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Abstract
The 150 Mt Lombador massive sulphide deposit is one of the seven known deposits of the Neves-Corvo mine. The deposit
dips approximately 30º–35º to the NE and is open down dip, with current exploitation reaching down at 1 km depth. To
investigate the possible downwards continuation of the deposit, a 1D constrained inversion of time-domain electromagnetic
(TEM) ground loop data was conducted, followed by 3D electromagnetic (EM) forward modeling and a constrained 3D
gravimetric inversion over the same area. To perform the EM and gravity modeling/inversion, a 3D geologic model was
built using a density database comprising of approximately 300 drill-holes, and an electrical conductivity database with
measurements from resistivity surveys and 1D inversion of the TEM data. The EM modeling shows that the Neves Formation shales are a regional conductive layer extending down to approximately 1.6 km depth in the Lombador area. This layer,
often topped by massive sulphides, has an average density of 2.83 g/cm3, whereas stockwork and massive sulphide reach on
average 3.1 g/cm3 and 4.5 g/cm3, respectively. The 3D constrained gravity inversion results do not support the hypothesis of
the presence of massive sulphides located in the down-dip direction of the Lombador deposit in the immediate vicinity of
the known deposit. The lack of spatial resolution of the gravity grid, the study area limited size and the lack of information
from within the basement suggest further studies are required to confirm the presence and amount of stockwork mineralization down-dip the Lombador deposit inside the Neves-Formation or the Phyllite-Quartzite basement.
Keywords Neves-corvo mine · 3D electromagnetic forward modeling · 3D gravity inversion · 2D seismic reflection ·
Massive sulphides · Lombador deposit · Stockwork mineralization

Introduction
The Neves-Corvo mine, located in the Iberian Pyrite Belt
in southern Portugal (Fig. 1) is a world-class volcanogenic
massive sulphides (VMS) deposit and the largest operating
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mine in the country. Seven massive sulphide bodies have
been discovered up to date (Fig. 1), of which two remain
open at depth. The tier-one, 150 Mt Lombador deposit is one
of these two deposits, with the present exploitation depth of
about 1 km below the surface. The lens dips approximately
at 30º–35º to NE, and a few sparse underground drill-holes
recently drilled do not show the presence of stockwork mineralization below the current exploration depth of 1 km.
Therefore, to investigate the Lombador down-dip extension
of the mineralization, a 1D constrained inversion of timedomain ground loop electromagnetic data (TEM) followed
by 3D electromagnetic (EM) forward modeling and the 3D
inversion of land gravity data has been carried out in a coincident area. This approach of using combined electrical/EM/
gravity methods and geological data has led in the past to
the discovery of several of the currently known deposits (e.g.
Marques et al. 2019).
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Fig. 1  Geological map of the Neves-Corvo region (after Oliveira
et al. 2016) showing the approximate location of the 3D gravimetric
inversion and 3D EM forward modeling study area (green rectangle).
Red lines represent the surface projection outline of the seven known
deposits. Lombador EM loops and lines are shown as grey lines and
dashed line, respectively. Yellow line and dashed arrows display the
location of TEM line 100 shown in Fig. 2 and blue line (pointed
arrows) shows TEM line 700 displayed in Fig. 7. Station 5800 is
mentioned in Fig. 3b, c. VSC volcanogenic massive sulphides

