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Abstract
The Neves-Corvo world class Iberian Pyrite Belt volcanogenic massive sulphide (VMS) deposit located in southern Portugal,
constitutes an important Cu–Zn–Pb active mine. Seven deposits are currently known, among which the Lombador deposit
alone has estimated 150 Mt of massive sulphides. The life-time of the mine is dependent on the discovery of new exploration
targets and it is vital to have accurate 3D geological models, not only to guide drilling campaigns but also to drive a winning/
new strategy, which in the past has led to Semblana and Monte Branco discoveries: geophysical inversion and modelling.
Furthermore, 3D geological models can contribute to the understanding of the tectonic and stratigraphic evolution of the
region. Therefore, the goal of this study is to produce a realistic 3D geological model of the Neves-Corvo region, as only
one model is presently publicly available: the PROMINE model, which includes the study area of this work and extends
from Aljustrel to the border with Spain. Lundin Mining has also produced two unpublished, confidential models in 2007
and 2017. The latest Lundin model incorporates the same geophysical data used in this work (2D and 3D seismic reflection
and time-domain electromagnetic (TEM) ground loop data) and approximately 7500 surface and underground drill-holes.
The model presented in this research has much more detail than the 2012 PROMINE model in the Neves-Corvo region and
uses an updated and revised drill-hole database with approximately 8000 drill-holes, revised geological cross-sections built
from surface geology and drill-hole logs, new geological outcrop data, petrophysical and reprocessed geophysical data, and
is therefore more detailed and accurate than any of the previous models, in particular the 2007 and PROMINE models. Land
gravimetric and aeromagnetic data are also available in the study area but were not directly used to build the geological model
but rather to investigate and check the model produced. Modelling was performed with industry standard software and the
3D curves resulting from the geological/geophysical interpretation were interpolated using different approaches to respect
the hard data (interpretation lines and drill-holes). The resulting 3D stratigraphic surfaces required strong manual editing
to respect the interpretation, due to the presence of folds, thrusts and tectonic nappes in the study area. The surfaces were
afterwards tied to the drill-holes, resulting in a 3D model with great accuracy and detail in the near mining area and covering
a larger area than previously available 3D geological models. The model has three major stratigraphic layers: the Mértola
Flysch Formation and the Volcano-Sedimentary Complex (VSC), overlying the Phyllite-Quartzite Formation basement, and
also the known VMS deposits (underlying the top of the Lower VSC) geometries according to drill-hole data. In the central
part of the study area, where more drill-holes are available, the top of the Lower VSC sequence surface was also built. This
approach will contribute to a better exploration drill-hole planning and the generation of new targets for exploration.
Keywords 3D geological modelling · Neves-Corvo mine · Drill-holes · Time-domain electromagnetic data · Seismic
reflection data · Bouguer anomaly · Total-field magnetic intensity
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The Neves-Corvo mine, located in the Iberian Pyrite Belt
(IPB) in southern Portugal (Fig. 1) contains a world-class
volcanogenic massive sulphide (VMS) deposit and is
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the largest operating mine in the country. Seven massive
sulphide bodies and related stockwork zones have been
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discovered to date, totalling 300 Mt of sulphides: Lombador, Neves, Graça, Corvo, Zambujal, Semblana and Monte
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◂Fig. 1  a Simplified geological map of the Iberian Pyrite Belt show-

ing the location of the Neves-Corvo mine ( adapted from Matos et al.,
2020b) and the approximate locations of the previously available 3D
geological modelling areas from the PROMINE project (red line),
other unpublished, confidential studies (green), and the area with a
more detailed model constructed in this work (cyan). Black rectangle shows approximate area displayed in b. b Geology of the central
study area and the surface projections of the seven known deposits of
Neves-Corvo after Matos et al., 2020b, based on the work of Oliveira
et al. (1988)

Branco. Somincor, a subsidiary of Lundin Mining, has been
exploiting the mine over the last 3 decades and has accumulated an extensive amount of geophysical, geological and
drill-hole data during this period. These data have been used
by Lundin Mining to build in 2007 and 2017 two 3D geological models of the Neves-Corvo near-mine and regional
scenario, which remain unpublished and are still Lundin’s
confidential information. The first model was used to build
the central region of the 2012 PROMINE Neves-Corvo
regional model while the 2017 one remains confidential to
date.
Under the scope of the FP7 EU-funded PROMINE Project, a regional 3D model was built in 2012 extending from
the northwest end of the Rosário-Neves-Corvo anticline to
the Portuguese/Spanish border to investigate the possible
down plunge extension of this volcanic axis to the SE under
the Flysch Group sedimentary units (Inverno et al. 2015;
Carvalho et al. 2017). These geological models serve two
major purposes: (1) as starting models for constrained geophysical modelling and inversions; and (2) to understand
the genesis and location of mineral deposits (Royer et al.
2015). Faulting, thrusting, and hydrothermal alteration provide insights regarding orebody genesis and tectonic evolution. Tectonic settings and identification of volcanic centres
may also contribute to new findings and refined targeting for
new mineral deposits.
In this study, several types of data were used to build a
new state-of-the-art 3D model for the Neves-Corvo region.
The area of the model is located in the SW sector of Portuguese IPB and does not reach the NW and SE extensions
of the PROMINE model (see Inverno et al. 2015; Carvalho
et al. 2017) but rather contains a higher level of detail
(Fig. 1). Geophysical data used in the model building was
constituted by hundreds of linear kilometers of time-domain
electromagnetic (TEM) 1D inverted ground-loop data which
were stitched side-by-side to produce 2D cross-sections and
2D and 3D seismic data. Multiple cross-sections, neither
available at the time of the 2007 Lundin model nor used
in the PROMINE Neves-Corvo regional model, have been
used here. The 2017 Lundin confidential model used the
same seismic and TEM dataset used in this work but here
we reprocessed part of the 2D seismic data set (Donoso et al.
2020) that greatly improved the continuity of reflectors in

the stacked sections and also used 3 of the PROMINE profiles, not used in the above mentioned 2017 model.
A few hundred new drill-holes have been conducted since
the 2017 Lundin model and even thousands relative to the
2012 PROMINE model, all included in this work. More
details on the differences between the datasets used in the
different models are discussed in the Methodology section.
Advances in 3D geological modelling platforms also contributed to the construction of a more accurate 3D geological
model in this work when compared to the previous models.
New data and the need to enlarge the coverage of their two
previous confidential models also led Lundin to recognize
the need of building a new geological model. In the first sections, after a brief introduction of the geological setting and
methodology used, a description of the several data used in
the model construction is done, while in the following sections, the processes of model building and the analysis and
discussion of the model is carried out.

