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The Sierras de Córdoba Metasedimentary Series consists of marbles and metasiliciclastic rocks of
Ediacaran to early Cambrian age (ca. 630 and 540 Ma) that underwent high-grade metamorphism during
the collisional Pampean orogeny in the early Cambrian. The ages of the marbles were determined from
the Sr-isotope composition (blind dating) of screened samples of almost pure calcite marble and were
further constrained with C- and O-isotope data and U–Pb SHRIMP detrital zircon ages of an interbedded
paragneiss. Two groups of samples are recognised with Sr-isotope composition ca. 0.7075 and 0.7085 that
are considered stratigraphically significant. The first is inferred early Ediacaran, the second late Ediacaran
to early Cambrian. The Sierras de Córdoba Metasedimentary Series is correlated for the first time with
marble-bearing metasedimentary series in several sierras to the west and north of Sierras de Córdoba
(e.g., the Difunta Correa Sedimentary Sequence and the Ancaján Series), implying that all were probably
parts of an originally extensive sedimentary cover. These series bear evidence of sedimentary sources in
the Mesoproterozoic (and Paleoproterozoic) basement of the Western Sierras Pampeanas (part of the
large MARA continental block) and farther west (Laurentia?). In terms of the age of limestones/marbles
and detrital zircon patterns, the Sierras de Córdoba Metasedimentary Series differs strongly from the
older section of late Ediacaran to early Cambrian Puncoviscana Formation of northwestern Argentina,
which mostly outcrops in northern Sierra Chica and Sierra Norte, with sedimentary input from western
Gondwana sources.
The Sierras de Córdoba Metasedimentary Series and the Puncoviscana Formation were probably juxta-

posed during the Pampean orogeny along a complex suture zone that was further folded and/or imbri-
cated at mid-crustal depths. The peak of metamorphism was attained at 527 ± 2 Ma. According to the
evidence found here most of the Sierras Pampeanas to the west of the Sierras de Córdoba were part of
the lower colliding plate during the final amalgamation of SW Gondwana.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The Sierras Pampeanas of western and northwestern Argentina
extend over a large N–S elongated area some 700 km long and
450 km wide (Fig. 1). The basement in this area consists of Palaeo-
zoic to Mesoproterozoic igneous and metamorphic rocks. Minor
outcrops of basement are also found in other structural units of
the Andean foreland, e.g., the Precordillera and the Puna. Unfossil-
iferous metasedimentary rocks are abundant in the basement,
most of them displaying low- to high-grade regional metamor-
phism of different ages (see Rapela et al., 1998a, 2001; Ramos
et al., 2010 for a review). Siliciclastic rocks are widespread, but
marbles and calc-silicate rocks can be locally abundant. The latter
represent former deposits of marine carbonates and provide
constraints for stratigraphy and paleogeography through the
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Fig. 1. Map of the Sierras Pampeanas (WSP and ESP) and northwestern Argentina. Main ranges abbreviations: Sierra de Ambato (Am), Sierra de Ancasti (An), Sierra de
Guasayan (Gu), Sierra de Ancaján (SAn), Sierra del Toro Negro (STN), Sierra de Umango (Um), Sierras de Maz-Espinal (ME), Sierra Brava (SB), Sierra Norte-Ambargasta (SNA),
Sierra de Valle Fertil-La Huerta (VFLH), Sierra de Pie de Palo (PP), Sierra del Gigante (dG), Sierra de Córdoba (SC) and Sierra de San Luis (SSL). Modified from Rapela et al.
(2016).
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application of isotope geochemistry methods (Sr, C and O) (Galindo
et al., 2004; López de Azarevich, 2010; Murra et al., 2011 and ref-
erences therein).

The Sr-isotope composition of marbles than remained unmodi-
fied after sedimentation has been increasingly used for chemical
stratigraphy since the seminal work of Burke et al. (1982). These
authors showed the 87Sr/86Sr ratio in open-ocean limestone
increased non-linearly over time because of a general predomi-
nance of input from continental radiogenic Sr compared to a juve-
nile contribution from the oceanic crust. Determination of this
ratio has been particularly useful for dating Neoproterozoic and
older carbonates where fossils are absent. Several compilations
have been published showing the Sr-isotope composition of sea-
water vs. time for the Neoproterozoic era, some of them accompa-
nied by d13C values (and S and O-isotope systematics), to constrain
the age of paleoclimatic changes (e.g., Derry et al., 1989, 1992;
Jacobsen and Kaufman, 1999; Kuznetsov, 1998; Kuznetsov et al.,
2013; Montañez et al., 2000; Halverson et al., 2007, 2010, among
others).

We focus here on the Sr, C and O-isotope composition of mar-
bles from the Sierras de Córdoba and easternmost Sierra de San
Luis (Eastern Sierras Pampeanas, ESP) (Figs. 1 and 2) and secondly
on U–Pb SHRIMP zircon dating of interbedded metasiliciclastic
rocks. It is the first time that this type of research has been carried
out over such an extended region of the Sierras Pampeanas. Our
results are significant for the provenance and timing of deposition,
correlation with carbonate sequences elsewhere in the Sierras
Pampeanas, and the tectonic evolution of the continental margin
of SW Gondwana leading up to the Pampean orogeny.

2. Geological setting

The Sierras Pampeanas of Argentina can be divided into two
groups separated by the Bermejo–Desaguadero first-order fault
(Fig. 1):

(1) the Western Sierras Pampeanas (WSP) consist of a Mesopro-
terozoic (and probably reworked Paleoproterozoic) base-
ment of metabasites, orthogneisses, metasedimentary
rocks (mainly gneisses and psammites with a few marbles),
and massif-type anorthosites (Pankhurst and Rapela, 1998;
Vujovich et al., 2004; Casquet et al., 2004, 2008; Rapela



Fig. 2. Simplified geological map of the Sierras de Córdoba (after Martino, 2003 and Baldo et al., 2014) showing the main bands of marble and calcsilicate rocks. Sampling
localities: 1-Quilpo; 2-Centenario; 3-La Falda; 4-El Cuadrado; 5-El Sauce; 6-Dumesnil; 7-Cantesur; 8-La Calera; 9-Las Jarillas; 10-Alta Gracia; 11-San Agustín; 12-Santa Rosa;
13-Sol de Mayo; 14-San Miguel; 15-Santa Mónica; 16-Cañada de Álvarez; 17-Achiras; 18-Lujan; 19-La Suiza; 20-Altautina; 21-Tala Cañada; 22-Cuchiyaco; 23-Igam; 24-
Characato; 25-Iguazú; 26-Ciénaga del Coro.
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et al., 2010) with a Neoproterozoic metasedimentary cover
called the Difunta Correa Sedimentary Sequence including
abundant marbles (Varela et al., 2001; Galindo et al.,
2004). Both basement and cover experienced deformation
and low- to high-grade metamorphism in the Famatinian
orogeny (Early to middle Ordovician);

(2) the Eastern Sierras Pampeanas consist of low to high-grade
metasedimentary and plutonic rocks. The eastern part of
the Eastern Sierras Pampeanas underwent Pampean orogeny
(low- to high-grade metamorphism and magmatism)
between 545 and 520 Ma (latest Ediacaran to early Cam-
brian), and was variably reworked by the Famatinian oro-
geny. The western part of the Eastern Sierras Pampeanas
underwent the Famatinian orogeny only with abundant
magmatism and low- to high-grade metamorphism from
�490 to 430 Ma (Sims et al., 1998; Pankhurst et al., 1998;
Rapela et al., 1998a, 2007; Dahlquist et al., 2008).

The oldest sedimentary protoliths recorded so far in the eastern-
most part of the Eastern Sierras Pampeanas (phyllites to gneisses
and metapsammites) have been correlated with the Puncoviscana
Formation of northwestern Argentina (Cordillera Oriental). The
Puncoviscana Formation basically is a sequence of pelitic-
greywacke turbidites with locally interbedded conglomerates,
limestones and volcanic rocks of late Neoproterozoic to Cambrian
age (Omarini et al., 1999; Do Campo and Ribeiro Guevara, 2005;
Toselli et al., 2005, 2010; Zimmermann, 2005; Adams et al., 2008;
Escayola et al., 2011, among others). In the western Eastern Sierras
Pampeanas two metasedimentary series are found: a late Neopro-
terozoic sequence with marbles (the Ancaján Series) in the sierras
of Ancaján and Ancasti (Fig. 1) isotopically equivalent to the Difunta
Correa Sedimentary Sequence of the Western Sierras Pampeanas
(Murra et al., 2011; Rapela et al., 2016), and a sequence of typically
banded schists (Ancasti Series) equivalent to the Puncoviscana For-
mation. Both series underwent low- to high-grade Famatinian
metamorphism and deformation only, with no evidence so far of
significant Pampean metamorphism. The contact between the
two series is highly strained, suggesting tectonic juxtaposition.
3. Sierras de Córdoba Metasedimentary Series