Massive and stockwork mineralization have average
densities of around 4.6 g/cm3 and 3.1 g/cm3, respectively,
well above the density of volcanic and sedimentary rocks
in the region, which averages approximately 2.76 g/cm3.
Electrical conductivities of the regional rocks show a wide
range, according to the content in pyrite, graphite or degree
of water saturation (porosity). Thrusted, water circulation
zones, and also graphitic and pyritic shales all present low
electrical resistivities, similar to mineral-bearing rocks,
which makes it difficult to infer the presence of mineralization based only on EM/electrical methods. When both
methods are jointly used, the detection of mineralization is
much better grounded.
This approach has therefore been followed in this study.
1D inversion of TEM data acquired by Lundin Mining in
2008 showed that a conductive layer extends down to 1.6 km
depth. A constrained 1D inversion was repeated in the scope
of this work using the lithological log of a larger number
of drill-holes and a new electrical conductivity database,
which allowed a better understanding of the local rocks electrical resistivity response. This 1D inversion was followed
by 3D forward modeling, which used as input a geological
model based on 300 drill-holes. The EM modeling carried
out in this work confirmed that the regional conductive layer
corresponds to the Graça and Neves Formations black shales
with graphite and disseminated pyrite and that it extends in
the Lombador area down to 1.6 km depth. If not disturbed by
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tectonic inversion, the Neves Formation may contain mineralization at the top.
Dias et al. (2020) carried out a preliminary 3D gravimetric inversion in the study area of this work using as starting
model the same 3D geological model used in this study,
and the results showed a Neves Formation layer with an
average density close to 3 g/cm3 and well above the 2.8 g/
cm3 expected for this formation, suggesting the presence of
mineralization. In the scope of the present work, we complete the 3D gravimetric study with the forward modeling of
the 9-layers model used in the EM modeling/inversion with
the inclusion of the Lombador deposit and of a hypothetical
down-dip extension of this deposit. Several inversions with
distinct starting models were afterwards run and compared
with a 2D seismic section recently reprocessed by Donoso
et al. (2019). The integrated interpretation of the results does
not support the existence of a large massive sulphide body in
the vicinities of the known deposit, but the presence of some
stockwork mineralization down-dip the current Lombador
deposit is suggested by the 3D gravity inversion.

Geological setting
Local geology comprises, from top to bottom: the Visean
Mertola Formation, a Flysch composed mostly by
greywackes and dark grey shales (Oliveira et al. 2004), the
Volcanic-Sedimentary Complex (VSC) of Strunian-Visean
age, and the Phyllite-Quartzite (PQ) basement Formation of
Frasnian age (Oliveira et al. 2004). The allochthonous VSC
is composed from top to bottom by the Brancanes Formation
(black shales with disseminated pyrite), Godinho Formation
(tuffites and grey siliceous shales), “Borra de Vinho” Formation (purple and green shales), Grandaços Formation (black
shales with carbonate lenses and nodules), Graça Formation
(black, pyritic, graphitic shales and grey siliceous shales),
basic intrusive rocks and felsic volcanic rocks interbedded
in Graça Formation (Upper VSC). The jasper and carbonate
unit (ore immediate hanging wall) caps the Strunian massive
sulphide ore at the top of the autochthonous, Lower VSC
pile (Fig. 1), also including Neves Formation (black shales),
Corvo Formation (shales with carbonate nodules) and felsic
volcanic rocks, all of them hosting the stockwork. Stockwork mineralization is also recognized in the PQ Formation.
The area is marked by southwest verging thrust sheets and
Late Variscan vertical strike-slip faults. One major thrust,
known to exist in the whole Neves-Corvo area, also affects
the Lombador sub-area, the main ore-bearing horizon lying
in the thrust footwall.
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Ground TEM data 1D and 3D modeling
For the TEM modeling, the AMIRA p223 codes (Raiche
et al. 2007; Wilson et al. 2006) were used. The Lombador
TEM data were acquired by Lundin Mining in 2008 with a
Crone Pem System, and each transmitter loop had a size of
1000 m × 1000 m with an approximate 13 A of current. From
the Lombador survey, 3 lines each 2 km long were chosen
(see Fig. 1) to carry out the 1D inversion and 3D forward
modeling. A total of 60 stations 100 m apart, with 300 m
line spacing, were inverted using the vertical component of
the secondary field data.
Firstly, to determine the electrical response of each geological formation present in the study area and prepare the
3D forward modeling, 1D inversion of the ground TEM data
was carried out using Beowulf code (Raiche et al. 2007) and
(EMIT’s) Maxwell commercial software. The inversion was
constrained by information from approximately 300 drillholes, which helped the identification of the signature of
each geological formation. Only the drill-holes closer than
50 m to the TEM lines were considered in the 1D inversion, due to the strong lateral lithological variation present
in the study area. 2D resistivity cross-sections were built by
interpolation between the stations for each TEM line. An
example is shown in Fig. 2 (and another example later on
in the paper).
From the 1D constrained inversion of the three lines,
a range of resistivity values was provided for the several
geological formations present in the study area. These
were compared with resistivity values obtained from electrical DC surveys acquired approximately 50 km further
NE of the study area (Ramalho et al. in press), and with
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a few conductivity measurements carried out in drill-holes
from the Neves-Corvo region under the scope of this study.
Table 1 summarises the resistivity values obtained from
different sources. A good agreement between the different
sources was obtained for the resistivities measurements if
we take into consideration the variation of content in organic
material, water and weathering degree (Ramalho et al. in
press).
After the 1D constrained inversion, Amira code Loki
(Raiche et al. 2007) was used to carry out the 3D forward
modeling of the study area. A vast number of drill-holes
available in the study area (approximately 300 drill-holes)
was used to build the 3D starting model. Results from the 1D