Geological setting
The geological formations that outcrop in the study area
are included in the IPB, the foremost sector of South Portuguese Zone (Fig. 1). The stratigraphy of the Neves-Corvo
region (e.g., Oliveira et al. 2004, 2016, 2019 and references therein) includes the following main geological units,
from top to bottom (see Fig. 2): (1) the middle-late Visean
Mértola formation, a Flysch sequence composed mostly by
intercalations of greywackes and dark grey shales (Oliveira
et al. 2004, 2013); (2) the Volcanic-Sedimentary Complex
(VSC) of Famennian-Visean age; and (3) the PhylliteQuartzite (PQ) basement Formation of middle Givetian
to late Famennian age, with base unknown (Mendes et al.
2020 and reference there in). The VSC is classically divided
into an allochthonous (upper) and an autochthonous (lower,
with massive sulphide ore) sequences separated by the socalled Neves-Corvo Main Thrust. The former, Upper VSC is
composed from top to bottom by the Brancanes Formation
(black shales with disseminated pyrite), Godinho Formation (volcanogenic sediments and grey siliceous shales),
“Borra de Vinho” Formation (purple and green shales),
Grandaços Formation (black shales with carbonate lenses
and nodules), Graça Formation (black graphitic and pyritic
shales and grey siliceous shales) with basic intrusive rocks
and interbedded felsic volcanic rocks (Oliveira et al. 2013).
The autochthonous, Lower VSC includes on top a jasper and
carbonates unit, slightly above the massive sulphide ore, thus
representing the massive sulphide horizon´s hanging wall,
followed by the Neves Formation (black shales) which is
ultimately underlain by the Corvo Formation (black shales
with tuffs and breccias) that conformably lies on top of the
PQ Basement.
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Fig. 2  Simplified stratigraphy of
the Neves-Corvo mine region,
after Oliveira et al. (2013),
Mendes et al. (2020) and Pereira
et al. (2021). Legend: MT—
Mértola Fm. (MT1, MT2 and
MT3); r Brancanes Fm., g
Godinho Fm.; bv “Borra de
vinho” Fm., s Grandaços Fm.,
Va Felsic volcanic rocks, Vb
Mafic volcanic rocks, MS Massive Sulphides, ST Stockwork, n
Neves Fm., Co Corvo Fm., PQ
Phyllite Quartzite Gr., ca limestones, d dolerites, J Jaspers
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In the study area, two VSC Antiform structures are present (Rosário-Neves Corvo and São Pedro das Cabeças,
Oliveira et al. 2013, 2016, Fig. 1) surrounded by large areas
of outcropping Mértola Formation flysch sediments. PQ is
present in the first Antiform. The area is tectonically characterized by southwest verging thrusted sheets (e.g. Inverno
et al. 2015) such as, for example, the Neves-Corvo main
thrust (Fig. 1) that separates the two VSC sequences, and
all affected by Late Variscan near-vertical strike-slip faults
with a predominant SW-NE and N-S strike (see Fig. 1). The
thrust faults often cause the partial repetition of the geological sequences. The Mértola Formation, multiple times
lying thrusted beneath the Upper VSC, is in this situation
designated as Mértola 2.

Methodology
In this study, we build a new, updated and detailed 3D geological model (Fig. 1). Similar to the PROMINE model and
the two unpublished Lundin models, the main objective of
this work was to model the spatial distribution of specific
“marker-horizons” of the known stratigraphic sequence in
order to outline trends and favorable areas where lateral and
down dip extensions of the prospective ore horizon might
potentially occur (Inverno et al. 2015). PROMINE and previous Lundin models mapped three stratigraphic surfaces that
were: (i) the base of Mértola Fm. stratigraphic level (MFB),
(ii) the top of the Xistos Borra de Vinho Fm. and (iii) the
top of PQ Fm. stratigraphic level (TPQ). In this study, we
mapped surfaces (i) and (iii) while the third mapped stratigraphic boundary was the contact between the basal Upper
VSC and the top of Lower VSC surface (TLVS), which as
we will see later on, was restricted to the central area where
drill-hole concentration is greater. The PROMINE’s model
central region, that corresponds to the area around NevesCorvo and roughly to the study area in this work, used the
same data as the first Lundin model (Inverno et al. 2015).
The 2007 Lundin model used 4165 drill-holes and geological outcrop data that were used to construct 50 2D cross-sections with a 250 m spacing. The PROMINE model updated
the Lundin model using gravimetric, magnetic, TEM data
and 2D seismic data.
The 3D model presented here uses an updated drill-hole
database comprised of more than 1000 surface and 7000
underground drill-holes. Usually, 10–20 surface drill-holes
and 40–60 underground boreholes are drilled on average
yearly by Somincor/Lundin, so we have used more than 500
drill-holes than those of the 2017 confidential model. It also
includes recently reprocessed legacy 2D reflection seismic
profiles (Donoso et al. 2020) whose original profiles were
also used in the PROMINE model, three 2D deep seismic
reflection profiles from the PROMINE project which were

not used in the 2017 model (Carvalho et al. 2017), as well as
a 3D seismic dataset from the area (Yavuz et al. 2015). In all
cases, a constant velocity determined from averaging the 1D
processing velocity functions was used to depth-convert the
temporal seismic profiles, to avoid distortion of the profiles
and the generation of false structures. Unfortunately, velocity data from drill-holes is only available in the Semblana
region and the velocity is in the range 4–5 km/s (Yavuz et al.
2015).
Additional data used as constraints for the new model
derived in this study include: stratigraphic studies based in
palynology and geochronology from the EU EXPLORA/
Alentejo2020 project (e.g. Pereira et al. 2021; Mendes et al.
2020; Morais et al. 2017, 2019; Matos et al. 2017, 2019,
2020a), over 200 line kilometres of surface TEM ground
loop data acquired by Lundin Mining over the last 15 years
and more than 30 geological cross-sections built from geological outcrop and drill-hole data (Pacheco and Ferreira
1999; Oliveira et al. 2016; Pereira et al. 2021; unpublished
Somincor and AGC Portugal Reports). Gravity and airborne
magnetics (National Laboratory for Energy and GeologyLNEG database and EXPLORA Project processing, see
Marques et al. 2019) have been used through 2D forward
modelling to confirm the geological cross-sections but have
not been directly used in the model building process. All
data were imported into the 3D modelling platform considering the average elevation relative to the mean sea level
(msl) of the respective profiles. Geological outcrop data
were referenced to an average elevation of 250 m msl.
The model produced here was based on the interpretation
of the geophysical data in most of the area. The interpretation started in the central areas where drill-holes are denser
and then extrapolated to the other areas where drill-holes are
sparser. Several methods of surface construction were tested
to provide the surface that best honoured the 3D curves
resulting from the interpretation of the major stratigraphic
boundaries. Multiples surfaces had to be individually built
and later on merged to produce a single surface representing
each stratigraphic boundary. A significant hand editing of
each final surface was required in order that the 3D interpretation curves and geological data were respected. Therefore,
our model does not have a constant surface spacing (equivalent to a grid) and allows a greater detail in areas where data
have higher resolution, using state-of-the-art capacities of
commercial 3D modelling platforms (GoCad™). The final
surfaces were adjusted to match the drill-hole information.
After the building of the model, two of the 3D surfaces produced were compared with residual Bouguer anomaly map
and total-field magnetic intensity (TMI) reduced to the pole
map. The maps are presented in the appendix. The residual
of the Bouguer anomaly map was produced by extracting a
second-degree polynomial that resulted in a good separation of the anomalies. For the aeromagnetic TMI map the
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IGRF2020 was extracted and the central point of the area
was used for the reduction-to-the-pole.

