D reflection seismic dataset (year 2011) in the 

Neves-Corvo mining area. 

 

Survey parameters  

Acquisition dates March to June 2011 

Inline - crossline Orthogonal 

Receiver and source parameters  

Source Vibroseis and impact source 

Patches used for recording 28 

Receiver lines per patch 11 

Source lines per patch 10 

Receiver line distance 90 m 

Source line distance 90 m 

Receiver line length (per patch) 1605 m 

Source line length (per patch) 1620 m 

Receiver interval 15 m 

Source interval 45 m 

Receiver density 634 geophones per km2 

Source density 368 source points per km2 

Live channels per shot 1188 

Recording parameters  

Record length 2 s 

Sampling rate   2 ms 

Total number of traces ~ 7800000 

2.5.1 Data preparation 

Data quality in the 3D shot gathers show a mixed S/N, although most exhibit 

reasonable good seismic data quality, some recording patches have rather poor 

S/N, in particular for far offsets in the southeast. A first pre-processing step 

was to visually inspect the approximately 14000 shot gathers that comprise 

the raw 3D dataset and eliminate void, mostly noise or poor quality gathers, 

approximately half-million traces were removed. Nearly 2 million first break 

picks were stored in the headers from a previous processing work but upon 

visual inspection, it was found that most of these were not consistent with the 

reality of the data, so a MATLAB code was developed and implemented to 

find and remove the first break values that were inconsistent with the known 

offset values (Figure 2.11). 
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Figure 2.11. First break arrival times vs offset density cross-plot. (a) Original first 
breaks extracted from trace header information, and (b) first breaks after manual ed-
iting and range selection (red dotted line). 
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3 Theoretical background 

Conventional seismic data processing is a well understood technology, alt-

hough with geometrical limitations: 2D seismic profiles cannot properly ac-

count for 3D subsurface geology and wave behaviour (Herron and Smith, 

2019; Malehmir et al., 2017b). This can be challenging in the mining environ-

ments and hard-rock settings because it can lead to depth targeting and re-

source estimation that may not be consistent with a geological reality. Some 

methodologies and algorithms were tested and employed in the Neves-Corvo 

mining area to partly overcome the limitations of 2D seismic profiles to assess 

3D subsurface geologic characteristics. This chapter presents the theoretical 

background for these methods, namely: 3D exploding reflector modelling, 

tunnel-to-surface profile, and cross-dip analysis. The main results of applying 

these methods are presented in Paper II and also summarized in Chapter 4.2. 

3.1 Exploding reflector modelling 

A powerful, yet simple, way of evaluating the accuracy of observed 2D imag-

ing results in depth is by implementing 3D exploding reflector modelling 

(White et al., 2012; Ahmadi et al., 2013). It is a forward modelling method 

where the target deposit surface (reflector) is taken as if it were a source of 

seismic waves; said surface is divided into triangles from where the three nor-

mal vectors are estimated and those that intersect a receiver profile are counted 

as the strongest seismic reflection returning from the surface. This is equiva-

lent to zero-offset normal incident angle reflection imaging and assumes a 

constant velocity between the surface and the receivers. The ray chords are 

orthogonally rotated to the vertical plane below the acquisition line, the 2D 

unmigrated stacked section, and the modelled travel-times (unmigrated) are 

projected to where they should occur on the vertical plane of the 2D profile. 

Figure 3.1 shows the application of this method for the Lombador deposit.  
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Figure 3.1. 3D exploding reflector method on the Lombador deposit. Straight ray tracing (yel-

low cords) is used form the deposit model (red surface) to the receiver stations (SP6 on the 

surface) and projected into the 2D profile (yellow dots).  

The 3D exploding reflector modelling uses depth information only and it es-

sentially follows a constant-velocity straight-ray approach. The method has 

the advantage that it is velocity independent, since it is not necessary to assign 

velocity values to the geological units, although a correct time-to-depth con-

version must be specified on the stacked section when used for comparisons. 

The ray coordinates and projections output from the model can be plotted in 

visualization packages, as for example GoCAD, for comparison against the 

2D profile to validate if the expected reflections from the model match the 

ones observed in the reflection seismic sections. It allows also to speculate if 

an off-plane reflection would exist, and so it can be used as a guide for 2D 

profiles survey planning (Malehmir et al., 2017b). 

3.2 Tunnel-to-surface profile method 

In a case where seismic sources can be activated in the subsurface (e.g., min-

ing tunnels and drifts) and recorded on the surface, it should be possible to 

measure the direct compressional wave (P-wave) travel-times from the sub-

surface (tunnels) to the receivers on the surface profiles (Brodic et al., 2017). 

This method is introduced in Paper II as tunnel-to-surface profiling (TSP) 

method (name proposed by the authors of Paper II), and it can be useful to 

analyse and better understand the velocity variations between the tunnel and 

surface profiles and to define a velocity profile for improved migration and 

time-to-depth conversion. Additionally, because the TSP assumes one way 
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travel-time (direct), in theory it has a better ability to detect local velocity var-

iations that could be associated to structural features such as faults and fracture 

systems (Brodic et al., 2017). The necessary inputs for the method are the P-

wave travel-times, which are found by picking the first breaks on the shot 

gathers recorded on the surface; and the distance travelled by the wave, which 

is the known offset from the source point to the receiver stations. This way a 

velocity model can be built assuming straight ray-paths between the tunnel 

sources and surface receiver positions (Figure 3.2). This way of building ve-

locity model is superior to any other geometries since it is possible to bring 

the seismic source right under the receiver positions, thanks to the opportunity 

that GPS hardware solutions have provided to make this possible without ex-

tensive cable connections for time-synchronization. 

 

Figure 3.2. Sketch of the TSP method. Source is activated in the underground tunnel (magenta), 

assuming a direct wave travel (yellow arrows), and first breaks recorded on the surface (bright 

blue). Other service tunnels and drifts in green. 

3.3 Cross-dip analysis 

When studying 3D geological structures using 2D seismic reflection methods, 

it might occur that a reflector surface dips oblique to the 2D acquisition pro-

file. In this case, it can be said that the reflection has a cross-dip component 

and is generated out-of-the-plane. This may lead to a residual time shift that 

can affect the shape (if not destroy) or misplace the reflections, emphasizing 

that the observed dipping angles are apparent and not true dips. Cross-dip 

analysis allows to consider midpoint clouds generated from crooked-line ge-



 33 

ometries and estimate the true dip and strike directions of the geological fea-

tures observed in a 2D stacked section (Wu et al., 1995; O’Dowd et al., 2004; 

Rodriguez-Tablante et al., 2007). The cross-dip time delay Δt is defined as the 

component of the reflection dip in the vertical plane perpendicular to the seis-

mic profile (Larner et al., 1979), given by 

 

𝛥𝑡 = (2𝛥𝑌 𝑣⁄ )𝑠𝑖𝑛𝜑                     (1) 

 

where v is the medium velocity (assumed to be constant in most cases), φ is 

the cross-dip angle, and ΔY is the distance between the midpoint and the ef-

fective stacking line is (Figure 3.3).  