Table 1  Average resistivities for each geological formation of the
Lombador study area obtained from the constrained nearby DC resistivity surveys (Ramalho et al. in press), 1D inversion of TEM loop
data, and drill-hole measurements
Geological formation

1D TEM inver- Drill-holes
sion (ohm.m)
(ohm.m)

DC
surveys
(ohm.m)

Mértola
Brancanes and Godinho
Purple and green shales
Thrust Fault and Black
Shales (Graça Formation)
Acid Volcanics
Black Shales
Ore and Black Shales
PQ

1959–1432
84–31
520–381
12–10

1960
30
384
10

1432
36
380
12

151–140
32–21
20–14
1138–950

150
30
14
1140

150
32
17
950

Fig. 2  1D inversion result along
the TEM line 100, obtained
using a stack of 1D models,
overlaid with the available drillholes (within a 25 m corridor on
each side of the TEM line). See
Fig. 1 for location of the TEM
line 100
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inversion were employed to interpolate electrical resistivity
between the drill-holes and obtain resistivity values, allowing to build a detailed geological model with 9 layers, where
the average resistivity value of each layer agreed with the
conductivity database of the study area, built as described
above.
Each layer of the model may contain 1 or more geological
formations, according to the average and range of resistivity
values of each formation. The layers of the input model are,
from top to bottom: (1) Upper Mértola Formation, (2) Brancanes Formation and (3) Godinho Formation Tuffites and

Shales, Purple and Green Shales Formation and Grandaços
Formation, (4) thrust fault zone plus and Graça Formation,
(5) Mértola 2 (Lower Mértola Fm) plus felsic volcanics, (6)
Black shales conductive layer, (7) Neves Formation black
shales, and main ore horizon, (8) transitional PQ layer, and
finally (9) PQ basement. This input model is displayed in
Fig. 3a.
The calculated model response shows a good correlation
with the observed data if we introduce a conductive layer 7
in the input model, with 10 ohm.m (Fig. 3b). If we attribute a larger resistivity of about 100 ohm.m, the fit between

Fig. 3  a 3D model of the study area (Loop 70 and 69) built for the
modeling work b Example of misfit between the observed and calculated decay curves from the 3D modeling of line Lombador N 400,

station 5800 for a resistivity of 100 ohm.m and c 10 ohm.m for layer
7 (massive sulphide mineralization and black shales), demonstrating
the presence of a conductive layer at Lombador down to 1.6 km depth
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observed and calculated response degrades significantly,
the larger the resistivity the larger the misfit. This confirms
the results of the 1D inversion, in the sense that the Neves
Formation black pyritic shales and massive ore highly conductive unit (layer 7 of the input model), extends down to
1.6 km depth and likely deeper. However, since both ore and
black pyritic and graphitic shales have high conductivity,
it is not possible with the TEM data alone to infer if this
highly conductive zone extending to 1.6 km depth is due to
the presence of mineralization or only to the black shales.
To clarify this issue, the 3D inversion of gravity data was
carried out.