The Sierras de Córdoba are the easternmost outcrops of the
Eastern Sierras Pampeanas (Fig. 1). They consist of metasedimen-
tary rocks, orthogneisses and plutonic rocks and dykes, locally cov-
ered by continental sediments of Carboniferous-Permian,
Cretaceous and Cenozoic ages. The metasedimentary rocks are
metapelites and metapsammites interbedded with widespread
marbles and calc-silicate rocks (Gordillo, 1984; Gordillo and
Bonalumi, 1987; Baldo, 1992; Guereschi and Martino, 2002,
2003). Plutonism, deformation and metamorphism took place in
the early Cambrian Pampean orogeny (Rapela et al., 1998b). Meta-
morphism reached medium to high temperature (600–800 �C) and
intermediate pressure (4–8 kbar) (Gordillo and Lencinas, 1979;
Rapela et al., 1998b, 2002; Steenken et al., 2010). Marbles are
found as lenticular bodies due to stretching, but they can be fol-
lowed over long distances with thicknesses from a few centimetres
to hundreds of metres. They are often spatially associated with
ductile shear zones and mafic to ultramafic igneous rocks
(Martino, 2003). We will refer to this marble-bearing sequence as
the ‘‘Sierras de Córdoba Metasedimentary Series”. Metasedimen-
tary rocks equivalent to the Puncoviscana Formation of NW Argen-
tina were recognised in the Sierras de Córdoba (Sierra Grande and
in northwestern Sierra Chica and Sierra Norte) (Fig. 2) on the basis
of detrital zircon ages (Escayola et al., 2007; Rapela et al., 2007,
2016). The term Puncoviscana Formation in the literature
embraces sedimentary rocks probably older, coeval and younger
than the Pampean magmatic arc, with the only constraint that they
are older than the unconformably overlying middle to late Cam-
brian Meson Group (e.g., Omarini et al., 1999; Adams et al., 2008,
2011; Escayola et al., 2011, and references therein). We restrict
the term here to that part of the siliciclastic succession that is of
relevance to the early history of the Puncoviscana sedimentary
basin (e.g., Casquet et al., 2012). These rocks host the magmatic
arc in the south (540–530 Ma) and can be coeval with syn-
orogenic volcanism (ca. 530 Ma) in the north (Escayola et al.,
2011).

The detrital zircon pattern of the Puncoviscana Formation in the
Eastern Sierras Pampeanas is almost bimodal with characteristic
peaks at ca. 1000 and 600 Ma. This pattern was interpreted as
derived from West Gondwana sources in the east (Natal-
Namaqua belt and probably the Brasiliano–Panafrican orogen and
the huge East African orogen) (Schwartz and Gromet, 2004;
Rapela et al., 2016). The maximum sedimentation age is 570 Ma
and the uppermost part of the series contains interbedded tuffs
of ca. 537 Ma (Escayola et al., 2011; von Gosen et al., 2014). Early
Pampean orogeny magmatism in the Sierra Chica and Sierra Norte
of Córdoba took place between 540 and 530 Ma (Rapela et al.,
1998b; Schwartz et al., 2008; Iannizzotto et al., 2011). The relation-
ship (age and structure) between the Puncoviscana Formation and
the marble-bearing Sierras de CórdobaMetasedimentary Series has
so far not been defined.

The 87Sr/86Sr values and the C (and O-isotope in lesser degree)
composition of limestones from the Puncoviscana Formation in
NW Argentina suggest that they are early Cambrian (Sial et al.,
2001; López de Azarevich, 2010; Toselli et al., 2012), consistent
with the age of sedimentation between ca. 570 and 537 Ma yielded
by the ages of detrital zircons in interbedded schists (Escayola
et al., 2011; Casquet et al., 2012; Rapela et al., 2016). However,
marbles of the Ancaján Series in the western Eastern Sierras Pam-
peanas (Sierra de Ancasti) yielded Sr-isotope ratios corresponding
to the Ediacaran (Toselli et al., 2010; Murra et al., 2011), and the
same Sr-isotope composition was found in marbles from the
Difunta Correa Sedimentary Sequence in the Western Sierras Pam-
peanas (Sierras de Pie de Palo, Maz and Umango; Fig. 1) (Varela
et al., 2001; Galindo et al., 2004). Recently Rapela et al. (2016) have
confirmed that similarities between these two older series extend
to the detrital zircon age patterns of siliciclastic rocks interbedded
with the marbles and that these patterns differ from that of the
Puncoviscana Formation. The Difunta Correa Sedimentary
Sequence is thus apparently equivalent to the Ancaján Series, rep-
resenting deposition across the tectonic boundary between the
two groups of the Sierras Pampeanas (Fig. 1).

4. Sampling and analytical techniques

Sampling was designed to include most of the marble outcrops
of the Sierras de Córdoba and easternmost Sierra de San Luis
(Fig. 2). A total of 141 samples were collected, of which 49 were
selected for petrography and chemistry. One sample was collected
of migmatite interbedded with marble (Fig. 2) for U–Pb SHRIMP
zircon geochronology to better constrain the age of the Sierras de
Córdoba Metasedimentary Series and to strengthen correlations
with sedimentary successions elsewhere in the Sierras Pampeanas.

To initially estimate the amount of calcite and dolomite, slabs
(6 � 4 cm) were cut and the surface stained with alizarin (0.3 g
of alizarin in 100 ml of 1.5% HCl solution) for 4 min and then gently
washed in distilled water. The percentage of stained calcite in the
slab surface was determined by computer imaging (using Image-J
1.48v, Rasband 1997–2015). Samples with calcite > 70% (n = 33)
were selected (Table 1). They were then analysed as in Murra
et al. (2011) for Ca, Mg, Mn and Fe, and the insoluble residue (IR)
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determined. Samples with low IR values were chemically screened
according to the Mn/Sr, Mg/Ca and Fe/Sr ratios (Brand and Veizer,
1980; Melezhik et al., 2001 and references therein) to further select
those that had not undergone significant post-sedimentary
changes (Table 2): these were analysed for Sr, C and O-isotope
composition.

Sr-isotope composition was determined at the Geochronology
and Isotope Geochemistry Centre of the Complutense University,
Madrid. To exclude contamination from other minerals, carbonate
samples (�30 mg) were leached in a 10% acetic acid solution and
then centrifuged to remove the insoluble residue (Fuenlabrada
and Galindo, 2001). Additionally, the insoluble residue (IR as wt
Table 1
Location, field description and petrography of marbles and migmatite LC-158.

Sample Latitude Longitude Location Rock description

CUA50* 31�07037.200 64�25025.900 Sierra
Chica Belt

El
Cuadrado

White, massive,

ES01* 31�5031.900 64�19021.300 El Sauce Green, banded, m
Q01* 30�51058.100 64�41006.500 Quilpo Bluish, massive,
Q02 30�51058.100 64�41006.500 Pinkish, massive
Q04b 30�51058.100 64�41006.500 White, massive,
Q08 30�51055.900 64�41032.700 White, massive,
Q09 30�51055.900 64�41032.700 Pinkish, massive
Q14 30�5201.500 64�40058.600 White, massive,
Q21 31�0200.300 64�33039.600 Centenario Pinkish, massive
Q22* 31�0200.300 64�33039.600 White, massive,
Q25b 31�5053.100 64�31056.300 La Falda White, massive,
Q27 31�5053.100 64�31056.300 Pinkish, massive
AG03* 31�38020.900 64�28052.800 Alta Gracia White, banded,
AG04* 31�40020.800 64�26037.800 Grey, banded, m
CAN35 31�21010.100 64�2005800 Cantesur White to pinkish

mylonitized
D32 31�18031.700 64�20005.200 Dumesnil White to pinkish

grained
D33* 31�18031.700 64�20005.200 White, massive,
D37 31�18031.700 64�20005.200 Pinkish, banded
D38* 31�18031.700 64�20005.200 Pinkish, massive
D40 31�18031.700 64�20005.200 White, massive,
D41* 31�18031.700 64�20005.200 White, massive,
LC-158* 31�21037.600 64�20059.700 La Calera Granoblastic/lep

fine to middle-g
LJ143* 31�35029.600 64�34059.400 Las Jarillas White, massive,
CA69* 32�24037.400 64�31055.600 Cañada de

Álvarez
White, massive,

CA71a* 32�24010.100 64�31044.800 Bluish, massive,
SA1* 32�00010.500 64�24029.100 San Agustín White, banded,
SA56 31�56012.900 64�2509.900 White, massive,
SM81* 32�0303000 64�41045.400 Sta. Mónica White, massive,
SM82 32�0303000 64�41045.400 Pinkish, banded
SMi87 32�02048.400 64�4305700 San Miguel Pinkish, banded
SOL91* 31�59025.800 64�43032.600 Sol de

Mayo
White, banded,

SOL92 31�59025.800 64�43032.600 White, banded,
SR77* 32�0405000 64�27059.800 Sta. Rosa White, massive,
SR79 32�0405000 64�27059.800 White, massive,

AL135* 31�45053.700 65�09021.400 Sierra
Grande
Belt

Altautina White, massive,
BN 31�7057.200 64�46048.3" Characato Bluish, massive,
CU126* 31�19048.200 65�01054.900 Cuchiyaco White, banded,
IG101 31�1503.20" 64�49011.1" Igam White, massive,
IG102 31�1503.20" 64�49011.1" Grey, massive, c
IG104 31�1503.20" 64�49011.1" Grey, banded, m
IGU178 31�0304900 64�47034.100 Iguazú Grey, massive, c
IGU179 31�0304900 64�47034.100 Grey, banded, m
IGU180* 31�01003.700 64�50032.600 Grey, banded, m
SG172 31�05035.400 64�48027.200 San