TEM data
The TEM surveys consist of in-loop, ground data
acquired between 2006 and 2011 by several Canadian
EM service providers, with each transmitter loop generally 1000 m × 1000 m and approximately 13–20 Amps of

Fig. 3  a Distribution of the approximately 200 line kilometers of
cross-sections of TEM data used in this work to build the 3D geological model. Each cross-section was obtained through the 1D inversion
of ground loop data with stations spaced every 100 m along each line,
and stitched together to produce 2D cross-sections. The simplified
geological limits shown in Fig. 1 are also displayed, and the limits of
the study area (white rectangle); b general model of conductivities/
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current intensity. A station spacing of 100 m was used
along each line. The in-loop data were inverted using the
EM1DTM UBC code by Lundin Mining at each station
using the vertical component secondary field data. These
were stitched together to produce 2D cross-sections of
electrical resistivity. Figure 3a shows the location of over
200 TEM loops used in the current work, together with the
limits of the study area (3D surfaces built in this work).

resistivities used in the EM data interpretation; the model is based
on average resistivities presented by local geological formations (see
Table 1) and is valid in many regions of the study area.MP: massive
pyrite; c 3D view of TEM cross-sections from the Rosário-NevesCorvo antiform area (see location in Fig. 1), showing a typical upper
conductive zone (UCZ) and a lower conductive zone (LCZ). All TEM
cross-sections have a maximum depth of 2 km
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As part of another study, three lines in the Lombador
subarea were recently reprocessed and inverted using the
Beowulf 1D ground code (Raiche et al. 2007), while the
stitch and interpolation between 1D inverted stations was
carried out with commercial software (Dias et al. 2020,
2021). This inversion allowed for a better understanding of
the limitation of the TEM data, as the investigation depth
and vertical resolution of the data were understood during
the inversion process. Each of the EM lines chosen to carry
out the 1D inversion were about 2 km long, with the lines
spaced 300 m and 20 stations per line spaced every 100 m.
The inversion of Dias et al. (2020, 2021) was constrained by
averaged drill-hole geological log data derived from approximately 300 drill-holes, but only drill-holes closer than
50 m to the TEM lines were considered to avoid extreme
3D effects. The constrained inversion carried out by Dias
et al. (2020, 2021) used a larger number of drill-holes that,
together with a few conductivity measurements in drill-holes
and outcrops permitted an improved understanding of the
electromagnetic response of the local geological formations.
In the scope of another study (Marques et al., 2019), 8
other TEM lines from the Rosário-Neves-Corvo antiform
area were chosen to be reprocessed in selected areas where
the geology is distinct from that of the Lombador area, with
the aim of improving the understanding of the EM response
of local geological formations. From the EM modelling/
inversion carried out in both studies, two major conclusions
were used in the present work. Firstly, the conductivities
of the regional rocks have a wide range according to their
content in pyrite and other sulphides, graphite or water.
Thrusted graphitic and pyritic shales (water circulation
zones) or porous volcanogenic sediments all have very low
resistivities, similar to ore bearing rocks. Secondly, a range
of resistivity values was derived for the several geological
formations present in the study area (see Table 1) that were

Table 1  Resistivity ranges for
the geological formation present
in the study area obtained from
the constrained 1D inversion
of TEM loop data, drill-hole
measurements and nearby DC
resistivity surveys. DC surveys
were located in the Pulo do
Lobo antiform

compared with resistivity values obtained from electrical DC
surveys acquired approximately 50 km NE of the study area
in the Pulo do Lobo antiform area (Ramalho et al. 2021),
and with some conductivity measurements carried out in
drill-holes from the Neves-Corvo region (unpublished data).
Table 1 summarises these resistivity values. The DC surveys
in the Pulo do Lobo area present generally lower resistivity
values due to a higher weathering and iron-oxides content,
according to drill-hole data (Ramalho et al. 2021). The geological formations present in the Pulo do Lobo basin were
also deposited in a deep-water environment contrary to the
Neves-Corvo region, deposited in an epicontinental sea setting (Pereira et al. 2006) and the correspondence with the
Neves-Corvo geological formations has been made on the
basis of their respective lithologies.
About 900 conductivity measurements were made with
a Terraplus KT-10 unit in cores collected from 8 drill-holes
in the Neves-Corvo region. Part of this measurements were
preliminary interpreted in terms of lithofacies and published
by Dias et al. (2020, 2021) and were reinterpreted in the
scope of this study and are presented in Table 1. These measurements were also made to help understand the electrical
behaviour of some geological formations that are known
to be thrusted and constitute water-conducting zones. The
measurements carried out in water-saturated cores are
denoted with a * in Table 1.
No drill-hole measurements were made in the Mértola
2 Fm., as it usually presents a reduced thickness (< 200 m)
and at depth which does not allow to infer its resistivity
properties in the 1D inversion process. Therefore, in the
model shown in Fig. 3b we assume for Mértola 2 Fm. a
similar electrical behavior of Mértola Fm and integrate this
formation with the resistive felsic volcanic rocks. No measurements were conducted on the Grandaços Fm. and we
assume, due to its composition and observation of resistivity

Geological formation

1D TEM inversion (ohm.m)

Drill-holes (ohm.m)

DC surveys
(ohm.m)

Mértola
Brancanes and Godinho
Xistos Borra Vinho and Grandaços shales
sometimes w/graphite
Thrusted Black Shales (Graça Formation)
Grandaços
Mértola 2
Felsic Volcanic rocks
Mafic Volcanic rocks w/hematite and pyrite
Black shales
Massive sulphides and Black Shales
PQ

1430–1960
30–90
380–520

15–100*
156–967
47–1470

180–340
340–2000

10–40
–
–
140–150
–
20–32
14–20
950–1140

–
–
–
143–1174; 75–440*
189–1180; 3–35*
200–769
–
250–913*

Not present
–
–
100–340
–
Not present
Not present
260–950

*Denotes water saturated samples
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response in the eastern side of the Rosário-Neves-Corvo
antiform as seen in several TEM cross-sections, that the
Grandaços Fm. has similar electrical properties to the Graça
Fm. and the thrusted black shales column above it, i.e., if
thrusted and conducting water they present relatively low
resistivities. Tuffites, present in Upper VSC formations, due
to their relatively high porosity also have low resistivities
when saturated.
The interpretation of the TEM data allowed to increase
the size of the 3D model area, in all directions, as this data
set has the largest geographical coverage (see Fig. 3a). The
constrained EM 1D inversion carried out by Lundin, Dias
et al. (2020, 2021) and Marques et al. (under review) enabled
this task and no data reprocessing was done in the scope of
this work. Generally, the Neves Formation (when at least
some mineralisation is present) and the thrusted zone within
the upper VSC constituted the most conductive layers. Figure 3b shows a model derived from the EM modelling and
was used as a rule of thumb in the TEM data interpretation and Fig. 3c presents a detailed 3D view of the TEM
cross-sections in the Lombador region showing the Neves
Fm. Regional conductive zone (LCZ) and the Upper VSC
thrusted upper conductive zone (UCZ).
Outside the drill-hole region, the interpretation was a
challenge as the EM response of the different geological formations is sometimes similar. Therefore, a good geological
control is necessary to prevent interpretation errors. In some
areas, the typical response was quite different from that of
the Lombador area, such as in the region where the VSC and
PQ outcrop, along the Rosário-Neves-Corvo antiform. Over
there, for example, weathered basic rocks can provide conductive zones probably related with disseminated magnetite.
At the São Pedro das Cabeças Antiform (see Fig. 1), a TEM
profile reflects the VSC basic volcanic rocks and below and
Fig. 4  Plan view with the location of the 2D seismic stacked
sections used to build the 3D
geological model, superimposed
to the geological limits shown
in Fig. 1 and the limits of the
study area (white rectangle). Pi,
96-i and 91-i indicate numbers
of PROMINE, 96 survey and 91
survey profiles, respectively
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to SW, the nearby Grandaços Formation shales with disseminated sulphides (Matos et al. 2020a). In the southern part of
the model, the PROMINE seismic profiles (Carvalho et al.
2017) also helped to identify the major geological boundaries and structures, as discussed in the next section.

