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111.1.1. Introduction

The definition of lithostratigraphic successions in metamorphic and strongly deformed
domains is essential to constrain its geodynamical evolution. However, in these cases, the
paleontological data are often scarce and the chronological establishment of a local
lithostratigraphic succession is dependent of the correlation with well-defined lithostratigraphic
successions with fossiliferous data or, in some cases, using the geochronological data to
constrain the age of the lithostratigraphic successions.

In Abrantes, despite the greenschist-amphibolite metamorphic recrystallization and the
strong variscan deformation (Romao et al., 2010; Moreira, 2012; Moreira et al., 2015), structural
and petrological data show a lithostratigraphic succession similar to the Neoproterozoic-
Cambrian series of Ossa-Morena Zone (OMZ; e.g. Oliveira et al., 1991; Gozalo et al., 2003). One

of the Abrantes lithostratigraphic units is a carbonated succession (S. Miguel do Rio Torto

89



Carbonates), mainly composed of dolomite and calcite marbles interbedded with mafic volcanic
rocks and calc-schists (Moreira et al., 2015). The litostratigraphic and petrographic features of
this unit are similar to the Lower Cambrian carbonated successions of OMZ (Oliveira et al., 1991;
Gozalo et al., 2003; Araujo et al., 2013). Nevertheless, not only the carbonate sedimentation in
OMZ is not exclusive of Lower Cambrian, but often its age is highly debatable in some sectors,
as in Estremoz Anticline and in Ficalho (Pigarra, 2000; Picarra and Sarmiento, 2006; Pereira et
al., 2012).

The determination of the ®Sr/®Sr of the OMZ carbonates could help to constrain the
lithostratigraphic correlations between them. Indeed, by comparing the ®Sr/®Sr ratios in
marbles and limestones from different domains of OMZ, with available chronological and
isotopic data, it is possible to establish strontium isotopic signatures for the Cambrian and

Devonian carbonated episodes. This methodology allows a coherent correlation between OMZ

carbonates.
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Figure 1 — Geological sketch of the OMZ in the context of neighboring tectonostratigraphic Variscan Zones

text (adapted from Oliveira et al., 1991 and Robardet and Gutierrez-Marco, 2004).

11l.1.2. The Ossa-Morena Zone Carbonates
The stratigraphic successions defined for OMZ show the presence of four regional distinct
carbonate sedimentation episodes:
(i) The first episode, Cambrian in age (Ovetian-Marianian — Cambrian Stage 2; Oliveira
et al,, 1991; Gozalo et al., 2003, Alvaro et al., 2014), is related with the first pulses
of Variscan Cycle during the continental rifting process (Sanchez-Garcia et al., 2008;
2010; Moreira et al., 2014a). This episode is characterized by sequences of dolomite

and calcite marbles or limestones, sometimes with siliciclastic beds and interbedded
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(ii)

(iii)

(iv)

metavolcanic rocks (Oliveira et al., 1991; Vera, 2004; Sanchez-Garcia et al., 2008;
2010; Pereira et al., 2012; Araujo et al., 2013; Moreira et al., 2014a). The Ovetian-
Marianian age is constrained by paleontological data in Spain (Gozalo et al., 2003;
Vera, 2004 and included references) and in Portugal (Alter-do-Chao-Elvas Domain;
Oliveira et al., 1991; Araujo et al., 2013). In the successions with no biostratigraphic
data, the age is based on lithostratigraphic correlations, such as in the Abrantes,
Estremoz, Ficalho and Viana do Alentejo successions (Fig 1; Oliveira et al., 1991;
Moreira et al., 2015; 2016);

An Upper Ordovician episode (Kralodvorian — Ka3 and Ka4; Robardet and Gutierez-
Marco, 2004; Sarmiento et al., 2008; 2011), the Pelmatozoan Limestone, is
preserved in Valle and Cerrdn del Hornillo synclines (Fig. 1; Robardet and Gutierrez-
Marco, 1990; 2004; Sarmiento et al., 2008; 2011). This unit is characterized by
massive limestones, sometimes bioclastic (Sarmiento et al., 2008; 2011), with
evidences of dolomitization. The massive features are less evident on top and
bottom of the sequence, where laminated textures were developed. On top of the
limestones succession, karstified morphology was described (Robardet and
Gutierez-Marco, 2004).

Also in Valle and Cerrdén del Hornillo synclines, the Scyphocrinites Limestone has an
Upper Silurian age, with the bottom of sequence could be Late Ludlow or early
Pridoli (Robardet and Gutierez-Marco, 1990; 2004). This unit consists in dark
limestones interbedded with calcareous shales. These limestones are not
represented in Silurian succession of Barrancos area (temporally similar to Xistos
Raiados Formation; Picarra, 2000). Although, in Murtiga Formation (Encinasola
area), considered equivalent of the Xistos Raiados Formation, Pridoli limestones
have been mentioned (Robardet and Gutierez-Marco, 2004).

The fourth episode is Lower-Middle Devonian in age, being represented in the SW
domains of the OMZ (Machado et al., 2009; 2010; Moreira et al., 2010; Moreira and
Machado, in press). Machado et al. (2009; 2010) described a calciturbiditic sequence
(Odivelas Limestone), recently interpreted as a reef system (Moreira and Machado,
in press), spatially associated to basaltic rocks with low-K tholeiitic to calc-alkaline
geochemical signatures (Rebolado Basalts; Santos et al., 1990; 2013; Silva et al.,
2011). The paleontological data from the Odivelas limestones provides Emsian to
Givetian ages (Conde and Andrade, 1974; Oliveira et al., 1991; Machado et al., 2009;
2010). Similar facies and ages (Eifelian to Frasnian) are also described in limestones

associated to the Toca da Moura and Cabrela Carboniferous basins (Pena and
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Pedreira de Engenharia Limestones near Montemor-o-Novo; Boogard, 1972; 1983;
Machado and Hladil, 2010). These limestones are interpreted, at least in part, as
Devonian olistoliths within the previous mentioned basins (Pereira and Oliveira,
2003; Pereira et al., 2006; Oliveira et al., 2013).

In addition, in some Carboniferous basins located in the Central and North domains of the
OMZ (Robardet and Gutierez-Marco, 1990; Palacios Gonzalez et al., 1990; Medina-Varea et al.,
2005; Armendariz, 2006), some limestones are also described interbedded in siliciclastic
sequences, however some of these limestones are not marine limestones.

Although the age of the Palaeozoic carbonated sedimentation in OMZ is usually well
constrained, in the Estremoz-Barrancos sector and in Ficalho succession it is a highly debatable
subject (Oliveira et al.,, 1991; Picarra, 2000; Pereira et al., 2012; Aradjo et al., 2013 and
references therein). In these cases, overlying the basal carbonated unit (mostly dolomitic
marbles — the Dolomitic Formation), a volcano-sedimentary complex with abundant calcite
marbles is found (Oliveira et al., 1991; Araujo et al., 2013). The presence of crinoid fragments
and conodonts in the calcite limestones of Ferrarias (which according to Picarra, 2000 is
equivalent of the neighbouring Estremoz Marbles), Barrancos and Ficalho, assigning at least an
Upper Silurian to Devonian age to these limestones (Picarra and Le Menn, 1994; Sarmiento et
al., 2000; Picarra and Sarmiento, 2006). These fossiliferous limestones are contained in the
volcano-sedimentary complexes developed over the basal Cambrian Carbonated Units (Pigarra,
2000).

However, some authors argue that these ages could not be considered the depositional
ages of the limestones, but results from mixing younger materials due to sub-aerial exposure
and remobilization of faunal material (Pereira et al., 2012). The same authors obtain a 499.4 +
3.3 Ma age (SHRIMP U-Pb zircon) in meta-rhyolites, that they considered intercalated into
marbles from the Estremoz sequence, proposing a Middle-Upper Cambrian transition age for
the Estremoz volcano-sedimentary complex. Nevertheless, field relations of these meta-
rhyolites (Coelho and Gongalves, 1970; Gongalves, 1972) precludes such conclusion (see chapter

V.2 for a discussion).

111.1.3. The 87Sr/26Sr Ratio Approach

As the isotopic ratio #Sr/®¢Sr of oceanic waters has varied over the time (Fig. 2), its
determination could be used in the correlation and, in some cases, dating the marine carbonates
that preserve the seawater &Sr/%Sr fingerprint (Burke et al., 1982; Veizer, 1989; Veizer et al.,

1999; McArthur et al., 2012 and included references).
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The #Sr/5Sr variation has been due by changing the fluxes of Sr to the ocean, from the two
main sources: mantle and continental crust (McArthur, 1994; Veizer et al., 1999). In middle
ocean ridges, the hydrothermal circulation induces the interaction between oceanic crust and
seawater, generates a modification of strontium isotopic ratio in seawater: the loss of Sr from
seawater is replaced by leached Sr from middle ocean ridge rocks, decreasing the &Sr/%Sr of
marine seawater (McArthur, 1994). On the other hand, the continental weathering supplies are
higher than that of marine Sr. Indeed, addition of continental crust Sr to the ocean, therefore
increases the marine 8Sr/8Sr ratio (McArthur, 1994). Nowadays, the &Sr/%Sr ratio in seawater
is always higher than 0.703 (minimum value of mid ocean ridge rocks) and usually lower than
0.713 (best estimated value of modern rivers; McArthur, 1994).

