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Abstract

The paleodepositional environments related to Ediacaran black shales from the Série Negra succession in Ossa-Morena
tectonostratigraphic zone were investigated using their geochemical composition to identify the sedimentary sources and
depositional conditions. Their potential for assisting the genesis of metal deposits was also discussed. The sedimentary
sources of the black shales are related to the break up of a Cadomian magmatic-arc developed in the North Gondwana realm,
where the Ossa-Morena Zone was located during late Ediacaran times, showing acidic to mixed signatures. Some ratios were
calculated based on redox sensitive elements, indicating both anoxic and oxic paleoenvironmental conditions. The anoxic
conditions were predominant and they were identified on samples with higher organic carbon content, emphasizing that the
redox conditions favored organic matter preservation and the accumulation of selected metals. Considering the mode of
occurrence, the elements Ag, Cd, Cu, Pb and Se are assumed to be preferentially associated with sulfides, whereas Mo and U
are preferentially organically bound. The results reveal that the black shales from the Série Negra succession in Ossa-Morena
Zone might represent a source of metals, which were probably remobilized during Variscan events.
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Geoquimica de las lutitas negras Precambricas de la zona de Ossa-Morena (Portugal):
ambiente deposicional y posible fuente de metales

Resumen

Los ambientes paleodeposicionales de las lutitas negras del Ediacarico de la sucesion Série Negra de 1la Zona de Ossa-Morena
fueron investigados mediante analisis de su composicién geoquimica, para identificar las fuentes sedimentarias y sus condiciones
de deposicion. También se discutié su potencial como fuente de metales, con implicaciones en la génesis de los yacimientos de
esta zona tectonoestratigrafica. Las fuentes sedimentarias de las lutitas negras estan relacionadas con la instalacion y desmante-
lamiento del arco magmético Cadomiano desarrollado en el Norte de Gondwana durante el Ediacarico tardio, donde se localizaba
la zona de Ossa-Morena, mostrando fuentes sedimentarias de origen magmatica de naturaleza dcida a mixta. Basado en los
elementos sensibles redox y sus proporciones, se identific6 condiciones paleodeposicionales tanto andxicas como 6xicas. Las
condiciones andxicas son predominantes y se identificaron en muestras con mayor contenido de carbono orgénico, mostrando
que las condiciones redox favorecieron la preservacion de la materia orgdnica y la acumulacién de algunos metales. Consid-
erando el modo de ocurrencia, se asume que los elementos Ag, Cd, Cu, Pb y Se estan preferentemente asociados con sulfuros,
mientras que Mo y U estan preferentemente ligados con la materia orgénica. Los resultados indican que las lutitas negras de
la sucesion Série Negra podrian representar una fuente de metales, probablemente removilizados y concentrados durante los
eventos Variscos, participando en la génesis de los yacimientos metalicos de la Zona de Ossa-Morena.
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1 Introduction

Black shales are defined as fine-grained rocks with disperse
organic matter (OM), where the total organic carbon (TOC)
is above 0.5 wt% (Huyck, 1989; Trabucho-Alexandre, 2014);
they are the result of the accumulation and preservation of
the OM in the sediments mostly from reducing environments
(Tourtelot, 1979; Wignall, 1994). Black shales are generally
formed in marine anoxic bottom waters, although they can
occur in a wide range of depositional environments (e.g. Ai
et al., 2020; Gao et al., 2016; Potter et al., 1980; Schieber,
1978).

The use of geochemical proxies allows the characteri-
zation of paleodepositional environments at the time of
sedimentation and diagenesis (e.g. Fang et al., 2019; Gao
et al., 2016). The redox variations are mainly controlled by
the availability of O, and H,S, represented essentially by
the presence of OM, sulfides and biological activity (e.g.
El-Anwar et al., 2018; Ferreira et al., 2020; Jones & Man-
ning, 1994) and can be evaluated based on the relationships
between some trace elements, namely As, Cr, Co, Cu, Mo,
Ni, U, V (Leventhal, 1993).

Black shales are significant in economic geology since
they can be the source rock for hydrocarbons production
and are often spatially associated with several types of ore
deposits, mostly due to the enrichment of metals within
black shales successions (e.g. Cortial et al., 1990; Gao et al.,
2016; Kontinen & Hanski, 2015; Potter et al., 1980; Saez
etal., 2011; Sozinov, 1982; Suérez-Ruiz et al., 2012). Black
shales, due to the active participation of the OM, provide
the necessary redox conditions for an enrichment of metals
in the sediments. Therefore, these rock units are a valuable
source of metals for later mineralizing processes (Sozinov,
1982; Suarez-Ruiz et al., 2012 and references therein).

The occurrence of black shales is common and wide-
spread in the geological record (Kunzmann et al., 2015;
Sozinov, 1982; Tourtelot, 1979; Wang et al., 2019; Wignall,
1994). Several studies on Precambrian black shales have
demonstrated their relevance on the recognition of paleo-
geographic conditions, depositional environments, processes
affecting metamorphic complexes, as well as in ore deposits
genesis (e.g. Fang et al., 2019; Kunzmann et al., 2015; Soz-
inov, 1982). The main sources of OM in Ediacaran rocks
have been interpreted as result from the accumulation of
prokaryotic (i.e. bacterial) and eukaryotic (i.e. algal) organ-
isms (Ai et al., 2020).

Precambrian successions with black shales, specifically
from the Ediacaran, occur in the southernmost tectonostrati-
graphic zone of Iberian Terrane, the Ossa-Morena Zone
(OMZ), locally named the Série Negra succession (e.g. Car-
valhosa, 1965; Gongalves & Carvalhosa, 1994; Gongalves &
Oliveira, 1986; Oliveira et al., 1991). Previous investigations
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addressed its paleogeography, based on the petrographic and
geochemical characterization of the inorganic fraction of the
different lithologies of the Precambrian of OMZ, includ-
ing the Série Negra succession (e.g. Chichorro et al., 2008;
Lopes, 2015; Lopes et al., 2015; Lépez-Guijarro, 2006;
Loépez-Guijarro et al., 2008; Oliveira et al., 2003; Pereira
et al., 2006).

However, the black shales from the Série Negra were
never investigated in detail. The first approach to the char-
acterization of the OM present in the black shales from
the Série Negra was recently presented in Laranjeira et al.
(2023), where the petrographic observation allowed the
identification of dispersed organic matter exhibiting gra-
phitic features, disseminated as flakes in association with
iron oxides.

Considering the importance of black shales for paleoen-
vironmental studies and its potential association with the
genesis of ore deposits, this work is a contribution to the
knowledge of the Ediacaran black shales from Série Negra
of OMZ, discussing its geochemical features, establishing
the depositional paleoenvironmental conditions and the sedi-
mentary sources based on geochemical proxies. Moreover,
the role of these black shales as a possible source of metals
is discussed.