 

Figure 3.3. Schematic plot showing an off-plane reflector. Star is a midpoint location, 𝛥𝑌 is 

the distance of the midpoint to the CDP stacking line. In a medium of velocity v with a plane 

dipping 𝜑 the reflection will not stack coherently unless cross-dip corrected. Adapted from 

Rodriguez-Tablante et al. (2006). 

Since the cross-dip angle is velocity dependant (see equation 1), the first step 

of the process is to find an adequate (dip dependent) stacking velocity. A usual 

way of finding this is by generating constant-velocity stack (CVS) panels and 

choose the one that results in better S/N and more continuous reflections. The 

cross-dip analysis calculation does not require 3D binning geometry, in the 

case where only 2D data are available only a midpoint cloud is required. The 

cross-dip is calculated for a range of angle values for the stacked section: pos-

itive angles indicate an eastern cross-dip component, and negative angles a 

western one. By visually comparing the cross-dip corrected sections, finding 

the one that results in most coherent and strongest reflections, the optimal 

cross-dip angle is determined. New algorithms have been developed to ac-

count for multiple cross-dip corrections (Beckel et al., 2019) allowing several 

reflections to be cross-dip corrected and migrated together rather than individ-

ually. When midpoints clouds are sufficiently spread around the profile, a 

more reasonable approach to cross-dip analysis is to employ pseudo-3D im-

aging. Good examples are available from Malehmir et al. (2009) where part 
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of a major diffraction was mapped in time-slices of a pseudo-3D volume al-

lowing its full identification at depth. Recent examples are shown by Cheraghi 

et al. (2021) and Maries et al. (2020).  
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4 Summary of papers 

4.1 Paper I: Potential of legacy 2D seismic data for deep-

targeting and structural imaging at the Neves-Corvo 

massive sulphide-bearing site, Portugal. 

Six 2D legacy seismic profiles acquired in 1996 (Chapter 2.3) at the Neves-

Corvo mine were reprocessed, modelled, and interpreted using today’s pro-

cessing technologies; stacked profiles of the same data from a previous pro-

cessing work (2007) were used for comparison. The motivation for this study 

was to evaluate the value in reprocessing legacy data using current day meth-

ods with the aim of improving the knowledge of the Neves-Corvo mineral 

deposits and their host structures in an economic and sustainable way, i.e., 

without the need for a new survey. Although the data were acquired nearly 

two decades ago, the data preparation and pre-processing did not present any 

issues thanks to adequate documentation on survey coordinates and acquisi-

tion spread.  

The first look at the shot-gather data indicated the presence of numerous 

moderate and steeply dipping shallow reflections (Figure 4.1a and 4.1c), the 

preservation of these observed reflections was the focus of the whole pre-stack 

processing workflow (Figure 4.1b and 4.1d). Industry standard data pro-

cessing tools were employed focusing on enhancing the S/N of the pre-stack 

gathers and improving the continuity of reflections as much as possible by 

proper parameter selection and testing, with a special focus on the shallower 

ones (< 300 ms). A particular example of the value gained from the dedicated 

pre-stack effort is the stack imaging of a small reflection detected in three 

shot-gathers only (Figure 4.1d).  It was only possible to retain this reflection 

into the final stacked profile 96PS04 (R5 in Figure 4.2) by creating a partial 

stack from the three shot-gathers and merging it into the full stack. When at-

tempting a conventional full CDP stack this reflection is not preserved into the 

final product.  
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Figure 4.1. Example shot gathers from profile 96PS04. (a and c) Raw shot gathers showing 

strong source-generated noise and ground-roll dominating the records. (b and d) Processed shot 

gathers showing a set of notable reflections around 200-300 ms (R1 and R5) marked by black 

arrows. Strong reflection associated to the Lombador VMS deposit (D1) around 500 ms. R5 

was imaged only using partial stack of a few shot gathers.  

4.1.1 Main results 

After pre-stack processing, all six 2D profiles (see Figures 2.1 and 2.5) were 

stacked and migrated, with improved S/N and allowing to discover never-be-

fore-seen reflections when compared to the 2007 (re)processed sections; un-

fortunately the 2007 processing workflow was not available. A 3D view of 

profile 96PS04 against the known Lombador deposit model (red surface in 

Figure 4.2) presents improved S/N after the reprocessing work done in this 

study and most notably the detection of previously not seen steeply northeast-

dipping reflections that could be imaged down to 500–800 m depth. The 

strongest reflection (D1), associated with the Lombador VMS deposit (Fig-

ures 4.1b and 4.2), shows great correlation with the known deposit surface 

model. Another example for the reprocessing results when compared with the 

2007 data is profile 96PS06 (Figure 4.3). 
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Figure 4.2. 3D views showing (a) unmigrated 2007 stacked section, (b) reprocessed unmigrated 

stacked section (Paper I) along profile 96PS04 intersecting the Lombador know deposit (red 

surface). Higher S/N in the reprocessed work and never before seen steeply northeast-dipping 

reflections imaged down to 500–800 m depth (i.e. R1, R2, R3, R4 and R5). (c and d) Migrated 

sections (from Paper I work) show correlation between various reflections (e.g., D1 and R5) 

and known deposit models. (d) The red curve represents the Lombador orebody intersection 

with the seismic profile. Relevant mining and exploration tunnels are shown in green.  

4.1.2 Discussion and interpretation 

Besides the clear advantage in using modern computational power, one of the 

key differences in the reprocessing work in Paper I was the dedicated pre-

stack procedure, an example of this was the enhancement and preservation of 

reflection R5 from a few shot-gathers into the final stack.  

In order to validate the reflections observed, their travel-times were mod-

elled in 3D on the observed shot gathers and stacked sections using the true 

acquisition geometry of the profiles (Ayarza et al., 2000; Malehmir and Belle-

fleur, 2010). This is performed assuming a planar reflector and adjusting the 

reflector geometry (dip, strike, and surface-projection distance) interactively 

until the calculated travel-times matched the observed reflections (i.e., for-

ward modelling). This was useful for the reflection R5 (Figures 4.1d and 4.2a), 

the modelling found a strike of 146° and dip of approximately 45°. The same 

reflector geometry was used to calculate the expected reflection responses in 

the unmigrated section, matching the stacked reflection as seen in Figure 4.4. 
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Figure 4.3. Comparison between (a) the 2007 (re)processing work and (b) reprocessed unmi-

grated stacked section of profile 96PS06 conducted in Paper I. Note the overall higher S/N in 

the reprocessed work and detection of northeast-dipping reflections (R14, R15, R16 and R17).  

