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Abstract: Batigelas is a mineral occurrence in the Alter do Chéo-Elvas
Sector of the Ossa-Morena Zone that was studied by the Servi¢o de
Fomento Mineiro, including soil geochemistry and terrestrial geophysics,
revealing anomalous metal contents combined with contrasting magnetic
values. The results obtained justified the execution of a cored drill hole.
New soil geochemistry campaign, using a portable X-ray fluorescence,
has yielded new detailed results, with a set of elemental analysis for the
region. The application of clustering methods (hierarchical and k-means
clustering) to the analyses allowed to detail not only the initial anomaly
identified, but also to discriminate the outcropping lithological units in
the region. The obtained results highlight the presence of a cryptic Zn-Pb
anomalous occurrence, thus emphasizing the importance of these
techniques in mineral exploration campaigns, providing new exploration
pathfinders.

Keywords: Batigelas, portable X-ray fluorescence, k-means clustering,
hierarchical clustering.

Resumo: Batigelas é uma ocorréncia mineral no Setor de Alter do Chéo-
Elvas, Zona de Ossa-Morena, que foi estudada pelo Servigo de Fomento
Mineiro através da avaliagdo geoquimica de solos e geofisica terrestre,
métodos que revelaram contetidos anémalos em metais base, bem como
um contraste acentuado das propriedades magnéticas na regido. Os
resultados obtidos justificaram a realizacdo de uma sondagem carotada.
Trabalhos recentes de geoquimica de solos, com recurso a uma
fluorescéncia de raios-X portatil, permitiram obter resultados detalhados
de andlises elementares fundamentais para a caracterizacdo geoquimica
da regido. A aplicagdo de métodos de clustering (aglomeragao hierarquica
e k-média) para a anélise dos dados permitiram, ndo s6 pormenorizar a
anomalia identificada inicialmente como também identificar as unidades
litolégicas aflorantes na regido. Os resultados obtidos permitiram
identificar uma nova ocorréncia anémala de Zn-Pb, salientando a
importancia da aplicacdo desta técnica em situagbes de prospecéo
mineral, com a identificacdo de guias geoquimicos.

Palavras-chave: Batigelas, fluorescéncia de
aglomeracdo k-média, aglomeragao hierarquica.
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1. Introduction

Throughout the 50s until the 70s decades of the 20" century, the
Servico de Fomento Mineiro (SFM), as a governmental
organization, conducted a systematic campaign of geological,
geochemical and geophysical recognition as a support for mineral
exploration, namely in the Ossa-Morena Zone (OMZ). The
different activities included rock and soil sampling, the later
usually in a regular grid, combined with geophysical
measurements, where magnetic and gravimetric approaches were
the most common and, when justified, some cored drill holes
were performed. This sampling was later used for geochemical
analysis of the rocks and soils collected. One of the expeditious
techniques used for geochemical characterization of soils was a
colorimetric test that identifies and relatively quantifies the
presence of heavy metals in soils, where copper, lead and zinc are
the most usual elements. The results provided a bulk value for
heavy metals, in ppm, not distinguishing between the several
elements present. Seldom, when in the presence of a heavy metal
anomaly, that could be combined with geophysical favourable
indicators, the execution of a cored drill hole to evaluate the
metalliferous potential was justified.

Batigelas, located in the Alter do Chéo-Elvas Sector (ACES),
is an example of an anomalous occurrence of heavy metals in
soils, with obvious contrast to the regional geochemical
background. A contrasting geophysical magnetic anomaly was
also identified near the Batigelas geochemical anomaly. A cored
drill hole was carried out, northeast of the geochemical anomaly
inclined 45° towards N217°, with the intention of crosscutting the
main geological features, as the structure in this sector dips
towards northeast. The core log indicates several lithotypes -
from top to bottom - conglomerates, calc-silicate rocks and mafic
intrusive rocks, the last two with sulphide (e.g. pyrrhotite,
chalcopyrite and pyrite) and oxide phases (Afonso, in Prep.);
however, the mafic rocks with sulphides do not seem to be
related with the Batigelas anomaly. Notwithstanding the
promising results, no further studies in Batigelas anomaly were
conducted, after these first outcomes.