2 Geological setting

The Iberian Massif is characterized by the presence of
stratigraphic units from Neoproterozoic to Upper Paleo-
zoic, that are divided in several tectonostratigraphic zones,
among which the OMZ (e.g. Dias et al., 2016; Ribeiro et al.,
2007). The OMZ is a heterogeneous and complex tecton-
ostratigraphic zone, with unique stratigraphic, magmatic and
tectono-metamorphic features, due to the presence of two
successive Wilson Cycles, namely the Cadomian and Vari-
scan Cycles (e.g. Eguiluz et al., 2000; Moreira et al., 2014a;
Oliveira et al., 1991; Quesada & Oliveira, 2019; Ribeiro
et al., 2007, 2009).

The Ediacaran record exposed in the OMZ commonly
includes the Série Negra succession, initially described
both in Portugal by Carvalhosa (1965) and in Spain by Alia
(1963) and Vegas (1968). This metasedimentary succession
outcrops in the core of NW-SE Variscan regional struc-
tures, namely: (1) the northern edge of the OMZ, outlined
by Tomar-Badajoz-Cérdoba Shear Zone (Blastomylonitic
Belt) and the Obejo-Valsequillo-Puebla de 1a Reina Domain;
(2) the core of the Estremoz, Olivenza-Monesterio and Vila
Boim Anticlines located in Central Domains of OMZ; and
(3) in the Almadén de la Plata-Aracena, Montemor-o-Novo,
Moura, Viana do Alentejo and Serpa regions, in the OMZ
Southern Domains (e.g. Apalategui et al., 1990; Aradjo
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et al., 2013; Eguiluz et al., 2000; Moreira et al., 2014b;
Oliveira et al., 1991; Pereira et al., 2006, 2012a; Quesada,
1990) (Fig. 1A). Two distinct metasedimentary units are
included in the Série Negra Neoproterozic succession of
the Blastomylonitic Belt, from the bottom to the top (e.g.
Eguiluz et al., 2000; Oliveira et al., 1991, 2003; Pereira
et al., 2006):

— Morenos Formation: siliceous shales, black metacherts
and quartzites, meta-arkoses and metapsammites and
garnet-bearing micaschists, sometimes with interlayered
felsic and mafic meta-volcanic rocks (similar to Monte-
molin succession described in Spain).

— Mosteiros Formation: includes a monotonous flysch
sequence of black shales/schists, metagreywackes, black
quartzites and metapsammites interlayered with black
siliceous chemiogenic (metacherts/lydites; Pfefferkorn,
1968), presenting maximum deposition age around
540 Ma (e.g. Fernandez-Suarez et al., 2002; Linnemann
et al., 2008; Pereira et al., 2012a; Schifer et al., 1993).
This unit is similar to Tentddia succession in Spain.

Locally, the upper Série Negra succession presents differ-
ent designations (Oliveira et al., 1991; Pereira et al., 2006):
Mosteiros Formation in Blastomylonitic Belt and Alter do
Chao—FElvas Sector, is considered equivalent of Mares For-
mation in Estremoz Anticline and Aguas de Peixe Formation
in Montemor—Ficalho Sector (Fig. 1).

The Série Negra succession has a distinct tectono-ther-
mal evolution, depending on its location within the OMZ
(Eguiluz et al., 2000; Oliveira et al., 1991; Pereira et al.,
2006). Indeed, the Variscan metamorphic conditions are
heterogeneous along the OMZ, being conditioned by first
order tectonic structures (Moreira et al., 2014a). In the Blas-
tomylonitic Belt and Montemor-o-Novo region, the Mostei-
ros Formation is highly deformed as a result of tectono-
metamorphic episodes related to high strain sinistral shear
zones during Devonian—Carboniferous times, imposing
metamorphism from upper greenschist to amphibolite facies
conditions (Chichorro et al., 2008; Pereira et al., 2012b).
Otherwise, in the Alter do Chao—Elvas and in the Estremoz
Anticline sectors, the metamorphic peak conditions are
related to a regional low-grade greenschist facies metamor-
phism (Moreira et al., 2014b, 2019; Pereira et al., 2012a).

The existing data suggests that the OMZ Ediacaran suc-
cession is related to the evolution of the North peri-Gond-
wana terranes (e.g. Linnemann et al., 2008; Pereira et al.,
2006, 2012a). During the Ediacaran, the sedimentary suc-
cession of this tectonostratigraphic zone records the incep-
tion of a magmatic arc and a corresponding back-arc basin.
Hence, the sediments from the top of the Série Negra succes-
sion are interpreted as originating from the dismantling of
this magmatic arc (Linnemann et al., 2008; Lépez-Guijarro,

2006; Lopez-Guijarro et al., 2008; Pereira et al., 2006;
Sanchez-Lorda et al., 2014).

3 Sampling and methodology

Representative samples of low to medium-grade black shales
from Série Negra succession outcropping in the different
sectors from OMZ were collected. For sampling, the topmost
layer has been removed to avoid the most weathered mate-
rial. Visual inspection for mineralogical alteration allowed
the removal of more altered parts of the samples. Samples
ZOM 5, ZOM 6, ZOM 7, ZOM 16 were collected in the
Blastomylonitic Belt (Fig. 1B, C), ZOM 12 was collected
in the Alter do Chao—Elvas Sector (Fig. 1D), and sample
ZOM 15 was collected in the Estremoz Anticline (Fig. 1E).
Sample ZOM 16 (collected close to ZOM 6) was collected
in the scope of a research project and the geochemical data
was used in the present work.

Our data was complemented with previously published
data, from other samples from the Ediacaran Série Negra
succession of the OMZ (Lopes, 2015; Lopes et al., 2015;
Pereira et al., 2006) namely the ones that were consid-
ered similar and, therefore, were used for comparison
purposes. Two samples were described as very fine to
fine-grained graphite-rich pelites (SN1 collected in Mon-
temor-Ficalho sector and SN2 collected in the Blasto-
mylonitic Belt, Fig. 1; Pereira et al., 2006). Four samples
from Lopes (2015) were identified as metasedimentary
lithologies containing graphite (LP1 to LP4 collected
in Escoural—Montemor-o-Novo sector, Fig. 1). Pereira
et al. (20006) reports that graphite-rich pelites are mainly
composed of quartz, phyllosilicates and plagioclase with
zircon, chlorite and apatite as accessory minerals. Laran-
jeira et al. (2023) also described the occurrence of iron
oxides in addition to the previous mentioned detrital and
metamorphic minerals.

Geochemical analyses from the black shales comprised
the determination of the concentration of major, minor
and trace elements. In the laboratory, the samples were
dried, homogenized, and quartered to get representa-
tive portions that were milled to the fractions < 1 mm
and <212 pm. The chemical composition was determined
using inductively coupled plasma emission spectrometry/
mass spectrometry (ICP-ES/MS) after digestion with an
acid solution of H,0-HF-HC1O,-HNO;, performed at
Bureau Veritas Mineral Laboratories (Canada). Analy-
sis of reference materials, duplicates and blanks was
performed for quality assurance. The ICP-MS analysis
of sample ZOM 16 was carried out in ALS laboratories
(Seville, Spain), using the ME-MS81 and ME-4ACD81
analytical packages. Analytical procedures were: (i) Li-
borate fusion, acid digestion and ICP-MS analysis in
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ME-MS81, and (ii) four acid digestion and ICP-AES
analysis in ME-4ACD8]1.