The analytical precision of the 8Sr/®Sr ratio that can be measured is + 0.00002 (McArthur,
1994). This precision makes analytically indistinguishable the ratio variation in seawater from
worldwide localities. This uniformity is resulted from the residence time of Sr in the Ocean that
is far longer than the time it takes currents to mix the oceans, so the oceans are thoroughly
mixed on time scale that are short relative to the rates of gain and loss of Sr (McArthur, 1994;
McArthur et al., 2012). As such, it is assumed that the ocean has always been well mixed, as in
present, and consequently is isotopically uniform with respect to 8Sr/%°Sr. This fact allows to
correlate and even date some marine rocks and minerals.
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Figure 2 — Variation of #Sr/%Sr through the Ediacarian and Palaeozoic times (curves adapted from

Prokoph et al., 2008; Maloof et al., 2010; MacArthur et al., 2012).

111.1.4. Sample preparation and methods

37 samples of OMZ carbonate rocks were collected. After sample characterization by
conventional petrographic techniques, they underwent specific preparation, such as cleaning
and removing meteoric surface alteration followed by crushing, gridding and sieving, in order to
obtain powdered carbonate samples smaller than 63 um, enriched in carbonate specimens. The

used methodology allow to concentrate the carbonated phases in powdered samples.
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The detailed mineralogical composition of carbonates was analysed in a X-Ray
difractometer (XRD — Bruker D8 Discover with DaVinci geometry) and using a Lynxeye linear
detector (Hercules Laboratory, University of Evora). The scans was collected from 26 32 to 759,
with steps of 0.0052 and one second by step. The semi quantification of the phases abundances
were done using the DIFFRAC.SUITE software from Bruker by the RIR-Reference Intensity Ratio
(Hubbard et al., 1976; 1988 and included references).

The strontium isotope analyses were done using a Mass Spectrometer Thermal lonization
(TIMS) with a VG Sector 54 spectrometer (Isotopic Geology Laboratory, University of Aveiro).
The main procedure involve a first stage of rocks sample dissolution with HCl with some drops
of HF and HNOs for the carbonates. Afterwards, the remaining solutions, including the carbonate
leachated samples, were dried and re-dissolved in HCI and subject to a conventional two-stage
ion chromatography separation with cation exchange resins for Sr purification. This
methodology should guarantee the non-carbonate fraction separation from the whole sample.
After the carbonate concentration and purification in each sample the isotopic measurements
of #Sr/8%Sr ratios were performed by means of a thermal ionization mass spectrometry (VG

Sector 54).

111.1.5. Geological framework, Petrography and XRD analysis of OMZ Carbonates

The 37 carbonate samples from the OMZ Paleozoic Carbonates were characterized by
conventional petrographic techniques, with special attention to textural, mineralogical and
metasomatic (i.e. secondary dolomitization) features and by XRD analyses. The samples includes
marbles and limestones, with calcite and dolomite as the main mineral carbonate specimens,
and one sandstone with calcite cement. Some dolomite carbonates show macro and
microscopic textural evidences of secondary dolomitization, while in others the dolomitization
is interpreted as “primary” and/or diagenetic.

A short general framework for the collected samples and the main petrographic features of
analysed samples are summarized below according to the geographic sectors of samples

provenience.

111.1.5.1. Northern OMZ Carbonates (Abrantes, Assumar)

From the northern OMZ domains, 7 samples were collected, 6 from Abrantes and 1 from
Assumar regions (table 1; Fig. 3A and 3B). The Abrantes samples are from S. Miguel do Rio Torto
Carbonates, characterized by dolomite and calcite marbles interbedded with mafic volcanic
rocks, which have been correlated with the Lower Cambrian carbonated units of the OMZ

(Moreira et al., 2015; 2016). This unit was affected by Variscan greenschist to amphibolite
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metamorphic recrystalization. The Assumar carbonates are included in a Detrital-Carbonated
Complex, also attributed to Lower Cambrian (Pereira and Silva, 2001).

The XRD analyses (table 2) reveals a variable carbonate content in carbonates in these
marbles, with three samples containing more than 95% of carbonates (GQAB-3, GQAB-7, ASS-
1), three ranges between 95-80% (GQAB-4, GQAB-13, GQAB-27) and one between 80-60%
(GQAB-37). Two samples are calcite marbles (GQAB-3 and GQAB-4), while the others are
dolomitic (the sample GQAB-27 has a small proportion of calcite). The non-carbonate fraction in
mainly composed of quartz and micas, although in some samples clay minerals (GQAB-13,
GQAB-27, GQAB-37), orthose (GQAB-37) and titanite (GQAB-4) are identified. In the Assumar

sample (ASS-1), the presence of chlorite is also substantial.
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Figure 3 — Geological context of the OMZ carbonate samples:
A — Abrantes region geological map (adapted from Moreira, 2012);
B — Alter-do-Ch&o-Elvas sector geological map, also showing the location of the Assumar sample
location (adapted from LNEG, 2010);
C — Estremoz Anticline (adapted from Pigarra, 2000; LNEG, 2010);
D — Southwest sectors of OMZ (adapted from LNEG, 2010; Moreira and Machado, in press).
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The macroscopic and conventional petrographic characterization shows four distinct
lithofacies of Northern OMZ carbonates (table 1):

- Samples GQAB-3 and GQAB-4 are extremely pure calcite marbles (calcite ~90%),
presenting granoblastic inequigranular textures (calcite with millimetre dimensions). The
non-carbonated component is mostly composed of significant quartz (5-10%) and opaque
minerals.
- Sample GQAB-27 is a dolomite marble (dolomite > 80%; Fig. 4A) with granoblastic
inequigranular texture, with dolomite from millimetre to submillimetre dimension. The
dolomite predates metamorphism (possibly diagenetic), presenting type Il (and IV?) twins
(Passchier and Trouw, 2005), which shows metamorphic recrystallization of dolomite.
Significant quartz (~10%) and muscovite (5-10%) and few opaque minerals compose the
non-carbonated content.
- Samples ASS-1 and GQAB-7 are dolomite marbles (dolomite > 85%), with substantial
quartz content (~¥10%). Some vestigial opague minerals, micas (biotite or muscovite) and
epidote are also identified. Two generations of dolomite are clear identified: one previous
to metamorphism, with recrystallization evidences (type Il twins in crystal), and a second
one characterized by fine-grained turbid/cloudy dolomite (sometimes euhedral and
zoned), being associated to dissolution and growing over the previous dolomite
generation. The macroscopic evidences of dissolution and late dolomite precipitation was
removed during sample preparation.
- Samples GQAB-13 and GQAB-37 are mainly dolomitic (>80%), characterized by pervasive
dissolution and late dolomitization with abundant cloudy euhedral dolomite. The sample
GQAB-13 preserves some earlier recrystallized dolomite with millimetre size, although the
secondary late dolomitization is dominant (Fig. 5A). The non-carbonate fraction presents
significative quartz content (5-10%), but also biotite, muscovite, amphibole, feldspars,
chlorite and opaque minerals (~¥10%). The pervasive dolomitization is also visible at

mesoscale.

111.1.5.2. Alter-do-Chao — Elvas Sector Limestones

In the Alter-do-Chdo — Elvas sector, 4 samples are collected (table 1; Fig. 3B). The samples
present very low-grade metamorphism and a fine-grain (submillimetric) texture, belonging to
the Elvas Carbonated Unit (Oliveira et al., 1991; Moreira et al., 2014b). This unit is mainly

composed of Ovetian-Marianian dolomite (and calcite) limestones, which are overlapped by the

96



Vila Boim Formation, with a Marianian-Biblian age based on trilobite, acritarchs and brachiopods

faunas (Oliveira et al., 1991; Gozalo et al., 2003).

Table 1 — Main geographic, stratigraphic and macroscopic features of analysed samples.