Some exploration companies were interested in the regional
abundance of base metals and platinoids (e.g. Pinto et al., 2006),
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but the published reports demonstrate that Batigelas was not an
area that was further investigated in these campaigns.

During last year, the ZOM-3D project (see
acknowledgments) selected Batigelas as one of the selected
mineral occurrences to conduct additional studies. This work
presents the results of geochemical analysis in situ using a
portable X-ray fluorescence equipment. The application of
unsupervised machine learning techniques to the geochemical
data, namely clustering methods, was performed in order to
provide a better understanding of the recognized anomalies.

2. Geological background

The ACES of the OMZ (SW lberian Variscides) comprises a
Neoproterozoic to Middle Cambrian volcano-sedimentary
succession (Oliveira et al., 1991; Aradjo et al., 2013; Moreira et
al., 2014a), showing a NW-SE regional trend related with the
Variscan main tectono-metamorphic episodes (Aradjo et al.,
2013; Moreira et al., 2014b). This metasedimentary succession is
intruded by distinct magmatic rocks (Gongalves, 1972; Carrilho
Lopes 1989; Carrilho Lopes et al., 1993; Sant’Ovaia et al., 2013),
defining the main lithological units of this sector. Specifically, in
this sector crops out an intrusive mafic-ultramafic complex (Alter
do Chéo — Cabeco de Vide Complex) and some peralkaline rocks
(NE Alentejo peralkaline transect) of Cambrian-Ordovician ages
(Lancelot and Allégret, 1982; Carrilho Lopes et al., 1993; Diez
Fernandez et al., 2014), affected by regional metamorphism.
Additionally, a late Carboniferous granitoid complex (Santa
Eulalia Plutonic Complex; Serrano Pinto, 1984; Carrilho Lopes et
al., 2013; Pereira et al., 2017) crosscuts all the previous
mentioned lithological units.

The Batigelas mineral occurrence (Fig. 1) is located in the
northern part of the ACES, near the Alter do Ch&o Thrust, which
outline the contact with the Blastomilonitic Belt (BMB;
Gongalves, 1972; Oliveira et al., 1991; Aradjo et al., 2013), here
composed of high grade rocks of the Série Negra Succession,
comprising micaschists and black metacherts/metalydites with
Late Ediacaran ages (e.g. Gongalves, 1972; Oliveira et al., 1991;
de Oliveira et al., 2003; Pereira et al., 2006). Southwest from
Batigelas the Alter do Chdo — Cabeco de Vide Mafic-Ultramafic
complex crops out and, surrounding this intrusion, an aureole of
contact metamorphism with calc-silicate hornfels rocks is
identified (Gongalves, 1972), showing the temporal relationship
between this plutonic complex and the Neoproterozoic-Cambrian

succession.
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Figure 1. Geological setting of the Batigelas area. Adapted from Sheet 32-B Portalegre,
1:50 000 (Gongalves, 1972).

Figura 1. Enquadramento geol6gico da éarea de Batigelas. Adaptado da Folha 32-B
Portalegre, 1/50 000 (Gongalves, 1972).

3. Methods

Herein the results of a high-resolution geochemical soil campaign
(50mx50m) are presented and discussed. The soil analyses were
performed in situ, using a portable X-Ray Fluorescence (pXRF)
from Skyray Instruments, in a regular mesh (20x8=160 points)
around the historic drill hole, site where the most interesting
results (‘Mineralized Zone’; Fig. 1) were identified by the SFM.
The ‘Mineral Mode’ of the equipment (commonly named
‘Mining Mode’; Hall et al., 2013) was used. All the analysis were
performed in a homogenised and hand milled soil spot (defined
as “mole heap”; Lemiere, 2018), using the predefined settings for
this type of analysis, with a duration of 60 seconds for each run.
The pXRF equipment detected nine major elements including
SiOQ, A|203, MgO, Fe,0,, Cal, K,0, MnO, T|OZ and P,0s, and
fifteen trace elements: Sr, Rb, Zr, V, Cr, Ni, Sn, Cu, Zn, Pb, As,
Mo, Ga, Nb and Y.