Scanning electron microscopy with energy dispersive
X-ray spectrometry (SEM-EDX) analyses were per-
formed to determine qualitative chemical compositions
and to identify minerals mode of occurrence. The obser-
vations using secondary electrons and backscattered elec-
trons detection modes were made on polished blocks. The
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SEM-EDX analyses were performed with an FEI Quanta
400FEG environmental scanning electron microscope,
equipped with a Genesis X4M energy dispersive X-ray
analyser in Materials Centre of the University of Porto.
The chemical composition of black shales was com-
pared with reference materials: Background of Black
Shales (BBS; Ketris & Yudovich, 2009), North Ameri-
can Shale Composition (NASC; Condie, 1993; Gromet
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et al., 1984; Taylor & McLennan, 1985), Post Archean
Australian Shale (PAAS; Condie, 1993; Taylor & McLen-
nan, 1985), Average Shale (AS; Pipper, 1974; Wedepohl,
1971) and Upper Continental Crust (UCC; Rudnick &
Gao, 2014). The enrichment/depletion behavior of ele-
ments in the studied samples was determined through the
calculation of concentration coefficients (CC). Redox
sensitive element ratios were used to establish paleoenvi-
ronmental conditions (e.g. EI-Anwar et al., 2018; Ferreira
et al., 2020; Jones & Manning, 1994). Pearson's correla-
tion coefficients were calculated to understand elemental
behavior.

4 Results
4.1 Geochemical composition of black shales

Tables 1 and 2 present the geochemical composition of
major, minor and trace elements of the studied samples,
together with TOC and total sulfur (TS) (Laranjeira et al.,
2023), as well as the composition of BBS, NASC, PAAS,
AS and UCC for comparison.

The most abundant major and minor elements in the
studied samples are Al, Fe, K and Na, followed by smaller
amounts of Ca, Mg, P, S and Ti. The chemical composition
is consistent with the mineralogical composition described
for black shales derived lithotypes of the Série Negra (Lar-
anjeira et al., 2023; Pereira et al., 2006).

Aluminum, Fe, K, and Na are the elements that have
greater variability amongst the studied samples (Fig. 2).
Generally, the samples show a similar pattern, except: (1)
sample ZOM 6 that has distinct patterns for Fe, K and
Mg content; and (2) sample ZOM 15 that has a notorious
higher K content.

The concentration and distribution pattern of selected
trace elements is illustrated in Fig. 3. Generally, the ele-
ments As, Ba, Be, Co, Cr, Cu, Ga, Hf, Mn, Nb, Ni, Pb, Rb,
Sc, Sr, Th, U, Y, V, W, Zn and Zr are found in concentra-
tions above 1 ppm. Elements with concentrations below
1 ppm are Ag, Bi, Cd, In, Ta, Te and T1. The elements Cs,
Mo, Sb, Se and Sn are found in concentrations above and
below 1 ppm.

The distribution pattern of the selected elements is quite
similar, except for the samples ZOM 6 and ZOM 15. These
differences are particularly evident for ZOM 6 sample with
lower concentrations of Ba, Cs, In, Li, Mn, Nb, Rb, and Tl
content; whereas the elements Ag, Cd, Cu, Pb, Se, Te and
U display higher concentrations (Fig. 3, Tables 1 and 2).
Sample ZOM 15 also stands out due to the higher concen-
trations of As, Ba, Th and XLREE (Fig. 3, Tables 1 and 2).

The XREE varies from 115 to 330 ppm, with an aver-
age value of 194 ppm (Table 2). The REE patterns of the

studied samples normalized to BBS (maximum), NASC,
PAAS and AS are presented in Fig. 4. The normalized pat-
terns are relatively similar, showing flattened profiles, that
are successively less smooth and depleted in heavy REE
(HREE) (Fig. 4). This depletion is common in black shales,
demonstrating that the patterns were not severely affected by
the diagenesis, weathering and metamorphism of the rocks
(Boyong et al., 2011). Sample ZOM 7 shows evidence for
more differentiated and depleted profiles than the other sam-
ples, principally for HREE. Sample ZOM 15 exhibits a more
differentiated and enriched profile for light REE (LREE).

In order to compare the geochemical composition of
samples with reference values, specifically the BBS (Ketris
& Yudovich, 2009), NASC (Condie, 1993; Gromet et al.,
1984; Taylor & McLennan, 1985), PAAS (Condie, 1993;
Taylor & McLennan, 1985), AS (Pipper, 1974; Wedepohl,
1971) and UCC (Rudnick & Gao, 2014), concentration
coefficients (CC) were calculated. The ratio between ele-
ments concentration in the samples and their concentration
in reference data gives information about the enrichment
(CC>1) or depletion (CC < 1) of those elements in the
studied black shales comparatively to the reference mate-
rials. Considering the range for BBS, the CC were calcu-
lated considering the maximum values. For REE, the CC
were calculated considering the sum of LREE and HREE.
Table 3 displays, for each sample, the group of elements
having 1 <CC<2,2<CC< 10, and CC> 10, indicating
an increasing degree of enrichment.

The determination of CC reveals that many elements are
depleted or have concentration similar to those from the ref-
erence materials, being normal (CC < 1) to slightly enriched
(1<CC<?2) (Table 3). Considering the BBS, only Ba and
Th are enriched in sample ZOM 15. For the other reference
materials, this is, for NASC, PAAS, AS and UCC, some ele-
ments (Ag, As, Cs, Ba, Bi, Cd, Cu, Mo, Pb, Sb, Sn, Se, Th,
TI, U, V, and LREE) generally have CC > 2, although Ag,
As, Bi, and Se have CC > 10 in some samples (mostly ZOM
6 and ZOM 15; Table 3). The elements showing CC > 10
are chalcophile elements, with low affinity for oxygen and
preferentially bonded with sulfur to form sulfides.