Gregorio
White, massive,

TC121* 31�22044.200 65�03011.500 Tala
Cañada

White, massive,

LC193* 32�56034.800 65�08018.700 Other
locations

San Luis Grey, massive, fi
LC194 32�56034.800 65�08018.700 Grey, banded, m
LC195 32�56034.800 65�08018.700 Grey, massive, c
AC60 33�08043.100 64�57015.900 Achiras White, massive,
AC61a 33�08043.100 64�57015.900 Grey, banded, m

* Not analysed for geochemistry.
%) was determined. The solution was subsequently evaporated
and then dissolved in 3 ml of 2.5 N HCl. Sr was separated using
cation-exchange columns filled with BioRad� 50 W X12 (200/400
mesh) resin. Procedural blank was less than 2 ng for Sr. The Sr-
isotope composition was determined on an automated multicollec-
tor SECTOR 54� mass spectrometer and 87Sr/86Sr values were nor-
malised to a 86Sr/88Sr value of 0.1194. The NBS-987 standard was
routinely analysed along with our samples and gave an average
87Sr/86Sr value of 0.710251 ± 0.00002 (2r, n = 7). Individual
precision estimates (standard error on the mean) are given in
Table 2; overall analytical uncertainty is estimated to be ±0.01%.
Most of the O and C-isotope determinations (n = 15) were carried
% Calcite
(staining)

Mineralogy (mineral abbreviation after
Whitney and Evans, 2010)

middle-grained 54.67 Cal-Dol-Qz-Srp

iddle-grained 9.18 Dol-Cal-Srp-Phl-Di-Ep-Chl-Tr-Qz-Opq
coarse-grained 69.87 Cal-Dol-Di-Wo-Qz-Phl-Opq
, coarse-grained 98.1 Cal-Qz-Phl-Ttn-Tr-Tlc
fine-grained 97.64 Cal-Qz-Tlc-Di
coarse-grained 98.5 Cal-Qz-Phl-Di-Tlc-Opq
, coarse-grained 93.58 Cal-Qz-Ttn-Phl-Tcl
coarse-grained 98.62 Cal-Qz-Ttn-Phl-Tlc
, coarse-grained 92.1 Cal-Dol-Qz-Di-Phl-Opq-Ol-Srp
coarse-grained 67.75 Cal-Dol-Qz-Ttn-Phl
coarse-grained 97.57 Cal-Qz-Phl-Ap-Opq-Ttn
, coarse-grained 97.84 Cal-Dol-Qz-Ttn-Di-Phl-Tlc
middle-grained 19.2 Cal-Dol-Ol-Di-Phl-Srp
iddle to fine-grained 68.7 Cal-Dol-Ol-Phl-Di-Srp-Opq
, fine-grained, 96.68 Cal-Di-Ttn-Tr-Pl-Qz

, massive, middle- 99.5 Cal-Dol-Qz-Phl-Di

fine-grained 45.3 Cal-Dol-Srp-Phl
, coarse-grained 98.23 Cal-Grt-Qz-Phl-Opq-Di
, middle-grained 48.84 Cal-Dol-Srp-Ol-Di
coarse-grained 97.83 Cal-Qz-Opq-Tr-Phl-Mc-Di
middle-grained 77.95 Cal-Dol-Srp-Ol-Phl
idoblastic lenses –
rained

No data Qz-Grt-Pl-Bt- ± Sil-[Zrn-Ep-Opq-Ap]

coarse-grained 12.17 Dol-Tr-Phl-Chl-Cal
coarse-grained 15.68 Dol-Phl-Ser-Tr- ± Cal
coarse-grained 9.21 Dol-Srp-Di-Phl-Ol- ± Cal
coarse-grained 0.5 Dol-Phl-Srp-Tlc-Chl
fine-grained 98.54 Cal-Qz-Tr-Opq
coarse-grained 84.02 Cal-Dol-Iddingsite
, coarse-grained 95.06 Cal-Qz-Ttn-Phl
, fine-grained 96 Cal-Qz-Pl-Ttn-Di-Tr-Phl
fine-grained 83.78 Cal-Dol-Pl-Srp-Qz
coarse-grained 92.02 Cal-Phl-Qz-Tr-Di-Dol
fine-grained 69.33 Cal-Phl-Qz-Anf-Iddingsita
coarse-grained 95 Cal-Qz-Di-Ttn-Gr

coarse-grained 8.85 Dol-Phl-Di-Tr ± Cal
coarse-grained 79.35 Cal-Qtz-Tr-Di-Opq-Ttn ± Dol
middle-grained 18.79 Dol-Cal-Tlc-Phl-Di-Srp-Ol-Spl-Opq
coarse-grained 74.6 Cal-Qz-Di- ± Dol
oarse-grained 73.46 Cal-Tr-Qz-Opq- ± Dol
iddle to fine-grained 81.98 Cal-Qtz-Tr-Di-Opq-Ttn ± Dol
oarse-grained 93.16 Cal-Qz-Opq
iddle-grained 76.61 Cal-Qz-Opq-Tr ± Dol
iddle to fine-grained 97.35 Cal-Qz-Opq-Tr-Phl
coarse-grained 97.48 Cal-Phl-Qz

fine-grained 26.9 Dol-Di-Opq-Qz-Cal

ne-grained 74.12 Cal-Tr-Qz-Gr ± Dol
iddle to fine-grained 93.04 Cal-Tr-Qz-Gr
oarse-grained 85.28 Cal-Tr-Qz-Gr ± Dol
fine-grained 75.5 Cal-Dol-Qz-Tr-Phl-Di-Phl
iddle to fine-grained 97.36 Cal-Dol-Tr-Phl-Qz



Table 2
Elemental and isotopic composition of Sr, C and O marbles. [IR %]: insoluble residue.

Sample Location Rb
(ppm)

Sr
(ppm)

87Sr/86Sr d13 CPDB

‰

d18 OPDB

‰

Ca %
weight

Mg %
weight

Fe
(ppm)

Mn
(ppm)

Mg/Ca Mn/Sr IR %

Q02 Sierra Chica
Belt

Quilpo <0.2 499 0.70834 42.33 0.057 489 0.39 0.0013 0.0008 2
Q04b 767 0.70835 1.89 �6.54 44.15 0.009 297 0.79 0.0002 0.001 0.14
Q08 <0.2 505 0.70835 42.42 0.1 528 0.4 0.0024 0.0008 0.26
Q09 612 0.70837 1.63 �10.84 45.05 0.03 1105 1.24 0.0007 0.002 1.88
Q14 581 0.70834 51.41 0.021 579 22.12 0.0004 0.0381 2.65
Q21 Centenario <0.2 344 0.70848 46.12 0.032 1149 24.29 0.0007 0.0706 2.53
Q25b La Falda 463 0.70834 2.03 �6.14 43.28 0.029 441 0.58 0.0007 0.0012 0.96
Q27 1162 0.70836 1.74 �8.05 31.39 0.292 2080 70.86 0.0093 0.0609 4.47
CAN35 Cantesur 398 0.70850 0.81 �9.14 41.26 0.031 852 0.32 0.0007 0.0008 2.14
D32 Dumesnil 1214 0.70765 �1.05 �8.06 42.86 0.049 1319 62.7 0.0011 0.0516 0.18
D37 1038 0.70771 �0.91 �7.8 45.53 0.035 2351 74.29 0.0008 0.0715 0.57
D40 876 0.70765 �0.59 �6.03 43.82 0.016 2161 25.28 0.0004 0.0288 0.4
SA56 San

Agustín
324 0.70769 �0.16 �8.88 39.88 0.03 1742 48.93 0.0007 0.1512 1.2

SM82 Sta.
Mónica

816 0.70747 1.96 �9.32 44.58 0.036 2187 87.67 0.0008 0.1074 2.49

SMi87 San
Miguel

1828 0.70752 3.25 �12.05 30.45 0.768 1366 255.29 0.0252 0.1396 3.87

SOL92 Sol de
Mayo

797 0.70751 3.54 �10.4 37.74 0.133 896 57.02 0.0035 0.0715 1.63

SR79 Sta. Rosa 1137 0.70860 1.07 �8.74 38.04 0.002 873 30.1 0.0001 0.0265 1.54

BN Sierra Grande
Belt

Characato 2497 0.70836 0.73 �5.25 34.36 0.01 11 0.42 0.0003 0.0002 1.5
IG101 Igam 2456 0.70737 31.92 0.141 59 4.84 0.0044 0.0019 2.7
IG102 3513 0.70736 2.98 �5.14 32.51 0.117 47 1.32 0.0036 0.0004 3.09
IG104 3120 0.70737 3.09 �4.86 33.50 0.097 51 8.71 0.0029 0.0028 2.1
SG172 San

Gregorio
<0.2 1304 0.70848 40.77 0.11 n.d 0.59 0.0027 0.0004 1.94

IGU178 Iguazú 828 0.70737 3.2 �9.14 32.84 0.507 n.d 0.86 0.0015 0.0010 1.48
IGU179 3012 0.70740 33.35 0.456 n.d 0.35 0.0013 0.0001 7.58

