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Abstract New geochronological, geochemical, and iso-
topic data are reported for the Capilla del Monte two-mica
granite pluton in the northeastern Sierras de Cérdoba. An
Early Carboniferous age is established by a U-Pb zircon
concordia (336 £ 3 Ma) and a Rb—Sr whole-rock isochron
(337 & 2 Ma). Zircon saturation geothermometry indicates
relatively high temperatures (735-800 °C). The granites
have high average SiO, (74.2 %), Na,O + K,O (7.8 %),
and high field-strength elements, high K,0/Na,O (1.7) and
FeO/MgO ratios (5.1), with low CaO content (0.71 %). REE
patterns with marked negative Eu anomalies (Eu/Eu* 0.14—
0.56) indicate crystal fractionation, dominantly of plagio-
clase and K-feldspar, from a peraluminous magma enriched
in F. Isotope data (¥St/%°Sr, ... = 0.7086, exg336 = —5.5 to
—4.4 with Ty, = 1.5 Ga, zircon eyp334 +0.8 to —6.1; mean
Tom = 1.5 Ga) suggest a Mesoproterozoic continental
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source, albeit with some younger or more juvenile mate-
rial indicated by the Hf data. The pluton is the easternmost
member of a Carboniferous A-type magmatic suite which
shows an increase in juvenile input toward the west in this
part of the pre-Andean margin. The petrological and geo-
chemical data strongly suggest a similar intraplate geody-
namic setting to that of the nearby but much larger, Late
Devonian, Achala batholith, although Hf isotope signatures
of zircon suggest a more uniformly crustal origin for the
latter. Further studies are required to understand whether
these bodies represent two independent magmatic episodes
or more continuous activity.

Keywords Geochronological - Carboniferous A-type
granites - Pre-Andean margin - Geochemistry - Isotopes

Introduction

Geochemical and geochronological studies in the Sierras
Pampeanas during the past 15 years have improved our
understanding of the petrogenesis and timing of the Pam-
pean and Famatinian granitoids, but Late Paleozoic (i.e.,
Devonian and Carboniferous) granites emplaced after the
metamorphic peak of the Famatinian orogeny have only
recently received systematic attention (e.g., Rapela et al.
2008a; Dahlquist et al. 2006, 2010, 2013, 2014a; Alasino
et al. 2012 and references therein).

The Late Paleozoic geodynamic setting of this area is
still not fully constrained. Based on detailed metamorphic
and geochronological analysis, Willner et al. (2011) postu-
lated Late Devonian (~390 Ma) collision of a microconti-
nent (Chilenia) and the subsequent emplacement of Early
Carboniferous post-collisional granites to the west. The
presence of Carboniferous calc-alkaline granitic rocks in
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the Cordillera Frontal has been reported by some authors
(e.g., Llambias and Sato 1995; Gregori et al. 1996; Dahl-
quist et al. 2014a, 2015), but Domeier and Torsvik (2014)
affirm that unambiguous evidence of an active pre-Andean
margin before the Late Carboniferous (~320 Ma) is still
lacking. Recent studies in the Eastern Sierras Pampeanas
(e.g., Alasino et al. 2012; Dahlquist et al. 2010, 2013) have
shown that the Early Carboniferous granites are typical of
A-type metaluminous magmatism with participation of
both juvenile material and continental crust in the source,
the contribution of the former increasing westwards. Thus,
comprehensive studies integrating data for the calc-alkaline
and A-type magmatism are required for understanding the
Carboniferous geodynamic scenario.

In this paper, we present a precisely defined age by both
Rb-Sr whole-rock and U-Pb LA-MC-ICP-MS zircon dat-
ing, together with complete petrological characterization,
and major and trace element geochemical data for the Cap-
illa del Monte granitic pluton. Rb—Sr and Nd and Hf isotopes
are used to constrain the source of parental magma. The geo-
chronological, petrological, geochemical, and isotope data
for this pluton are important in that (1) this is the first report
of robustly dated Carboniferous magmatism in Sierras de
Cérdoba, and (2) it is the easternmost example of such mag-
matism (~1000 km from the present Andean trench).