The MgO, Al,O;, Ga and Mo were not used in this study
(light grey and bold in table 1) as they were detected in a reduced
number of samples (<50% of total samples) and, therefore, lack
statistical significance. It must be emphasized that pXRF
analyses have some limitations as previous described (Hou et al.,
2004; Hall et al., 2013; Bourke and Ross, 2014; Lemiere, 2018),
the same constraints apply to our study, namely the detection
limits and the possible interferences between elements.
Independently from these constraints, the results are in
accordance with the lithological, geochemical and structural data
which characterize the units previously described in SFM works.

Statistical analysis was conducted on the elemental data, and
the correspondent descriptive results are shown in table 1. A
multivariate statistical approach, through the computation of
hierarchical and k-means clustering, was performed using the R
programming language (R Core Team, 2014). The interpolated
maps were generated using the Inverse Distance Weighted
method (Isaaks and Svristava, 1989) with a factor of 2 and a pixel
size of 10 meters.

4. Geochemical data and their significance

4.1. Exploratory data analysis

The SFM campaign covered a 4 kmx2 km area, with a sampling
grid of 100mx100m. Figure 2 shows the interpolated results for
the heavy metals spatial distribution within the surveyed area.
This geochemical map clearly identifies a heavy metals
anomalous zone that aligns with the regional NW-SE trend
perfectly overlapping the SFM mineralized zone (Fig. 1). The
high-resolution pXRF campaign was conducted in this zone with
the intention of detailing their results, with a denser grid for the
identified and quantified elements.

For some of the major elements (CaO, MnO, Fe,03) the
interpolated maps show a gradient of values that can be related
with the lithological units, separating two distinct areas (Fig. 3):
(1) the southwest area, with high CaO, MnO and Fe,O; contents,
mainly composed of calc-silicate and metavolcanics, and (2) the
northeast area, with conglomerates and peralkaline rocks,
depleted in these elements. The patterns show a NW-SE general
trend, in accordance with the direction of geological structures
and lithological units of SFM (Fig. 1). For some of the trace
elements (i.e. V, Zr, Cr, Cu and Ni) the same chemical
distribution is also emphasized (see V, Cr and Cu examples in
figure 3). The interpolated maps for another group of elements,
specifically As, Pb and Zn (Fig. 3), reveal a different pattern
matching with the presence of the mineralized zone, similarly
NW-SE general direction. Besides these recognizable patterns,
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Table 1. Descriptive statistics of Major (%) and Trace elements (ppm).

Tabela 1. Estatistica descritiva de elementos maiores (%) e elementos traco (ppm).

Elements n mean sd median min max skew kurtosis
Major elements (%)
SiO, 156 30.26 20.83 29.95 1.36 73.93 0.28 -1.37
CaO 138 0.42 0.38 0.27 0.01 2.39 1.75 4.43
K,O 129 0.38 0.27 0.34 0.01 1.59 1.36 3.00
Fe,03 156 2.41 1.06 2.35 0.65 8.88 1.54 7.41
MnO 155 0.04 0.04 0.03 0.00 0.18 1.42 1.69
TiO, 156 0.45 0.19 0.40 0.09 0.91 0.45 -0.75
P,0s 128 0.05 0.04 0.03 0.00 0.18 1.08 0.08
Trace elements (ppm)