AC60 Other
locations

Achiras 1981 0.70764 2.78 �7.91 27.95 0.771 343 126.28 0.0276 0.0637 4.03
AC61a 613 0.70743 35.28 0.083 305 0.83 0.0023 0.0013 1.25
LC194 San Luis 305 0.70764 33.85 0.438 n.d 0.2 0.0129 0.0006 5.48
LC195 2106 0.70786 35.52 0.611 n.d 0.22 0.0172 0.0001 6.03

n.d. = No detected.
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out on a double inlet Micromass SIRA-II� mass spectrometer at the
Isotope Laboratory of Salamanca University (ILSU) following the
method of McCrea (1950). Three samples (Q-09, IG-102 and IGU-
178) were analysed using direct injection into a GasBench/MAT-
23 Mass spectrometer at the CAB (Centro de Astrobiología, CSIC).
Rocks were first reacted with 100% orthophosphoric acid at 25 �C
to liberate CO2. O-isotope compositions were corrected following
Craig (1957). O and C-isotope compositions are reported in d (‰)
notation on the PDB scale. Analytical errors (1r) are ±0.057‰ for
C and ±0.198‰ for O (ILSU) and 0.035‰ for C and 0.1‰ for O
(CAB). Results are shown in Table 2.

Rb was determined in four samples with different Sr contents
and Sr-isotope compositions to check for the effect of 87Rb decay
on the initial Sr-isotope composition. The samples were reacted
with 0.5 M acetic acid, centrifuged at 4000 rpm and the leachate
collected for analysis. The residue was washed twice with milli-
pore water centrifuged and the new leachate added to the first.
The leachates were dried and re-dissolved with 1 ml of 0.1 M
HNO3 for analysis by ICP-MS. All four samples yielded Rb contents
below detection limit, i.e., <0.2 ppm.

Sample LC-158 was analysed at the Centro de Instrumentación
Científica of Granada (Spain) using SHRIMP IIe/mc, following the
method described by Montero et al. (2014). Results are shown in
Fig. 9 as Tera-Wasserburg and density probability plots produced
using ISOPLOT/Ex (Ludwig, 2003). For ages less than 1.1 Ga the
207Pb-corrected 206Pb/238U age (Williams, 1998) was preferred;
otherwise choice between the 204Pb-corrected 206Pb/238U and
207Pb/206Pb age was based on the relative age uncertainty, dis-
counting any that were >10% discordant (Table 3).
5. Marble outcrops and petrography

The main marble outcrops are concentrated in the central-
eastern Sierras de Córdoba defining two main belts: the Sierra
Chica belt on the east and the Sierra Grande belt on the west.
The two belts are separated by the Valle de Punilla – Calamuchita
Cenozoic thrust system. The Sierra Chica belt shows the more
abundant marble outcrops. The Sierra Grande belt runs to the
north and west of the large Devonian Achala batholith (Fig. 2)
(Lira and Sfragulla, 2014 and references therein). Small marble out-
crops are also found in the southern part of Sierra Grande and the
easternmost Sierra de San Luis (Costa et al., 2001) (Fig. 2). The out-
crops are tectonically repeated by folding and/or thrusting, and
often isolated because of stretching (boudinage): their original dis-
position remains unknown.

Most samples were collected in quarries, either inactive or still
exploited for various uses such as the cement industry (e.g., Fig. 3).
In all cases the host rocks are migmatites, gneisses, schists and
calc-silicate rocks (Bonalumi et al., 1999). Marbles are white to
pink and medium to coarse-grained. A decimetre-scale banding
between almost pure and impure marble is common (Table 1,
Figs. 3 and 4). Mineral composition can be summarised as: Cal
(73–98% modal) ± Dol – Qz – Di – Tr – Phl – Ttn – Gr – Tlc – Wo
– Opq (mineral abbreviations after Whitney and Evans, 2010). Tex-
ture is granoblastic with calcite grains 0.5 mm in size on average,
evolving into porphyroclastic with grain-size reduction near the
shear zones. In some outcrops in central Sierra Chica ca. 1 m thick
dykes of fine-grained tonalite of unknown age intruded the mar-
bles. Other rocks found within the marble outcrops are disrupted



Table 3
Summary of SHRIMP U–Pb zircon results for sample LC-158.

Grain spot U ppm Th ppm Th/U 206Pb ppm f206 % Total ratios Radiogenic ratios Ages Preferred age
(Ma)

207Pb/206Pb ± 206Pb/238U ± 206Pb/238U ± 207Pb/206Pb ± 207Pb/235U ± q 20 /238U ± 207Pb/206Pb ± % Disc ±