Geological setting

Using geochronological data and association with known
major orogenic episodes, four main granitoid groups have
been recognized in the Eastern Sierras Pampeanas. Includ-
ing main references only, these are Pampean magmatism,
555-515 Ma (Rapela et al. 1998, 2007; Sims et al. 1998;
Schwartz et al. 2008); Famatinian magmatism, 484—
463 Ma (Pankhurst et al. 1998, 2000; Rapela et al. 2008b;
Dahlquist et al. 2008; Dahlquist and Alasino 2012; Ducea
et al. 2010; Casquet et al. 2012); Achalian magmatism,
393-366 Ma (Dorais et al. 1997; Sims et al. 1998; Stuart-
Smith et al. 1999; Siegesmund et al. 2004); Rapela et al.
2008a; Dahlquist et al. 2014b); and Early Carboniferous
magmatism, 357-322 Ma (Dahlquist et al. 2006, 2010;
Grosse et al. 2009; Alasino et al. 2012). The last group is
hereinafter referred to as Early Gondwana magmatism fol-
lowing Rapela and Llambias (1999).

Early Gondwana magmatism in the Sierras Pampeanas
preceded Late Carboniferous exhumation of deep meta-
morphic levels formed during the three earlier Paleozoic
events and deposition of the continental sediments of the
Paganzo Group (Late Carboniferous—Early—Late? Per-
mian, Limarino et al. 2006). Mostly undeformed Early Car-
boniferous metaluminous A-type granites were emplaced at
shallow depth and are dominated by facies with K-feldspar
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Fig. 1 Simplified geological map of the Sierras de Cordoba (modi-»
fied from Baldo et al. 2014) including the Capilla del Monte pluton.
Insets Location of the Sierras Pampeanas in South America and sche-
matic geological map of Sierras Pampeanas of NW Argentina show-
ing the Paleozoic magmatic development of the pre-Andean margin
of SW Gondwana and the setting of the Capilla del Monte pluton
(modified from Dahlquist et al. 2013). The red arrows indicating the
participation of juvenile or continental material are applicable to the
Carboniferous magmatism (modified from Alasino et al. 2012). Pr
Precordillera, ESP Eastern Sierras Pampeanas, WSP Western Sierras
Pampeanas, Ach Achala batholith

megacrysts (Dahlquist et al. 2010). They form relatively
small, isolated, subcircular plutons scattered throughout
the Eastern Sierras Pampeanas without any obvious spatial
arrangement (Fig. 1). In many cases, they truncate reac-
tivated shear zones but they never are cut by them (e.g.,
Dahlquist et al. 2006, 2010).

In the studied region (central NW Argentina, Fig. 1),
Early Carboniferous metaluminous A-type granites ranging
in age from 322 to 357 Ma (Dahlquist et al. 2013) were
emplaced within the continent (now the Eastern Sierras
Pampeanas), away from an active plate margin (Alasino
et al. 2012). Simultaneously, known calc-alkaline gran-
ites were emplaced to the west, in the present-day Western
Sierras Pampeanas and Cordillera Frontal (Dahlquist et al.
2015 and references therein). Thus, a geological setting
similar to that postulated by Alasino et al. (2012, Fig. 12)
including synchronous calc-alkaline and retro-arc A-type
magmatism is assumed in this work.

The precise LA-MC-ICP-MS U-Pb zircon crystalliza-
tion age of 336 =+ 3 here reported indicates that the Capilla
del Monte pluton was emplaced during Early Carbonifer-
ous time, along with the extensive metaluminous A-type
magmatism referred to above. In particular, the Capilla del
Monte pluton is the easternmost member of the Early Car-
boniferous A-type magmatic event.