3D gravimetric inversion
The gravity data set used in this study results from the levelling of distinct legacy ground surveys acquired from the
1950s to the 1990s, either by the Portuguese Geological Survey (LNEG) or by private mining companies (Marques et al.
2019; Represas et al. 2016). The individual surveys were
acquired with a regular station spacing of either 50 or 100 m.
The levelled grid was generated with a 100 m spacing and
a reference density of 2.7 g/cm3 was employed to create
the Bouguer anomaly map. This grid presented some small
wavelength anomalies which could, or not, result from the
levelling process and therefore, a second coarser grid with a
400 m spacing was also produced.
According to the density database used in this work
(Table 2), consisting of over 30,000 measurements in drillholes and outcrops (Marques et al. 2019), the black shales
have an average density of 2.8 g/cm3 whereas massive sulphides have an average density of 4.5 g/cm3. Therefore, 3D
gravimetric inversion is a well-suited method that could help
Table 2  Measured rock
densities from outcrops and drill
core from exploration drilling in
the Neves-Corvo region used in
the gravity inversion carried out
in this work, extracted from the
30,000 measurements database
of Marques et al. (2019)

us to investigate if the high-conductivity regional layer, that
in the Lombador area extends down-dip the known mineralization at least down to 1.6 km, has a density compatible with
the presence of stockwork or massive mineralization below
the current exploitation depth of 1 km. The inversion was
carried out using commercial software VOXI™ and covers
the same model area as the 3D TEM modeling.
Preliminary results were obtained by Dias et al. (2020)
showing that the regional high-conductivity layer 7 of the
model shown in Fig. 3a best fits the observed Bouguer
anomaly data with a density of around 3 g/cm3, well above
the average density of the local geological formations that
do not bear mineralization. This result was obtained using
the 9-layer model of Fig. 3a but not including the known
Lombador deposit inside the regional high-conductivity
layer number 7 of the model (Neves Formation). This layer
7 also has a large thickness (about 180 m when topped by
mineralization) when compared with the average thickness of the Lombador massive sulphides body in the study
area, which is around 50 m (the Lombador deposit has a
maximum thickness of 140 m and an average thickness of
approximately 100 m considering its total extension). Therefore, the possibility of the presence of a thinner plate of
massive sulphides inside the Neves black shales (layer 7 of
Fig. 3a model) could also justify the data and required further investigations.
In this work, several inversion runs were carried out with
different starting models to test this possibility. However,
before this inversion runs, a 3D forward modeling study
was performed to investigate the sensitivity and resolution
of the available gravity dataset. In these studies, both the
100 m and 400 m spacing grids were tested. Firstly, several
synthetic 3D gravity responses were calculated: (i) of the

Formation/unit

Rock type

N

Density range (g/cm3)

Density
average (g/
cm3)

Mértola
Brancanes + Godinho

Shales and greywackes
Pyritic black shales + Shales
and volcanogenic sediments
Green/purple shales
Siliceous shales and volcanogenic sediments + Black
shales
Rhyolites and Rhyodacites
Black shales
Shales and quartzites
Massive pyrite
Felsic volcanic rocks
Black shales and quartzites