Figure 4.4. (a) Processed shot gather along profile 96PS04 showing strong but short reflection 

R5. (b) Corresponding reflection R5 in the unmigrated 96SP04 stacked section dipping north-

east. 3D reflection traveltime modelling (blue line) suggests a dip of approximately 45° and a 

strike of 146°. Modelled traveltimes were shifted 10 milliseconds up to avoid masking the re-

flection in the data. 
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To better understand the obtained results, the most noticeable dipping reflec-

tions were projected (where possible) to the surface on the known geological 

map (Figure 4.5). Most of the reflections project to the base of the Flysch 

Group or are associated with known fault and thrust systems.  

From an economical and logistical point of view, the reprocessing of legacy 

data is considerably more cost-efficient than acquiring new seismic data, and 

avoids additional environmental footprint. With the added advantage that leg-

acy data might provide information from areas today inaccessible after mine 

infrastructure development and expansion, which might reduce desired target 

azimuth illumination and fold coverage. 

4.1.3 Conclusions 

The 1996 legacy data were reprocessed and compared with a (re)processing 

work from 2007, obtaining an improved S/N along all profiles and addition-

ally imaging previously unseen dipping reflections. The newly found reflec-

tions are interpreted to be associated with the Flysch Group lithological con-

tact, Neves-Corvo main trust and other trust faults. It was possible to image 

the Lombador deposit down to approximately 1300 m depth and also a smaller 

VMS body, R5, in profile 96PS04. The discovery of the small R5 in only a 

handful of neighbouring shots implies complex geology that could lead to az-

imuthal complexity. The improvement in results came mostly from the dedi-

cated pre-stack examination and targeted reflection preservation by imple-

menting precise processing parameters locally. Each profile was studied and 

processed independently instead of directly applying one tested processing se-

quence from one line to the whole dataset, even to the point of partial stacking 

a few shots to allow imaging of smaller reflections.  

The favourable results of the reprocessed seismic sections illustrate the ad-

vantages of utilizing contemporary software and a hard-rock specific data pro-

cessing workflow on legacy data. The presented results can serve as an exam-

ple for other mineral exploration areas to revisit and originate geophysical 

value from their own legacy data. 
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Figure 4.5. Surface geological map of the Neves-Corvo with surface projection of the imaged 

dipping reflections. For display purposes the reflections have been laterally extended. Most 

reflections match the base of the Flysch Group (e.g., R3 and R6) or are associated to thrust 

systems. Geological map courtesy of LNEG.  
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4.2 Paper II: Innovative seismic imaging of VMS 

deposits, Neves-Corvo, Portugal – Part II: Surface 

array. 

Paper II focused on the data recorded on the surface profiles (SP6 and SP7 

on Figures 2.1 and 2.6) of the innovative seismic survey performed in 2019 at 

the Neves-Corvo mine area, where new technologies that allowed to record 

seismic data using wireless stations inside an active mine and simultaneously 

on the surface were tested. 

4.2.1 Main results 

The acquired raw shot gathers present low S/N (e.g., Figure 4.6a) mostly due 

to anthropogenic noise inside the mine and in particular coherent noise from 

an active raise boring near the seismic survey area (Figure 2.8b). A specific 

methodology was designed to target and remove the localized coherent noise-

cone signature of the raise bore (green triangle in Figure 4.6a); by offset ma-

nipulation in the header values the noise source position was redefined as zero-

offset and median-filters were applied. The results are notable since S/N was 

greatly improved and allowed to unravel two reflections hidden under this 

noise (Figure 4.6b). 

Figure 4.6. (a) Example of a raw shot gather presenting strong noise from a raise boring system 

operating during the survey within one of the exploration tunnels approximately 650 m below 

the surface profile (projected raise bore surface location in green triangle). (b) Processed shot-

gather showing removal of most of the coherent noise. It was possible to resolve a shallow 

reflection (R1) and a deeper one associated to the Lombador deposit. 
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By using conventional pre-stack and post-stack processing techniques, an un-

migrated stack for profile SP6 was generated (Figure 4.7). Two main reflec-

tions were observed, a shallower one attributed to the base of the Upper Flysch 

lithologic group and a deeper one originated from the Lombador deposit. To 

evaluate the results for the unmigrated 2D profile, additional methodologies 

were later used namely 3D exploding reflector modelling, TSP survey, and 

cross-dip analysis.  

 

Figure 4.7. Unmigrated stacked section of SP6. Two strong reflections marked by arrows are 

interpreted to originate from the base of the Upper Flysch group (blue arrow) and the Lombador 

deposit (red arrow). 

For appropriate positioning of the reflections in depth, several migration algo-

rithms were tested and applied; a finite-difference post-stack time migration 

was selected since it allowed for more continuous reflections with less migra-

tion artefacts. A 3D view of the migrated SP6 section against the Lombador 

deposit is presented in Figure 4.8. After migration a better positioning for the 

Upper Flysch group contact and the Lombador deposit reflections can be seen. 

It is important to mention that the apparent downdip continuation of the Lom-

bador reflection beyond the deposit model cannot be reliably interpreted given 

the possible influence of out-of-plane effects. 
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Figure 4.8. 3D migrated stacked section of SP6 against the Lombador deposit model (red sur-

face). View from (a) southwest and (b) northeast. The green lines represent the mine tunnels. 

The total depth of the section shown is 1500 m, no vertical exaggeration. 

4.2.2 Modelling and analysis 

The lateral contribution of the Lombador surface into SP6 2D profile was 

studied by implementing a 3D exploding reflector modelling using the bore-

hole-constrained deposit surface model as input (red surface Figure 4.9a) for 

the forward modelling, ray-tracing the expected surface-normal rays to the re-

ceivers on the surface section (the yellow chords on Figure 4.9b), which were 

then projected onto the 2D plane (the yellow dots on Figure 4.9c). A favoura-

ble correlation was found between the reflections modelled for the target of 

interest (the yellow dots on Figure 4.9c), in our case the Lombador deposit, 

and the seismic reflection observed in the unmigrated stack (red arrow on Fig-

ure 4.9). Therefore, the assumption that the strong reflection found is gener-

ated by the Lombador deposit was validated.  
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Figure 4.9. (a) A 3D view of the unmigrated 2D stacked section of SP6. (b) 3D exploding 

reflector modelling (the yellow rays). (c) Projected response (the yellow dots) on the 2D sec-

tion. The Lombador massive sulphide lens is shown as a red surface. The green lines represent 

mine tunnels and shafts. Total depth of the sections shown is 1800 m, with no vertical exagger-

ation. 