Seismic data
In 1981, the first seismic reflection lines were acquired in
the Neves-Corvo area by Geomatique Service but had a
very poor quality. The first useful seismic reflection surveys,
which were one of the first in the world to image massive
sulphide deposits (Donoso et al. 2020), were carried out by
Compagnie Général de Géophysique for Somincor in 1991
(5 profiles) and 1996 (6 profiles) with 48 and 96 channels,
using explosives as seismic source. These were followed by
surveys acquired by HiSeis in 2012 (6 profiles) and a 3D
seismic survey acquired in 2010 also by HiSeis, all contracted by Somincor.
Under the scope of this work, the 1991 and 1996 2D surveys were used to build the model, as well as the 3D volume
from 2010. The 1996 survey was recently reprocessed by
some of the authors and the stacked sections were much
improved, showing multiple reflectors that can be associated with faults and stratigraphic boundaries (Donoso et al.
2020). The stacked sections from 1991 and 1996 surveys are
shown in a 3D view, together with a cross-section from the
3D volume in Fig. 4, with the geological limits overlain. All
the profiles shown have been depth converted using a constant velocity of 4.5 km/s, which corresponds approximately
to an average of the stacking velocities of the 1996 survey
and conform to the velocity information obtained from drillhole data in the Semblana region (Yavuz et al. 2015).
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Three out of the six deep 2D seismic reflection PROMINE profiles, where reflectors could be observed to
a depth of 10 km, (Inverno et al. 2015; Carvalho et al.
2017) were acquired inside the study area and were also
reinterpreted here, providing valuable information. These
profiles, which were also depth converted using a constant velocity (5 km/s, in this case) obtained by averaging the 1D velocity functions obtained from the staking
velocities, are also shown in Fig. 4 (number indicates
profile ID). All the PROMINE and Somincor seismic
data provided valuable information to the 3D geological
model. Several of the seismic profiles could be tied to
drill-holes and showed a good correlation with the TEM
data. These profiles were located in the southern part of
the study area and helped to constrain the main NevesCorvo thrust fault in this area (see Fig. 1 for location).
In the central part of the study area, the VSC and PQ
outcrop in the Rosário-Neves-Corvo antiform, while
the Upper VSC outcrops in the Brancanes antiform (see
Fig. 1). In this area, the 1991 and 1996 profiles were useful to constrain the dip of the geological layers, together
with geological outcrop information and drill-hole logs.
A couple of kilometres south of those antiforms, the 1991
seismic profiles clearly show deep multiple reflectors that
correspond to the sudden rise of the VSC and PQ units
up to the surface, those units outcropping a few kilometres north of the profiles (Fig. 5a). Beneath the VSC and
PQ outcrops, the 1996 seismic profiles clearly show dips
compatible with outcrop units dip information (Fig. 5b).
A recent 3D seismic volume acquired by Lundin
Mining, depth-converted and migrated was also used to
build the geological model in the area of the VSC and
PQ outcrops. The volume covers the 7 known deposits
area (Fig. 6a) and some of them are well imaged by the
data. Another feature clearly identified in the data were
the Neves-Corvo main thrust, whose geometry was constrained in a good part of the study area using the 3D
seismic information. Figure 6b shows a time-migrated
and depth converted in-line slice from the 3D volume.
In spite of a slight vertical mismatch due to the lack of
seismic velocity information in the region, as explained
above, there is a good spatial match between a double
strong reflector observed throughout the seismic volume,
apparently related with the Neves (displayed in orange)
and Lombador (red) deposits and also the Neves-Corvo
main thrust. The correspondence with the known deposits
and the Neves-Corvo thrust and other major faults could
be followed across the seismic volume. Another issue was
the definition, using drill hole, TEM and seismic data, of
the autochthonous PQ basement top surface, that allowed
a good understanding of the structure footwall setting.

Fig. 5  Detailed views of the 2D seismic stacked sections showing a 3
lines from the 91 survey (lines 3, 4 and 5, location on Fig. 4) showing multiple reflectors within the VSC and PQ that are rising to the
surface, outcropping a few kilometres further north of the seismic
profiles; seismic sections reach a maximum investigation depth of
4.2 km below sea level; b reprocessed profiles PS01, PS03 and PS06
from the 96 survey in the Rosário-Neves-Corvo antiform area where
the VSC and PQ rise to the surface and outcrop; the near vertical dip
of the geological layers measured in the field can be observed in the
seismic data; seismic sections reach an investigation depth of 4 km
below sea level

Drill‑holes and geological cross‑sections
Somincor and LNEG have accumulated a large drill-hole
database over the years, which comprises now over 1000 surface drill-holes and about 7000 underground drill-holes that
were used both to calibrate the geophysical interpretations
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of the region, with multiple thrust faults and folds. This task
also turned out to be very time consuming but was an essential step to guarantee a trustworthy model. In several cases
drill log reinterpretation was carried out considering the
definition of the main geological limits referred to above.
Also available were tens of geological cross-sections
made from drill-holes and geological outcrop data. We
compiled over 30 of these geological cross-sections, which
were interpreted by Somincor, LNEG and by both entities
under the scope of multiple research projects (unpublished
Somincor and AGC Portugal Reports; Pacheco and Ferreira
1999; Oliveira et al. 2016; Pereira et al. 2021). These geological cross-sections, include projected drill-holes, which
were validated by comparing them with the drill-holes trajectory in the 3D modelling software. Their location is also
indicated in Fig. 7.

Integrated interpretation, model building
and correlation with potential‑field data

Fig. 6  a Location of the 3D seismic cube available in the NevesCorvo mine region (time slice at 1 km depth is shown) relative to the
study area (white rectangle), superimposed on the geological limits
shown in Fig. 1; b example of time-migrated, depth-converted in-line
from the 3D seismic volume; c same as b with overlay of the NevesCorvo main thrust (grey), Lombador (red), Neves and Corvo (orange)
deposits according to drill-hole data. A good correspondence between
mineralised structures and seismic reflectors is observed

and to directly include in the 3D geological model. Figure 7
shows the location of all the drill-holes used to build the
geological model together with the geological limits shown
in Fig. 1.
Drill-hole log information included hole deviations and
lithologies along the drill-hole path. Due to the large number of drill-holes used, more than 100,000 lines with the
description of lithology and contacts had to be analysed to
locate the major stratigraphic interfaces that constitute our
3D model, i.e., the lines that mark the depth of the base of
Mértola Fm., top of Lower VSC and top of PQ for each
hole (hereafter designated as drill-hole markers). For this
purpose, automatic procedures had to be built but a manual
validation had to be carried out, due to the complex geology
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As stated in the introduction, gravimetric and aeromagnetic
data were only used qualitatively to guide the geophysical interpretation (TEM and seismic), particularly in areas
where drill-hole information was unavailable. These data
were not directly used in the model construction, as one of
our purposes in constructing the 3D geological model was
to use it later on, in the scope of another work, as a starting
model for a 3D gravimetric inversion, whose goal was to
generate new mineral targets (deposits) for exploration (see
Marques et al., 2019).
Multiple land gravimetric surveys were acquired by the
Portuguese Geological Survey (LNEG) and mining companies, which have been homogenised recently by LNEG
(Represas et al. 2016; Matos et al. 2020a). The individual
surveys were acquired with a regular station spacing of
50 m or 100 m. The levelled grid was generated with 100 m
spacing and a reference density of 2.7 g/cm3 was employed
to create the Bouguer anomaly map (Marques et al. 2019).
Afterwards, the regional was calculated using two different approaches: analytical prolonging to various altitudes
(between 0.5 and 4 km) and polynomials of 0, 1 and 2
degrees. Extraction of the regional for all these regionals
showed that a second degree polynomial results in a better
separation of the anomalies. Aeromagnetic data consist of a
survey flown in 1991 by Geoterrex, with a flight line spacing
of 500 m and 250 m in some areas (outside the study area),
at an altitude of 90 m above the ground. The total-field magnetic intensity (TMI) map was subsequently IGRF reduced
and then reduced-to-the pole using the central point of the
map magnetic parameters. Both the magnetic and gravimetric maps are shown in the appendix.
The geophysical, geological and drill-hole data was
georeferenced and loaded into a commercial geological
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Fig. 7  Plan view showing
all drill-holes and geological
cross-sections used to build
the 3D model, overlaid with
the geological limits shown
in Fig. 1 and the limits of the
study area (white rectangle). a
Surface drill-holes are shown
in red, underground drill-holes
displayed in blue. b zoom up in
3D view of the central region