1858
708

2.02–2.86
2.39–2.99

2.72
2.76

178
810

2.4–2.85
2.58–3.01

2.75
2.76

1970
63
428
42,866
59,200
33,900

2.57–3.11
2.68–2.87
2.56–3.22
2.4–5.6
2–4.97
2.1–4.89

2.74
2.8
2.79
4.53
3.07
3.08

Xistos Borra de Vinho
Grandaços + Graça
Felsic volcanic rocks
Neves
Phyllite-Quartzite
Massive sulphides
Stockwork
Stockwork
N number of samples
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model shown in Fig. 3a, (ii) of this model plus the known
Lombador deposits that intersect the EM study area, (iii) of
the known Lombador deposits and finally, (iv) of the known
Lombador deposits and hypothetical down-dip extension of
the Lombador deposit with a 50 m thickness.
The geometry of the hypothetical Lombador down-dip
extension was designed in agreement to the maximum electrical conductivity obtained inside the Neves Formation
(layer 7 of Fig. 3 model) from the 3D EM forward modeling
study and taking into consideration drill-hole information,
which suggested an interruption at depth of the Lombador
deposit. In the gravity calculations, the densities displayed
in Table 2 and a voxel with a cell size of 50 m × 50 m × 25 m
(x, y, z, respectively) were used. The observed gravity field
and the calculated gravity responses are shown in Fig. 4a–d,
respectively.
Figure 4 shows several important results. In the first
place, the 3D geological model built for the EM study area
(Fig. 3a) produces a gravity response (Fig. 4b), which has
some differences from the observed gravity field (Fig. 4a).
These differences are mostly due to the lack of the Lombador deposit and also due to the masses surrounding the
study area. Due to the highly 3D geological nature of the
study area and surroundings, the mathematical expansion
used by the inversion code to calculate the effect of the surrounding masses is unable to provide a realistic effect of
those masses. Secondly, we conclude that the response of the
known Lombador deposit at depth can be clearly observed
with the available gravity grid but it is recognized that this
response is diluted by the geological structure and composition of the region around the study area (Fig. 4c).
The presence of the hypothetical down-dip extension
of the Lombador deposit also produces a slightly different
response of the synthetic field (Fig. 4d). However, the synthetic response of the 3D geological model with both the
known and hypothetical deposits (see figure later on) slightly
decreases the similarity with the observed gravity field. To
conclude, the 3D forward gravity modeling study shows that
one is able, with the available Bouguer anomaly grid, to
Fig. 4  a Observed residual
gravity anomaly, and calculated gravity responses of b
residual of the 3D model shown
in Fig. 3a, c response of just
the Lombador deposit and d
response of the known Lombador deposit and hypothetical
down-dip mineralised body.
See Fig. 5 for the geometry and
position of the known and hypothetical Lombador deposits
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detect a hypothetical down-dip extension of the Lombador
deposit but the results obtained do not support the presence
of a deeper massive sulphide deposit at depth.
Nevertheless, to investigate the geometry, position and
thickness of a possible down-dip extension of the Lombador
deposit, several 3D gravity inversion runs were tested. In all
these inversions, the geometry of the 9 layers was fixed and
the densities were allowed to vary between the limits of our
density database (see Table 2). Figure 6 displays and summarises the most important results obtained for the multiple
inversion runs.
In first run, the same 9-layer model used in the EM forward modelling was used but the inversion did not converge
to the presence of the known deposit and it rather distributed
along the Neves Formation layer the excess of mass-produced by the deposit, attributing the Neves layer an average
density of around 3 g/cm3, well above the measured density
of our database (2.8 g/cm3). However, a higher density was
found close to the north-western side of the study area, in
agreement with the higher conductivity region of the 3D EM
forward modeling and 1D inversion results.
The following inversion had a more realistic starting
model and considered the same 9-layer model with the addition of the known Lombador deposit (run #2). The average
densities shown in Table 2 were used and a 100% constraint
was applied to all layers and densities except for the Neves
Formation layer, which could contain mineralization and
was set free (0.01% constraint). This inversion did not lead
to any high-density body inside the Neves Formation other
than the known Lombador deposit. The inverted density
value for the Neves Formation was within the limits of our
density database (see Table 2), though a few isolated areas
were seen in the north-western side of the study area with
densities around those of stockwork mineralization (3.5 g/
cm3).
A very similar inversion to this one was produced but
where the densities of all the layers were allowed to vary
within end-values of our density database. The density of
the Neves Formation layer was also unconstrained. Possibly
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this is a most realistic scenario. The inversion result was
very similar to the previous run and is shown in Fig. 6a. A
few isolated high-density cells can also be observed inside
the Neves Formation layer as well (Fig. 6c). The calculated
gravity response of this inversion is shown in Fig. 6d. The
similarity with the observed gravity field is good (Fig. 4a).
In the last inversion runs (run #3), the same 9-layer model
with the Lombador deposit were used, as in the previous
starting models but now including the hypothetic extension
down-dip of the Lombador deposit. As stated above, according to a few drill-holes (see also Integrated Interpretation
section, later on), no massive sulphides have been intersected down-dip the known Lombador deposit and therefore we disconnected the hypothetical unknown Lombador
down-dip body from the known deposit, in agreement with
the EM modeling, as shown in Figs. 4 and 5. Thicknesses
of 50 m and 100 m for the plate simulating the hypothetical
Lombador extension down-dip were used as starting models,
as well as starting densities of 3.5 and 4.53 g/cm3, to account
for stockwork and massive mineralization. Average densities
of the layers fixed and allowed to vary within the end-values
of the density database were run. The density and geometry
of the hypothetical Lombador down-dip extension body was
set unconstrained.
When the initial density of the hypothetical body was set
to 4.53 g/cm3, the code could not converge to a solution if
the densities were not allowed to vary more than the limits of
the density database. The result of this inversion is shown in
Fig. 6b. As we can observe in this figure, a small body with
densities around 5 g/cm3 was kept inside the PQ basement
but this starting model also produced some less trustworthy
results. For example, inside the PQ basement, densities of
2.1 g/cm3 are registered, in clear disrespect of our density
database. A starting density of 3.5 g/cm3 for the hypothetical down-dip extension of the Lombador deposit produced
very similar results.