Stratigraphic features Macroscopic features
hge Mai Secund
. . . ain ecundary .
Unit / Formation Lithology P s Granularity
Cambrian | Devonian 5l|UTla_n carbonate Dolomitization
Devonian
GQAB-3 Abrantes | Sdo Miguel do Rio Torto Carbonates Marble X C - +++
GQAB-4 Abrantes | Sdo Miguel do Rio Torto Carbonates Marble X C - +++
GQAB-7 Abrantes Sdo Miguel do Rio Torto Carbonates Dolomite marble X D + 4+
GQAB-13 Abrantes Sdo Miguel do Rio Torto Carbonates Dolomite marble X D ++ 4+
GQAB-27 Abrantes Sdo Miguel do Rio Torto Carbonates Dolomite marble X D + ++
GQAB-37 Abrantes Sdo Miguel do Rio Torto Carbonates Dolomite marble X D ++ ++
ASS-1 Assumar Assumar detrital-carbonated Complex Dolomite marble X D + ++
VB-2 Vila Boim Elvas Carbonated Formation Limestone X C - +
VB-12 Vila Boim Elvas Carbonated Formation Dolostone X D + +
VB-18 Vila Boim Elvas Carbonated Formation Limestone X C - +
ALT-1 AI::ehr;;o- Elvas Carbonated Formation Dolostone X D + +
ETZ-2 Estremoz Estremoz volcano-sedimentary Complex Marble X X? C - +++
ETZ-3 V":a\::faoi:a_ Estremoz volcano-sedimentary Complex Marble X X? C - +++
ETZ-5 Bencatel Estremoz volcano-sedimentary Complex Marble X X? C - +++
ETZ-6A Borba Dolomitic Formation Dolostone X D ++ ++
ETZ-7 Estremoz Estremoz volcano-sedimentary Complex Marble X X? C - +++
ETZ-9 Sousel Dolomitic Formation Dolomite marble X D - ++
FER-1 Ferrarias Ferrarias Limestone Limestone X? CandD ++ ++
FER-2 Ferrarias Ferrarias Limestone Dolosone X? DandC ++ ++
FER-3 Ferrarias Ferrarias Limestone Limestone X? C - ++
BA-3 Barrancos | Monte das Russianas Formation Sa_ndstone, X C - +
calcite cement
BA-4 Barrancos | Barrancos Igneous Complex Limestone X? C - +
BEN-1 Bencatel | - Dolostone X? DandC - +
BEN-2 Bencatel - Limestone X? C - ++
Cheles
HE-1 - Marbl X - ++
C (SPN) arble C
0oD-1 Odivelas Odivelas Limestone (Covas Ruivas) Limestone X C - +
0oD-2 Odivelas Odivelas Limestone (Covas Ruivas) Limestone X C - +
oD-4 Monte da Tpca da Moura Complex (Pena Limestone X c } .
Pena Limestones)
OD-5A Odivelas Odivelas Limestone (Cortes) Limestone X C - ++
Bioclasti
0OD-6 Odivelas Odivelas Limestone (Cortes) oioc astic X C - ++
limestone
CAB-1 Cabrela Cabrela C_OmPIeX (Pedreira da Dolostone X D + +
Engenharia Limestone)
VIA-L Viana d‘o Viana-Alvito volcano-sedimentary Marble X c } e
Alentejo Complex
VIA2 Viana c_io Viana-Alvito volcano-sedimentary Secondary M N it .
Alentejo Complex dolostone
ALV-1 Alvito Viana-Alvito volcano-sedimentary Marble M N " e
Complex
SRP-1 Serpa Moura-Ficalho volcano-sedimentary Marble X DandC } St
Complex
FIC-2 Ficalho Moura-Ficalho volcano-sedimentary Limestone X2 X2 c } N
Complex
ESC-1 Escoural Monfurado Formation Marble X C + +++
(C) Calcite (-) absente (+) fine-grained
(D) Dolomite (+) present (++) intermediate
(++) intense (+++) coarse-grained

(+++) prevasive
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Figure 4 — Main macroscopic features of selected samples:
A—Dolomite marble from Abrantes sector, showing the presence of Dolomite recrystallization (AB-
27 sample);
B — Fine-grained grey limestone from the Alter-do-Chao-Elvas sector, showing quartz-rich layers
(VB-2 sample);
C — Sample location of the white marble from southern limb of the Estremoz anticline (ETZ-3
sample), showing the intense karstification;
D —Impure limestone from Barrancos sector (BA-4 sample). This locality provides some unclassified
crinoid fragments (Pigarra and Sarmiento, 2006);
E — Macroscopic features of the Pena limestones, showing evidences of fluid interaction with late
calcite veins (OD-4 sample);
F — Transverse or slightly oblique sections of (?) cupressocrinitids columnals from the Odivelas
Limestones, typical of Middle Devonian age (OD-6 sample);
G — Macroscopic evidences of secondary late dolomitization and dissolution (CAB-1 sample);
H —Viana do Alentejo carbonates, showing the relation between VIA-1 (calcite marbles) and VIA-2

(late dolostone vein) samples.

29



The XRD analyses (table 2) shown that these limestones are impure, presenting more than
23% of non-carbonate mineral (Fig. 6A). Two samples (VB-2, VB-18) are calcite-rich, with a small
dolomite content (lower than 1%,; Fig. 6A1), and two are dolomitic (VB-12, ALT-1; Fig. 6A2). The
non-carbonate fraction is composed of quartz, micas and chlorite (in one sample albite is also
identified).

Petrography studies indicates two distinct lithotypes:

- Samples VB-2 and VB-18 are fine-grained impure grey calcite limestones (calcite=60-
70%; Fig. 4B), with significant quartz, chlorite and epidote content (25-35%) and some
sericite, amphibole, feldspars and opaque minerals (Fig. 5B). The sample VB-2 also
presents some dolomite.

- Samples VB-12 and ALT-1 are fine-grained impure dolostones (dolomite=65-75%), but
do not present pervasive late dolomitization at mesoscale. The dolomite is considered
syn-diagenetic (or primary?) and macroscopic secondary dolomitization evidences were
removed during sample preparation. Occasionally, some dissolution are recognized at
thin-section scale, with generation of fine-grained cloudy late dolomite (sometimes
euhedral). The first generation of dolomite sometimes presents type | twins, suggesting
weak recrystallization (Passchier and Trouw, 2005). The non-carbonated content (25-30%
of the sample) are mostly composed of quartz and some (chloritized) biotite, sericite,

chlorite, amphibole, feldspar and opaque minerals.

111.1.5.3. Estremoz Anticline

In the Estremoz Anticline, 6 carbonates samples were collected (table 1; Fig. 3C). The
Estremoz Anticline have a Neoproterozoic core, below a Cambrian sequence composed of
arkosic sandstones at the base, overlapped by dolomite marbles unit (Dolomitic Formation; e.g.
Oliveira et al., 1991), where the samples ETZ-6A and ETZ-9 have been collected. On top of the
Dolomitic Formation, it is developed the Estremoz Volcano-Sedimentary Complex, mainly
composed of calcite marbles (where the samples ETZ-2, ETZ-3, ETZ-5 and ETZ-7 have been
collected) interbedded with mafic and felsic volcanic rocks (Oliveira et al., 1991). All these
succession were deformed and metamorphosed under greenschist metamorphic conditions
during the Variscan orogeny (Pereira et al., 2012).

The XRD analysis (table 2) indicates that the samples ETZ-2, ETZ-3, ETZ-5 and ETZ-7 are
extremely pure, with a calcite content higher than 95%, while the silicate component is
composed of quartz and micas (Fig. 6B). The other samples (ETZ-6A and ETZ-9) are dolomitic

presenting a significant content in non-carbonate minerals (36 and 11% respectively). The non-
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carbonated content is mostly composed of micas and quartz, although orthose and chlorite were
also identified in sample ETZ-9.
The petrographic studies identifies four distinct lithotypes:

- Samples ETZ-2 and ETZ-3 are white marbles (Fig. 4C) with no evidences of secondary
dolomitization. The marbles present a granoblastic inequigranular texture. Both samples
are extremely pure, being composed of calcite (>95%) and some quartz clasts. The calcite
is pervasively recrystallized, showing type Il twins (Fig. 5C).
- Samples ETZ-5 and ETZ-7 are dark to grey marbles, with dispersed organic matter. The
marbles present granoblastic inequigranular texture, showing slightly oriented calcite
crystals in ETZ-5 sample. The sample ETZ-5 is extremely pure, being mostly composed of
calcite (~90%). The sample ETZ-7 is slightly more impure (calcite 80-85%), showing some
layers composed of fine-grained calcite with abundant quartz (~15%) interbedded with
medium-grained calcite ones. Both samples presents type | and |l twins in calcite crystals,
showing some recrystallization.
- Sample ETZ-6A is an impure dolostone (dolomite=60-75%), containing abundant quartz
and sericite (25-30%) and some chlorite and opaque minerals. It shows clear evidences of
late secondary dolomitization and dissolution from macro to microscale (Fig. 5D). The
dolomite, frequently with euhedral to sub-euhedral shape, has no evidences of
recrystallization, with internal zonation showing more than one episode of dolomitization
(Fig. 5D).
- Sample ETZ-9 is a dolomite marble, with recrystallized dolomite crystals (~90%) and a
granoblastic texture. There is no evidences of dissolution or late dolomitization, showing
that the dolomite is previous to the metamorphic event (possibly diagenetic or primary?).