modelling software (SKUA-GoCad™). The next step was
to undertake the interpretation of the geophysical data under
the form of 2D cross-sections. As stated in the Methodology section, the stratigraphic boundaries interpreted were:
(i) the Mértola Fm. stratigraphic base level (BMF), (ii) the
PQ Fm. upper stratigraphic level (TPQ). The near top of the
Lower VSC surface (TLVS) was very difficult to identify
either in TEM or in seismic data. Therefore, the respective
surface was only built in the area where there is a large concentration of drill-holes, allowing by themselves that surface
identification.
From the interpretation of the geophysical and geological
cross-sections, a large number of 3D curves was obtained
from which a 3D surface was created. A first run of the
geophysical interpretation was carried out without direct
use of drill-hole data. The interpretation of the TEM crosssections and the seismic reflection data was conducted

with geological 2D cross-sections, geological outcrop data,
including dips and strike of layers, and magnetic and gravimetric data to infer the possible presence of igneous rocks.
Geological outcrop data included geological maps at the
1/50,000 and 1/200,000 scales, plus local geological surveys
at a detailed scale carried out in the mine area.
At times, to fill in the gaps between the geophysical lines
and geological cross-sections, artificial 3D curves were built
according to the available geological outcrop data or other
confidential geophysical information. If no information
existed, no curves were built and the area was not interpolated later on, during the process of surface construction.
The second round of the geophysical interpretation was
assisted by drill-hole data, where available. This led to an
important improvement of the interpretation on one hand,
and allowed to have an estimate of possible errors made
in the first interpretation. Generally, a good agreement was
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found between seismic and TEM data. The use of geological
and drill-hole data was essential to understand both datasets (TEM and seismic). The 1D inversion and 3D forward
modelling study carried out before this work (Dias et al.,
2021) also provided important clues to understand the EM
response. Due to the large geological complexity of the
region, in some cases, although different 2D TEM crosssections had a similar EM signature and resistivity range,
distinct geological formations were present. To interpret
TEM data, it was therefore crucial to use geological outcrop
and drill-hole data.
Seismic data allowed to identify major thrust faults,
namely the main Neves-Corvo thrust, and other late-Variscan
strike-slip and normal faults, generally NE-SW-striking. A
later comparison with the Bouguer anomaly and reduceto-the-pole magnetic anomalies maps, demonstrated that
some of these faults were observable in the potential-field
data and also in recent unpublished geological mapping
data (EXPLORA Project mapping). This late subvertical
fault system causes the basement division in several blocks,
locally with vertical movement. Similar geological setting
was characterized in the region SE of the mine and confirmed by deep seismic profiles (Carvalho et al. 2017).
The 3D volume and the original processed 2D seismic
lines showed little reflectors that could be attributed to stratigraphic boundaries but in the 96 seismic survey reprocessed
stacked sections (Donoso et al. 2020), the base of the Mértola Fm. and other geological boundaries were observed
in several lines, as well as other structural features. Nevertheless, the stratigraphic boundaries mapped in his work
(base of Mértola Fm., top of Lower VSC and top of PQ)
sometimes did not corresponded to regional seismic markers. However, the largest amplitude reflectors are, as stated
above, the massive sulphide deposits (slightly underlying
the top of Lower VSC), when their thickness is above the
seismic resolution (about 50 m), and the main thrust faults.
The final interpretation of seismic and TEM data were
validated by geological and stratigraphic studies carried
out at the Neves-Corvo region based in surface mapping
(Oliveira et al. 2013, 2016) and cross sections supported by
drill hole data (e.g. Mendes et al. 2020). The 3D curves that
resulted from the interpretation were qualitatively compared
with the residual of the Bouguer anomaly map and TMI
magnetic maps (Marques et al. 2019; Matos et al. 2020a)
(later on, a quantitative comparison between potential-field
and geological surfaces will be made), in order to check any
inconsistency in the interpretation. Due to the average densities of the Mértola Formation (2.72 g/cm3), VSC (2.77 g/
cm3), PQ basement (2.79 g/cm3) and, having in mind that
only the upper basement has been sampled in our density
database (Marques et al., 2019), we expected the surface of
the top of PQ to have a good correlation with the residual
gravity map in most of the study area. For example, the rise
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in the TPQ observed at the Rosário-Neves-Corvo antiform
can clearly be seen in the residual maps (see map in the
appendix). In areas where mafic sills or black shales with
high densities (up to 3.2 g/cm3) may be present and once
PQ densities are generally lower, the correlation between
the TPQ surface with the gravimetric map will of course
decrease.
The interpretation of the magnetic map is more complex,
conditioned by the VSC basic volcanic rocks and jaspers
with magnetite. The Neves-Corvo volcanic axis felsic rocks
have nearly no signature on the magnetic map, and the few
magnetic susceptibilities measurements available in the
study area show that the basement magnetic properties do
not differ much from those of either the Mértola Fm. or
the VSC, except for mafic volcanic rocks, which are clearly
more magnetic (see regional interpretation of IPB magnetic
lineaments in Matos et al. 2020a). The final 3D model curves
were then produced, after minor corrections suggested by
the correlation with the residual Bouguer anomaly map.
These final 3D curves resulting from the integrated interpretation are shown in Fig. 8.
The BMF and the TPQ surfaces, that used drill-holes
and the output from the geophysical interpretation and from
which resulted the multiple above-mentioned 3D curves,
were built after a time-consuming process. The construction
of these surfaces, each representing a major stratigraphic
boundary was a challenging task due to the complexity
of the geology in the region, with multiple stacked thrust
sheets, folds and intense faulting and deformation. These
problems were found mostly at the Neves-Corvo mine region
where a concentration of deep drill-holes with a detailed
stratigraphy is found. Several methods of interpolation and
surface creation were therefore used to generalise the sparse
data curves to the respective 3D surface.
The great geological complexity of the study area, with
the presence of several thrust faults and severe folding,
resulted in multiple depth values in some parts of the 3D
interpretation curves at the same map location. As explained
in the Methodology section, we used a step-by-step surface
construction process to build the stratigraphic surfaces of the
3D model typical of geological modelling platforms, instead
of the traditional surface building process of potential-field
software with regularly spaced meshes. The study area was
subdivided into tens of subareas and for each a surface
was built. In the areas where strong thrusting and folding
was present, several surface construction methods available in the software were tested to produce a surface that
honoured the interpretation curves. Sometimes the resulting surface had to adjust manually the surface to fit exactly
the interpretation curves. In areas with less complexity, we
generally constructed the sub-surfaces using parallel interpretation lines through an automatic procedure, and later
on edited each sub-surface to account for the intersecting
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Fig. 8  Location of 3D curves
resulting from the geophysical
and geological interpretation
carried out in this work and
the limits of the correspondent
surfaces built, overlaid by the
geological limits after Oliveira
et al. (1988) and the study area
limits (white rectangle). a Base
of Mértola Fm.; b top of the
Lower VSC, which built using
only drill-hole data (points); c
The top of the PQ
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interpretation lines, as the latter also created some problems
in the respective sub-surface creation and data (3D curves)
were not honoured. Afterwards, each 3D surface corresponding to a stratigraphic boundary was derived from the
merge of multiple sub-surfaces built for each subarea. The
next step to build up the final surface for each stratigraphic
boundary was a time-consuming explicit modelling process
where the many sub-areas were merged into a single surface
using manual editing. This ensured that the final surface
remained faithful to the 3D interpretation curves with a linear interpolation in areas with no data and therefore avoiding
the generation of false structures.
The final step for the creation of each stratigraphic surface
was to adjust it to fit the drill-hole markers (a marker is a
spatial symbol that in the 3D modelling software delimits
stratigraphic boundaries defined in the drill-hole geological
logs). Though the latter were used to guide the geophysical
interpretation, many drill-holes were placed out of the 2D
interpretation lines plane and the surface building process
itself sometimes originated errors of 200 or 300 m between
the surface and drill-holes, and a drill-hole fit can provide
a greater accuracy to the final surface. After the application
of this automatic procedure to the 3D geological surfaces
built, an average error between the surface and the drillholes (before the fit) of approximately 20 m and 35 m was
obtained for the BMF and TPQ surfaces, respectively. These
small errors revealed that at least in the region with good
drill-hole control, the surfaces derived from the geophysical
and geological interpretation were adequate. The final 3D
surfaces are shown in Fig. 9a–c.
As stated above, it was not possible to identify the top of
the Lower VSC sequence in the TEM and seismic sections
and the TLVS surface was built only in the central study
area, where a higher drill-hole concentration is available.
A total of 813 surface drill-holes was used and 46 of these
drill-holes had multiple top of Lower VSC sequence markers. This setting includes structure compression and stacking that occurred during tectonic inversion from extensional
and compressional stages, which resulted in the existence
of several thin layers of the Lower VSC alternating with
Mértola Fm. or Upper VSC due to thrusting. Only the geological formation hanging wall Lower VSC markers in each
drill-hole were used to build the TLVS surface. Therefore,
the Lower VSC unit of this model may contain a few tens
of meters of thrusted Upper VSC or even Mértola Formation (flysch sediments) (Oliveira et al. 2013). Layers as thin
as this (a few tens of meters) cannot be resolved due to the
sparseness of drill-hole data, as they cannot be identified
with geophysical data.
The top of Lower VSC Formation was then built directly
from the drill-holes markers by interpolation using the DSI
(Discrete Smooth Interpolation) method (Mallet 1989). The
3D surface was cross-checked with the drill-hole markers
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and geological cross-sections to detect possible errors; if
detected these were corrected and the surface recalculated.
Finally, the produced surface was validated by surface geology/cross sections (Oliveira et al. 2016) and the part where
the stratigraphic surface erroneously occupied the correspondent outcrop of Lower VSC or the PQ Formations was
eliminated. The resulting surface is presented in Fig. 9b.