Integrated interpretation and discussion
The 3D EM forward modeling carried out within the scope
of this work showed that a high-conductivity Neves Formation (black shales/mineralization) layer extends down
to 1.6 km depth below the surface (about 1.3 km m.s.l.),
and possibly below. According to the initial 3D gravimetric inversion performed by Dias et al. (2020), which did
not consider the presence of the known deposit in the starting model, the 180 m-thick Neves black shales (layer 7 of
Fig. 3a model) has a density of around 2.95 g/cm3, which
suggested the presence of massive or stockwork mineralization. We further investigate in this work the presence of an
extension down-dip of the Lombador deposit by introducing
in the gravity inversion starting model firstly, the known
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Fig. 5  a Side 3D view and b top view of the starting model used in
runs 3 of the 3D gravimetric inversion. Brown body represents layer
9 (PQ basement) of the 9-layer model used in EM forward modeling
shown in Fig. 3a. The known deposits are represented in dark red
(Lombador) and orange (Semblana, Neves, Corvo and Zambujal).
The hypothetical down-dip extension of the known Lombador deposit
is marked with the letter “H”

deposit (runs #2) and next, an additional body (runs #3).
The shape of this hypothetical body was designed taking into
consideration the 3D EM forward model results, available
drill-holes and seismic reflection data recently reprocessed
(Donoso et al. 2019).
The 1D EM inversion results (see example of Fig. 2) also
point to a decrease in electrical conductivity down-dip the
Lombador body and further deep, at around 1250 m depth,
a rise in conductivity, also suggesting an interruption of the
Lombador deposit at depth.
Seismic reflection data recently reprocessed (Donoso
et al. 2019) show the presence of a reflector coinciding
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Fig. 6  Voxels with the main 3D gravity inversion results for the
various starting models shown in Figs. 3 and 5. a Starting model is
9-layer model of Fig. 3 with the inclusion of the Lombador deposit
based on drill-hole data (runs #2); b same starting model as (a) with
the addition of a hypothetical down-dip extension of the Lombador

deposit with a density of massive mineralization (runs #3); c top view
of result (a) but showing only densities greater than 3.5 g/cm3, with
the location of seismic section and EM 1D inverted line 700 shown in
Fig. 7; d calculated gravity field during the inversion procedure (compare with observed residual gravity anomaly shown in Fig. 4a

with the continuous massive sulphide mineralization until
approximately the present exploitation depths. The full
time-migrated and depth converted stacked section number
four from Donoso et al. (2019) is reproduced in Fig. 7a,
and in Fig. 7b–e its eastern part is overlaid to 1D inverted

TEM line 700, the limits of the 3D EM forward modeling
and gravity inversion study area, the gravity inversion
voxel with best results (runs #2), and the Neves-Corvo
thrust fault and Lombador deposit geometries based on
drill-hole data.
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Fig. 7  a Time migrated and depth-converted seismic stacked section PS4 reprocessed by Donoso et al. (2019). The migrated seismic
stacked section shows a strong reflector coincident with the known
deposit (arrows) and the main Neves-Corvo thrust (dash arrows). 3D
views of the study area (limits of the 9-layer geological model used in
the 3D forward EM modeling and gravity inversion are represented
by the black parallelogram), with the superposition of: b the time

migrated seismic section, the known Lombador deposit (red) and the
1D inverted TEM line 700; (c) same as b plus the Neves-Corvo main
thrust plane based on drilling data; d, e gravity inversion voxel of
runs#2 for densities above 3.5 g/cm3. The Lombador reflector also
correlates with high-conductivity EM and high-density gravity anomalies