The dolomite shows type | to type Il twins, as in calcite marbles.

11l.1.5.4. Bencatel-Ferrarias-Cheles-Barrancos Alignment

The presence of dolostones and limestones, spatially associated with bimodal magmatic
rocks and breccias, defines the here named Bencatel-Ferrarias-Cheles-Barrancos alignment (Fig.
3; Oliveira, 1984; Araujo et al., 2013). However, the geodynamic meaning of this NW-SE to N-S
alignment, which follows the general structural trend of OMZ (Fig. 3), is poorly understood. In
Barrancos region (Fig. 3) these alignment was named Barrancos Igneous Complex (Araujo et al.,

2013 and references therein).
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Figure 5 — Main petrographic features of selected carbonated samples (dh — dissolution hole; msc —
muscovite; org — organic matter; ept — epidote; ol — olivine; | — type | twin; Il — Type Il twin; IV — type IV
twin; srp — serpentine; om — opaque minerals):
A — Two generations of dolomite, the first one previous to metamorphism showing recrystallized
type Il twins: the second one overgrowing and partially substituting the first generation (GQAB-13
sample);
B — Fine-grained calcite limestone, coloured by Alizarin Red Solution. The picture show the
presence of fine-grained quartz+feldspar, muscovite and epidote (VB-18 sample);
C — Extremely pure marble from Estremoz Anticline, showing type | and Il twins in calcite (ETZ-2
sample);
D — Dolostone resulting from the total substitution of primary carbonate structure, showing
dissolution holes and euhedral zoned crystals of dolomite, with cloudy core and clear edges (ETZ-
6A sample);
E — Sandstone with calcite cement from Monte das Russianas Formation (BA-3 sample), showing
the presence of organic matter rich layers;
F — Bioclastic Devonian limestone from Odivelas Limestone (OD-1 sample);
G — Calcite marble from Viana do Alentejo, with epidote and olivine crystals in a granoblastic
texture with type Il twins in calcite (VIA-1 sample);
H — Serpa marble (SRP-1 sample), showing the association substitution of olivine crystal by

serpentine group minerals. The carbonates are highly recrystallized with type Il and IV twins.
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The Barrancos and Ferrarias limestones, considered equivalent by some authors of the
Estremoz Volcano-Sedimentary Complex (Pigarra, 2000), have locally Upper Silurian to Devonian
fossils (Picarra and Le Menn, 1994; Sarmiento et al., 2000; Picarra and Sarmiento, 2006). This
alignment intercepts the Cheles Limestones (Spain), considered a structural klippe structure of
Lower Cambrian carbonates over the Ordovician-Silurian successions developed during the early
Variscan events (Moreno and Vegas, 1976; Vegas and Moreno, 1973). The Bencatel carbonates
are located in southern limb of Estremoz Anticline (Fig. 3C), presenting clear distinguish features
as respect to the previously described Estremoz marbles. Seven samples are collected in this
alignment (table 1): two near Bencatel (BEN-1, BEN-2), three from Ferrarias Anticline (FER-1,
FER-2, FER-3), one from Cheles structure (CHE-1) and two near Barrancos (BA-3, BA-4).

The XRD analyses (table 2) indicate a strong heterogeneity in the carbonates content: more
than 95% in two samples (FER-2, BEN-2), between 90 and 80% in two samples (FER-1, FER-3; Fig.
7A), between 80 and 70% in another two samples (BEN-1, CHE-1) and 57% in the last sample
(BA-4). Concerning the dominant carbonate specimen: two samples are calcitic (FER-3, CHE-1),
two are calcite-dominant (FER-1, BA-4), one presents similar proportion of calcite and dolomite
(BEN-2), one is dolomite-dominant (BEN-1) and one is dolomitic with vestiges of calcite (FER-2).
The non-carbonate content is mainly composed of quartz and micas, although some samples
also present feldspars (FER-1, CHE-1) and clay minerals (BEN-1, CHE-1). The sample BA-3
presents a clearly distinct XRD pattern, with more than 80% of non-carbonated minerals (mainly
composed of quartz, micas, chlorite and goethite) and the remaining 19% being composed of
calcite (Fig. 7B).

The macroscopic features of samples FER-3, BA-4, BEN-1 and BEN-2 have strong similarities,
being characterized by laminated dark-grey limestones, which is clearly distinct from other
samples. Macro- and microscopic features allow to identify distinct lithofacies:

- Sample FER-1 have some evidences of a not pervasive late dolomitization. It is
characterized by submillimetric calcite and dolomite (60%) with abundant quartz (30-
35%) and some muscovite and opaque minerals. The sample contains quartz-rich layers,
as well as some organic matter parallel to bedding. Some calcite veins are also identified
and recrystallization are recognized. After the crushing the fragments with clear late
dolomitization and late calcite veins were eliminated by visual inspection.

- Sample FER-2 is mostly composed of dolomite (70%) and abundant quartz (25%),
complemented by muscovite and opaque minerals. Macro and microscale evidences of
pervasive dolomitization and dissolution, with generation of euhedral cloudy late

dolomite, are recognized.

104



- Samples FER-3 and BA-4 are impure calcite limestones (Fig. 4D) without evidences of
secondary dolomitization (calcite ranges between 65 and 80%). The non-carbonated
content is composed of quartz (10-30%), fine-grained muscovite (<5%), opague minerals
(~*5%) and organic matter remnants. The calcite crystals presents type | twins that shows
a slightly recrystallization. It is important to emphasize the presence of some
hydrothermal evidences observed near the FER-3 locality.

- Samples CHE-1 is a pure calcite carbonate (~80%) with a fine-grained submillimetric
granoblastic texture and no evidences of secondary dolomitization. The non-carbonated
component is composed of quartz, fine-grained mica and opaque minerals and organic
matter remains. The calcite shows type | twins, revealing weak recrystallization.

- Samples BEN-1 and BEN-2 are dolomite-calcite limestones (circa of 70-85%), containing
abundant quartz (10-30%) and also opaque minerals and muscovite. Evidences of organic
matter are clear in both samples. In samples BEN-1 dolomite seems to show some
recrystallization with type | twins. Some veins of calcite are identified and it is not evident
the presence of a pervasive late dolomitization at meso- and microscale.

- Sample BA-3 is a sandstone with calcite cement. The sample shows abundant quartz (60-
70%), muscovite (10-15%), and opaque minerals (~5%), as well evidences of organic
matter (Fig. 5E). The cement is composed of submillimetric calcite, which represents 10-
15% of sample content. Although the sample was included in this sample group, it is
clearly distinct, being collected in the siliciclastic Monte das Russianas Formation (Lower

Devonian; Oliveira, 1984; Araujo et al., 2013).

111.1.5.5. Odivelas Limestone and Cabrela-Toca da Moura Complexes

This group includes 6 samples of Devonian grey to dark limestones s./. (table I; Boogard,
1972; Machado et al., 2009; 2010; Machado and Hladil, 2010) with very low-grade
metamorphism. Four samples are from Odivelas Limestones (two from Covas Ruivas locality -
OD-1, OD-2 - and two from Cortes - OD-5A, OD-6) and two were collected in Toca da Moura
(Pena Limestones; OD-4) and Cabrela (Pedreira da Engenharia Limestones; CAB-1) Carboniferous
Basins (Fig. 3D).

The XRD analyses (table 2) emphasises the presence of the highly pure limestones, usually
with carbonate content higher than 88%. One sample (CAB-1) is a dolostone, being the most
impure carbonate with 11% of non-carbonate content (Fig. 7D), while the other samples are
limestones, containing more than 92% of calcite (Fig. 7C). The non-carbonated content is mainly

composed of quartz with some chlorite and mica.
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Figure 6 — XRD pattern of the Cambrian limestones (Al and A2), the Cambrian attributed marbles (B) and

a late dolostone growing in a fracture (C).
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Table 2 — Semi quantitative results obtained by XRD analyses for the analysed samples.