Sr 156 192.95 129.01 154.28 48.53 923.45 2.57 7.74
Rb 156 47.66 18.44 45.72 7.77 101.83 0.38 -0.05
Zr 156 247.89 21.35 248.13 185.58 307.65 -0.22 1.07
\Y 145 70.13 35.38 67.63 0.50 142.18 0.21 -0.72
Cr 156 79.74 29.67 78.27 28.29 186.82 0.41 0.09
Ni 155 41.57 23.02 40.83 2.42 100.40 0.17 -0.74
Sn 129 54.12 23.63 58.25 1.92 109.55 -0.26 -0.32
Cu 144 39.54 28.88 34.55 0.90 134.31 111 0.94
Zn 153 295.02 605.31 168.19 2.59 4971.15 5.07 29.44
Pb 156 93.21 185.95 49.71 26.38 1753.53 6.71 50.44
As 150 22.44 83.24 5.93 0.13 776.11 7.30 57.17
Mo 20 2.97 2.57 1.90 0.09 10.57 1.28 1.32
Ga 3 20.22 19.81 21.03 0.01 39.60 -0.04 -2.33
Nb 153 55.05 22.30 50.65 10.48 131.14 1.30 1.87
Y 156 17.46 9.35 15.34 1.38 53.88 1.26 1.35

the K,O interpolation shows a unique spatial distribution with
higher values in the region on the vicinity of the peralkaline rocks
(Fig. 3).

The MnO, V and Zn interpolated maps also show a well-
defined contrast between the area located at NW and SE blocks
of the Batigelas Fault. The NE-SW Batigelas Fault seems to
outline a break in the geochemical pattern following the regional
trend, which is visible in the SE block of fault and cryptic in the
NW one.

Major elements do not show very strong correlation in any of
the cases, nevertheless, Fe,O; shows strong positive correlations
with MnO (r = 0.8) and TiO, (r = 0.8), whereas MnO and TiO,
only display a moderate positive correlation (r = 0.5). For the
trace elements, Zn shows strong positive correlation with As (r =
0.8) and Pb (r = 0.8) and bhoth show perfect positive correlation
between them (r= 0.99); the pairs Sr-Y show perfect positive
correlation (r= 0.95) and Cu-Nb display strong positive
correlation (r = 0.7).

4.2. Clustering techniques

Recent works (Fatehi and Asadi, 2017, Zhou et al., 2018,
Ghezelbash et al., 2020) use unsupervised machine learning
techniques as an aid to refine and detect geochemical anomalies,
with special emphasis in clustering methods. Among the

clustering methods applied, hierarchical clustering (hclust) and k-
means clustering (k-means) are recognized to provide the most
reliable results (e.g. Zhou et al., 2018, Ghezelbash et al., 2020).

In the present study, both methods were tested to identify the
main geochemical features of the soils in the Batigelas anomaly
area and to evaluate their potential applied to pXRF data in
geochemical exploration.

Before applying the clustering algorithms, a pre-processing
data stage must be carried out to assure the trustworthiness of the

results.
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Figure 2. Interpolated geochemical map for the Heavy Metals, based on SFM data.

Figura 2. Mapa de interpolacdo geoquimica para elementos pesados, baseado em dados
do SFM.
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Figure 3. Interpolated maps for selected major elements (CaO, MnO, TiO,) and for selected trace elements (V, Zn, As). Whereas the major elements and some trace elements (V in the
figure but also Cr and Ni) display a gradient that outlines the difference between the main rock formations, some trace elements (e.g. Zn and As) are only higher in the vicinity of the

mineralized zone. Oxides in %, elements in ppm.

Figure 3. Mapas de interpolacéo para elementos maiores (CaO, MnO, TiO,) e elementos trago (V, Zn, As) selecionados. Enquanto que os elementos maiores e traco (V na figura mas
também Cr e Ni) traduzam um graiente que pde em evidéncia as diferencas entre as principais litologias, os elementos traco (e.g. Zn e As) apresentam valores mais elevados aoenas

nas proximidades da zona mineralizada. Oxidos em % e elementos em ppp.

This stage involves replacing not detected values by the
detection limit for each element and the rescaling of the
variables, maintaining the distribution but centring all the values
to a mean of 0 and a standard deviation of 1, as the elements with
different units and interval of representation magnitudes tend to
bias the grouping of the variables (Steinley, 2004, Mohamad and
Usman, 2013, Kassambara, 2017).