We can see in Fig. 7b that there is a good match between
the lower high-conductivity region in the 1D inversion built
TEM cross-section with the Lombador deposit geometry
based on drill-hole data. The conductivity decreases downdip the known deposit until it starts to rise again at greater
depth, as stated above, suggesting the possibility of another

deposit. However, the Neves Formation is a regional conductive layer and further investigation is needed to corroborate
or not this possibility.
A double strong seismic reflector nearly matching the
position of the Lombador deposit can be observed in the
migrated seismic section. The upper reflector extends more
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laterally than the deeper one, more spatially limited. The
depth position of this double reflector depends on the accuracy of the velocity function used to convert the temporal
seismic section to the depth section and to migrate the seismic section. The time-migrated stacked seismic section
shown in Fig. 7 was converted to depth using a constant
velocity of 4700 m/s (Donoso et al. 2019), based on the
average stacking velocities. Better results could be achieved
if velocity well log data or vertical seismic profile data were
available, which is not the case for the Lombador area.
Velocity data does exist for the nearby Semblana deposit
(Yavuz et al. 2015) but the highly complex geological environment makes seismic velocity in the region very sitedependent. Regardless of that, the large average thickness
of the Lombador deposit, which is about 100 m, makes it
a good candidate for providing a good reflector due to the
impedance contrast of mineralization with host rocks (Yavuz
et al. 2015), as the above-mentioned thickness of the deposit
is enough to be resolved by the frequency of the seismic
data. The seismic reflector could also be the result of the
acoustic impedance contrast between the ore-bearing VSC
Formation and the PQ basement, but the velocity/density
drill-hole data does not point to an impedance contrast capable of providing a strong reflector (Yavuz et al. 2015).
Another hypothesis is that the strong upper reflection
originates from the Neves-Corvo thrust, that is placed less
than 100 m above the VSC/PQ stratigraphic boundary (see
Fig. 7c). Previous interpretation of seismic reflection data
in the region (Carvalho et al. 2017; Inverno et al. 2015)
shows that thrust zones generate strong reflections in the
area, rather than stratigraphic boundaries. Figure 7c shows
us both the position of the Neves-Corvo main thrust and of
the Lombador deposit based on drill-holes.
Looking carefully at Fig. 7b, c, it can be seen that there is
a good lateral spatial coincidence between the Neves-Corvo
thrust fault based on drill-holes and the upper strong reflector, while the second deeper reflector has a good lateral spatial match with the Lombador deposit. As mentioned above,
the double strong reflector is not appropriately migrated and
depth-converted due to the lack of accurate velocities (see
discussion above). The vertical mismatch between the Lombador deposit accordingly to drill-hole data and the correspondent reflector in the time-migrated seismic section is
of approximately 110 m, which can be accounted for with a
velocity change of 4% in the time-to-depth conversion velocity, well below the estimated differences between true and
stacking velocities in complex geological media (e.g. AlChalabi 1974). Figure 7b–e also shows the good spatial coincidence between the EM conductive bodies, high-density
(above 3.1 g/cm3) zones, seismic reflectors, and drill-hole
data.
Recently acquired seismic data inside the Neves-Corvo
mine, at the 640 m level and at the surface, with more than
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700 channels and using an innovative time-GPS system
and electromagnetic vibratory source (Donoso et al. 2021),
which is still being processed, also support that the known
deposit does not extend much more beneath present-day
exploitation depths but a second reflector is observed at
some distance outside the EM modeling study area of this
work, but close to it.
The 3D gravity inversion results of all the runs carried out
in this work (Fig. 6) do not point to an extension of the Lombador deposit down-dip beneath the present-day exploitation
depths. According to drill-hole and the EM modeling/inversion results, a hypothetical mineralised body spatially separated from the known Lombador deposit could exist at depth.
However, the gravimetric inversion results do not indicate
within the study area the presence of a second, deeper, highdensity body down-dip the Lombador deposit, with densities
compatible with those of massive or stockwork mineralization. Though the results of run #3 show the existence of a
high-density body inside the PQ, with a density well above
densities measured in the PQ, or of mafic sills contoured in
the Neves-Corvo region, this body results from the compensation of abnormally low densities placed by the inversion
inside the PQ (Fig. 6b, 2.1 g/cm3).
Furthermore, the study area in this work has reduced
dimensions, which were chosen to investigate the down-dip
extension of the Lombador deposit with EM data inverted
as a 1D conductivity depth sounding. The longer wavelength features in the gravity data originating from these
depths may not be adequately sampled as a result. The seismic reflector at depth observed in the stacked section of the
recent seismic survey (Donoso et al. 2021) is placed outside
the study area. Therefore, we should enlarge the area for 3D
gravimetric inversion. This requires the building of a 3D
geological model in a larger area, a time-consuming task that
is currently underway using more than 7000 drill-holes, 2D
and 3D seismic data, TEM data, aeromagnetic and geological data (Carvalho et al. 2020).
One should also take into consideration while analysing
the gravity inversion results that, with the present horizontal
voxel cell-size (50 m) and the Bouguer anomaly grid spacing
(100 m and 400 m) used in the inversions carried out here,
it is not possible to obtain detailed results on the density
distribution. The reduced size of the study area for the EM/
gravity modeling/inversion in this work and the 3D gravity
forward modeling study carried out in the previous section
shows us that the masses surrounding the study area possibly
are the main cause for the lack of similarity of the observed
and synthetic gravity responses, together with the lack of
information at depth, inside the PQ basement. Inaccuracies
in the 9-layer geological model due to the resolution of the
EM data and sparseness of drill-hole data (even though 300
drill-holes were used the geological complexity is large), add
up to the above mentioned two major problems.