Calcite | Dolomite | Ankerite | Quartz | Mica Chlorite | Others obs. Coarbonates Others
(%) (%)
GQAB-3 96.17 0.00 000| 142| 242 0.00| 000 96.17 | 3.83
GQAB-4 92.13 0.00 000| 3.05| 414 0.00| 0.67 | Titanite 92.13| 7.87
GQAB-7 0.00 96.81 000| 128| 192 0.00| 000 96.81| 3.19
GQAB-13 0.00 94.25 000| 152| 088 0.00| 3.35| Montmorillonite 94.25| 5.75
GQAB-27 0.44 84.21 000| 5.28| 939 0.00| 0.67 | Kaolinite 84.65| 15.35
GQAB-37 0.00 67.75 000| 841 16.30 0.00| 109+ | Kaolinite + 67.75 | 32.25
6.46 | Orthose
ASS-1 0.00 95.05 000| o078| 1.05 3.12| 0.0 95.05 | 4.95
VB-2 67.74 0.23 000| 1231 13.93 579| 0.0 67.97 | 32.03
VB-12 037 76.13 000| 237| 352| 1761 o0.00 76.50 | 23.50
VB-18 74.05 0.89 000| s5.01| 1443 059 | 5.03 ]| Albite Mg Calcite 74.94 | 25.06
ALT-1 0.00 62.06 000| 416 3080 298| 0.0 62.06 | 37.94
ETZ-2 96.77 0.00 000| 1.99| 1.24 0.00| 0.00 96.77| 3.23
ETZ-3 95.91 0.72 000| o058| 279 0.00| 0.00 96.63| 3.37
ETZ:5 95.83 0.00 000| 033] 3.8 0.00| 0.00 9583 | 4.17
ETZ-6A 0.00 63.53 000| 1.96| 3450 0.00| 000 63.53 | 36.47
ETZ-7 95.52 122 000| 107| 219 0.00| 000 96.74| 3.26
ETZ-9 0.00 89.00 000| 1.88| 595 136| 1.82 | Orthose 89.00| 11.00
FER-1 57.57 25.49 000| 862| 231 0.00| 6.00] Albite 83.06 | 16.94
FER-2 0.09 95.00 000| 298| 193 0.00| 000 Mg Calcite 9509 | 4.91
FER-3 81.18 0.00 000| 7.87| 1095 0.00| 000 81.18 | 18.82
BA-3 19.25 0.00 000| 3470| 2007| 2535| 0.63] Goethite 80.75
BA-4 55.48 1.52 000| 15.60| 27.39 000| 000 Fe 43.00
Dolomite
BEN-1 7.82 64.37 000| 1431| 7.8 0.00| 0-53+ | Kaolinite + 72.19| 27.81
5.09 | Microcline
BEN-2 49.86 46.45 000| o084| 285 000| 000 96.31| 3.69
CHE-1 77.69 0.00 000 045 19.92 0.00| 122 |Kaolinite+ 77.69 | 22.31
0.65 | Montmorillonite
0D-1 92.41 0.89 000| 3.04| 000 3.18| 0.48 | Hematite 93.30| 6.70
0D-2 93.75 1.05 000| 419| o000 1.00| 0.00 94.80| 5.20
oD-4 99.53 0.00 000| 047| o000 0.00| 0.00 99.53 | 0.47
OD-5A 96.54 0.00 000| 066| 000 0.00| 2.80]Talc 96.54 | 3.46
0D-6 99.69 0.00 000| 031| o000 0.00| 0.00 99.69| 0.31
CAB-1 0.00 88.41 000| 954| 205 0.00| 0.00 88.41| 11.59
0.33 + | Titanite +
VIA-L 98.25 0.00 000| 036| 000 000 | T e 98.25| 1.75
063+ Zeolite group
VIA-2 26.02 68.95 000| 148| o000 000 |~ | (Chabazite) + 94.97| 5.03
: Montmorillonite
ALV-1 8.20 0.00 82.01| 047| 000 931| 0.00 orfe 9021 | 9.79
Dolomite
Serpentine
SRP-1 8.07 88.80 000| 000| o000 119| 1.93 | Group (Lizardite 96.87 | 3.13
or Chrysotil)
FIC-2 64.33 0.00 000| 318 | 3.87 0.00| 000 64.33 | 35.67
5.52 + | Tremolite-
ESC-1 44.90 35.56 000| 03| 115 1200 | oL 80.46 | 19.54
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The petrographic studies allow to recognize three distinct lithofacies in these limestones:

- Samples OD-1, OD-2, OD4 and OD-5A are almost composed of calcite (90-95%; Fig. 5F).
Some opaque minerals and abundant organic matter were also identified. In sample OD-
1 quartz is also recognized while in sample OD-5A fibrous talc is identified. The sample
OD-4 has some evidences of recrystallization coupled with hydrothermal fluid interaction
(Fig. 4E), while in samples OD-1, OD-2 and OD-5A, the recrystallization is less intense.
Nevertheless, type | twins are present in all samples. In sample OD-1 fossil fragments were
recognized (Fig. 5F).

- Sample OD-6 is a rudstone with abundant fragments of crinoids and other bioclastic
material (Fig. 4F). This sample is mostly composed of calcite (>95%), some opaque
minerals and frequent organic matter. The sedimentary texture presents some
recrystallization with type | twins developed in the calcite.

- Sample CAB-1 is an impure dolostone (dolomite 85-90%), with frequent quartz layers.
There is a secondary dolomitization associated to intense dissolution (Fig. 4G), generating
a pervasive generation of cloudy euhedral dolomite, sometimes zoned, possibly replacing

the initial calcite content. Some levels rich in organic matter were identified.

111.1.5.6. Southern OMZ Carbonates (Escoural, Viana-Alvito, Serpa, Ficalho)

In the southernmost sectors of the OMZ, 6 carbonate samples were collected (table 1; Fig.
3). These carbonates outcrop in antiformal structures (Araujo et al., 2013), being attributed to
Cambrian based on lithostratigraphic correlation with the northern and central domains of the
OMZ (Oliveira et al., 1991; Araujo et al., 2013). Two carbonated units are usually considered in
this area: the basal unit composed of dolomite marbles/limestones, sometimes poorly
represented (Oliveira et al., 1991), and the upper one (where all samples are collected)
characterized by marbles/limestones associated with bimodal magmatism (Ribeiro et al., 1992;
Oliveira et al., 1991; Araujo et al., 2013). However, in the Ficalho region, dark-grey limestones
generally included in upper unit, present Silurian-Devonian conodonts (Picarra and Sarmiento,
2006).

The XRD studies (table 2) show the presence of highly variable contents in carbonates: 2
samples with more than 95% (SRP-1 and VIA-1), 3 samples with 95-80% (VIA-2, ALV-1 and ESC-
1) and one sample with significant lower values (~65%; FIC-2). The main carbonate are also
heterogeneous: calcite is the only identified carbonate in VIA-1 and FIC-2 samples, while in VIA-
2, SRP-1 and ESC-1, dolomite and calcite were identified, being the dolomite dominant in sample
VIA-2 (Fig. 6C) and SRP-1. The sample ALV-1 also contain calcite, although the dominant

carbonate is Ankerite. Concerning the non-carbonate content, quartz is present in all samples,
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although a greater diversity of phases is described: zeolite (VIA-2), clay minerals (VIA-1, VIA-2),

chlorite (ALV-1), micas (FIC-2, ESC-1), serpentine (SRP-1), amphibole — tremolite-actinolite —and

talc (ESC-1).

This group is heterogeneous, including several differential features that will be described

below:
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- Samples VIA-1 and VIA-2 are sampled in the same old marble quarry (Fig. 4H). The sample
VIA-1 is a calcite marble (85-90%), with intense recrystalization, type Il and Ill (and IV?)
twins, and a coarse-grained (centimetric to millimetric) granoblastic texture (Fig. 5G).
Olivine (forsterite?), epidote and brucite(?), but also some K-Feldspar and quartz, are
recognized. The sample VIA-2 is a secondary dolostone (dolomite=60-70%) contained in a
vein controlled by a fracture zone within calcite marbles. This dolostone has no evidences
of recrystallization, also presenting submillimetric late calcite veins. Quartz, chlorite,
opaque minerals, amphibole, feldspar and muscovite(?) compose the non-carbonated
fraction. Several dissolution indications are recognized and secondary dolomite,
sometimes euhedral and zoned, is pervasive.

- Sample ALV-1 is a fine-grained ankerite (85-90%) marble, with granoblastic texture, also
containing quartz, chlorite, amphibole, feldspar and muscovite (?). A significant content
of opaque minerals phases (iron oxides?; 2-5%) were also identified. The carbonates
present type IV twins, emphasizing an intense recrystallization. Late sub-millimetric
calcite veins without recrystallization were identified.