1 155.7 114.4 0.75 42.0 �0.15 0.12180 0.00214 0.31175 0.00527 0.12288 0.00246 0.31214 0.00529 5.28827 0.13994 0.461 17 .2 26.0 1998.5 35.0 12.4 1751.2 26.0
2 173.7 46.7 0.28 23.0 0.13 0.06962 0.00164 0.15303 0.00438 0.15302 0.00487 0.04470 0.00139 91 9 27.3 917.9 27.3
3 67.8 55.7 0.84 21.9 0.23 0.12893 0.00082 0.37410 0.00356 0.12723 0.00082 0.37338 0.00355 6.55029 0.07883 0.569 20 .3 16.7 2060.1 11.4 0.7 2060.1 11.4
5 111.7 57.1 0.52 32.1 �0.19 0.11906 0.00164 0.33166 0.00911 0.12045 0.00166 0.33219 0.00912 5.51674 0.17066 0.639 18 .0 44.3 1962.9 24.4 5.8 1962.9 24.4
6 76.1 31.0 0.42 13.0 0.00 0.07976 0.00014 0.19699 0.00477 0.07976 0.00014 0.19699 0.00477 2.16628 0.05315 0.710 11 .1 25.7 1191.1 3.4 2.7 1191.1 3.4
7 538.6 433.5 0.83 155.2 �0.01 0.12205 0.00611 0.33300 0.02941 0.12212 0.00611 0.33303 0.02941 5.60771 0.56964 0.626 18 .0 143.8 1987.5 86.4 6.8 1987.5 86.4
8 191.1 95.1 0.51 33.5 0.02 0.07991 0.00089 0.20234 0.00218 0.07977 0.00090 0.20231 0.00218 2.22507 0.03574 0.484 11 .7 11.7 1191.3 22.2 0.3 1187.7 11.7
9 266.3 154.8 0.60 46.9 0.13 0.08109 0.00072 0.20367 0.00343 0.08004 0.00072 0.20342 0.00342 2.24483 0.04362 0.623 11 .6 18.3 1197.9 17.8 0.4 1197.9 17.8
10 86.5 38.2 0.45 11.3 �0.09 0.06829 0.00072 0.15062 0.00407 0.15079 0.00436 0.04345 0.00210 90 4 24.5 905.4 24.5
11 177.8 89.7 0.52 36.2 �0.09 0.08481 0.00310 0.23496 0.01880 0.08553 0.00310 0.23515 0.01882 2.77331 0.24384 0.655 13 .5 99.0 1327.7 68.6 �2.5 1327.7 68.6
12 136.8 187.4 1.41 32.8 0.13 0.11635 0.00121 0.27684 0.00719 0.11535 0.00125 0.27651 0.00718 4.39786 0.12480 0.659 15 .8 36.4 1885.3 19.4 16.5 1885.3 19.4
13 73.3 26.9 0.38 12.7 0.16 0.07973 0.00067 0.19995 0.00599 0.07850 0.00088 0.19966 0.00598 2.16100 0.06951 0.671 11 .5 32.2 1159.5 22.0 �1.2 1159.5 22.0
14 93.0 39.7 0.44 16.1 0.00 0.07801 0.00075 0.20047 0.00572 0.07801 0.00075 0.20047 0.00572 2.15630 0.06540 0.678 11 .8 30.8 1147.1 19.0 �2.7 1147.1 19.0
15 125.6 26.5 0.22 27.6 0.07 0.09742 0.00242 0.25371 0.01498 0.09686 0.00246 0.25355 0.01497 3.38605 0.21802 0.660 14 .7 77.4 1564.5 46.8 6.9 1564.5 46.8
16 168.6 78.3 0.48 35.2 0.00 0.08302 0.00123 0.24086 0.01231 0.08300 0.00131 0.24086 0.01231 2.75634 0.14775 0.686 13 .1 64.2 1269.1 30.6 �9.6 1269.1 30.6
17 147.4 128.5 0.89 42.9 �0.01 0.12386 0.00240 0.33618 0.01625 0.12397 0.00241 0.33622 0.01625 5.74715 0.30003 0.667 18 .5 78.9 2014.1 34.0 7.2 2014.1 34.0
18 238.3 181.1 0.78 38.7 �0.01 0.07543 0.00062 0.18759 0.00296 0.07551 0.00062 0.18760 0.00296 1.95326 0.03542 0.627 11 .4 16.1 1082.1 16.4 �2.4 1082.1 16.4
19 97.0 182.9 1.93 13.3 0.47 0.07212 0.00097 0.15831 0.00517 0.15799 0.00557 0.04647 0.00174 94 6 31.1 945.6 31.1
20 164.2 69.5 0.43 26.7 �0.07 0.07790 0.00090 0.18813 0.00401 0.07845 0.00092 0.18825 0.00401 2.03613 0.04998 0.625 11 .9 21.8 1158.3 22.8 4.0 1111.9 21.8
21 195.3 146.9 0.77 49.9 0.07 0.10273 0.00098 0.29533 0.00716 0.10221 0.00101 0.29515 0.00716 4.15943 0.10994 0.661 16 .2 35.7 1664.7 18.0 �0.2 1664.7 18.0
22 195.3 100.3 0.53 41.0 0.06 0.08586 0.00114 0.24287 0.00703 0.08536 0.00114 0.24273 0.00703 2.85675 0.09171 0.649 14 .9 36.6 1323.7 25.8 �5.8 1323.7 25.8
23 253.1 13.9 0.06 18.2 0.27 0.05708 0.00147 0.08293 0.00132 0.08298 0.00151 0.02442 0.00047 51 9 9.0 513.9 9.0
24 107.5 32.3 0.31 18.8 0.52 0.07871 0.00152 0.20235 0.01002 0.07465 0.00207 0.20139 0.00998 2.07277 0.11785 0.627 11 .8 53.8 1059.1 54.6 �11.7 1182.8 53.8
25 47.4 53.6 1.16 9.1 0.15 0.08988 0.00220 0.22174 0.01102 0.08871 0.00291 0.22143 0.01101 2.70839 0.16159 0.600 12 .4 58.3 1397.9 61.6 7.8 1397.9 61.6
26 291.9 9.7 0.03 21.9 0.14 0.05923 0.00056 0.08653 0.00105 0.08640 0.00114 0.02431 0.00056 53 2 6.7 534.2 6.7
27 74.8 35.8 0.49 10.7 0.00 0.07147 0.00066 0.16536 0.00418 0.16547 0.00450 0.05102 0.00146 98 1 24.9 987.1 24.9
28 119.1 126.3 1.09 19.1 0.30 0.07687 0.00082 0.18543 0.00162 0.07448 0.00088 0.18490 0.00161 1.89888 0.02865 0.416 10 .3 10.3 1095.3 10.3
29 157.1 53.5 0.35 24.0 0.04 0.07382 0.00086 0.17622 0.00444 0.07347 0.00107 0.17615 0.00444 1.78436 0.05237 0.618 10 .7 26.7 1046.7 26.7
30 98.9 35.6 0.37 20.9 �0.16 0.09028 0.00100 0.24371 0.00759 0.09154 0.00168 0.24407 0.00761 3.08068 0.11194 0.618 14 .8 39.5 1457.9 34.4 3.4 1457.9 34.4
31 325.6 84.4 0.27 57.4 0.03 0.07966 0.00044 0.20352 0.00289 0.07943 0.00046 0.20347 0.00289 2.22836 0.03516 0.648 11 .9 15.5 1182.9 11.6 �0.9 1182.9 11.6
32 343.9 16.6 0.05 25.7 0.39 0.05838 0.00064 0.08648 0.00130 0.08645 0.00140 0.03193 0.00080 53 5 8.3 534.5 8.3
33 115.1 57.9 0.52 18.5 0.09 0.07773 0.00048 0.18546 0.00306 0.07702 0.00057 0.18530 0.00306 1.96787 0.03634 0.644 10 .3 18.2 1094.3 18.2
34 331.0 11.6 0.04 24.7 0.09 0.05725 0.00083 0.08610 0.00077 0.08618 0.00087 0.02768 0.00270 53 9 5.2 532.9 5.2
35 204.1 9.8 0.05 15.2 0.00 0.05670 0.00031 0.08608 0.00127 0.08623 0.00134 0.02984 0.00331 53 2 8.0 533.2 8.0
36 302.4 9.7 0.03 22.2 0.21 0.05753 0.00020 0.08494 0.00033 0.08496 0.00036 0.02720 0.00214 52 7 2.2 525.7 2.2
37 264.8 12.8 0.05 19.5 �0.01 0.05837 0.00079 0.08489 0.00131 0.08481 0.00141 0.02492 0.00054 52 8 8.4 524.8 8.4
38 112.5 46.6 0.42 19.9 0.14 0.07995 0.00173 0.20434 0.00458 0.07885 0.00177 0.20407 0.00458 2.21876 0.07094 0.505 11 .2 24.6 1168.5 43.8 �2.5 1197.2 24.6
39 557.4 27.3 0.05 70.5 0.05 0.08188 0.00080 0.14618 0.00181 0.08152 0.00082 0.14611 0.00181 1.64240 0.02686 0.546 86 4 12.2 864.4 12.2
40 356.8 98.4 0.28 60.2 0.25 0.08118 0.00288 0.19504 0.00570 0.07920 0.00297 0.19458 0.00569 2.12494 0.10137 0.441 11 .2 30.8 1177.1 72.6 2.6 1146.2 30.8
41 517.3 18.7 0.04 38.3 0.00 0.05833 0.00079 0.08543 0.00426 0.08539 0.00442 0.02905 0.00292 52 2 26.3 528.2 26.3
42 272.7 12.2 0.05 20.2 0.07 0.05935 0.00018 0.08562 0.00052 0.08545 0.00053 0.02804 0.00023 52 6 3.2 528.6 3.2
43 349.1 12.1 0.04 25.6 0.12 0.05814 0.00046 0.08483 0.00053 0.08480 0.00060 0.02545 0.00106 52 7 3.6 524.7 3.6
44 278.0 11.0 0.04 20.5 0.00 0.05657 0.00048 0.08537 0.00154 0.08552 0.00162 0.02569 0.00141 52 0 9.6 529.0 9.6
45 153.4 58.3 0.39 33.6 0.07 0.09310 0.00099 0.25299 0.00335 0.09255 0.00100 0.25283 0.00335 3.22614 0.05643 0.545 14 .0 17.2 1478.7 20.4 1.7 1453.0 17.2
46 389.4 11.1 0.03 28.6 0.08 0.05812 0.00083 0.08486 0.00269 0.08483 0.00283 0.02556 0.00136 52 9 16.8 524.9 16.8
47 153.2 65.9 0.44 27.9 0.07 0.08008 0.00089 0.21043 0.00637 0.07955 0.00093 0.21030 0.00637 2.30669 0.07532 0.668 12 .4 34.0 1185.9 23.0 �3.8 1185.9 23.0
48 261.0 170.4 0.67 11.1 0.05 0.05277 0.00107 0.04895 0.00077 0.04894 0.00086 0.01523 0.00028 30 0 5.3 308.0 5.3
49 458.2 10.5 0.02 33.6 0.19 0.05924 0.00020 0.08480 0.00143 0.08463 0.00146 0.03023 0.00094 52 7 8.7 523.7 8.7
50 275.3 38.4 0.14 39.9 �0.05 0.07525 0.00050 0.16751 0.00229 0.16686 0.00249 0.04796 0.00075 99 8 13.8 994.8 13.8
51 196.8 108.1 0.56 19.8 �0.15 0.06381 0.00059 0.11653 0.00181 0.11641 0.00195 0.03399 0.00058 70 9 11.3 709.9 11.3
52 129.9 34.7 0.27 22.0 0.12 0.08186 0.00039 0.19562 0.00337 0.08095 0.00150 0.19541 0.00338 2.18120 0.05580 0.487 11 .6 18.2 1220.3 36.0 5.7 1150.6 18.2
53 217.1 62.6 0.30 39.4 0.07 0.08102 0.00068 0.20961 0.00212 0.08047 0.00070 0.20947 0.00212 2.32411 0.03205 0.528 12 .0 11.3 1208.5 17.0 �1.4 1226.0 11.3
54 264.8 11.8 0.05 19.5 0.20 0.05905 0.00074 0.08520 0.00048 0.08507 0.00056 0.03001 0.00072 52 3 3.3 526.3 3.3
55 171.9 70.7 0.42 29.5 �0.08 0.08006 0.00191 0.19825 0.00393 0.08064 0.00193 0.19839 0.00394 2.20588 0.06914 0.456 11 .6 21.2 1212.7 46.6 3.8 1166.6 21.2
56 262.7 66.5 0.26 45.6 0.08 0.08058 0.00024 0.20049 0.00348 0.07995 0.00042 0.20034 0.00348 2.20854 0.04081 0.676 11 .2 18.7 1195.7 10.4 1.5 1195.7 10.4

Notes: 1. Uncertainties given at the two r level.
2. For areas younger than 1100 Ma correction for common Pb made using the measured 238U/206Pb and 207Pb/206Pb ratios.
3. For areas older than 1100 Ma correction for common Pb made using the measured 204Pb/206Pb.
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Fig. 3. (a) Pure white marble in contact with amphibolites in the Quilpo quarry, Sierra Chica belt; (b) marble with interbedded metapelites near the IGAM quarry, Sierra
Grande belt; (c) banded marble in the La Suiza quarry, San Luis; (d) folded marble in the Dumesnil quarry, Sierra Chica belt.