Samples ZOM 6, ZOM 12, and ZOM 15 stand out by
their greater number of elements with CC > 2 considering
all the reference materials, being the majority chalcophile
elements. In sample ZOM 6, elements with CC > 2 are:
Ag, As, Bi, Cd, Cu, Mo, Sb, Se, Pb, and U; the enrich-
ment in Pb was only noticed in this sample. In sample
Z0OM 12, elements with CC > 2 are: As, Bi, Cu, Mo, Sb,
Se, U, and V. In sample ZOM 15, the only sample from
the Mares Fm., elements with CC > 2 are: As, Ba, Bi Sb,
Se, Sn, Th, and LREE; the enrichment in Th and LREE
was only noticed in this sample. It must be remarked that
the samples that contain the most significant enrichment
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Table 1 Values of TOC (%), TS (%), concentration of major (wt%), minor (wt%) and trace elements (ppm) in the studied samples and reference
values of BBS, NASC, PAAS, AS and UCC for comparison

Mosteiros Fm Mares Fm  BBS! NASC? PAAS® AS*  UcCC

Z0MS5 ZOM6 ZOM7 ZOM12 ZOM16 ZOM15

TOC* 0.20 1.53 0.29 1.08 n.a 0.76 n.a n.a n.a n.a n.a
TS* 0.01 0.012 <0.01 <0.01 n.a <0.01 n.a n.a n.a n.a n.a
Al wt%  9.98 5.96 5.97 7.83 n.a 8.26 n.a 16.9 n.a 8.84 15.1
Ca 0.16 0.58 0.17 0.31 n.a 0.16 n.a 3.63 n.a 1.57 3.64
Fe 3.83 0.94 2.71 3.97 n.a 2.35 n.a 5.67 n.a 483 4.6
K 2.37 0.11 1.73 2.04 n.a 322 n.a 3.97 n.a 299 276
Mg 0.70 0.08 0.80 0.85 n.a 0.79 n.a 2.86 n.a 1.57 245
Na 0.27 2.55 2.12 1.48 n.a 0.93 n.a 1.14 n.a 1.19 355
P 0.05 0.03 0.06 0.06 n.a 0.01 0.93-2.20  0.13 n.a 0.07  0.17
Ti 0.54 0.16 0.33 0.49 n.a 0.47 1.50-4.60  0.70 n.a 047  0.56
Ag ppm  0.01 0.40 0.05 0.03 0.25 0.05 0.40-2.40 0.01 0.05 0.07  0.05
As 7.90 18.4 14.6 134 9.00 53.3 10.0-80.0 n.a 1.50 10.0  4.80
Ba 769 146 521 636 676 1986 270-800 636 550 580 624
Be 3.00 2.00 2.00 3.00 n.a 2.00 1.00-3.00 n.a 3.00 3.00 2.10
Bi <0.04 0.87 <0.04 0.47 n.a 0.14 0-4.00 0.01 0.13 0.13  0.16
Cd <0.02 0.16 <0.02 <0.02 0.25 <0.02 2.00-12.0  0.03 0.10 0.13  0.09
Co 20.5 9.00 10.0 9.70 16.0 4.90 10.0-30.0  26.0 17.0 19.0 17.3
Cr 62.0 37.0 54.0 108 90.0 73.0 50.0-160 125 85.0 90.0 92.0
Cs 12.4 0.20 3.40 1.60 5.77 7.60 2.00-7.00 n.a 4.60 5.50  4.90
Cu 23.1 133 43.6 60.9 27.0 114 35.0-150 n.a 25.0 450 28.0
Ga 25.1 14.1 134 17.8 229 27.1 9.00-25.0 na 17.0 19.0 175
Hf 2.65 3.02 2.90 2.84 5.90 5.38 2.50-6.00  6.30 5.80 2.80  5.30
In 0.06 <0.01 0.04 0.06 n.a 0.08 n.a n.a 0.05 n.a 0.06
Li 19.7 3.70 27.1 11.1 30.0 13.2 15.0-50.0 n.a 20.0 n.a 21.0
Mn 366 16.0 275 175 n.a 157 200-800 n.a n.a 850 n.a
Mo 0.53 6.35 0.30 8.19 0.50 0.33 6.00-60.0 n.a 1.50 2.60 1.10
Nb 16.9 2.34 7.14 15.0 12.5 9.66 7.00-15.0 13.0 12.0 18.0 12.0
Ni 31.8 55.5 31.1 50.5 40.0 22.5 40.0-140 58.0 44.0 68.0 470
Pb 4.32 66.3 4.20 7.46 13.0 18.4 10.0-40.0  20.0 17.0 220 170
Rb 149 2.80 73.5 76.8 111 165 40.0-120 125 112 140 84.0
Sb 0.23 0.42 1.16 1.73 n.a 0.41 0.20-11.0 n.a 0.20 n.a 0.40
Sc 12.1 5.10 7.90 12.1 13.0 16.2 7.00-20.0 15.0 13.6 n.a 14.0
Se <0.3 5.80 0.40 <0.3 n.a 0.40 3.00-30.0 0.08 0.05 0.60  0.09
Sn 3.70 0.60 1.70 2.30 3.00 11.5 2.00-10.0 n.a 5.50 n.a 2.10
Sr 45.0 202 96.0 68.0 138 85.0 100-300 142 350 300 320
Ta 1.30 0.20 0.50 1.10 1.00 0.80 0.50-1.00  1.10 1.00 2.00 0.90
Te 0.07 0.68 0.10 0.17 n.a 0.13 1.30-3.00 n.a n.a n.a n.a
Tl 1.20 <0.05 0.42 0.34 5.00 0.75 0.50-10.0 n.a n.a 0.68  0.90
Th 12.1 7.60 6.70 8.10 10.6 26.9 4.00-11.0 123 10.7 120 105
U 2.80 13.3 2.00 5.80 291 4.20 4.00-25.0 2.70 2.80 370 270
Y 11.7 22.6 5.50 18.5 27.5 19.1 15.0-40.0 35.0 22.0 41.0 21.0
A" 97.0 147 84.0 284 105 110 100-400 130 107 130 97.0
w 3.20 1.10 1.20 1.80 3.00 3.50 0-15.0 n.a 2.00 n.a 1.90
Zn 40.9 35.1 82.5 333 100 33.8 60.0-300 n.a 71.0 95.0 67.0
Zr 80.5 112 97.5 99.4 207 163 60.0-190 200 190 160 193

*Laranjeira et al., 2023; IKetris and Yudovich, 2009; 2Condie, 1993, Gromet et al., 1984, Taylor & McLennan, 1985; 3Taylor and McLennan,
1985, Condie, 1993; 4Wedepohl, 1971, Pipper, 1974; SRudnick and Gao, 2014; n.a—data not available
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Fig.2 Concentration of major and minor elements (wt%) in the studied samples
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Fig.3 Concentration of trace elements (ppm) in the studied samples

of trace elements correspond to the samples that have
greater TOC content (Table 1).

4.2 Microscopic analysis

The SEM—-EDX analyses of the black shales support and
provide new insights about their geochemical composi-
tion, elemental distribution, and mineralogical content. The
SEM-EDX analysis was performed in selected samples
(ZOM 6 and ZOM 15). The analyses allow the identification
of aluminosilicates, Fe and Ti oxides, and OM in both sam-
ples (Figs. 5 and 6). The identified minerals corroborate the
previous petrographic observations (Laranjeira et al., 2023).
Selected EDX spectra are presented as supplementary mate-
rial (Figs. S1 and S2).