- Sample SRP-1 is mostly composed of dolomite (~70%), presenting granoblastic
inequigranular (centimetric to millimetric) texture. The dolomite is considered as
diagenetic (or primary?) or syn-metamorphic, showing evidences of deeply
recrystallization with type Il and IV twins (Fig. 5H). The non-carbonated content (20-25%)
is dominated by serpentine and olivine (forsterite?), coupled with some spinel and
opaque minerals (Fig. 5H). The presence of olivine relics indicates high-temperature
metamorphism (Bucher and Grapes, 2011), while the serpentine is result of retrograde
metamorphism. Sub-millimetric calcite (~5%), with no evidences of recrystallization, was
identified, which seems to be synchronous (or later?) to the retro-metamorphism.

- Sample ESC-1 has an equigranular medium-grained granoblastic polygonal texture. It is
composed of calcite and dolomite (~85%), tremolite-actinolite (5-10%), opaque minerals
and talc. The carbonates show type Il twins, denoting some recrystallization. There is no
evidences of late dolomitization and dissolution. The tremolite should result from
metamorphism under amphibolite facies conditions, while the talc could be related to the

retrograde metamorphism (Bucher and Grapes, 2011).



- Sample FIC-2 is a fine-grained (submillimeric) impure limestone (calcite 65-70%), with
abundant quartz (30-35%), some muscovite and dispersed organic matter. The sample do

not shows evidences of late dolomitization and dissolution.

111.1.6. 87Sr/2Sr Ratio of the Carbonated Rocks

The projection of &Sr/%Sr ratio of the OMZ carbonated rocks shows the presence of two
distinct clusters (table 3; Fig. 8).

The first cluster is composed of the Odivelas and Pena limestones (OD-1, OD-2, OD-4, OD-
5A, OD-6), which present 8Sr/86Sr ratio lower than 0.70800 with a very small dispersion, ranging
between 0.707680 and 0.70778. However, the dolostones associated to the Cabrela
Carboniferous Basin (Oliveira et al., 1991; 2013; Moreira and Machado, in press), with similar
age (and genesis?), presents significant higher 8Sr/2°Sr values (CAB-1; 0.70972), when compared
with the Odivelas and Pena limestones (Fig. 8).

The Sr fingerprint of CAB-1 could be influenced by the interaction between the original
87Sr /85Sr ratio in limestones and the meteoric fluids (which usually have higher 87Sr/86Sr ratios;
McArthur, 1994) and its "anomalous" higher value could be explained by the pervasive
secondary dolomitization and dissolution (Fig. 4G). As the age of dolomitization is unknown, two
hypothesis can be considered: (1) the dolomitization took place during the re-sedimentation of
limestones within the intracontinental Caberla Basin (if it is considered the olistolith nature to
these limestones; Oliveira et al., 2013 and references therein) or (2) the dolomitization results
from recent interaction with meteoric fluids.

When comparing the Odivelas and Pena limestones it should be emphasized their similar
87Sr/86Sr fingerprint, nevertheless the presence of silicification, the oxide mineral phases and
hydrothermal activity in the Pena Limestones (Machado and Hladil, 2010). Although, it must to
be emphasized that only the most preserved lithofacies were analysed in Pena Limestone (OD-
4 sample). This seems to indicate that, in this case, the hydrothermal interaction do not change

the primary Sr ratio.

The other cluster is composed of calcite and dolomite limestones and marbles, presenting
higher &Sr/8Sr values and ranging between 0.7083 and 0.7093 (table 3). In this cluster, where
there is no evidences of pervasive late dolomitization, two groups are recognized in this cluster
(Fig. 8):

(1) A lower group, with ratios ranging between 0.7073 and 0.7078, is mostly composed of
calcite carbonates (ETZ-2, ETZ-3, ETZ-5, ETZ-7, FIC-1, VB-2, VB-18, GQAB-3, GQAB-4) and
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two dolomite carbonates affected by a pervasive metamorphic recrystallization of
dolomite (ETZ-9, GQAB-27);

(2) An upper group (0.7090-0.7093) mainly composed of dolomite-rich carbonates with
some evidences of late dolomitization (ALT-1, VB-12, GQAB-7 and ASS-1) and two calcite-
rich marbles (VIA-1 and ESC-1), with no evidences of secondary dolomitization.

The lower group comprises Abrantes-Assumar and Estremoz marbles. Their values are
similar to most of the previous published data from Estremoz marbles affected by medium grade
metamorphism (Fig. 8; Marinelli et al., 2007; Taelman et al., 2013). The previous data is totally
corroborant with 8Sr/®Sr ratios obtained for Alter-do-Ch3o — Elvas limestones (VB-2, VB-18),
which have very low metamorphic grade and a well constrained age (Ovetian-Marianian; Gozalo
et al., 2003). The upper group, with slightly higher ratios, contains not only the South OMZ
marbles from Viana do Alentejo and Escoural (VIA-1, ESC-1; Fig. 3D), with medium to high
temperature paragenesis, but also the dolomite-rich carbonates with some evidences of late
dolomitization from Northern OMZ sectors (ASS-1, GQAB-7) and from Alter-do-Chdo-Elvas
Domain (ALT-1, VB-12).

The Serpa marble (SRP-1) presents an extremely anomalous high &Sr/%Sr ratio (0.711052),
clearly higher than the previous reported cluster, although the sample shares clear similarities
with VIA-1 sample. In SRP-1 sample, the dolomite is highly recrystallized, showing that this
dolomitization should be contemporaneous or previous to the metamorphic episode. Indeed,
the dolomitization could be related to the interaction with hydrothermal high temperature
metamorphic and/or magmatic fluids (Bucher and Grapes, 2011) during Variscan Cycle. The
presence of serpentine in SRP-1 dolomite marble, resulting from retrogradation of olivine,
indicates either a regional metamorphism under granulite facies or intense high temperature
hydrothermal activity (Bucher and Grapes, 2011; Winter, 2013).

Thus, it could be considered that the anomalous higher values is resulted from the
interaction between the high-temperature (metamorphic) fluids with Serpa Marbles, thus
increasing the &Sr/%8Sr ratio. This could also explain the slightly higher values obtained to Viana
do Alentejo and Escoural samples, which also presents higher metamorphic grade. Previous data
from Viana do Alentejo marble had already shown higher &Sr/¢Sr values when compared with
Estremoz marbles (Morbidelli et al., 2007). This possibility is in accordance with the presence of
Carboniferous thermal metamorphism described in the Viana do Alentejo marbles (Gomes and
Fonseca, 2006) and the presence of a high temperature event in Escoural marbles country rocks
(Chichorro, 2006; Chichorro et al., 2008; Moita et al., 2009). A similar behaviour also explains
the higher values obtained in Almaden de la Plata marbles (Fig. 1 and 8; Morbidelli et al., 2007),

where a high temperature metamorphism is observed (Abalos et al., 1991).

112



BA-3
— — 0.71400
Sandstone
i with calcite Calcite- [
—] cement Dolomite —
mizble
. & - 0.71200
1 Calcite- B
_ Dolomite |
marble
il SRP- I
i s | A L 0.71100
— e a—— -
i 'FER-S i |
GQAB-37 i H
| S
1@ ; { 8o B
' 1 5s n
A 1 o M - |
t i £ va2 ©
] 1 2= s
— H | 52 A c® —0.71000 09
f I 3a =
—| | caAB-13 i cSE"" H o & cag-1_ | S
i ' i Eg ® | 7p)
 I5 i | n=8 <o M~
| L .
1t H H | w
AsSAl i ! ESC-1 | n=10
- ] 5 H [} [ A -
| i BEN-2 1 A
_| “cassr VB-12 f 3 VIA-t —0.70900
- i FE‘R-1 ! '
7.___‘ . —1a lNSR -’ HA,-A -
GQAB4 VB2 AL .r;ie"'” : & H o |
— GQAB-3) S et riama —
xt\ [ ] T CHE-1 Fic-1
- A Ve-ie ez =
‘Gﬁé.w " L EF2 | B
ALV-1 |
= ® 5 ' |-0.70800
= [
= 8 e =
2 g 8
B 0 = -‘:? {3 fy g < B
| @ ] o = T @ o o s @ |
9 3 g = T _o =t K}
s 5| % o § 5 8 5 sefagd 28 § o 2
- = @ D © e £ @ = SS8Lo >2 < c a |-
o ] = = ¢ § £ © S299agn oS 33 ©
< << <C > m w O o > <L oxr O i o &) 0.70700
5 Bencatel-Ferrarias- 3 i .
Northern |Alter-do-Chao o a Odivelas  Cabrela-Tocal
OMZ | Elvas Sector |  Estremoz Anticline Fheﬁfgﬁ,a‘]réan?cos SoutherOMZ Limestone da Moura
Bibliographic data New data
« outlier Carbonate composition
T W Calcite Calcite-Dolomite | Dolomite Pervasive (late)
non-outlier W Cailcite dominant @ Dolomite dominant [] Ankerite dominant dolomitization
median
o Age
nt;r::;:;:;; [ Cambrian A Attributed to Cambrian O Devonian  Silurian-Devonian () Ambiguous age

Figure 8 — Projection of 87Sr/%¢Sr values ratios of Palaeozoic OMZ carbonates, emphasizing the presence
of different clusters (see text for more details). The arrows represents the effect of secondary/meteoric
dolomitization. In the box-plots, are represented the published ®’Sr/%¢Sr data from Viana do Alentejo,
Estremoz Anticline and Almandén de la Plata marbles (adapted from Morbidelli et al., 2007; Taelman et

al.,, 2013).