Discussion: error assessment and potential‑field
data control
In the areas where drill-hole density is high, as in the NevesCorvo mine region, where the seven known deposits are
located, the confidence in the model is high. Outside these
areas, with a lower drill-hole density, it is more difficult to
measure depth errors that may be present in the model. Log
data interpretation was sometimes conditioned by the detail
of log survey. Considering the available data, we can consider a good approach to the Mértola and PQ formations
surfaces. At VSC rocks some ambiguity exists especially in
the description of the boundary between Lower VSC/Upper
VSC sequences but available LNEG high resolution studies
performed at Neves-Corvo region (e.g. Oliveira et al. 2013;
Mendes et al. 2020 and EXPLORA Project) and Somincor
unpublished information allowed to make this separation
possible. Seismic data were generally close to drill-holes
data and only reflectors that had a reasonably good continuity were used in the model building-up. Once the stacking
velocities were used to depth-convert the time sections to
depth sections, the depth error of the seismic data is associated with the velocity error of the stacking velocities. Velocity errors up to 20% are generally admitted for the stacking
velocities in a complex geological medium such as the study
area (Al-Chalabi 1979; Blackburn 1980). Assuming a maximum velocity error of 20%, a maximum depth error of about
250 m is estimated for the depth-converted seismic data at
a depth of 0.5 s two-way-time (~ 1250 m). This can be considered as an average depth error, once the average depth of
our model is of the order of 1250 m, and the deepest surface
(i.e., TPQ) does not reach 3 km depth.
To estimate the depth error present in the TEM data, we
repeated the 1D inversion of the stations in some selected 2D
cross-sections in areas with drill-holes and in areas with no
drill-hole control. A free inversion and constrained inversion
by drill-holes for each section was carried out. This procedure allowed to estimate depth errors in areas with good
drill-hole control and extrapolate the errors to area with no
drill-hole control. An empirically derived maximum error
close to 200 m has been estimated for the TEM line's interpretation at depths close to the investigation depth, which
is around 1.5 km. In the first km depth, errors of 40–100 m
were typically found.
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Fig. 9  Final 3D geological
surfaces, with geological limits
overlaid. Depths are mean sea
level. Insets show plan view of
the surfaces and location of the
study area (white rectangle).
Inset of b shows limits of the
other surfaces. PQ in brown;
Mértola Fm. in cyan. a Base
of the Mértola Fm.; b top of
the Lower VSC c top of the PQ
basement

Another way to analyse the surfaces built here and to
identify possible mistakes or gross errors in some regions
of the model surfaces is by comparing them with potentialfield data (see appendix). The correlation between geological model surfaces and potential-field data can also help us
to understand the potential-field maps if analysed together