In the sample ZOM 6, the SEM analysis shows abundant
aluminosilicates (Fig. 5, spectrum Z1 in Fig. S1), includ-
ing some particles occurring in association with Fe oxides

@ Springer

—Z0M7

Z0M 12 ——Z0M 15 Z0M 16

(Fig. 5, spectrum Z3 in Fig. S1) and with Ti oxides (Fig. 5,
spectrum Z2 in Fig. S1); the detection of inorganic elements
from both the aluminosilicates and Fe and Ti oxides in spec-
tra (Fig. 5, spectra Z2 and Z3 in Fig. S1) evidence their
association.

In sample ZOM 15, it was also possible to observe the
occurrence of aluminosilicates (Fig. 6A, spectra Z1 and
73 in Fig. S2) in association with Fe, Mn and Ti oxides
(Fig. 6A, spectrum Z2 in Fig. S2) and with sulfides, namely
arsenopyrite and pyrite (Fig. 6A, respectively spectra Z4 and
75 in Fig. S2). The observation of Ti oxides in both samples
and the significant positive correlation between Fe, Mn and
Ti (Table 4) may indicate the presence of ilmenite.

In Fig. 6B it is possible to observe the occurrence of
particles exhibiting the association of Fe oxides (Fig. 6B,
spectrum Z7 in Fig. S2) with OM (Fig. 6B, spectrum Z6
in Fig. S2) within aluminosilicates (Fig. 6B, spectrum Z8
in Fig. S2). This is supported by the positive correlation
coefficients between TOC and some elements preferentially
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Fig.4 REE patterns for the studied samples and from graphite-rich pelites from Série Negra of OMZ (SN1 and SN2): A BBS-normalized REE
patterns; B NASC-normalized REE patterns; C PAAS-normalized REE patterns; and D AS-normalized REE patterns

associated with sulfides. The detection of inorganic elements
besides C in spectrum Z6 is related to its occurrence within
mineral matter.

5 Discussion
5.1 Elemental distribution

The Pearson's correlation coefficients were calculated, and
particular attention was given to the enriched elements
(CC>?2). Table 4 shows the Pearson's correlation coeffi-
cients for selected elements.

The results reveal a significant positive correlation coef-
ficient between TOC and the trace elements Ag, Bi, Cd, Cu,
Mo, Ni, Pb, Se, Sr, Te, U, and Y (r>0.75; Table 4). The
association of some of these elements with OM has been
already reported in the literature (e.g. El-Anwar et al., 2018;
Finkelman et al., 2018; Ribeiro et al., 2019; Ross & Bustin,
2009). However, the preferential affinity of some of them
with sulfides is also noticeable. To investigate the sulfides
affinity, the correlation coefficients with S was analysed; it
was found a weak positive correlation with TOC (r=0.48)
and a strong positive correlation (r>0.75) with elements
normally present in sulfides (Ag, Cd, Cu, Pb, and Se) (El-
Anwar et al., 2018; Finkelman et al., 2018). Therefore, Ag,
Cd, Cu, Pb and Se are thought to be preferentially associ-
ated with sulfides, whereas the elements Mo and U might be
preferentially organically bound.

The moderate positive correlation between TOC and
S indicates the occurrence of sulfides in association with
OM, which corroborates the previous petrographic charac-
terization of these samples (Laranjeira et al., 2023). The
petrography revealed the occurrence of OM associated with
iron oxides, including oxidized pyrite, and other sulfides.
Iron displays positive correlation with Al, Ti and Mn, which
indicates its association with aluminosilicates and oxides. In
addition, for the referred elements, Ag, Bi, Cd, Cu, Mo, Pb,
and Se they present CC > 2 in the studied black shales com-
paratively to reference materials (except BBS), reinforcing
their importance in the studied samples, and the importance
of the occurrence of OM in association with sulfides and
oxides.

Most of the other elements have a negative correlation
with TOC and a positive correlation with Al, pointing out
their association with aluminosilicates (El-Anwar et al.,
2018; Finkelman et al., 2018). These include, among others,
Ba, Sn, Th, T1, and LREE, which also have CC > 2.

5.2 Sedimentary sources and geochemical proxies
of paleo-redox environments

The geochemical discriminant diagrams (Bhatia & Crook,
1986; Floyd & Leveridge, 1987) show that the clastic com-
pounds of black shales derived essentially from a Conti-
nental Island Arc source (Fig. 7A and B), with acidic to
mixed felsic/basic signatures (Fig. 7C). This data is con-
sistent with the one obtained in previous works for diverse
lithotypes including metamorphosed greywackes and shales,

@ Springer
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Table 3 Concentration coefficients (CC) of trace elements in the studied samples relatively to BBS, NASC, PAAS, AS and UCC

Samples 1<CC<2 2<CC<10 CC>10
BBS
ZOM 5 Cs, Nb, Rb, Ta, Th
ZOM 6 Pb
ZOM 7
ZOM 12 Ta
ZOM 15 Cs, Ga, Rb, Sn, LREE Ba, Th
ZOM 16 Zr, HREE
NASC
ZOM 5 Ba, Nb, Rb, Se, Ta, U, LREE Bi
ZOM 6 Sr, V, LREE Cd, Pb, U Ag, Bi, Se
ZOM 7 Ag, Bi, Se
ZOM 12 Nb, Se, LREE Ag, U,V Bi
ZOM 15 Rb, Sc, U Ag, Ba, Se, Th, LREE Bi
ZOM 16 Ba, U, Zr, LREE, HREE Cd Ag
PAAS
ZOM 5 Ba, Co, Ga, In, Nb, Rb, Sb, Ta, Th, W, LREE As, Cs, Se
ZOM 6 Cd, Ni, Y, V, LREE, HREE Ag, Bi, Cu, Mo, Pb, Sb, U As, Se
ZOM 7 Ag, Cu, Li, Zn As, Sb, Se
ZOM 12 Ba, Cr, Ga, In, Nb, Ni, Ta, LREE, HREE As, Bi, Cu, Mo, Sb, Se, U, V
ZOM 15 Bi, Cs, Ga, In, Pb, Rb, Sc, U, V, W, HREE Ba, Sb, Se, Sn, Th, LREE As
ZOM 16 Ba, Cr, Cs, Cu, Ga, Hf, Li, Nb, U, Y, W, Zn, Zr, LREE, HREE Ag, As, Cd
AS
ZOM 5 Ba, Co, Ga, Rb, T1, Th Cs
ZOM 6 As, Cd, Hf, V Ag, Bi, Cu, Mo, Pb, Se, U
ZOM 7 As, Hf
ZOM 12 As, Ba, Cr, Cu, Hf, U Bi, Mo, V
ZOM 15 Bi, Cs, Ga, Hf, Rb, T1, U, Zr, LREE As, Ba, Th
ZOM 16 Ba, Cd, Cs, Ga, Zn, Zr Ag, Hf, T1
ucc
ZOM 5 As, Ba, Be, Co, Ga, In, Nb, Rb, Se, Sn, Ta, T1, U, W, LREE Cs
ZOM 6 Cd, Ni, Sb, Y, V, LREE, HREE Ag, As, Bi, Cu, Mo, Pb, U Se
ZOM 7 Ag, Cu, Li, Zn As, Sb, Se
ZOM 12 Ba, Be, Cr, Ga, In, Nb, Ni, Se, Sn, Ta, LREE, HREE As, Bi, Cu, Mo, Sb, U, V
ZOM 15 Cs, Ga, Hf, In, Pb, Rb, Sb, Sc, U, V, W, HREE Ba, Se, Sn, Th, LREE As
ZOM 16 As, Ba, Cs, Ga, Hf, Li, Nb, Rb, Sn, Ta, Th, U, Y, V, W, Zn, Zr, LREE, Ag, Cd, Tl