Therefore, the increase of &Sr/%Sr values in the high-temperature metamorphic marbles
(VIA-1, ESC-1 and SRP-1) is compatible with the interaction between primary &Sr/%Sr marbles
signatures and the higher &Sr/2®Sr values typical of the high temperature (metamorphic) fluids
derived from upper crust (Rollinson, 1993). High &Sr/%Sr values were obtained in OMZ
Neoproterozoic-Cambrian siliciclastic rocks and in rocks resulting from anatexis of Ediacaran
metasediments in the Evora Massif (Pereira et al., 2006; Moita et al., 2009). Thus, the current
strontium ratio signature of these marbles (VIA-1, ESC-1 and SRP-1) could result from the mixing

between primary signature and the metamorphic fluids fingerprint. This seems to show that the
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low to medium metamorphic grade do not change significantly the primary signature of Sr/2Sr,
contrary to what happens with high-temperature metamorphism.

The samples with pervasive secondary late dolomitization (VIA-2, ETZ-6A, GQAB-13, GQAB-
37) present higher values of #Sr/%Sr, comparatively to the calcitic and dolomitic
limestones/marbles without or with insipient evidences of pervasive secondary late
dolomitization collected in the same sectors (Fig. 8). Similar behaviour has been reported
previously to the Cabrela dolostones (Fig. 8), being interpreted as the result from the interaction
between meteoric fluids and carbonated rocks.

The Alvito Fe-rich carbonate (ALV-1) despite has textural evidences of metasomatic
process, shows the lowest &Sr/%Sr value (0.708023) and is regarded as an outlier (Fig. 8). Such
anomalous ratio in an ankerite-rich marble require more data in order to understand the
influence of ankeritic or dolomite Fe-rich fluids in the 8Sr/2®Sr ratio during the metasomatism.

The samples from Bencatel-Ferrarias-Cheles-Barrancos alignment are analysed separately
because its behaviour is slightly random. Indeed, the ®Sr/%Sr data for the limestones and
dolostones collected in this alignment are clearly distinct from the data for the Odivelas-Pena
limestones cluster (Fig. 8). These carbonates usually presents 8Sr/%Sr values similar to those
obtained in the limestones/marbles from the second cluster, ranging between 0.70860 and
0.71200, however, as mentioned the data dispersion is higher (Fig. 8):

- Samples from Cheles (CHE-1), Barrancos (BA-4) and one from Ferrarias (FER-1) presents
clear similarities with the primary limestone signature of second cluster (0.708655-
0.708812). Although doubts remain in relation to its age, lithostratigraphic and
geodynamical significance (see discussion below);

- The Bencatel samples (BEN-1, BEN-2) presents &’Sr/%¢Sr values compatible with the upper
group of the second cluster (0.709743 and 0.709255 respectively). Both samples contain
dolomite, but is debatable the temporal relation between the dolomitization and the
metamorphic processes. The strontium ratio increase could reflect the effect of secondary
dolomitization on a primary Sr ratio that may be similar to CHE-1, BAR-4 and FER-1. Both
samples were collected in the SW limb of Estremoz Anticline, presenting dubious position
in relation to Estremoz Volcano-Sedimentary Complex.

- Ferrarias samples (FER-2 and FER-3) present significant higher values of #Sr/86Sr
(0.711960 and 0.710761 respectively; Fig. 8). As mentioned, this sector is affected by
intense fracturing with evidences of intense rock/fluid interaction. This may justify the
high values observed in FER-3 calcite limestone. The sample FER-2 presents a pervasive

secondary dolomitization, which should increase the #Sr/8Sr ratio;
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Table 3 —87Sr/8Sr isotopic data from studied samples (results obtained in Isotopic Geology Laboratory

of Aveiro University).

Sector Sample 875y /85Sr 20

GQAB-3 0.708471 | 0.000014

GQAB-4 0.708773 | 0.000026

Northern OMZ GQAB-7 0.709106 | 0.000014
Carbonates GQAB-13 0.709716 | 0.000024
GQAB-27 0.708366 | 0.000021

GQAB-37 0.710410 | 0.000017

ASS-1 0.708866 | 0.000024

N VB-2 0.708777 | 0.000013
?::::‘SD:C'S:” - |ve12 0.709136 | 0.000030
Limestones VB-18 0.708538 | 0.000021
ALT-1 0.709227 | 0.000024

ETZ-2 0.708420 | 0.000033

ETZ-3 0.708610 | 0.000033

Estremoz Anticline |ETZ-5 0.708716 | 0.000027
ETZ-6A 0.710933 | 0.000021

ETZ-7 0.708741 | 0.000027

ETZ-9 0.708299 | 0.000023

FER-1 0.708812 | 0.000013

FER-2 0.711960 | 0.000016

Bencatel-Ferrarias- | FER-3 0.710761 | 0.000018
Cheles-Barrancos BA-3 0.714002 | 0.000021
Alignment BA-4 0.708694 | 0.000018
BEN-1 0.709743 | 0.000021

BEN-2 0.709255 | 0.000031

CHE-1 0.708655 | 0.000021

0OD-1 0.707775 | 0.000020

Odivelas Limestone | OD-2 0.707784 | 0.000016
and Cabrela-Toca da | OD-4 0.707680 | 0.000023
Moura Complexes OD-5A 0.707774 | 0.000017
OD-6 0.707772 | 0.000016

CAB-1 0.709720 | 0.000020

VIA-1 0.709169 | 0.000023

VIA-2 0.710030 | 0.000021

z:'::;;:eos“"z ALV-1 0.708023 | 0.000025
SRP-1 0.711052 | 0.000020

FIC-2 0.708617 | 0.000018

ESC-1 0.709016 | 0.000014

- The BA-3 sample displays the most anomalous higher &Sr/%Sr value (0.714002; Fig. 8).
This sandstone with calcite cement is composed of significant amounts of siliciclastic
components. The obtained ratio should be the result either from the interaction between
the silicate and carbonate components during the diagenetic process or from the
interaction rock/fluid dominated by crustal fluids (Rollinson, 1993), not representative of

strontium isotopic signature of seawater during the limestone precipitation.
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111.1.7. 87Sr/2Sr and the age of OMZ Carbonated Episodes; a Discussion

The variation of ®Sr/%Sr ratio during the Phanerozoic times is generally well constrained
(Fig. 2; McArthur et al., 2012). This could be used to have discuss or even constrain of the
possible ages of the OMZ carbonated episodes.

However, the Cambrian worldwide curve of the 8Sr/%Sr values is not well constrained, due
to the lack of precise biostratigraphic age of world Cambrian successions, coupled with the
scarcity of well-preserved material that could be used for strontium studies (McArthur et al.,
2012). Thus, several curves were proposed (Fig. 9A; Derry et al., 1994, Brasier et al., 1996,
Nicholas, 1996 and Denison et al., 1998).

The Ovetian-Marianian Alter-do-Chao-Elvas limestones (Oliveira et al., 1991), with no
evidences of late dolomitization, present a #Sr/2°Sr (VB-2 and VB-8; 0.708538 and 0.708777)
with a very good correlation with most of the proposed worldwide seawaters values for this age
(Fig. 9A; Derry et al., 1994; Brasier et al., 1996; Nicholas, 1996). Similar Sr ratio values (0.7083-
0.7088) were obtained for the Ficalho limestone (FIC-2) and to the dolomite and calcite marbles
from Estremoz (ETZ-2, ETZ-3, ETZ-5, ETZ-7, ETZ-9) and Abrantes (GQAB-3, GQAB-4, GQAB-27),
which also have no secondary dolomitization although present an higher metamorphic-grade
(greenschists to amphibolite). Such similarities support the attribution of these formations to
the Ovetian-Marianian (Oliveira et al., 1991; Moreira et al., 2015; 2016), although some care
should be used because similar strontium ratios are also found in some Silurian and Devonian
periods (Fig. 9B and 9C).