Fig. 4. Close-up view of marble types: (a) pure white fine-grained (Quilpo quarry, Sierra Chica belt); (b) pure bluish coarse-grained (Characato, Sierra Grande belt); (c) grey
massive coarse-grained (Iguazú quarry, Sierra Grande belt); (d) grey to white banded medium to coarse-grained (La Suiza quarry, San Luis).
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amphibolite lenses 5–20 m long and sporadic layers of impure
metapsammite and/or quartzite.

The migmatite sample (LC-158) for U–Pb SHRIMP zircon
geochronology was collected from a succession of gneisses and
migmatites interbedded with amphibolites and marbles at La
Calera near Córdoba (Baldo et al., 1996) (Table 1, Figs. 2 and 5). It
is a metatexite consisting of Qz – Grt – Pl – Bt – ±Sil, with Zrn –
Ep – Opq – Ap accessories. Foliation is defined by granoblastic



Fig. 5. (a) Migmatite (stromatite) interbedded with marbles, where sample LC-158 was collected; (b) outcrop view; (c) photomicrograph of LC-158 (plane polarized light)
showing irregular garnet grains.
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Qz + Pl lenses alternating with biotite-rich bands that wrap around
garnet porphyroclasts up to 2 mm in size. The latter contain inclu-
sions of biotite, quartz and sillimanite.

6. Isotope composition

6.1. The Sierra Chica belt

Seventeen samples were analysed from this belt. They are cal-
cite marbles with contents of Ca = 30.45–51.41 wt%; Mg = 0.002–
0.768 wt%; Sr = 324–1828 ppm, Fe = 297–2351 ppm and Mn
between <1 and 255 ppm (Table 2). The content of non-
carbonate minerals (as insoluble residue, IR) is low, between 0.14
and 4.47 wt% (Table 2). The higher IR values (e.g., in samples Q-
27 and SMi-87) correlate with decreased Ca and increased Mg
andMn; Fe contents are also relatively high. This evidence suggests
that at least part of the Mg, Mn and Fe is contributed by the non-
carbonate fraction of the marble. Most samples showMn/Sr, Mg/Ca
and Fe/Sr ratios compatible with little post-sedimentary alteration
(Table 2 and Fig. 6). Only three samples show one or two elemental
ratios higher than the boundary values for absence of alteration (Q-
21, SA-26, SMi-87). The 87Sr/86Sr ratios of the seventeen samples
fall into two groups: ten samples between 0.70834 and 0.70860
and seven samples between 0.70747 and 0.70771, well outside
error limits and the difference is therefore considered geologically
significant (Table 2, Fig. 6). Measured Rb contents of four samples
of the first group are negligible (<0.2 ppm) and cannot have con-
tributed to the higher 87Sr/86Sr ratios. Moreover, one of the three
samples with relatively high elemental ratios referred to above is
in the low 87Sr/86Sr group, suggesting that small amounts of alter-
ation have had minimal effect on Sr-isotope composition. C and O-
isotopes were determined in twelve samples. The d13 CPDB value
ranges from �0.16 to +3.54‰, compatible with a marine origin.
All the samples with the more radiogenic Sr show positive values
of d13 CPDB, whereas the less radiogenic group shows both positive
and negative values. The d18OPDB values range from �6.03 to
�12.05‰ (most values > �10‰), again suggesting little modifica-
tion of the original marine composition (Table 2). The d18O values
of late Neoproterozoic carbonates are <�5‰ (e.g., Jacobsen and
Kaufman, 1999). Values larger than �10‰ are considered indica-
tive of little post-sedimentary alteration (Letnikova et al., 2011).
The lowest value (�12.05‰), from the anomalous sample SMi-
87, may reflect some devolatilization during regional
metamorphism.

6.2. The Sierra Grande belt

The samples from this area are often dolomitic and only seven,
from three specific sectors, were considered suitable for analysis
(Fig. 2). These are calcite marbles with contents of Ca = 31.92–
40.72 wt%, Mg = 0.01–0.507 wt%, Sr = 828–3513 ppm; Fe = 11–
59 ppm and Mn = 0.35–8.71 ppm (most <1 ppm Mn) (Table 2). In
all cases the Mn/Sr, Mg/Ca and Fe/Sr ratios and the IR values are
low or very low, suggesting that the rocks did not undergo signif-
icant post-sedimentary alteration (Table 2, Fig. 6). Five samples
yielded 87Sr/86Sr ratios values between 0.70737 and 0.70740, sim-
ilar to but slightly lower than those of the Sierra Chica belt, and
two yielded 0.70836 and 0.70848 (Table 2, Fig. 6). C and O-
isotope compositions of three samples (d13CPDB = +0.73 to +3.2‰;
d18OPDB = �4.86 to �9.14‰, Table 2) again suggest little post-
sedimentary alteration of former marine limestones.

6.3. Other outcrops

Marbles from Cienaga del Coro were not considered because
they are dolomitic. Four samples were analysed from the other sec-
tors: two from Achiras and two from San Luis. They are calcite mar-
bles with contents of Ca = 37.95–35.52 wt%; Mg = 0.08–0.77 wt%;
Sr = 305–2106 ppm; Fe = 305–343 ppm and Mn = 0.2–126 ppm
(Table 2). None of the samples yielded Mn/Sr, Mg/Ca and Fe/Sr
ratios indicative of significant post-sedimentary changes. IR values
range from 1.25 to 6.03 wt%, i.e., slightly higher than in the other
two belts (Table 2 and Fig. 6). Three samples have 87Sr/86Sr ratios
of 0.70743 to 0.70764 and one gave 0.70786, mostly within the
range of the less radiogenic group recognised in the other two
belts. C and O-isotope composition of one sample (d13CPDB -
� +2.78‰; d18OPDB � �7.91‰, Table 2) are also similar to those
described before.



Fig. 6. Chemical screening plots of marbles from the Sierras de Córdoba showing the post-depositional alteration boundaries according to Melezhik et al. (2001).
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7. U–Pb SHRIMP zircon geochronology

Fifty-six spots were analysed in sample LC-158 (Table 3). Two
textural types of zircon were recognised (Fig. 7). The first consists
of elongated grains (80–150 lm) often with a core showing oscil-
latory zoning and a discordant overgrowth with variable
cathodo-luminescence (CL). The second group consists of equant
grains (20–100 lm), sometimes internally simple with low CL
and complex sector-zoning, or composite with a homogenous
low-CL core and a low-CL zoned rim. The first group has high Th/
U ratios (0.14–1.89) typical of igneous zircons and ages between
ca. 700 and 1650 Ma; there is a notable peak at ca.1190 Ma (range
1100–1250 Ma), and an older population with ages of ca. 1950–
2060 Ma (Fig. 8). The second group shows typical high-grade meta-
morphic zoning (e.g., Harley et al., 2007), low Th/U ratios between
0.02 and 0.05 and ages between 514 and 535 Ma, i.e., early to mid-
dle Cambrian (Terreneuvian and Series 2, according to the 2015
IUGS chronostratigraphic chart). One spot with an unrealistic low
age (ca. 300 Ma) was not considered. A weighted mean age for
the second group is 527 ± 2 Ma (n = 14; MSWD = 2.2) (Fig. 8a).
Rims were not analysed because of their small thickness.

8. Discussion

Recent compilations of Sr and C (and O-isotope in lesser degree)
composition in Phanerozoic and Proterozoic seawater show trends
that can be used to estimate the age of unfossiliferous marine car-
bonates assuming that they preserved original compositions
unmodified by diagenesis and metamorphism (Veizer et al.,
1999; Jacobsen and Kaufman, 1999; Montañez et al., 2000;
Melezhik et al., 2001; Jiang et al., 2007; Prokoph et al., 2008;
Halverson et al., 2010). The method is particularly useful for



Fig. 7. Cathodoluminescence (CL) images of zircon grains from sample LC-158 showing location of analysed spots and age. (a) Detrital elongated igneous grains; (b)
metamorphic grains. See text for details.
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periods where the fossil evidence is scarce or absent, as is usually
the case for Proterozoic rocks. The 87Sr/86Sr ratio and the C-isotope
composition are widely used, the first for dating (blind dating) and
the second to infer paleoenvironmental conditions. The O-isotope
composition however can be more easily modified through inter-
action with meteoric water and high-temperature percolating flu-
ids (Fairchild et al., 1990). Despite the relative vulnerability of
carbonates to diagenetic and metamorphic processes, they can
often retain the original isotope compositions even under
medium- to high-grade conditions (Brand and Veizer, 1980;
Melezhik et al., 2001).

8.1. Geochemical evidence

The Mg content is very low in all the samples (<1 wt%), indicat-
ing that calcite is the only carbonate present or is the most abun-
dant (Mg/Ca is in fact lower than 0.03 in all samples). Moreover,
the content of impurities as estimated from the insoluble residue
is generally less than 3 wt%, in many cases <1 wt%) (Table 2). The
main accessory minerals are quartz, phlogopite, opaque minerals,
tremolite and diopside, along with others found at trace levels
(Table 1). The moderate to high contents of Sr (300–3500 ppm),
the very low Rb values (<0.2 ppm), the 87Sr/86Sr values, the Mg/
Ca, Mn/Sr and Fe/Sr ratios, the low Mn contents and the C and O-
isotope compositions all suggest that the rocks underwent minor
post-sedimentary alteration and that protoliths were marine cal-
cite and aragonite limestones. Therefore dating based on compar-
ison of the 87Sr/86Sr values with existing compilations should
yield acceptable constraints on the ages of sedimentation. C-
isotopes can help to better constrain the chronology.