HREE

as well as para-derived high temperature lithotypes from
Série Negra succession (Lopes, 2015; Lopez-Guijarro, 2006;
Lopes et al., 2015; Pereira et al., 2006). This data is also in
accordance with the main geodynamic model proposed for
the evolution of OMZ, which indicates the development of
magmatic-arc and related back-arc basin in the North Gond-
wana realm, where the OMZ was located, during late Edi-
acaran times (e.g. Chichorro et al., 2008; Linnemann et al.,
2008; Pereira et al., 2006; Sanchez-Lorda et al., 2014).
The ratio between some trace elements (e.g. Co, Cr,
Cu, Mo, Ni, Th, U, V, Zn) has also been used as proxies
for evaluation of redox depositional conditions during the

@ Springer

sedimentary processes (e.g. Arning et al., 2009; El-Anwar
et al., 2018; Ferreira et al., 2020; Jones & Manning, 1994; Pi
et al., 2013). The ratios V/Cr, Ni/Co, U/Th and (Cu+ Mo)/
Zn, whose values increase under anoxic conditions, were
calculated. Complementarily, TOC/Al and U/Mo for the
studied samples were also determined and are all presented
in Table 5.

The ratio V/Cr in samples ZOM 6 (3.97) and ZOM 12
(2.63) indicate anoxic conditions, while the other values,
ranging from 1.17 to 1.56, point to more oxidizing condi-
tions (according to Jones & Manning, 1994, values of the
ratio V/Cr above 2 indicate anoxic depositional conditions).



Journal of Iberian Geology (2023) 49:1-19

n

Fig.5 SEM image of aluminosilicates (Z1), titanium oxides and
associated aluminosilicates (Z2), and iron oxides and associated min-
eral matter (Z3) in sample ZOM 6. The spectra of EDX analysis of
Z1 to Z3 are presented in Fig. S1

Samples ZOM 6 and ZOM 12 present the higher V concen-
trations (147 ppm and 284 ppm, respectively), which indi-
cate a V enrichment in these samples compared with refer-
ence materials (except the maximum for BBS) and supports
the fact that V is more concentrated in sediments depos-
ited under reducing conditions (e.g. Emerson & Huested,
1991; Jones & Manning, 1994; Shaw et al., 1990). Similar

paleo-redox conditions are also emphasized by the ratio
(Cu+Mo)/Zn, indicator of the oxygenation of bottom waters
(Hallberg, 1976, 1982), which show higher ratio values in
samples ZOM 6 (3.97) and ZOM 12 (2.07).

The high values of Ni/Co ratio show similar behavior
for samples ZOM 6 and ZOM 12, including the sample
ZOM 15 (Table 5) on samples that emphasize stronger
reducing conditions during depositional processes (e.g.
Dill, 1986; Dypvik, 1984; Jones & Manning, 1994). Tribo-
villard et al. (2006) suggested that the presence of Ni can
be used as a proxy for primary paleoproductivity due to
its accumulation in organic-rich sediments, which is also
in accordance with the CC between TOC and Ni (Table 4).

The ratio U/Th is also usually used as a redox indi-
cator (e.g. Adams & Weaver, 1958; Roger and Adams,
1969 in Jones & Manning, 1994; Ferreira et al., 2020).
The increase of U/Th ratio is expected with the increase
of anoxic conditions due to the accumulation of authigenic
U in organic sediments,that is enhanced during deposi-
tion under progressively greater oxygen depletion (Fer-
reira et al., 2020). Indeed, the projection of U/Th and V/
Cr ratios (Fig. 8) reveals that sample ZOM 6 is associated
with anoxic conditions (similar to BBS) and sample ZOM
12 is associated with a suboxic domain. The other samples
and reference materials are projected in the oxic conditions
field, as well as organic-rich pelites of Pereira et al. (2006)
and metasedimentary lithologies with graphite from Lopes
(2015).

The ratio U/Mo has also been used to differentiate
between anoxic non-sulfidic and anoxic sulfidic conditions
(Arning et al., 2009). The lowest values of U/Mo were

Fig.6 SEM images of: A aluminosilicates (Z1 and Z3) and associ-
ated mineral matter, titanium oxide (Z2), pyrite (Z4) and arsenopy-
rite (Z5) in sample ZOM 15; B organic matter and associated mineral

matter (principally aluminosilicates) (Z6), iron oxides and associated
aluminosilicates (Z7) and aluminosilicates (Z8) in sample ZOM 15.
The spectra of EDX analysis of Z1 to Z8 are presented in Fig. S2

@ Springer
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Table 4 Pearson’s correlation coefficients of selected elements

TOC S Al Fe Ti Ag As Bi Cd Cu  Mn Mo Ni Pb Sb Se Te U Y V
TOC
S 0.48
Al -047 -0.15
Fe -0.58 -0.58 0.67
Ti -0.61 -0.61 0.87 0.88
Ag 077 0.83 -0.61 -0.87 -0.91
As 015 -031 003 -035 0.07 -0.04
Bi 096 0.65 -0.49 -0.58 -0.69 0.86 -0.09
Cd 076 0.88 -0.54 -0.82 -0.87 0.99 -0.10 0.86
Cu 080 0.74 -0.66 -0.64 -0.85 0.92 -033 0.92 092
Mn -095 -041 060 076 0.71 -0.81 -0.35 -0.88 -0.77 -0.74
Mo 0.81 028 -0.29 -0.07 -031 045 -031 083 047 0.71 -0.62
Ni 078 056 -0.42 -024 -0.54 0.66 -0.51 0.89 069 0.89 -0.60 0.92
Pb 082 0.81 -051 -0.88 -0.83 098 0.12 086 098 085 -0.85 043 0.60
Sb 011 -0.57 -032 043 0.10 -0.29 -029 0.07 -033 0.06 -0.01 052 034 -0.38
Se 076 0.86 -0.57 -0.85 -0.88 1.00 -0.06 0.85 1.00 091 -0.78 044 0.66 0.98 -0.33
Te 0.85 081 -057 -0.81 -0.86 0.99 -0.06 092 099 094 -0.85 057 074 098 -022 0.99
U 092 0.77 -047 -0.72 -0.75 0.94 -0.02 0.97 095 091 -0.88 0.68 0.79 095 -0.16 0.94 0.98
Y 0.87 043 -0.03 -042 -026 057 038 0.78 058 0.50 -0.81 0.63 052 0.70 -0.16 0.57 0.66 0.78
\ 056 -0.14 -0.02 032 0.2 0.00 -020 051 0.02 030 -035 089 066 0.01 071 -0.01 0.14 0.30 0.49