Analytical methods

Samples were collected from the Capilla del Monte plu-
ton for petrographic investigation, whole-rock chemistry,
and Rb-Sr analysis during our previous sampling of the
Pampean and Famatinian rocks (Rapela et al. 1998). The
rocks are assigned to three granitic facies on petrological
grounds, as described below. Major element compositions
were determined for 12 samples by XRF on fusion pellets
and instrumental neutron activation analysis at Activation
Laboratories (ACTLABS), Ontario, Canada. A new sam-
ple (CAP-1) was collected for U-Pb dating, and this was
analyzed for whole-rock major and trace elements using
a ThermoARL sequential X-ray fluorescence spectrom-
eter, following the procedure described by Johnson et al.
(1999). Trace element compositions were determined using
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Table 2 Rb—Srand Sm-Nd Sample Rock type Rbppm  Srppm  YRO®Sr  1o(%)  VSyHSr 1o (%)

data for Capilla del Monte

pluton CDM-93 EG, Facies 3 646 17.7 111.0 1.3 1.2340 0.03
CDM-9%4 EG, Facies 3 661 16.6 122.3 1.4 1.2960 0.03
CDM-97 Aplite 658 17.6 113.6 1.3 1.2530 0.03
CDM-98 Aplite 644 9.2 223.0 2.0 1.7700 0.04
CDM-100 EG, Facies 2 644 21.9 88.5 1.2 1.1340 0.025
CDM-101 EG, Facies 2 644 235 82.2 1.1 1.1020 0.025
CDM-102 EG, Facies 2 599 20.5 88.0 1.2 1.1310 0.025
CDM-103 PG, Facies 1 444 131 9.86 0.5 0.7562 0.01
CDM-104 PG, Facies 1 313 342 2.65 0.5 0.7212 0.01
CDM-106 MME 363 250 4.21 0.5 0.7289 0.01
CDM-107 Pegmatite 550 115 13.94 0.5 0.7748 0.01
CDM-109 Aplite 502 18.8 80.2 1.3 1.0940 0.025
Sample Rock type Smppm Ndppm ¥Sm/!Nd  BNd/'¥Nd eNdt  Tpy* (Ma)
CDM-%4 EG, Facies 3 2.5 10.4 0.1453 0.512244 —-5.5 1530
CDM-106 MME 21.2 1224 0.1047 0.512210 —4.4 1450

PG porphyritic granite, EG equigranular granite, MME mafic microgranular enclave
t = 336 Ma, Tp,)/* after DePaolo et al. (1991)

ICP-MS, following the procedure described in http://www.
sees.wsu.edu/Geolab/note/icpms.html.  All  whole-rock
chemistry analyses are included in Table 1.

LA-ICP-MS analysis of separated zircons from sample
CAP-1 was carried out at the Geochronological Research
Center, Sao Paulo University, Brazil, using a 193-nm excimer
laser (Photon Machines) coupled to a Neptune multicollector,
double-focusing, magnetic sector ICP-MS. Operating proce-
dures and parameters are discussed by Sato et al. (2011). Frac-
tionation in the plasma was corrected by normalizing U/Pb
and Pb/Pb ratios of the unknowns to those of zircon standards
(GJ 1, 2°Pb/?38Pb age by IDTIMS = 599.8 + 2.4 Ma).

Rb and Sr analyses were carried out at the NERC Isotope
Geosciences Laboratory, Keyworth, UK, during the same
period as results reported by Rapela et al. (1998). Rb, Sr,
and Rb/Sr ratios were determined by X-ray fluorescence on
pressed powder pellets calibrated against USGS international
standards (Pankhurst and O’Nions 1973), a method that pro-
vided consistent accuracy over decades of systematic use.
The precision of Rb/Sr ratios, generally £0.5 %, is primar-
ily dependent on counting-rate statistics and was estimated
graphically for the low-Sr samples analyzed here. Sr isotope
compositions were determined on a Finnegan-MAT 262
mass spectrometer with static multichannel collection; the
NBS987 standard at the time gave a mean %’Sr/*Sr ratio of
0.71020 £ 0.00002. The overall reproducibility of 8’Sr/%Sr
was normally considered to be 0.01 % but increased signifi-
cantly for values over 0.8 due to sample inhomogeneity and
analytical blank: Uncertainties in Table 2 are empirical esti-
mates. Errors on calculated ages are quoted as 2.

@ Springer

Two samples were analyzed for Sm-Nd systematics
(using the same mass spectrometric methods as in Rapela
et al. 1998). Sm/Nd ratios are precise to +0.1 % and
SNd/Nd to £0.005 % (o).