In the unsupervised learning techniques, the number of
clusters (k) that group the data must be predefined. This work
applies the function proposed by Malika et al. (2014) for
determining the optimal number of clusters; the results suggest
two clusters for major elements and, for trace elements, two
clusters with hclust and three clusters using k-means.
Nevertheless, the two methods were tested with different
numbers of clusters (k=2, 3, 4) to identify the nature of the
chemical elements grouping (Tab. 2, Fig. 4).

For the major elements, hclust and k-means methods grouped
the data in the same assemblages (Tab. 2A). For the trace
elements the groups defined by both clustering methods are
different in some extent (Tab. 2B). In the trials with k=2 and k=3,
depending on the method used, Sn and Cr fall in distinct groups.

For the calculations with k=4, Rb, V and Ni also fall in distinct
groups; however, k=4 clusters revealed to be difficult to interpret,
as several elements (Rb, Ni, Cr, V, Sn) are clustered in distinct
groups depending on the method used (Tab. 2B).

The only congruent group on what concerns the known
geology, regardless of the method used, is the G4 (comprising
As, Pb and Zn) which seems to be related with the mineralized
zone.

The spatial distribution of the clusters is plotted over the
cluster of each observation in the SFM anomaly map (Fig. 4).
Maps for k=2, k=3 and k=4 clusters, were created using both
hclust and k-means methods, to evaluate their geochemical and
geological significance. The major elements k=3 and k=4 clusters
and trace elements k=4 cluster were not taken into consideration,
because they do not present geological significance. The figure 4
presents the maps of both methods applied to the major elements
(k=2) and for trace elements (k=2 and k=3).

Major elements have a similar spatial distribution of the
clusters using both methods but are not exactly coincident. Both
clustering patterns separate the previously stated areas:
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Table 2. List of chemical elements present in each cluster (G1, G2, G3, G4) for major (A) and trace (B) elements and for different number of clusters (k).

Tabela 2. Lista de elementos quimicos presentes em cada “cluster” (G1, G2, G3, G4) para elementos maiores (A) e trago (B), bem como para of diferentes nimeros de “clusters” (k).

A) Major elements

k=2 k=3 k=4
G1 SiO,, K;0, P,0s SiO,, K0 SiO,
G2  CaO, Fe;03, MnO, TiO,  CaO, Fe;03, MNO, TiO,  CaO, Fe,03, MnO, TiO,
G3 P,0s K,O
G4 P,Os
B) Trace elements
k=2 k=3 k=4
c1 hclust (Sr, Y, Rb, V, Ni, Zr), Sn, Cr  (Sr, Y, Rb, V, Ni, Zr), Sn, Cr (Sr,Y)
k-means (Sr, Y, Rb, V, Ni, Zr) (Sr, Y, Rb, V, Ni, Zr) (Sr, Y), Rb, V, Ni
G2 hclust (Zn, Pb, As, Cu, Nb) (Cu, Nb) (Zr), Rb, V, Ni, Sn, Cr
k-means  (Zn, Pb, As, Cu, Nb), Sn, Cr (Cu, Nb), Sn, Cr (2r)
c3 hclust (Zn, Pb, As) (Cu, Nb)
k-means (Zn, Pb, As) (Cu, Nb), Sn, Cr
G4 hclust (Zn, Pb, As)
k-means (Zn, Pb, As)

(G1) comprising SiO,, K,O and P,0Os (Tab. 2A), is dominant - For k=3, k-means clustering map shows three geochemical
in the northeast area, with conglomerates and peralkaline rocks units, namely the two previously mentioned lithological areas
and (G1[Sr, Y, RDb, V, Ni, Zr] and G2 [Cu, Nb, Sn, Cr]; Tab. 2B)

(G2) constituted by CaO, Fe,03;, MnO and TiO, (Tab. 2A) is and the mineralized zone (G3 [Zn, Pb, As]; Tab. 2B). The
dominant in southwest area, representing the calc-silicate and hclust method also discriminates the same three geochemical
metavolcanic rocks (Fig. 1). units, although with high dispersion of G1 and G2

The trace elements have significant differences that are geochemical units, with a poorly defined cluster representing
dependent on the clustering method applied: the geochemical anomaly (G3).