with property measurements (magnetic susceptibility and
densities). As stated above, potential-field data were not used
directly in the model construction.
Due to the larger density of the PQ rocks (see e.g.
Marques et al. 2019; Matos et al. 2020a) and the lower
magnetic susceptibility of the metasedimentary rocks of the
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Mértola Fm. compared with VSC volcanic and deeper PQ
rocks in the study area, a good correlation between the top
of the PQ surface with the Bouguer anomaly map and of the
base of the Mértola Fm. with the total field magnetic anomaly map could exist. The base of the Mértola Fm. and top of
the PQ surfaces have been compared with the residual of the
Bouguer anomaly map of the region produced by Marques
et al. (2019, see Fig. 10a, b).
According to a density database with approximately
30,000 measurements (Marques et al. 2019), the PQ basement has an average density of 2.79 g/cm3, while the Base
of Mértola Fm. and VSC have average densities of 2.72 and
2.77 g/cm3, respectively. The upper limit in our density database for the PQ (3.22 g/cm3) is also greater than that of the
VSC formation (3.11 g/cm3). If we add up to this fact that
only the upper PQ was sampled in our density database, we
should expect the deep PQ basement (> 2 km) and the lower
(probably older?) unknown geological units to have greater
densities than the VSC due to compaction and recrystallization. Therefore, we should expect that the PQ and pre-PQ
basement should have a strong influence on the observed
gravimetric field. This is supported by available seismic
reflection that in some areas where the TPQ basement and
units beneath are seen to rise to shallow depths (see Fig. 5a),
a correspondent rise in the Bouguer and residual gravity
anomalies is observed. Another example can be seen in the
Rosário-Neves-Corvo antiform area, where the PQ outcrops
(compare Figs. 1 and 12 in the appendix). A better correlation is expected with the base of Mértola Fm., as the density contrast of the average density in the region (~ 2.76 g/
cm3) with Mértola Fm. is larger than the contrast with the
TPQ. A comparison based on Euclidean distance was carried
out between the residual of the Bouguer anomaly map with
the depths of top of PQ and base of Mértola Fm. surfaces.
Pearson’s product-moment correlation coefficient was 0.64
and 0.68 respectively, with standard errors of 1.8e−5 and
2.3e−5, respectively. The correspondent linear regression
slopes are 0.0008 and 0.0012, with errors of ± 1.8 × 10–5
and ± 2.4 × 10–5 respectively, for the TPQ and the BMF.
Note that our goal with this analysis, besides those above
mentioned, is also to check if in the future research we can
use potential-field data to estimate the depth of the stratigraphic surfaces outside the study area, and at the same
time investigate the areas where the correlation between
potential-field data and the geological surfaces is lower and
therefore gain geological information on these particular
areas. Note that potential-field data does not have a linear
relationship with the depth of these stratigraphic surfaces
and depends on other factors such as geological facies variations, unknown lithological variations due e.g. to the presence of hidden faults and igneous plugs, depth of burial,
etc. Therefore, a slope or a correlation coefficient of 1 were
not anticipated. Our aim was to check if the variations in
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potential-field data are accompanied by similar depth variations in the stratigraphic surfaces. In that sense, Pearson’s
product-moment correlation coefficient may be more appropriate to this goal, as it represents a normalised measurement
of the covariance between two variables.
Similar reasoning can be applied to the reduced-to-the
pole magnetic anomaly map (see Fig. 13 in the appendix).
Metamorphic, metasedimentary rocks have a lower magnetic
susceptibility than igneous rocks, particularly in comparison
to mafic rocks (e.g., Hinze et al. 2013; Clark and Emerson
1991; Dobrin and Savit 1988). Therefore, we should expect
the VSC formation, constituted by felsic, intermediate and
mafic volcanic rocks, to constitute the magnetic basement in
the region, given that both the shales and greywackes of the
Mértola formation and the PQ quartzites and phyllites have
lower magnetic susceptibilities. Measurements of magnetic
susceptibility with a KT-10 handheld meter in drill-holes
and outcrop have recently been made by some of the authors
in the study region. Table 2 summarises these approximately
880 measurements that have been done with a sensitivity
of 10–6 SI. As source of the shallow (< 1500 m) magnetic
anomalies, the following geological units can be considered:
jaspers with disseminated magnetite, Upper and Lower VSC
intrusive basic rocks and Lower VSC spillite basic lavas with
disseminated magnetite and pyrrhotite (Matos et al. 2020a).
Other deep magnetic sources can be present in the Portuguese IPB region related with hidden structures and crust
layering (see regional IPB magnetic map, Represas et al.
2016; Matos et al. 2020a) that together with the shallower
sources constitute the magnetic basement. Table 2 shows
us that the PQ Group units have a slightly higher magnetic
susceptibility than the Mértola Fm. and VSC sedimentary
and felsic volcanic units.
Below the Mértola Formation the Upper VSC sequence
formed, from base to top, by the Graça, Grandaços, “Borra
de Vinho” and Godinho formations (Oliveira et al. 2013,
2016) (see Fig. 2), which have a thickness up to 200 m are
characterized by sediments locally with intercalation of
minor volcanic rocks. Therefore, the reduced-to-pole total
magnetic intensity (RTPTMI) map should have a strong
correlation with the top of Grandaços Formation depth
(not mapped in this study), where intrusive basic volcanic
rocks are common in the Rosário-Neves-Corvo Antiform
(see Oliveira et al. 2013, 2016). Therefore, the magnetic
map should also show some correlation with the depth
of the base of Mértola Fm. surface in some regions of
the study area, such as the areas where the Mértola Fm.
thickness is greater and present a lower magnetic intensity.
Higher magnetic intensity regions would occur where the
Grandaços formations includes interbedded basic volcanic
units but that do not necessarily correspond to areas with
reduced thickness of the Mértola Fm. Thus, one should
expect the RTPTMI map to have a lower correlation with
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Fig. 10  Correlation of the
depths of the final 3D geological surfaces with potentialfield maps. a Residual of the
Bouguer anomaly map with
base of Mértola Fm. depth surface; b Residual of the Bouguer
anomaly map with top of the
PQ surface; c IGRF reduced,
reduced-to-the-pole aeromagnetic total-field intensity map
with the base of Mértola Fm.; d
IGRF reduced, reduced-to-thepole aeromagnetic total-field
intensity map with the top of
PQ depth
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Table 2  Magnetic
susceptibilities measurements
carried out with a KT-10
handheld meter in drill-hole
cores and outcrop for some of
the geological formations of the
study area

Geological Formation

Mértola
Brancanes and Godinho tuffites
Borra de Vinho
Grandaços (sediments)
Grandaços (mafic rock intrusions)
Graça
Neves
mafic volcanics (spilites)
felsic volcanics
PQ
Borra de Vinho
Grandaços (sediments)
Grandaços (mafic rock intrusions)
Jaspers and cherts (Lower VSC)
Felsic volcanics
Mafic volcanics
PQ

the depth of the base of Mértola Fm. than the gravimetric
map with the depth of the same surface. Looking at the
values present in Table 2, the magnetic basement in the
areas where Grandaços basic rocks are not present maybe
probably constituted by the Lower VSC, once the Neves
Fm. and the jaspers that top this formation, since their
susceptibility is one of order above Upper VSC sediments
and felsic volcanics and Mértola Fm. Figure 10c, d displays the correlation of the RTPTMI map with both the
depths of Mértola Fm. base level and the depth of the top
of PQ 3D surfaces.
The product-moment correlation coefficient between the
RTPMI map and the depth of the base of Mértola surface
is 0.44 with a standard error of 5.2 × 10–4, showing a lower
correlation between the two surfaces and clearly below the
correlation of the stratigraphic surfaces with the gravimetric
maps. The slope of the linear regression is 0.0111 with an
error of ± 5. × 10–4. The correlation coefficient of the RTPMI
map with the depth of TPQ surface is 0.55 with a standard error of 3.7 × 10–4, and a slope of 0.0110 with an error
of ± 4 × 10–4 was estimated for the linear regression, showing that in a good part of the study area the geological and
geophysical surfaces have similar variations. This result is
not surprising once the PQ basement is constituted by metasedimentary rocks with magnetic properties slightly above
Mértola Fm. and Upper VSC units, magnetic properties of
the PQ Group possibly increase with depth and degree of
metamorphism and the TPQ surface in many regions maybe
close to the magnetic basement. The correlation coefficient
with the base of Mértola Fm. also indicates that very possibly, in the areas where the VSC rocks contain mafic volcanic
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Number
samples
Drill-hole

Outcrop

124
36
7
74
164
9
8
164
102
34
7
14
7
20
30
60
23

Magnetic susceptibility (× 10–3 SI)
Minimum

Maximum

Average

0.001
0.03
0.085
0.031
0.023
0.095
0.065
0.012
0.038
0.018
0.105
0.035
0.159
0.079
0.044
0.175
0.128