The uniqueness of the 2019 dataset allowed to explore the direct P-wave 

travel-times from the underground tunnels to the surface, the TSP method was 
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performed using the direct arrivals from 20 shots located 20 m apart along the 

underground profile GP4, allowing to create a 1D velocity model (Figure 

4.10). This allowed to detect a variation in the background velocity (blue rec-

tangle in Figure 4.10) toward the southern part of SP6. That could be ex-

plained by the presence of a large fault, or a system of closely spaced faults; 

the Neves main thrust is known to cross the area (Figure 2.3) and would ex-

plain this velocity decrease.  

Figure 4.10. Results from TSP (a) shot gather generated inside one of the exploration tunnels 

at 650 m depth and recorded on SP6 with direct arrivals picked (green squares). (b) The 1D 

velocity model estimated using the direct arrivals from 20 shots located 20 m apart, showing a 

local low-velocity zone in the southern part of SP6 (the blue rectangle). 

In order to get the most out of the tunnel-to-surface data, a 3D P-wave first 

break travel-time tomography using a diving-wave tomography algorithm 

(Tryggvason et al., 2002) was done. An initial 2D velocity model along profile 

SP6 was built from the direct and refracted arrivals seen on the shot gather 

profiles, and then used for the inversion in an iterative manner using a least-

squares conjugate gradient solver (Paige and Saunders, 1982). For the inver-

sion, 81402 picked first breaks of the surface and underground sources and 

recorded on all receivers (tunnel and surface profiles) were used. The final 2D 

velocity model along SP6 (Figure 4.11) was extracted from the final 3D P-
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wave velocity model and then smoothed out to be used for migration and time-

to-depth conversion of profile SP6. This velocity model was also used in the 

subsequent research (Paper III) as a base for the time-to-depth conversion of 

the 3D seismic volume processing. 

Figure 4.11. 2D projection along profile SP6 of the 3D velocity model obtained from the first 

break travel-time tomography. Intersection with profile SP7 in the middle (the upper black ar-

row) and position of the in-mine tunnel array GP4 (the lower black arrow) are also shown. The 

velocity model, after smoothing, was used for migration and time-to-depth conversion 

The surface data recorded on profile SP7 allowed to create a pseudo-3D 

midpoint cloud and use cross-dip analysis to study the reflection associated to 

Lombador VMS. After visualizing the results of the cross-dip correction for 

several angles (Figure 4.12), it was found that the reflection associated to the 

Lombador deposit stacks more coherently after a cross-dip angle correction of 

-30 degrees. It can be therefore deduced that there is a lateral contribution 

from reflections on the western side of SP6. Moreover, it explains why the 

forward modelled deposit (Figure 4.9c) presented a longer down-dip continu-

ation since a strong out-of-plane contribution may imply later seismic signal 

arrival times, hence resulting in an extended down-dip continuation.  
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Figure 4.12. CVS panels (5200 m/s) corrected for cross-dip angles along SP6 with using lateral 

midpoint contributions from SP7. A cross-dip angle at approximately -30° shows the most con-

tinuous reflection for the Lombador. A close-up view of the Lombador reflection is shown for 

cross-dip angle -30° and for the unmigrated stacked section equivalent to a 0° cross-dip angle 

(uncorrected). 

4.2.3 Conclusions 

The 2019 surface and in-mine survey setup is useful for underground mining 

sites such as Neves-Corvo, opening possibilities for innovative and cost-ef-

fective imaging solutions. Regardless of the simplicity of the surface receiver 

setup and basic seismic source, it was possible to obtain significant imaging 

results for lithological contacts and the Lombador deposit, illustrating the ca-

pability of seismic methods for direct deposit targeting in this region. 

The TSP survey was shown as a proof-of-concept for the potential of the 

method for generating a 1D velocity model and providing information about 

localized geologic structure, although it was only possible to implement this 

method given the new GPS-time synchronization system tested in the under-

ground survey. A low-velocity zone was detected on the northern part of the 

profile, matching the know location of the Neves thrust fault. This observation 

allows to make the case that the TSP method, under appropriate conditions, 

not only can provide direct velocity information but also geological 

knowledge in and around the mine area.  

The results from the surface survey validate the possibility of detecting 

near-surface reflections in an active mining environment with low S/N data 

that could be associated to deposits of economic interest. The unmigrated 

stacked SP6 section exposed a strong reflection speculated to be produced by 

the known Lombador VMS deposit. This interpretation was confirmed after 

the 3D exploding reflector forward modelling, together with the existence of 

a strong out-of-plane component. The cross-dip analysis, which showed a 

strong lateral contribution from the Lombador deposit from the west of SP6, 
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illustrated the relevance of lateral contributions into the unmigrated stacked 

2D profile and validated the importance of taking into account 3D seismic 

wave behaviour for interpretation of 2D seismic profiles.  

4.3 Paper III: 3D reflection seismic imaging of 

volcanogenic massive sulphides at Neves-Corvo, 

southern Portugal. 

The 2011 3D seismic survey was reprocessed with the objective of enhancing 

the seismic signature of the Lombador and Semblana VMS deposits, and ad-

ditionally validate the advantages of 3D seismic methods for mineral deposit 

targeting in comparison to more traditional 2D seismic implementations. Pa-

per III presents the results from industry standard 3D seismic data processing 

workflows, carefully crafted for hard-rock environment at Neves-Corvo. 

While comparing the results against the known deposit surfaces and preceding 

(Paper I) processing work. Additional focus was given to observed diffraction 

patterns that provide structural information on the Lombador deposit. 

4.3.1 Main pre-stack processing steps 

During the 3D geometry design and pre-processing stage, the sensitivity on 

choosing an appropriate CDP binning size for the 3D imaging was evident. 

Different sized CDP binning grids were tested on the data, in particular bin-

ning sizes 10 m x 10 m, 15 m x 15 m, and 20 m x 20 m bins (Figure 4.13) but 

these resulted in CDP bins and inlines with null-fold coverage. Although 20 

m x 20 m binning does provide an improved CDP fold coverage (Figure 4.13c) 

against smaller bin sizes, it still does keep some inlines with zero-fold, and it 

was only when 22.5 m x 22.5 m bins were implemented that a full coverage 

(no zero-fold inlines) was achieved (Figure 4.13d). CDP binning is often seen 

as a routinary step, but as shown in Figure 4.13 even a small 2.5 m difference 

has an error-accumulating effect resulting in the generation of zero-cover or 

extremely low-fold inlines that may become a severe acquisition footprint. 