The 87Sr/86Sr values of the Sierra de Córdoba marbles fall
between 0.70736 and 0.70786 (16 samples) and between
0.70834 and 0.70860 (12 samples). There is no clear geographical
separation of the two groups; whilst the more radiogenic group
appears to be predominant in the east and the less radiogenic in
the west (Fig. 2) further sampling is needed to confirm this issue.
Fig. 9a shows the compilation of 87Sr/86Sr and C-isotope values of
seawater for the late Proterozoic to the Cambrian/Ordovician
boundary according to Halverson et al. (2010) and Kuznetsov
et al. (2013). The less radiogenic group of 87Sr/86Sr values is
uniquely coincident with seawater composition at 620–635 Ma,
i.e., early Ediacaran. We note that it has recently been



Fig. 8. U–Pb zircon results for migmatite gneiss LC-158. (a) Tera-Wasserburg
diagram plotted without common Pb-correction (error ellipses are 68% confidence
limits); (b) probability density plot of ages of pre-metamorphism detrital grains.

Fig. 9. (a) 87Sr/86Sr ratios and d13 CPDB composition of Neoproterozoic to the Early
Palaeozoic seawater carbonates after compilation of Halverson et al. (2010). The
Sierras de Córdoba marbles with 87Sr/86Sr ratios of 0.7074–0.7077 suggest an
Ediacaran age of sedimentation whilst 87Sr/86Sr ratios of 0.7083–0.7086 suggest an
early Cambrian age (see text for discussion). The d13CPDB values of Ediacaran
marbles further constrain the proximity to the Marinoan glaciation age. (b)
Updating of the Sierra de Ancasti early marble age by Murra et al. (2011) according
to the recent isotope compilation of Halverson et al. (2010). (See above-mentioned
references for further information.)
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demonstrated that carbonates in the Bambui Group of the southern
San Francisco craton with low 87Sr/86Sr ratios of ca. 0.7075 were
apparently laid down at 6570 Ma (Paula-Santos et al., 2015). How-
ever, in that case, local morphotectonic conditions along the mar-
gin of the craton were thought to have modified the Sr-isotope
composition of the sea, since sedimentation took place in a
restricted foreland basin between the San Francisco craton and
emerging chains of the Araçuaí orogen. The more radiogenic
87Sr/86Sr ratios of the second group in the Sierras de Córdoba are
ambiguous and match the seawater compilation at three different
ages: mid-Cambrian (ca. 515 Ma), Ediacaran/Cambrian boundary
(ca. 545 Ma), and mid-Ediacaran (ca. 580 Ma).

From consideration of the C-isotopes alone, it could be sug-
gested that the Sierras de Córdoba Metasedimentary Series repre-
sents a single period of deposition on one side or other of the
Shuram-Wonoka excursion (Fig. 9a) – between ca. 600 and
550 Ma seawater d13C were all negative, down to ca. �12‰
(Melezhik et al., 2009) – i.e., either earlier Ediacaran or late Edi-
acaran/Cambrian. Nevertheless, using the Halverson et al., 2010
seawater trend, the d13 CPDB values of the less radiogenic group
of samples (d13C = �1.05 to +3.54‰) are compatible with the early
Ediacaran age obtained from the Sr; such a peak of d13C values
from slightly negative to positive is recognised between 610 and
630 Ma. An early Ediacaran age for the less radiogenic group of
marbles is also compatible with the maximum age of sedimenta-
tion recorded by the youngest detrital zircon in sample LC-158
(# 51; 710 ± 11 Ma).

For the second group, the d13 CPDB values (d13C = +0.73 to
+2.03‰) are most compatible with the Ediacaran/Cambrian option,
i.e., ca. 545 Ma. In this case the older, mid-Ediacaran, option can be
rejected as at this time d13C values should be all negative (coinci-
dent with the Shuram-Wonoka excursion). Variations of d13C have
however been recorded in the mid Ediacaran between ca. 600 and
550 Ma (Verdel et al., 2011; An et al., 2015). However all the d13C
values found in the more radiogenic group of rocks of the Sierras
de Córdoba Metasedimentary Series are slightly negative to
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positive, never strongly negative. Thus we should have to invoke
an intervening period of slightly negative to positive d13C values
during the Shuram-Wonoka period. This possibility remains true
on the basis of C-isotope values only. However the Sr-isotope val-
ues are against this possibility because they are much higher than
those typical of the Mid Ediacaran. We remind here that the Sr-
isotope data obtained in this work are remarkably homogeneous
and concentrated into two distinct ages on both sides of the
Shuram-Wonoka event. The coincidence of the Sr-isotope compo-
sition with that of the C-isotope composition in our rocks makes
our interpretation the more realistic. The middle Cambrian option
is more difficult to reject on the basis of Sr- and C-isotope compo-
sitions alone, but the fact that the peak of regional metamorphism
in the Sierras de Córdoba took place in the early Cambrian at 525–
530 Ma (see below) argues in favour of the second option, i.e., sed-
imentation close to the Ediacaran/Cambrian boundary.

We propose that the two groups of marbles represent two dif-
ferent ages of sedimentation. The inference is that marbles in the
Sierras de Córdoba are part of an original sedimentary succession
including siliciclastic and marine limestones that probably
extended in time from the early Ediacaran to near the Cambrian/
Ediacaran boundary. The possibility of basin restrictions that could
produce local isotope composition deviations relative to the open
sea is difficult to disprove and therefore our stratigraphic interpre-
tation remains open to question. However, recent paleogeographic
models for deposition of the isotopically equivalent Ancajan –
Difunta Correa metasedimentary sequences of the Western Sierras
Pampeanas, based on detrital zircon ages and Hf-isotope composi-
tions (see below), suggest that the sedimentary basin was an open
platform along the margin of a large continental block (e.g., Rapela
et al., 2016).

8.2. Stratigraphic correlations

Murra et al. (2011) obtained Sr- and C-isotope compositions for
marbles from the sierras of Ancasti and Ancaján (Fig. 1) where they
are abundant (and were long quarried). Two populations of Sr-
isotope ratios were recognised (at ca. 0.7076 and ca. 0.7085) that
were interpreted as evidence for sedimentation at �570–590 Ma
according to the compilation of seawater isotope composition for
the late Neoproterozoic and the Cambrian available at that time
(Jacobsen and Kaufman, 1999). In fact it is now clear that the
two populations are indistinguishable from those found in marbles
from the Sierras de Córdoba. Accordingly they are re-interpreted
according to the trends of Fig. 9a as stratigraphically correlative
with the two groups of marbles identified here.

In the Western Sierras Pampeanas, marbles in the Difunta Cor-
rea Sedimentary Sequence, Sierra de Pie de Palo (Galindo et al.,
2004) and the Tambillo Unit, Sierra de Umango (Varela et al.,
2001) have 87Sr/86Sr ratios comparable with those of the Ediacaran
group from the Sierras de Córdoba (mostly 0.7073–0.7075) with
mostly positive d13C values, albeit up to +12. In consequence the
Sierras de Córdoba marbles and those west of it as far as the
Andean Cordillera Frontal can probably be stratigraphically
correlated.

Limestones of the Las Tienditas Formation, representing a sub-
tidal–supratidal environment and contemporary with the upper
levels of the Puncoviscana Formation (Omarini et al., 1999) have
87Sr/86Sr ratios higher than those of the Sierras de Córdoba and
Ancasti (Sial et al., 2001; López de Azarevich, 2010) suggesting a
younger sedimentation age and/or post-sedimentary alteration as
inferred from the high Mg/Ca and Mn/Sr relations. Ages younger
than early Cambrian are also indicate by the Sr-isotope composi-
tions of limestones in the Caucete Group, Sierra de Pie de Palo
(Galindo et al., 2004) and the Argentine Precordillera (Thomas
et al., 2001).
Detailed comparison with carbonates of alleged Ediacaran age
outside the realm of the early Cambrian Pampean orogenic belt
is beyond the scope of this contribution but requires some com-
ment. The Arroyo del Soldado Group is probably one of the most
thoroughly studied such successions: isotope information includ-
ing C, Sr, Nd and Cr, along with palaeontology and accurate litho-
logical descriptions have been presented by Gaucher et al. (2009)
and Frei et al. (2011, and references therein). These authors con-
clude that deposition was late Ediacaran, although some of the
Sr-isotope data (e.g., the Polanco Formation) do not match the
Halverson et al. (2010) or Kuznetsov et al. (2013) seawater curves
for this age. In contrast, Aubet et al. (2012, 2014) conclude that the
Arroyo del Soldado Group may be as old as 700 Ma; the cross-
cutting Sobresaliente granite has recently been dated at
585 ± 2 Ma (Oyhantçabal et al., 2012). Sánchez Bettucci et al.
(2010) were also very critical of the proposed chronology, stratig-
raphy and tectonic setting of the Arroyo del Soldado Group. Further
south along the margin of the Río de la Plata craton, Rapela et al.
(2011) argue for a pre-580 Ma sedimentation of the Sierras Bayas
Group on the basis of detrital zircon chronology. Sr-isotope compo-
sition data (Gómez Peral et al. (2007) were not chemically screened
and show moderate Sr contents (<500 ppm) and high Mg/Ca and
Mn/Sr ratios, suggesting post-depositional alteration. Further com-
parison with the Sierras de Córdoba marbles would seem to be
premature.