Strong positive correlations (> 0.75) are identified in blue, and strong negative correlations are marked in red (> — 0.75)
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Fig.7 A Ternary La-Th-Sc diagram adapted from Bhatia and Crook (1986); B Ternary Th-Sc-Zr/4 diagram adapted from Bhatia and Crook

(1986) and C La/Th-Hf diagram from Floyd and Leveridge (1987)

Table 5 Ratio of selected

o ZOM 5 ZOM 6 ZOM 7 ZOM 12 ZOM 15 ZOM 16

redox sensitive elements for the

studied samples V/Cr 1.56 3.97 1.56 2.63 1.51 1.17
Ni/Co 1.55 6.17 3.11 5.21 4.59 2.50
U/Th 0.23 1.75 0.30 0.72 0.16 0.27
U/Mo 5.28 2.09 6.67 0.71 12.7 5.82
(Cu+Mo)/Zn 0.58 3.97 0.53 2.07 0.35 0.28
TOC/Al 0.02 0.26 0.05 0.14 0.09 -

obtained for samples ZOM 6 (2.09) and ZOM 12 (0.71), The Eu and Ce anomalies are also important proxies

resulting from highest Mo concentration in this samples  because these elements are sensitive to changes in redox
and, therefore, indicating that were deposited under more  conditions due to their different behaviour when compared
anoxic sulfidic conditions (Algeo & Lyons, 2006; Algeo &  to other REE (Leybourne et al., 2000):

Maynard, 2004). This is also supported by the higher con-

centration of elements with affinity with sulfides on sample = — The normalized patterns reveal a positive Eu anomaly for

ZOM 6.

@ Springer

almost all samples (Eu/Eu*=0.96-1.69, average 1.25;
Table 2; Fig. 4). The higher Eu positive anomalies in
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samples ZOM 6, ZOM 12 and ZOM 15 could be related
either with the presence of detrital plagioclase and/or the
anoxic conditions during depositional processes.

— The Ce negative anomaly was identified as a consequence
of the change in the oxidation state of Ce (Elderfield &
Greaves, 1982) and can also be used as an indicator of
intensity of anoxia depending on the depositional set-
ting (e.g. Murray et al., 1990; Wilde et al., 1996). Only
the sample ZOM 5 shows a positive Ce anomaly (Ce/
Ce* =1.30), while the remaining samples have slightly
negative anomalies (Ce/Ce* =0.88—0.96) (Table 2;
Fig. 4), which may reflect less reducing conditions in
sample ZOM 5.

Interrelating the Eu and Ce anomalies (Fig. 9), samples
ZOM 16 and ZOM 5 seem to be related to more oxidizing
environments, while the other samples seem to be deposited
in more reducing depositional conditions (Fig. 9).

All the used ratios (Table 5), as well as the Ce and Eu
anomalies, revealed that the samples ZOM 6 and ZOM 12,
and secondarily the sample ZOM 15, were deposited under
anoxic conditions, while the other samples were deposited in
more oxidizing conditions, although with dissimilar paleo-
redox conditions. This is consistent with the TOC values
that are higher in ZOM 6 and ZOM 12, in which the redox
conditions favored the OM preservation, and the increase
of some redox sensitive elements (e.g. Mo, U, V). Samples
ZOM 5, Z0OM 7 and ZOM 15 behave consistently present-
ing lower TOC values (< 1%), and redox sensitive proxies
pointing to more oxic to suboxic depositional conditions.
The same pattern was found for organic-rich pelites and

Fig.8 Cross plot of redox- 100

metasedimentary lithologies with graphite from the Série
Negra of OMZ (Lopes, 2015; Pereira et al., 2006).

Therefore, the Série Negra succession can be interpreted
as related to the erosion of the Cadomian magmatic-arc,
being deposited in proximal back-arc basin. The geochemi-
cal composition of black shales from this succession indi-
cates discrepant anoxic conditions, which can be interpreted
as resulting from the variation of paleoredox conditions
within the back-arc basin generated during the last episodes
of the magmatic-arc inception.

5.3 Série Negra as possible source of metals

The diversity of ore deposits and mineral occurrences in
OMZ result from a complex tectono-metamorphic evolu-
tion derived from the location of the OMZ within Iberian
Massif and the existence of several magmatic-hydrothermal
events during the Cadomian and Variscan Cycles (Lifidn &
Quesada, 1990; Tornos et al., 2004).

The tectono-metamorphic, magmatic and depositional
processes have certainly controlled the genesis of many
ore deposits in OMZ (Tornos et al., 2002). Indeed, the
OMZ is characterized by significant crustal heterogenei-
ties (Locutura et al., 1990), which imposes variations in the
composition of the metal reservoir, and the multiple tec-
tono-metamorphic and magmatic-hydrothermal processes
that might have conditioned the transport and precipitation
of the metals (Tornos et al., 2004), thus reflecting the dif-
ferences between the metallogenic belts within this tecton-
ostratigraphic domain. Therefore, the OMZ displays a great
variety of ore occurrences, including Fe, Pb—Zn, Cu, Au, Ag,
Sb, Ni, Mn, W, Hg, U and REE, among others, which are

sensitive trace elements ratios

(U/Th versus V/Cr; adapted

from Piercey et al., 2016) of

the studied samples and refer-

ence materials for comparison.

SN—samples from Pereira et al.

(2006); LP—samples from 10
Lopes (2015); BBS (Ketris &
Yudovich, 2009); NASC (Con-
die, 1993; Gromet et al., 1984;
Taylor & McLennan, 1985);
PAAS (Condie, 1993; Taylor &
McLennan, 1985); AS (Pipper,
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formed by different processes in distinct geological settings
and times (Tornos et al., 2004).

Some Au occurrences are reported in OMZ (Fig. 1A),
namely in the Arronches-Cérdoba Belt (Mosteiros—Nave
de Grou and Sao Martinho—Blastomylonitic Belt), Evora—
Aracena Belt (Boa Fé-Escoural), and in the Olivenza—Mon-
esterio Belt (Guijarro and Chocolatero) (Canales & Matas,
1992; Matos & Filipe, 2013; Tornos et al., 2004). These
occurrences are considered as orogenic Au deposits, con-
trolled by major shear zones. They are characterized by
sulfide-poor quartz-bearing veins, breccias and dissemi-
nations in a host-rock, and have been interpreted as Vari-
scan syn-metamorphic mineralizations (Maia et al., 2022;
Oliveira et al., 2007; Tornos et al., 2004).