The importance of detailed binning size study and selection during seismic 

pre-processing stages, and ideally during the acquisition survey design, was 

proven. 
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Figure 4.13. CDP fold coverage over the Semblana using different CDP binning sizes. (a) 10 

m x 10 m, (b) 15 m x 15 m, (c) 20 m x 20 m, and (d) 22.5 m x 22.5 m. (e) Full CDP fold 

coverage for 22.5 m x 22.5 m bin sizes, presented lower acquisition footprint and improved fold 

coverage. Small red squares are shot positions and small blue circles are receiver positions. All 

four cases shown belong to same small area on the fold coverage map and have identical scale. 

Accurate first break picking is of great importance since it is used to gen-

erate surface-consistent refraction static corrections, which is a key step for 

most seismic datasets and in particular hard-rock data. First breaks from a pre-

vious work were available but did not match the reality of the data (Figure 

2.11a), to overcome this a MATLAB script was designed and implemented to 

identify, remove and manually correct bad picks (Figure 2.11b). The resulting 

refraction static corrections are presented in Figure 4.14. 

When creating a normal move-out (NMO) model, the need for high stack-

ing velocities may be caused by dip-dependence, not necessarily high-velocity 

lithological features. Dip-moveout (DMO) corrections are needed to remove 

the dip-velocity dependency and better position the actual reflection position 

in the subsurface (Deregowski, 1986; Hale, 1991). The NMO stacked volume 

resulted in the imaging of strong reflections and detection of several diffrac-

tions (Figure 4.15a). The DMO corrected volume improved reflection conti-

nuity and partially collapsed diffractions (Figure 4.15b). 
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Figure 4.14. (a) Source and receiver positions (dense red and blue points respectively). (b) To-

pography map of the study area. Source (c) and (d) receiver refraction static corrections esti-

mated for the 3D survey.  

Figure 4.15. Inline 1118 (dashed line in Figure 2.10) extracted from the unmigrated stacked 

volume. (a) NMO-corrected and (b) both NMO and DMO corrected unmigrated stacks. Reflec-

tions associated with the Lombador (M1) and Semblana (M2) deposits, and two diffraction 

patterns (D1 and D3) adjacent to the Lombador deposit can be noted. A shallow flat-lying re-

flection (R2) corresponds to the Upper Flysch group contact lithology. 
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4.3.2 Migration results 

Migration methods are required to properly locate the seismic reflection in 

time-depth. Various migration algorithms were tested, in particular finite-dif-

ference (Figure 4.16a) and post-stack phase shift (Figure 4.16b). It was found 

that phase-shift migration better preserves a speculated fracture (red line in 

Figure 4.16) that crosses the Lombador deposit and provides a better detection 

of the deposit’s lower edge (red circle in Figure 4.16).  

Figure 4.16. A crossline 1070 (dashed line in Figure 2.10) from the migrated seismic 
volume. (a) Finite-difference migrated and (b) Phase-shift migrated. The Lombador 
(M1) reflection, a possible fault (indicated by red lines) and edge features (circled in 
red) are better preserved by the phase-shift migration. The finite-difference migration 
smooths out reflections and has lower resolution.  
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In the Neves-Corvo 3D seismic volume, the two most dominant reflections 

are interpreted to be originated by the Lombador and Semblana deposits and 

were validated by comparing against the known deposit surfaces, in depth-

slice visualization (Figure 4.17) and selected inline/crossline views (Figure 

4.18). To guarantee an appropriate comparison in depth, the 3D volume was 

time-to-depth converted using a velocity model based on the velocity profile 

obtained in Paper II. 

Figure 4.17. 3D view of the migrated volume with Lombador (red arrow) and Semblana (blue 

arrow) surfaces. (a) 3D view intersecting the known deposit surfaces and (b) the same 3D view 

without the deposit surfaces. 

The Semblana deposit model shows a good correlation with the seismic am-

plitude response observed in the depth slice (Figures 4.17, 4.18c and 4.18d), 

with similar outcome for the Lombador and Neves deposits (Figures 4.17, 

4.18a and 4.18b). The processed 3D seismic volume is also capable of detect-

ing the discontinuity aspect between the Neves and Lombador deposits (Fig-

ure 4.18b). 
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4.3.3 Discussion 

When seismic methods are used for mineral exploration, it is mostly 2D rather 

than 3D seismic surveys (Malehmir et al., 2017b). Usually long offset (low 

resolution) 2D profiles are first used for detecting areas of interest and testing 

acquisition parameters, and afterwards a more targeted survey is planned, 

more frequently in form of several 2D profiles. Where a common blunder 

from the interested exploration managers is to not realize that the time and 

economic cost of implementing these 2D surveys might as well add up to ac-

quiring a full 3D seismic survey. Besides implementation costs, the relevance 

of a 3D survey lies in the fact that elastic (seismic) waves propagate in a three-

dimensional manner and a 2D seismic reflection survey fails to account for 

the out-of-plane components of dipping reflections, as it was showed for the 

Neves-Corvo mining area in Paper II, even after migration. 

Figure 4.18. Selected 3D views from a number of inlines and crosslines of the migrated volume 

visualized with deposit surfaces. (a) East view of crossline 1070 intersecting the known Lom-

bador and Neves deposit surface (red). (b) East view of the same crossline without the deposit 

surfaces. (c) East view of inline 1118 and crossline 1145 intersection with the Semblana deposit 

surface (red). (d) East view of the same inline 1118 and crossline 1145 intersection without the 

Semblana surface. 
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Given the area covered by the 2011 3D survey, it is possible to compare results 

with the previous (Paper I) reprocessing of legacy 2D data, in particular pro-

file 96PS04 (Figure 4.19) and 3D crossline 1030 since both intersect the 

known Lombador surface at the same area. Both in the 2D and 3D results, the 

main reflection matches the position of Lombador at depth, but the 2D reflec-

tion (Figure 4.19b) does not completely concur with the known Lombador 

down-dip angle and extension, whereas the 3D imaging does so more accu-

rately (Figure 4.19a). This can be credited to the out-of-plane contribution, an 

implication which was already studied for the Lombador in Paper II. Further-

more, the extension for approximately 200 m southeast and 1000 m further 

northwest is also seen in the 3D processing results (crossline 1070 in Figures 

4.17a and 4.18a). 