- For k=2, k-means separates the lithological units (G1 [Sr, Y, For this study case, all these observations suggest that k-
Rb, V, Ni, Zr]; Tab. 2B) from the mineralized zone (G2 [Zn, means clustering method, for k=2 and k=3, provides a better
Pb, As, Cu, Nb]; Tab. 2B). The hclust method does not correspondence with the known geochemical anomaly, whereas
discriminate the mineralized zone, only showing two distinct using the hclust method the anomaly is not so obvious (Fig. 4).
geochemical units;
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Figure 4. Cluster analyses for major and trace elements. Background image is based on the heavy metals map of figure 2. Each dot color (blue, green and red) represents a cluster.

Figura 4. Analise cluster dos elementos maiores e traco. A imagem de background baseia-se no mapa de elementos pesados da figura 2. A cor de cada ponto (azul, verde e vermelho)
representa um cluster.
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5. Discussion and final remarks

The feasibility of the pXRF in geochemical exploration was
proved to be an excellent tool (as also reported by Lemiere,
2018), detecting and quantifying a significant number of
elements for high resolution geochemical mapping, allowing to
discriminate distinct geochemical units (concordant with regional
NW-SE trend) with distinct clustering methods, thus providing
fast plausible in situ results.

The interpolated maps (of major and trace elements) are a
trustworthy tool for identifying the main geochemical trends and,
in some specific cases, can even be correlated with individual
lithological units and structures, for example in the case of the
peralkaline rocks or the Batigelas Fault. The presumably
mineralized zone identified by SFM studies was detected with
interpolation methods, demonstrating that this combination of
techniques might be used in mineral exploration campaigns,
providing fast and detailed results with cost-effectiveness.

The application of the clustering techniques used for both
major and trace elements is only applicable with advantage in
some cases. In the study case, major elements generated the same
groups and similar patterns independently of the clustering
method used.

The k-means clusters are well superimposed with the SFM
anomaly (i.e. mineralized zone), regarding a significant number
of soil analyses with high Pb, Zn and As content. The hclust
method was also able to identify the geochemical anomaly when
defining three clusters but restricts the anomalous zone to a
narrow area.

The trace element grouping with both methods clustered Pb,
Zn and As, all susceptible to be incorporated in the same mineral
lattice. The anomalous values of Zn and Pb superimposed with
the geochemical anomaly of SFM and the high correlation with
pathfinder elements as As, Fe,O; and MnO (e.g. Leach et al.,
1986; D’Ercole et al., 2000) suggests the presence of a possible
Zn-Pb deposit. Additionally, the structural and stratigraphic
settings of the detected anomaly (NW-SE direction, parallel to
regional trend), which are located within a geological contact
between two distinct lithological units, are in accordance with a
strata-hosted Zn and Pb deposit, similar to other deposits
identified in the OMZ carbonate formations (Mateus et al., 2013;
Matos and Filipe, 2013). The geochemical clustering here
presented and the published data regarding the mineralization
derived with the mafic-ultramafic plutonics (e.g. Pinto et al.,
2006; Mateus et al., 2013 and references therein) seems to
demonstrate that Batigelas anomaly is not related with the Alter
do Chéo — Cabeco de Vide complex.

The combination of traditional single element geochemical
mapping with machine learning clustering techniques provides a
better understanding of the geochemical features of group
elements, thus being useful when detecting multi-elemental
assemblages and/or pathfinders in ore deposits exploration
campaigns. Nevertheless, future petrological, structural and
stratigraphic studies must sustain all these assumptions.
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