In situ LA-MC-ICP-MS Lu-Hf isotope analyses were con-
ducted at Geochronological Research Center, Sao Paulo Uni-
versity, Brazil, using a Photon laser system (Sato et al. 2010)
coupled to a Thermo-Finnigan Neptune MC-ICP-MS with
nine Faraday collectors. Lu—Hf isotopic analyses reported here
were performed on the same zircon domains that were previ-
ously dated. The laser spot used was 47 wm in diameter with
an ablation time of 60 s and a repetition rate of 7 Hz, and He
was the carrier gas (Sato et al. 2009, 2010). 176Hf/'7THf ratios
were normalized to "°Hf/"7"Hf = 0.7325. The isotopes 172y,
173y, 5L, 77HE, 78HE, °HE, 'SOHF, and '"S(HF + Yb + Lu)
were collected simultaneously. A '"®Lu/'Lu ratio of 0.02669
was used to calculate '"°Lu/!"""Hf. Mass bias corrections of
Lu—Hf isotopic ratios were according to variation in the GJ1
standard (Basei et al. 2013). Laser operating conditions and
results are reported in Table 4.

Petrological characteristics of the Capilla del
Monte pluton

Host rocks

The Capilla del Monte pluton is located in the northern

part of the Punilla valley (Figs. 1, 2). It was emplaced dis-
cordantly in the Early Cambrian La Falda metamorphic
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Fig. 2 Geological map of Capilla del Monte pluton (modified from Murra and Baldo 1996). CSZ Cuniputo shear zone

complex, which displays a mean metamorphic foliation
S, = 350°/60° E (Murra and Baldo 1996; Lyons et al. 1997;
Candiani et al. 2001). The metamorphic complex includes
tonalitic orthogneiss, biotitic gneiss (Kfs—Grt/Sil, mineral
abbreviations from Whitney and Evans 2010), stromatitic
metatexite and diatexite (Sil — Kfs — Grt £+ Crd), ortho-
amphibolite (Hbl — Di/Cum), and scattered marble bodies.
The metamorphic units are affected by the Cuniputo shear
zone (mean S,,.;: 355°/55° E), which has inverse kinemat-
ics and a slight sinistral component (Bellone and Murra
2014). The Cuniputo shear zone is partly cut by the granite,
and in various sectors close to the contact, a recrystallized
granoblastic gneiss (Qtz — Pl — Kfs — Bt, but no garnet)
was recognized.

The Cenozoic Punilla fault led to the rise of the Sierra
Chica mountain ranges, resulting in strong topographic
relief: The eastern region was raised, forming Cerro

Uritorco, 1949 m above sea level, Fig. 2), while the western
sector forms the northwestern region of the Punilla valley.
The Capilla del Monte pluton is in the valley section, and
its central part is covered by Cenozoic sediments.

The igneous rocks

Three facies of the granitic rocks were recognized by
Murra and Baldo (1996) (Fig. 2). Facies 1, located in the
southwestern area of the pluton (Fig. 2), is porphyritic
monzogranite, with 5- to 7-cm K-feldspar megacrysts in an
equigranular matrix formed of quartz (21 %), plagioclase
(28 %), poikilitic microcline (40 %), biotite plus musco-
vite (11 %), with zircon, monazite, apatite, and opaque as
accessories. K-feldspar defines a magmatic foliation par-
allel to the contact with the metamorphic host rock. Mafic
microgranular enclaves are recognized only in this facies.
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They have subspherical form (15 x 7 cm, 60 x 30 cm),
with granodioritic composition, strongly enriched in biotite
(46-56 %), with apatite, zircon, fluorite, and rutile as acces-
sories. K-feldspar megacrysts similar to those observed in
Facies 1 occur in the granodiorite enclaves.

Facies 2 is located in the northeastern and eastern areas
(Fig. 2) and is the most abundant. It is a medium-grained
equigranular monzogranite with sporadic K-feldspar meg-
acrysts ranging from 1 to 2 cm. The magmatic assemblage
is formed by microcline (28 %), quartz (32 %), plagioclase
(26 %), muscovite (13 %), and minor biotite. Zircon, apa-
tite, fluorite, and opaque are accessories.