4.3.4 Edge generated diffractions 

Diffraction patters can be categorized in two types according to the feature 

that creates them: point diffractions, caused by small objects; and edge-dif-

fraction caused by linear-like features (e.g., tunnels and fault planes) (Rochlin 

et al., 2021). When the diffraction occurs along an edge the diffracted wave-

fronts add up as cones with the edge as common axis (Keller, 1962). Strong 

diffraction patterns were observed in the unmigrated stacked results, in partic-

ular around the Lombador reflection (D1 and D3 in Figure 4.15a). The strong-

est diffraction’s apex is not entirely centred at the middle of the Lombador 

reflection (D1 in Figure 4.15a), rather located asymmetrically towards the 

southeast. In order to better understand the implications of these observations, 

the diffraction patterns were interpreted on the unmigrated 3D volume (Figure 

4.20a) and compared with the known Lombador deposit surface (Figure 

4.20b), showing a cone-like behaviour. It can be deduced that these are likely 

caused by linear feature edges within the Lombador deposit, an assumption, 

which is consistent with a known fracture (20-30 m throw) that traverses Lom-

bador deposit from north to south (Figure 4.19b in magenta). An additional 

diffraction pattern (D3 in Figure 4.20) is most likely caused by the northwest-

ern edge tip of the Lombador, proving the usefulness of using diffraction pat-

ters to guide the detection of the VMS deposit lateral limits. 

4.3.5 Conclusions 

3D seismic data acquisition and processing is a powerful approach for imaging 

and targeting VMS of economic interest. In Paper III, parameters and tools 

were carefully selected in order to provide accurate imaging of VMS deposits 

in the Neves-Corvo mining area, in particular Semblana and Lombador. 

Where CDP binning size selection was paramount for achieving said objec-

tive. 
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The relevance of 3D seismic methods for proper imaging beyond the capa-

bilities of 2D alone was explored, in particular by comparison with the 2D 

legacy data seismic processing results from Paper I. It was shown that the 3D 

survey better images the true extension of the Lombador deposit, whereas the 

2D survey provides a depth extension false-positive result.  

Strong diffraction patterns were observed on the unmigrated data and were 

used for interpreting geological features associated to the Lombador deposits. 

In particular they indicated strong edge and structural features that might not 

have been detectable in migrated seismic data.  

It was shown how 3D seismic data acquisition and processing is instrumen-

tal for deposit imaging, since the sole use of 2D methods would have not ac-

counted for the observed features. These results encourage future mineral ex-

ploration programs to favour 3D seismic methods for accurate VMS detection 

and targeting at depth. 
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Figure 4.19. Comparison between migrated 2D legacy data and 3D survey at the Lombador 

deposit (red surface) intersection. (a) Crossline 1030 extracted from the 3D migrated volume. 

(b) Migrated section of 96PS04 (Paper I). 
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Figure 4.20. Close-up depth-slice view the unmigrated volume at 620 m. (a) Inter-
preted diffraction patters: D1 in yellow, D2 in cyan and D3 in green, Lombador fault 
in magenta. (b) Lombador deposit surface in red. The features of the faulting zone 
match D1 and D2 diffractions implying that they are originated from a fault on the 
Lombador deposit. D3 matches the northernmost edge of the Lombador deposit.  
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5 Conclusions 

The Neves-Corvo copper and zinc mine in southern Portugal was studied us-

ing seismic methods, supported by a priori geological information and rock 

physical-properties data. All the papers that comprise this thesis deal with 

near-surface 2D and 3D seismic data processing in the area, mostly focusing 

on the Lombador VMS deposit. Each article presents the processing results 

and interpretations of a different seismic dataset and approaches the mineral 

deposits in the area with a unique, albeit complementary, seismic processing 

methodology.  

Paper I presented the results from reprocessing six 2D legacy seismic pro-

files from 1996. The final stacked sections presented an improved S/N, in-

creased continuity of the reflection associated to the Lombador deposit, and 

the detection of never-before-seen shallow reflections when comparing to the 

previous 2007 processing work. Each seismic line was reprocessed in an in-

dependent manner to maximize structural imaging results, highlighting the 

importance of target-oriented data processing routine, achieved by developing 

and adapting the seismic processing sequence and parameters to the geophys-

ical conditions of each seismic profile. The relevance and validity or revisiting 

legacy seismic data for mineral exploration was shown, also demonstrating 

the relevance of proper safekeeping of current seismic data and supporting 

files for use by future generations of geophysicists. The datasets of today are 

the legacy data of tomorrow.  

Paper II showed the importance of innovation and new seismic technolo-

gies for mineral exploration through processing and interpretation of a pio-

neering surface and in-mine survey from 2019. It was shown that taking into 

account 3D reflection behaviour when using 2D seismic methods is of great 

importance. The new seismic acquisition was performed using an AWD 

source and simple regularly spaced survey setup in a very noisy active mining 

environment. Nonetheless, detailed data processing and additional geophysi-

cal analysis methods allowed to resolve and interpret strong 2D seismic re-

flections in a 3D context. The possibility of detecting near-surface geological 

features in an active mining environment using seismic methods was vali-

dated, and allowed to obtain results that can be associated to mineral deposit 

of economic interests. Emphasis was put on how out-of-plane reflection con-

tributions are not readily seen on 2D seismic sections and must be taken into 

account for correct targeting and interpretation of mineral deposit at depth.  
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Paper III summarized the outcome and interpretation of processing the 3D 

seismic data from 2011. The significance of 3D seismic methods was vali-

dated against 2D seismic implementations, for proper geological feature iden-

tification and targeting at depth in a hard-rock environments. Strong diffrac-

tion signatures were observed in the unmigrated 3D seismic volume and their 

pattern analysis allowed to conclude that a fault traverses the Lombador de-

posit and to identify the edge of the Lombador deposit. This clearly indicated 

how diffraction studies are an additional tool for identifying geological fea-

tures that may not be readily detectable in seismic data.  

The results from Paper I processing work hinted a Lombador down-dip 

beyond the deposit’s surface known extension. This observation is to be inter-

preted with caution since results might be invalid, in the sense that observed 

2D dipping reflections might not be true dip.  The alleged extension was again 

noticed and studied in Paper II using the 3D exploding reflector model; show-

ing that the Lombador depth extension can only be explained by the fact that 

a lateral reflection would be delayed in time and hence generate an apparent 

deeper signal. This interpretation is supported by cross-dip analysis which 

clearly indicated a strong out-of-plane contribution from the Lombador sur-

face. This disconformity was lastly addressed in Paper III by comparing the 

migrated 3D volume and the 2D profile from Paper I; the Lombador down-

dip extension beyond the deposit model is not seen in the 3D results, making 

sense as the 3D methods do account properly for the lateral contributions. All 

the results obtained allow to conclude that an exploration programme solely 

based on 2D seismic data would have showed false-positive results regarding 

the true Lombador down-dip extension. This further encourages the employ-

ment of 3D seismic methods, instead of 2D, in mineral exploration for accu-

rate detection and targeting of VMS deposits.  