Some Abrantes-Assumar (GQAB-7, ASS-1), Alter-do-Chdo-Elvas (ALT-1, VB-12) and
Southern OMZ (VIA-1, ESC-1) samples, also attributed to the same Cambrian carbonate event
(Oliveira et al., 1991; Pereira and Silva, 2001; Moreira et al., 2015; 2016), present slightly higher
87Sr/86Sr values (0.7090-0.7093), that should represent the balance between the primary Sr
signature with the higher strontium values provided by:

(1) The high temperature metamorphic fluids in the Viana do Alentejo and Escoural
marbles;
(2) The meteoric fluids in the Abrantes-Assumar and Alter-do-Chao-Elvas carbonates.

Although it could be considered that the higher values of this sample group are compatible
with the Cambrian #Sr/%®Sr worldwide curve proposed by Denison et al. (1998), we didn't
support this hypothesis, which led all the other samples with lower ratios unexplained.

However, doubts still remain in Bencatel-Ferrarias-Cheles-Barrancos alignment and
consequently its relation with Estremoz marbles stay debatable. Indeed, although some of these
samples have ®Sr/®Sr ratios similar to those obtained to Cambrian and Cambrian attributed

carbonates, they have a more complex geodynamic significance:
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- The Ferrarias samples (FER-1, FER-3) are from the localities whre crinoids fragments and
conodonts are found in dark limestones (Picarra and Le Meen, 1994; Picarra and
Sarmiento, 2006), being sometimes slightly recrystallized. Locally these limestones
present conglomeratic features and some limestone boulders are also found in clastic
sequence. Although sample FER-3 have no evidences of dolomitization, it exhibit an
anomalous higher 8Sr/8Sr values, clear dissimilar from the one of FER-1 sample. Near the
FER-3 location, evidences of hydrothermal processes were identified, which could explain
this value. The FER-1 8Sr/8Sr signature is similar to those obtained in some Estremoz dark
marbles (ETZ-5 and ETZ-7).
- The Bencatel samples (BEN-1 and BEN-2) are also dark calcite-dolomite limestones,
collected near the fossiliferous locality of Picarra and Sarmiento (2006). The samples are
located in the southern limb of Estremoz anticline, being locally associated to some
conglomeratic features. The &Sr/%Sr values are slightly higher than Estremoz marbles.
- The Cheles sample (CHE-1) is from an isolate calcite limestone outcrop interpreted as a
a klippe structure considered as Cambrian, but with no biostratigraphic data (Moreno and
Vegas, 1976; Vegas and Moreno, 1973). The strontium ratios are similar to the Estremoz
dark marbles.
- The Barrancos sample (BA-4) was been collected where unclassified crinoid fragments
were described (Pigarra and Sarmiento, 2006), being spatially associated to breccias and
bimodal volcanic rocks. Its strontium ratio is similar to the Estremoz dark marbles values.
The presence of crinoids in localities where some of the samples were collected implies, at
least, an Ordovician age for these limestones (Guensburg and Sprinkle, 2001; Ausich et al., 2015),
which is compatible with the considered Late Silurian to Early Devonian age based in their
conodonts content (Picarra and Sarmiento, 2006). The possible Upper Silurian age raises the
possibility of correlation with Pridoli Scyphocrinites Limestone from Valle and Cerrédn del
Hornillo (Spain; Robardet and Gutiérrez-Marco, 2004), although this carbonate episode has not
been described in Portugal (e.g. Picarra, 2000; Picarra and Sarmiento, 2006). The Pridoli 8Sr/86Sr
signatures ranges between 0.70865 and 0.70885 (Fig. 9B; Azmy et al., 1999; McArthur et al.,
2012), being concordant not only with some of the samples contained in this alignment (BA-4,
FER-1 and CHE-1), but also with the dark marbles from the southern limb of Estremoz anticline
(ETZ-5 and ETZ-7). In fact, the Estremoz dark marbles present a slightly higher values than the
Estremoz white marbles (ETZ-2 and ETZ-3), thus being totally compatible with the strontium
ratio Pridoli values. To clarify the possible existence of two distinct episodes fact it will be
necessary a wider sampling in black limestones and marbles from Estremoz and Bencatel-

Ferrarias-Cheles-Barrancos alighnment.
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The strontium ratio of the Cheles sample (0.708655) fits within the group range defined by
the samples attributed to Cambrian (0.7083 and 0.7088; Fig. 9A). Nevertheless, the absence of
bio- and lithostratigraphic control in these limestones prevnt a definitive conclusion.

Thus the geodynamic meaning of this alignment is still poorly known and it is possible that
the two carbonate episodes are represented. In fact, the presence of carbonates associated with
breccias and magmatic rocks involved by a siliciclastic matrix could indicate the presence of a
syn-orogenic deposit contained boulders (olistoliths) of magmatic and carbonated rocks, with

different provenances and ages.
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Figure 9 — Projection of OMZ data in the proposed #Sr/%6Sr curves for worldwide seawater during:
A — Cambrian (C — Corduban; O — Ovetian M — Marianian, B — Bilbilian; seawater curves adapted
from Derry et al., 1994, Brasier et al., 1996, Nicholas, 1996 and Denison et al., 1998);
B —Silurian (seawater curve adapted from Azmy et al., 1999);

C — Devonian (seawater curves adapted from Denison et al., 1997 and Veizer et al., 1999).

Finally, the &Sr/%Sr signatures of Lower-Middle Devonian Limestones not only have a very
low dispertion, ranging between 0.70770 and 0.70780, but are also totally concordant with the
lower 8Sr/8¢Sr values proposed for the worldwide seawater trend from this age (Fig. 9C; Denison
et al., 1997 and Veizer et al., 1999), which is totally distinct from Cambrian and Silurian ones.
Concerning the Odivelas limestones (Cortes and Covas Ruivas localities; Fig. 9C), the obtained
values, ranging between 0.707784 and 0.707772, could also be explained by the interaction
between the seawater and the host volcanic rocks (87Sr/%Sr ranges between 0.7038 and 0.7066;
Santos et al., 2013). However, in Pena Limestones (OD-4 sample), although the host volcanic
rocks have not been identified (Moreira and Machado, in press), the isotopic ratio values remain
similar (0.707680), which seems to show that such values represent the primary strontium

signature of the seawater. The strong accuracy observed in all the Lower-Middle Devonian
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limestones also indicates that the Bencatel-Ferrarias-Cheles-Barrancos alignment limestones

should not be Emsian-Givetian in age.

111.1.8. Final Remarks

This work helps to highlight some constrains in the use of 8Sr/%Sr ratios as a method to
correlate the carbonated sedimentation in sedimentary and metamorphic lithostratigraphic
successions.

One of the major limitations is their use in rocks with intense dolomitization related to
meteoric fluids, because such process increases the 8Sr/2%Sr values, due the interaction with
upper crustal fluids characterized by higher strontium ratios. A similar behaviour is also expected
in carbonated rocks that have interacted with high temperature metamorphic and/or
hydrothermal fluids.

Nevertheless its limitation, the #Sr/%°Sr data clearly emphasize at least two events of
carbonate sedimentation in the OMZ: the Lower-Middle Devonian carbonates have lower values
(0.70770-0.70780), than the ratios observed in Cambrian carbonates and, perhaps, also some
Silurian limestones. The Devonian data are totally corroborant with global values obtained to
Emsian-Givetian worldwide Sr curve (Veizer et al., 1999).

However, the available &Sr/%Sr ratio available are still insufficient to constrain the age and
origin of the Bencatel-Ferrarias-Cheles-Barrancos carbonates and its relation with Estremoz
marbles. Indeed, although the Cambrian limestones from Alter-do-Chdo-Elvas (Ovetian-
Marianian in age) have &Sr/®Sr signatures similar to those obtained to Abrantes and Estremoz
marbles, they are also similar to some Upper Silurian-Lower Devonian limestones from Bencatel-
Ferrarias-Cheles-Barrancos alignment.

Concerning the carbonates with a possible Cambrian and Silurian ages, they present some
87Sr/88Sr ratios overlap. Thus, more studies are needed in Estremoz and Ferrarias anticlines and
in Barrancos, which also should include the Scyphocrinites Limestones (Pridoli; Robardet and
Gutiérrez-Marco, 2004), in order to define their distinctive 8Sr/%Sr ratio. Nevertheless, it is clear
that these limestones are not from the Lower-Middle Devonian times.

The strontium studies of the OMZ carbonates prove to be adequate to the Lower-Middle
Devonian and Cambrian rocks, nevertheless some doubts still remain regarding the age and
origin of the from Bencatel-Ferrarias-Cheles-Barrancos carbonates and its relation with
Estremoz marbles. Thus, this methodology is suitable to other OMZ carbonates without
biostratigraphic data, but could also be useful in the Silurian and Ordovician marine limestones
with biostratigraphic control, helping to characterize and correlate the different carbonates

events based on their 8Sr/%Sr fingerprint.
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