0.084
0.41
0.899
1.890
0.303
0.329
3.080
138
2.41
3.78
0.222
0.223
0.439
38.4
0.145
7.45
0.608

0.19
0.21
0.356
0.354
1.825
0.245
1.162
4.14
0.38
0.458
0.172
0.119
0.293
3.246
0.086
0.6
0.279

rocks, in the first place, but also felsic or intermediate volcanic units, these constitute the magnetic basement.
Therefore, the depth variations of the 3D stratigraphic
surfaces resulting from drill-hole and geophysical interpretation covering the entire study area (base of the Mértola
Fm. and top of PQ) agree, taking into consideration the
known magnetic and density properties of the rocks present
in the study area, with the potential-field maps and their
variations. This simplistic analysis has of course its limitations, in particular in the areas where intermediate-wavelength anomalies of the potential-field maps are present and
whose sources are very probably deeper than the investigation depth of the model built in this work. In shallow areas,
where field strength amplitudes are influenced by near surface features, the analysis is probably adequate but at great
depth it might be problematic. Qualitatively it is well understood that broad wavelength anomalies originate from larger
and deeper sources. The specific field strength along a broad
wavelength feature is the superimposed result of multiple
physical property contrasts and geometries. Nevertheless,
analytical prolonging of the gravimetric and magnetic maps
(not shown here) at several altitudes showed that most of the
sources responsible for the observed gravity anomalies are
placed in the first 2 km below the surface, while the magnetic map seems to reveal deeper sources. Therefore, this
simplistic analysis may be valid in a good part of the study
area for the gravimetric data, while it helps to understand
the lower correlation of the geological surfaces derived here
with the magnetic data.
To summarise, taking into consideration the average errors from the fit of the surfaces derived from the
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interpretation of the drill-hole data, the qualitative and
quantitative analysis for the errors of the seismic and TEM
interpretation, and the comparative analysis with potentialfield maps and physical properties measurements, led us to
conclude that realistic 3D surfaces of the major stratigraphic
boundaries for the entire study area have been built under the
scope of this work, greatly improving previous attempts to
construct 3D geological models in the Neves-Corvo and in
the Portuguese sector of the IPB region as well.
Figure 11 shows the limits of the several 3D geological
models existent in the study area, including the one derived
in this work. The PROMINE model (Inverno et al. 2015)
built with data available up to 2012, provides a regional
framework for the IPB Portuguese sector but, as explained
above, lacks the detail of the 3D model presented here
due to the lower number of drill-holes, TEM and geological cross-sections used in the Neves-Corvo region. In this
work we have used updated drill-hole, geological outcrop
data, reprocessed 2D seismic data and PROMINE seismic
data, not used in the Lundin confidential models, and we
also used the 3D seismic cube, which was not used in the
PROMINE model. In our study, we have also separated the
Upper from the Lower VSC in the central part of the study
area, an important stratigraphic boundary as the TLVS is
usually associated with the occurrence of massive mineralisation. The surface building process was also distinct from
the previous PROMINE model, allowing the construction
of more accurate and higher-resolution 3D surfaces than
before. The other unpublished 3D geological models contracted by Lundin Mining, date from 2007 and 2017, and

Fig. 11  Detailed comparison of the areas covered by previous 3D
geological models (PROMINE project in green; unpublished, confidential Lundin models of 2007 and 2017 in purple and red, respectively) with the surfaces built in this study (limits of the base of the
Mértola Fm. in cyan, top of the Lower VSC in pink, top of the PQ in
brown). For location, the geological limits of Fig. 1 are displayed in
black

were used to constrain 3D gravimetric inversions. These
models cover a smaller area than the model built in this
study and also did not make use of reprocessed 2D seismic
(Donoso et al., 2020), PROMINE seismic data (Inverno et al.
2015; Carvalho et al. 2017), TEM (Dias et al. 2021; Marques
et al., 2019), and recent geological data (Matos et al. 2017,
2019, 2020a; Morais et al. 2017, 2019; Pereira et al. 2018;
Mendes et al. 2020). Furthermore, the 3D model produced
here includes the most recent drill-hole data, containing
approximately more 500 drill-holes than the 2017 confidential model and more 4000 drill-holes than the PROMINE model and 2007 Lundin model. Our study also uses
reprocessed potential-field data carried out under the scope
of another work (Marques et al. 2019), allowing a better
investigation of the 3D geological surfaces built.

Conclusions
Explicit 3D geological modelling built from a suite of geoscience data constraints, although time-consuming, provides
a significant level of detail relative to the more commonly
implemented implicit modelling practices. These models
constitute a way of better understanding the tectonic history
of a region, fluid migration paths and identifying alteration
zones, which in turn contribute to a better understanding of
the genesis and location of mineral deposits.
In the scope of this study, we have built a constrained
3D geological model within part of the Portuguese sector
of the Iberian Pyrite Belt that hosts the world-class NevesCorvo deposit. The model considered the major stratigraphic
interfaces of the region, which are: the base of the Mértola
Formation, the top of the Lower VSC that was spatially
limited to the central part of the study area where there is
denser drill-holes concentration, and the top of the PQ Formation, together with the 7 known Neves-Corvo massive
sulphide deposits (slightly underlying the top of the Lower
VSC). Model building was achieved through the integrated
interpretation of reprocessed TEM and 2D-3D seismic data,
over 8000 drill-holes, updated geological outcrop data and
reprocessed 2D seismic, while the seven known deposits
geometries were defined only with drill-hole data. Relatively
to the latest unpublished and confidential Lundin model of
2017, more than 500 drill-holes were used (and the double of
the drill-holes of the PROMINE model) together with reprocessed 2D seismic data and 3 of the 6 PROMINE seismic
reflection profiles and very recent geological data. The area
covered by the model presented here is also larger than the
2017 Lundin model and only the PROMINE model covered
a larger area, though with much less detail in the NevesCorvo region.
The process of 3D surface building from the interpretation curves was a time-consuming one that required heavy
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manual editing of the surfaces but in the end, it guaranteed
that the surfaces respected the geophysical and geological
interpretation. The final adjustment of the surfaces to fit
the drill-hole data assured accurate representations of the
stratigraphic boundaries in the study area in the region of
larger drill-hole concentration, producing a 3D model with
unprecedented detail and realism. It also increased the area
covered by the most detailed models available before this
study, though of course the density of the data available limits the accuracy.
The new geological model built in the scope of this
work allows for a better understanding of the geological
and tectonic history of the study area and simultaneously
promotes a more efficient and reliable exploration targeting
approach. The model can also be used as input to constrain
Fig. 12  Residual of the Bouguer
anomaly map of the study area.
A second degree polynomial
was used to extract the regional
and a reference density of
2.76 g/cm3 to produce the
Bouguer anomaly. The geological limits shown in Fig. 1 are
overlaid for location purposes

Fig. 13  Total-field magnetic
intensity, IGRF reduced and
reduced-to-pole map of the
study area. The reduction-topole was carried out using the
central point of the map. The
geological limits shown in
Fig. 1 are overlaid for location
purposes

13

or refine geophysical models obtained for example through
inversion of potential-field or electrical/electromagnetic
data, and from these generate new targets for exploration.
The first use of the 3D geological model built in the scope
of this work has been through the 3D constrained gravity
inversion (Marques et al., under review), where a few areas
of interest have been outlined from an exploration perspective, and these are being investigated.

Appendix
See Figs. 12, 13.
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