All papers in this thesis complement each other: The methodology for noise 

removal of the 2D pre-stack data used on Paper II was based on the hard-rock 

specific seismic data processing experience gained in Paper I, and the final 

time-to-depth conversion on Paper III was supported by the velocity model 

calculation made in Paper II. The imaging of the Lombador deposit from Pa-

per III was finally compared with results from Paper I, highlighting the im-

portance of linking innovation and new datasets with historical data.  

Some of the main lessons learnt during the research for my thesis is to 

spend more time on the pre-processing and pre-stack stages of the seismic data 

processing, focusing on getting the most out of the data by exploring for in-

formation that might not be present after stacking. Another important lesson 

was to avoid the common mistake, especially in industry-driven data pro-

cessing projects, of applying a one-size-fits-all processing routine.  I also learn 

not to assume that the main deposit is the only target feature to be imaged, 

when smaller shallower reflections and diffractions can also be found and add 

geological information.  
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The results of this thesis validate the usefulness and relevance of employing 

seismic methods in hard-rock environment, and can be taken as example for 

successful direct targeting of VMS mineral deposits at depth. The seismic im-

aging methods presented in this work progressed in each paper from vintage 

2D seismic profile reprocessing, to a pseudo-3D design and methods, and fi-

nally into a full 3D volume processing and interpretation. The study from leg-

acy to innovative surveys produced an improved interpretation and enhanced 

geophysical knowledge of the Neves-Corvo mining area.  
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6 Research outlook 

In this PhD thesis work several seismic reflections methods for studying min-

eral deposits were tested and implemented, successfully allowing to detect and 

image geological features such as lithological boundaries and mineral depos-

its. However, hard-rock surveys can also greatly benefit from the implemen-

tation of seismic inversion methods for direct target characterization. 

Seismic inversion methods allow to directly assign petrophysical properties 

to the seismic data and to derive acoustic impedance and density volumes from 

seismic results (Chopra and Marfurt, 2005). This has the advantage of produc-

ing layer properties rather than boundary properties, and because the input 

data from well curves are a high-resolution measure of actual rock properties, 

it has the potential for providing a higher vertical resolution than that of the 

seismic data alone; with the additional advantage of removing the effects of 

seismic wavelets.  

The proposed future work is to perform a post-stack acoustic seismic in-

version having as input the 3D seismic data processing results from Paper III, 

with the objective of characterizing the Semblana VMS and to generate a den-

sity model for the area. Some preliminary results are shown in this chapter. 

The possible use of the Neves-Corvo data for seismic inversion was first 

evaluated by the rock properties study (Figure 2.4) that showed that sonic and 

density well-log data can be used to characterize VMS deposits in the Neves-

Corvo area. Given that the 2011 3D seismic reflection data reprocessed in Pa-

per III resulted in a migrated time-to-depth converted volume showing  good 

correlation with the known Lombador and Semblana deposits (Figures 4.17 

and 4.18). This seismic dataset could be used as input for the seismic inversion 

process, together with downhole sonic measurements for well PSJ-50 (black 

triangle in Figure 2.1) intersecting the Semblana deposit (Figure 2.4b).  

Before attempting a seismic inversion, an appropriate well-tie with the seis-

mic data was carried out, using a statistical wavelet extracted from the seismic 

data at the area of interest. A cross-plot from the available density and P-wave 

logs allowed, from an elastic point of view, to determine two intervals within 

the Semblana orebody, making it possible to execute a linear regression for 

finding the parameters that characterize the density versus P-wave response 

(Gardner et al., 1974). The initial P-wave model for the inversion came from 

smoothing the RMS stacking velocity of the 3D volume. 
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A post-stack acoustic seismic inversion algorithm from Hampson-Russell 

was implemented, which converts the seismic reflections into layer property 

values, acoustic impedance and density, guided by well log information. P-

impedance traces are first estimated for the seismic volume and optimized by 

constraining the model to honour existing a priori data (i.e., seismic data, well 

logs and interpreted horizons). The algorithm uses a set of misfit functions 

that are guided by inversion parameters, defined and adjusted after visualiza-

tion and testing. The resulting density model from the inversion assigned 

higher density values to the layers corresponding to the known Semblana de-

posit surface (Figure 6.1). 

Figure 6.1. (a) Migrated seismic section of inline 1118. (b) Density attribute from the seismic 

inversion. Density attribute allows to highlight and identify the Semblana deposit, matching the 

know deposit surface model (dark blue line). 

The predictability of the inversion was validated by comparing the produced 

density volume with the known Lombador borehole-derived surface (Figure 

6.2), where it properly matches and even preserves a known fault crossing the 

deposit. It is highlighted that the Lombador surface was never used during the 

inversion process, only for final results validation. A shallower strong reflec-

tion associated to the Upper flysch group was not assigned high density values 

in the inversion result, hence showing that the inversion method can discern 

reflections not originated by VMS deposits. 
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Figure 6.2. (a) Migrated seismic section at crossline 1070. (b) Density attribute from seismic 

inversion. Density attribute allows to highlight and identify the Lombador deposit, matching 

the known deposit model (dark blue line). The reflections associated to the Upper Flysch group 

lithological contact do not present high-density values.  

In future work it is expected to fine-tune these techniques and corroborate the 

predictability of seismic inversion methods for mineral exploration in hard-

rock environments, mostly by including additional well-log data for guiding 

the inversion. This would allow to predict and export a geobody of rock prop-

erties, in particular density, analogous to the VMS deposits in the Neves-

Corvo area. This new information consequently helps in the interpretation of 

reflections observed in the seismic data and allows to discriminate against 

those that are not necessarily created by mineralized bodies. 
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7 Summary in Swedish 

Neves-Corvo är en koppar- och zinkgruva belägen i Alentejo-distriktet i södra 

Portugal, en del av det iberiska pyritbältet (IPB). Den ägs och drivs av Somin-

cor, ett portugisiskt dotterbolag till Lundin Mining. Gruvan ligger ca 15 km 

sydost om staden Castro Verde och ca 220 km sydost om Lissabon. De 

vulkanogena massiva sulfidavlagringarna (VMS) vid gruvområdet Neves-

Corvo anses vara de rikligaste i IPB. Sju stora massiva sulfidlinser har defini-

erats i området: Neves, Corvo, Graça, Zambujal, Lombador, Semblana och 

Monte Branco. Samtliga finns i den sena Devonska stratigrafiska sekvensen. 

Den största är den zinkrika Lombador-malmkroppen, som är i världsklass 

(cirka 150 Mt). 