International Journal of Earth Sciences (2021) 110:911–922

Therefore, though the integrated interpretation rules out
the possibility of a massive sulphide body inside the limitedsized study area, the gravity inversion results should be seen
with caution and the study area extended to investigate the
presence of mineralization in the regions around the current study area in this work, in particular, the analysis of
the recent seismic survey carried out in the mine (Donoso
et al. 2021).

Conclusions
The 150 Mt Lombador deposit is currently open at depth,
and it is important to delineate possible additional mineral
resources or provide sensible targets for drilling. In this
work, the possibility of the down-dip extension of the Lombador deposit beyond the present-day exploitation depth
(1 km) was investigated. Reprocessing and reinterpretation of available 1D ground loop TEM suggested the possible continuation of a regional conductive layer down to
1.5–1.6 km depth that according to drill-hole data has been
associated with the Neves Formation, typically topped by
mineralization.
The 1D inversion of the TEM legacy data over the Lombador deposit was repeated with 3D forward modeling of the
TEM data performed using a geological model constrained
by approximately 300 drill-holes. The EM modeling suggests a down-dip extension of the conductive regional Neves
Formation layer as deep as 1.6 km. This conductive horizon
can be related either to mineralization and/or the presence
of black pyritic (and graphitic) Neves shales.
To further discriminate between the overlapping conductivity signatures of these two scenarios, a 3D gravimetric
inversion was performed in a coincident model space using
legacy gravimetric Bouguer data. The results from the several inversion runs indicate that the presence of a body of
massive sulphides in the immediate vicinity, down-dip direction of the known Lombador deposit is not supported by the
surface gravity data. A second conductive body at depth suggested by EM modeling, spatially separated from the known
deposit was also investigated.
The 3D gravimetric inversion results do not support the
possibility of massive sulphides mineralization at a depth of
over 1.6 km. It should be noted that these depths of investigation are pushing the bounds of the actual data resolution,
however, a more definitive result may only be achieved utilizing borehole data with smaller source sensor separations.
From the irregular distribution of localized high-density
features situated down-dip of Lombador, the presence of a
less dense, stockwork-style body may be suggested. If we
consider the limited size of the study area and the impact
of surrounding masses, further clarity may be provided if
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a larger study area with information from deeper sources
inside the basement is included.
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