In Alter do Chao—Elvas and Estremoz Anticline Sec-
tors (Central Belt), several Cu mineralizations are present
(Matos & Filipe, 2013), most of these mineralizations are
interpreted as late Variscan Cu-Veins (Maia et al., 2020;
Mateus et al., 2013) hosted in Paleozoic successions. In the
North—Central Belt (Alter do Chao—Elvas sector) most of
Cu, Zn and Pb occurrences are hosted in Lower Cambrian
Succession (Mateus et al., 2013; Oliveira, 1986), being con-
currently described some Au and Ag enrichments in similar
occurrences in Spain (Tornos et al., 2004).

Figure 10 shows the enrichment of selected elements that
may have affinity with Au, Pb, Zn and Cu, namely, Ag, As,
Bi, Cd, Co, Cr, Mo, Ni, Sb, Se, U and V (Huyck, 1989;
Large et al., 2011). Although the Au content was not ana-
lyzed in the studied samples, several elements have a geo-
chemical affinity with Au, and can be used as proxies to
discuss the potential presence of Au. All samples present a
significant enrichment in As and Se, both with strong affinity
with Au (Large et al., 2011). Samples ZOM 6 and ZOM 12,
with higher TOC, also shows significant enrichment in Bi
and Mo, in addition to Ag and Cu on sample ZOM 6 and Sb
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on sample ZOM 12. The presence and relative enrichment of
these elements in the mentioned samples could be indicative
of primary presence of Au. Furthermore, samples ZOM 6
and ZOM 12 are associated with anoxic to suboxic envi-
ronments, which favor the formation of significant amounts
of diagenetic pyrite (Large et al., 2011; Tribovillard et al.,
2006), although diagenetic pyrite can form in a wide range
of conditions. It is noteworthy that the petrographic and
SEM observations (Laranjeira et al., 2023) reveal the pres-
ence of pyrite crystals in sample ZOM 6.

Previous studies on OM-rich sediments showed that some
Au deposits have a strong positive correlation with As and
S contents (Large et al., 2011). In reduced continental mar-
gin basin settings, the OM-rich sediments deposited under
anoxic to euxinic conditions concentrate Au, As, S, and
other trace elements such as Ag, Cu, Mo, Ni, Se, Te, V, U,
and Zn in pyrite and arsenopyrite phases (Large et al., 2011;
Tribovillard et al., 2006).

It is plausible that successive tectono-metamorphic pro-
cesses, namely the Variscan shear zones, could remobilize
Au, As, S and other elements (e.g. Bi, Cu, Mo, Pb, Sb, Te,
T1 and Zn) from these OM-rich sediments to become con-
centrated by hydrothermal processes (Large et al., 2011).

Indeed, Tornos et al. (2004) suggest that OMZ orogenic
Au mineralizations were probably formed by hydrothermal/
metamorphic fluids that leached Au contained in the Série
Negra succession, in accordance with recent data from Maia
et al. (2022) which suggest that the Neoproterozoic meta-
sediments were the most probable suppliers of S and Au to
the system. Therefore, the hydrothermal/metamorphic fluids
related to Variscan transpressional shear zones may remo-
bilize the Au content within black shales from Serie Negra
succession, thus enabling the genesis of quartz-bearing veins
and stockworks with a possible enrichment in Au. However,
it must be emphasized that not all Serie Negra succession
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Fig. 10 Selected elements with possible affinity with Au, Pb, Zn and Cu normalized to PAAS (Condie, 1993; Taylor & McLennan, 1985)

lithotypes have a propensity to be an Au source. Indeed,
only the black shales deposited in most anoxic environments
(ZOM 6 and ZOM 12) seem to show an increase of content
in elements with significant Au geochemical affinity.

If it is considered that the black shales of the Série Negra
succession have a primary Au content, the depleted pattern
of some samples (e.g. ZOM 7) may be interpreted as related
to the remobilization of metals during Tomar—Badajoz—
Cordoba shear events (Pereira et al., 2010, 2012b). Those
remobilized metals may be focused, and the shear zone
activity may form extensional structures, that allowed the
precipitation of metals and, consequently, the genesis of
some Au occurrences in the OMZ high grade domains (e.g.
Montemor-o-Novo region and Blastomylonitic Belt).

Near the location where samples ZOM 5, ZOM 6 and
ZOM 16 were collected, an occurrence of Pb—Zn is known,
possibly related to late hydrothermal processes associated
with the emplacement of Santa Eulalia Plutonic Complex
(Fig. 1A). This fact may explain the enrichment in Pb con-
tent in sample ZOM 6 relatively to the remaining samples.
However, this increase could also be primary, because the
other samples from this location (ZOM 5 and ZOM 16) do
not show similar behavior.

Sample ZOM 12 is located near some Cu occurrences
(Fig. 1A). According to what was previously demonstrated
by the paleoredox ratios, sample ZOM 12 corresponds to
suboxic to anoxic paleoenvironmental conditions and has
a significant enrichment in Ag, As, Bi, Cu, Mo, Sb, Se, U
and V (Table 3; Fig. 10). The positive correlations between
TOC and some redox-sensitive elements, and specifically
with Cu (r=0.80) corroborates their formation and Cu
enrichment formed under suboxic to anoxic conditions.

6 Conclusions

Black shales from Série Negra succession of OMZ were
studied using a geochemical and mineralogical approach
to trace the depositional paleoenvironments and the possi-
ble sources based on redox sensitive elements. The results
indicate that the metal occurrences on OMZ and the black
shales from Série Negra succession seems to be linked.

The clastic sources of the studied black shales are
related with the dismantling of the Cadomian Continental
Arc developed in the North Gondwana margin, showing
acidic to mixed felsic/basic signatures, which is in accord-
ance with previous proposed models.

The CC considering different reference materials reveal
an enrichment (CC > 2) in several elements: Ag, As, Cs,
Ba, Bi, Cd, Cu, Mo, Pb, Sb, Sn, Se, Th, TI, U, V, and
LREE. Samples ZOM 6, ZOM 12, and ZOM 15 have the
high number of enriched elements. Some samples reveal
CC> 10 for Ag, As, Bi, and Se. Based on Pearson’s cor-
relation coefficient and considering the significant positive
correlations between TOC and S, it is demonstrated the
association of OM with the occurrence of sulfides, cor-
roborating the petrographic description of the samples.
The elements Ag, Cd, Cu, Pb and Se are thought to be
preferentially associated with sulfides, while the elements
Mo and U must be preferentially organically bound. The
Eu positive anomaly, the Ce negative anomaly and the
ratios calculated based on redox sensitive elements indi-
cate oxic to anoxic paleoenvironmental conditions, being
more noticeable the anoxic conditions in samples ZOM
6 and ZOM 12, which are also the samples with highest
TOC values. Those samples are enriched in Ag, As, Bi,
Co, Cu, Mo, Sb and Se indicating that the BS deposited

@ Springer



16

Journal of Iberian Geology (2023) 49:1-19

in anoxic environment and may represent an important
source of metals as proposed by other authors.
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