8.3. Constraints from U–Pb zircon ages

The younger group of U–Pb ages in sample LC-158, nine of
which give a weighted mean age of 527 ± 2 Ma, are from unzoned
or complex sector-zoned zircons with low Th (<20 ppm) and Th/U
(0.05 and less), strongly suggesting metamorphic growth. It is rea-
sonable to assume that this closely approximates to the time of
high-grade metamorphism, since it closely corresponds to the peak
of the Pampean orogeny (Rapela et al., 1998b; Escayola et al.,
2011). The single peak at 1190 Ma in the detrital zircon age pattern
(Fig. 8b) implies middle to late Mesoproterozoic sources, but there
are also some grains with ages of 1250–1660 Ma on one side of the
main peak and 700–1050 Ma on the other. This pattern shows
many similarities with those of detrital rocks from the Western
Sierras Pampeanas interbedded with the Ediacaran marbles dis-
cussed above, i.e., the Difunta Correa Sedimentary Sequence and
the Ancaján series (Cf. Fig. 7b from Rapela et al., 2016). Comparable
patterns have also been reported for some rocks from north-
western Argentina (e.g., sample PMXX2 in Adams et al., 2011).
Most of the 770–1330 Ma zircon provenance can be explained by
derivation from middle to late Mesoproterozoic basement exposed
in the Western Sierras Pampeanas, where there are ca. 1070–
1330 Ma igneous rocks as well as early Neoproterozoic A-type
granitoids of ca. 770 and 850 Ma (Casquet et al., 2012; and refer-
ences therein). However, zircon ages of ca. 1330–1560 Ma must
reflect sources elsewhere: using Hf-isotope data for zircons of
these ages, Rapela et al. (2016) argued in favour of sources in the
Southern Granite-Rhyolite Province of southwestern Laurentia
(1.3–1.5 Ga; Goodge et al., 2004, 2010). This idea was strengthened
by Ramacciotti et al. (2015) with more complete detrital zircon
evidence and Nd-isotope composition from the Difunta Correa Sed-
imentary Sequence, and they further invoked the Mazatzal Pro-
vince of southwestern Laurentia as the source of a few grains at
ca. 1.65 Ga. The scattered Paleoproterozoic detrital zircon ages of
ca. 1950–2060 Ma in sample LC-158 were not recorded in either
of these studies and their source is unknown.

The detrital zircon age pattern of Fig. 8b differs from that of the
pre-Pampean Puncoviscana Formation of northwestern Argentina
(defined as above) and equivalents of northern Sierra Chica and
Sierra Norte de Córdoba (Adams et al., 2008, 2011; Escayola
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et al., 2007; Rapela et al., 2007, 2016). There the pattern is strongly
bimodal with peaks at ca. 600 and ca. 1000 Ma, with the youngest
detrital zircons at 555–570 Ma; interbedded tuffs in the upper part
of the series are ca. 537 Ma (Escayola et al., 2011). This pattern is
indicative of regional sources in SW Gondwana (e.g., Rapela
et al., 2016 and references therein; Kristoffersen et al., 2016).

8.4. Tectonic implications

Marbles in the Sierras de Córdoba were laid down between the
early Ediacaran and the very early Cambrian, apparently in two
separate episodes, and are interbedded with siliciclastic rocks with
a detrital zircon pattern similar to those of other marble-bearing
series to the west (Ancaján series and the Difunta Correa Sedimen-
tary Sequence in the Western Sierras Pampeanas). They differ in
these respects from the Puncoviscana Formation and the Las Tien-
ditas limestones, strengthening the idea that the Sierras de
Córdoba Metasedimentary Series are unrelated to them. Instead
they appear to be an extension of the marble-bearing series in
the west, implying that the Grenvillian basement of the Western
Sierras Pampeanas probably extended beneath them as well and
that a tectonic contact must exist somewhere between the latter
area and the northern Sierra Chica and Sierra Grande, where the
metasedimentary Puncoviscana Formation is widespread
(Casquet et al., 2014). The Sierras de Córdoba Metasedimentary
Series was involved in the Pampean orogeny at middle crustal
levels, in contrast to the sierras to the west (Ancaján, Ancasti and
the Western Sierras Pampeanas) where no evidence of significant
Pampean metamorphism has been recognised so far. Our work fur-
ther shows that the Sierras de Córdoba Metasedimentary Series
underwent high-grade metamorphism at 527 ± 2 Ma (Fig. 8a); a
previous U–Pb SHRIMP monazite age of 522 ± 8 Ma for a gneiss
sample (Rapela et al., 1998b) is within error of this. Metamorphism
was accompanied by folding and ductile shearing in the middle
crust. Marbles and meta-siliciclastic rocks of the Sierras de
Córdoba were overprinted by major shear zones (e.g., Martino,
2003) that were folded and/or imbricated, resulting in repetition
on a W–E cross-section. A dismembered mafic to ultramafic
igneous complex is also located in the same shear zones
(Bonalumi and Gigena, 1987). This complex has been interpreted
as an ophiolitic remnant embracing crustal tracts with oceanic-
ridge and probably back-arc chemistry that were tectonically
emplaced in a suture (e.g., Ramos et al., 2000), although the age
of the mafic–ultramafic complex remains poorly constrained. Our
results are compatible with the existence of a strongly reworked
suture in the Sierras de Córdoba separating the Ediacaran to early
Cambrian cover sequence and its basement in the west from the
metasedimentary Puncoviscana Formation in the east. The former
sedimentary cover would have been part of the lower colliding
plate, since Pampean magmatic rocks were emplaced in the Punco-
viscana Formation (Rapela et al., 1998b). The Pampean orogeny
concluded the amalgamation of SW Gondwana (Rapela et al.,
2007).

The existence of the Puncoviscana Formation in the Sierra de
Ancasti (Toselli et al., 2005; Rapela et al., 2007) separated from
the Ancaján series in the eastern part of the mountain range by a
strongly deformed zone of Famatinian age, opens the question of
the extent of the Pampean suture west of Sierras de Córdoba.

8.5. Paleogeographic hypothesis

Casquet et al. (2012) proposed that the Western Sierras Pam-
peanas Paleoproterozoic to Mesoproterozoic basement was part
of a single large continental block (the MARA block) along the
western margin of the Clymene/Puncoviscan ocean (Trindade
et al., 2006; Rapela et al., 2016) in Neoproterozoic times. The block
was juxtaposed to Laurentia until the early Cambrian when the lat-
ter rifted away and the Iapetus Ocean opened. The marble-bearing
Difunta Correa Sedimentary Sequence and the Ancaján Series were
laid down on this western margin, which collided with the eastern
margin during the Pampean orogeny after early Cambrian closure
of the Clymene/Puncoviscana ocean. This interpretation has been
recently strengthened with more geochronological and Hf-
isotope data from detrital zircons (Ramacciotti et al., 2015;
Rapela et al., 2016).

We suggest here that the Sierras de Córdoba Metasedimentary
Series was laid down on the continental margin of MARA in a more
external position than the Ancaján and the Difunta Correa series.
Therefore, it was thoroughly involved in the Pampean collisional
orogeny whilst the Ancaján and the Difunta Correa rocks remained
in the external part of the orogen or in its foreland where penetra-
tive deformation and metamorphism were minor or absent.
9. Conclusions

The Sierras de Córdoba Metasedimentary Series consists of mar-
bles of early Ediacaran and early Cambrian age and metasiliciclas-
tic rocks that underwent high-grade metamorphism between 525
and 530 Ma during the collisional Pampean orogeny.

The Sierras de Córdoba Metasedimentary Series can be corre-
lated on the basis of Sr-isotope evidence from marbles and U–Pb
detrital zircon geochronology with other marble-bearing metased-
imentary series in several sierras to the west of Sierras de Córdoba
(e.g., the Difunta Correa Sedimentary Sequence and the Ancaján
Series). All were part of a former sedimentary cover to the hypo-
thetical MARA block and were laid down on the western margin
of the Clymene/Puncoviscan ocean. The Sierras de Córdoba
Metasedimentary Series strongly differs (in terms of the age of
limestones/marbles and detrital zircon patterns) from the Punco-
viscana Formation equivalents of northern Sierra Chica and Sierra
Norte and northwestern Argentina. The latter are best interpreted
as laid down on the late Ediacaran to early Cambrian eastern mar-
gin of the same ocean, with sedimentary input from Gondwana.

The Sierras de Córdoba Series and the Puncoviscana Formation
(and its equivalents) were probably juxtaposed during the Pam-
pean orogeny along a complex suture zone that was further folded
and/or imbricated at middle crust depths. The suture has been
inferred from structural evidence and supposed ophiolite remnants
(Ramos et al., 2000).
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