Denna avhandligen genomfördes inom ramen för det EU-grundade Smart 

ExplorationTM-projektet, i syfte att utveckla och testa ny teknologi för djupin-

riktad VMS fyndigheter. Avhandlingen består av tre artiklar, där var och en 

presenterar bearbetningsresultat av olika seismiska dataset, vilka tolkas i för-

hållande till mineralfyndigheterna i området. En unik, om än kompletterande, 

seismisk vågbearbetningsmetod som stöds av geologisk a priori-information 

och bergfysikdata har använts. 

Den seismiska datamängd som studeras i denna avhandling är: ett 2D exi-

sterande dataset från 1996, ett dataset från 2019 som samlades in med en in-

novativ kombination av mark och i gruvan mätningar, och en 3D seismisk 

undersökning från 2011. All data härstammar från gruvområdet Neves-Corvo. 

Mätningar på bergarternas fysiska egenskaper och borrhålsdata från området 

användes också i avhandlingen. Alla seismiska datamängder belyser och de-

finierar de geometriska egenskaperna hos Lombador-fyndigheten, vilket gör 

den till det huvudsakliga målet för denna forskning. Framtida arbete kommer 

att fokusera mer på Semblanafyndigheten och bergartsfysik. 

Artikel I presenterar data bearbetningen av datasetet från 1996, bestående 

av sex 2D-seismiska profiler som samlades in över den norra delen av Lom-

bador-fyndigheten. De avbildade resultaten visar, med förbättrad kontinuitet 

och upplösning, den massiva sulfidfyndigheten i världsklass från Lombador 

och andra mindre fyndigheter. Dessutom upptäcktes ett antal nya ytliga och 

branta reflektioner. Detta visar värdet som äldre seismiska data kan inehålla 

och vikten av att använda de senaste databehandlingsalgoritmerna inom mi-

neralprospektering även om området är välstuderat. 
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Artikel II visar bearbetningen och tolkningen av seismiska data från 2019 

års banbrytande studie som genomfördes vid Neves-Corvo-gruvan. Två 2D-

seismiska profiler samlades in på ytan ovanför Lombador-fyndigheten samti-

digt som fyra seismiska profiler placerades och registrerades i gruv- och pro-

spekteringstunnlar på 650 meters djup. Det är utan tvekan första gången en 

seismisk undersökning av denna storlek har genomförts i en aktiv underjor-

disk gruva. Artikeln fokuserar på bearbetningen av ytprofilerna och komplet-

teras med ytterligare tekniker såsom 3D modellering av den seismiska respon-

sen och analysis av seismiska vågors som härstammar delvis från sidan av 

profilerna. Modelleringen och analysen visar att Lombador-strukturen kanske 

inte är detekterbar när man endast använder 2D-data. Sammanfattningsvis vi-

sar forskningen avbildningspotentialen i en småskalig undersökning imple-

menterad tillsammans med innovativa insamlings- och databehandlingstekni-

ker. 

Artikel III sammanfattar bearbetningen av 2011 års 3D-ytreflektions-

seismiska data och validerar resultaten jämfört med de kända strukturerna. 

3D-undersökningsdata som täcker ett område på ca 24 km2 bearbetades med 

huvudmålet att bättre avgränsa de kända VMS-fyndigheterna i Lombador och 

Semblana. Artikeln belyser också vikten av 3D-avbildning genom att jämföra 

resultaten med tidigare 2D-seismiska resultat för bättre kartläggning av för-

längningen av Lombador-fyndigheten. Ytterligare fokus lades på att observera 

diffraktionsmönster och deras betydelse för att definiera strukturen och för-

längningen av VMS-fyndigheten i Lombador. 

Resultaten från bearbetningen av artikel I antyder  på en fölängning neråt 

av Lombador  bortom den kända avsättningsytan. Men detta ska tolkas med 

försiktighet eftersom de observerade reflektionerna kan har ha en komponent 

bortom profilen. Den påstådda förlängningen uppmärksammades och stude-

rades igen i artikel II genom användningen av en 3D-exploderande reflektor-

modell, som visar att Lombadors djupförlängning endast kan förklaras av en 

fördröjning av en lateral reflektion vilket innebär att signalerna anländer se-

nare. Tolkningen stöds av analys av ankomstriktningen av de seismiska vå-

gorna vilket tydligt indikerar ett starkt signaler utanför profilriktningen från 

Lombadors yta. Denna avvikelse togs slutligen upp i artikel III genom att 

jämföra den migrerade 3D-volymen och 2D-profilen från artikel I. Lombador 

förlängningen neråt bortom insättningsmodellen syns inte i 3D-resultaten, vil-

ket är rimligt eftersom 3D-metoderna tar hänsyn till alla riktningar. Detta leder 

till slutsatsen att ett prospekteringsprogram enbart baserat på 2D-seismisk data 

skulle ha visat falskt positiva resultat för den riktiga Lombador förlängningen 

neråt. Detta talar för användningen av 3D-seismiska metoder, istället för 2D, 

vid mineralprospektering för korrekt detektering av VMS-fyndigheter. 

Förslag till framtida arbete, för att ge kontinuitet till detta examensarbete, 

är att utföra akustisk inversion av den processeade 3D volymen från området, 

tillsammans med ljud- och densitetsloggar från ett borrhål som skär igenom 
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Semblana-fyndigheten. Inversionen skulle resultera i en densitetsattributvo-

lym som matchar Semblana-avsättningen, vilket också skulle göra det möjligt 

att karakterisera densitetskroppen motsvarande Lombador-fyndigheten. Kva-

litetskontroll av metoden skulle vara dess förmåga att urskilja en stark ytlig 

reflektion producerad av litologiska kontakter och inte en högdensitetsfunkt-

ion, vilket är ett bra argument för förutsägbarheten när det gäller seismiska 

inversionsmetoder för mineralutforskning i hårda bergarter. Denna metod 

skulle göra det möjligt att förutsäga och exportera geokroppar av bergegen-

skaper, i synnerhet densitet, analogt med VMS-strukturen i Neves-Corvo-om-

rådet. 

Resultaten av denna avhandling visar användbarheten och relevansen av att 

använda seismiska metoder för mineralprospektering, och kan ses som ett ex-

empel på framgångsrik inriktning mot djupa VMS-mineralfyndigheter. De 

seismiska avbildningsmetoderna som presenteras i detta arbete utvecklades i 

varje artikel, från befintlig 2D-seismisk profilbearbetning, till en pseudo-3D-

design och metodutveckling, och slutligen till en fullständig 3D-volymbear-

betning och tolkning. Studierna från befintlig till nya data-insamlings och han-

teringsmetoder ger en förbättrad tolkning och förbättrad geofysisk kunskap 

om gruvområdet Neves-Corvo. 
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