Facies 3 occurs as small-scale bodies located in different
parts of the pluton, albeit mostly within the Facies 2 out-
crops (Fig. 2). It is a leucocratic monzogranite with quartz
(43 %), plagioclase (24 %), microcline (25 %), and mus-
covite (9 %), with zircon, apatite, and opaque as accesso-
ries mineral, but biotite is absent. The outcrop disposition
and the analytical results reported here are consistent with
Facies 3 being a minor variant of Facies 2.

Feldspathic aplite dykes and tabular granitic pegmatites
cut the granitic rocks. The pegmatites contain muscovite,
biotite, beryl, triplite, and apatite. Small, centimetric, flu-
orite dykes in Facies 2 have been reported by Agulleiro
Insua et al. (2013).

Whole-rock chemical composition
Major elements

The data show that all the granitic rocks are monzogranite,
and their SiO, content varies within a restricted range from
68 to 76 % (Table 1). A representative analysis from one
sample of a mafic microgranular enclave (MME) in Facies
1 is also reported in Table 1.

In the alkalis versus silica classification diagram of Wil-
son (1989), the data plot mainly within the Carboniferous
A-type granite field of the Sierras Pampeanas, and some
samples are close to other typical A-type granites reported
in the literature. The Capilla del Monte pluton includes
subalkaline monzogranite enriched in alkalis (Facies 2
and 3) and mid-alkaline monzogranite (Facies 1) (Fig. 3a).
The plot differentiates the Capilla del Monte granites from
those of the Ordovician calc-alkaline monzogranites; their
high K,O contents are similar to those of other Carbonif-
erous A-type granites in the Sierras Pampeanas (Dahlquist
et al. 2010). The enclave has granodioritic composition but
also with distinctive alkali enrichment.

The monzogranite samples are poor in calcium
(CaO < 1.6 % in Facies 1 and <0.5 % in Facies 2 and 3)
and their high total alkalis (7.10-9.03 %) with K,0/Na,O
ratios of 1.50-2.12 mean that they also plot mainly in
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Fig. 3 a Alkali-silica diagram for the Capilla del Monte pluton sam-
ples (MME = microgranodiorite enclave). The fields are 46 Carbon-
iferous granitic samples from the Eastern Sierras Pampeanas (Dahl-
quist et al. 2010) and 18 granitic samples of the Achala batholith
(Dahlquist et al. 2014b). The star symbols are averages for A-type
granites in other parts of the world, as indicated. The alkaline/mid-
alkaline/subalkaline magmatic lineages are defined by sigma isop-
leths (after Rittmann 1957). b Na,O + K,0 — CaO versus SiO,. The
A-type granitoid field is after Frost et al. (2001). Representative data
for the Sierra de Chepes (Famatinian) calc-alkaline suite are plotted
in both diagrams for comparison: Di-Tn diorites and tonalites, G
granodiorites, PG porphyritic granodiorites, Mz monzogranites

the same field as other Sierras Pampeanas Carboniferous
A-type granites. They range from alkali-calcic to calc-alka-
line in the Na,O 4 K,0 — CaO versus SiO, diagram of
Frost et al. (2001) (Fig. 3b). The granodiorite MME data
plot in the alkali-calcic field. All samples are extremely rich
in FeO’, with high FeO"/(FeOQ' 4+ MgO) ratios (0.72-0.92,
average = 0.80), comparable to those commonly observed
in A-type granite (i.e., >0.7, e.g., Anderson 1983; Whalen
et al. 1987; Dahlquist et al. 2010).

Finally, all facies are peraluminous, with alumina
saturation index (ASI) ranging from 1.16-1.57 (Fig. 4
and Table 1) and with a relatively high agpaitic index of
0.68-0.82, of which the lowest values are in Facies 3
(Table 1). The granodiorite enclave is also peraluminous
(ASI = 1.26).
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Fig. 4 Alumina saturation index (ASI) in the studied granitic rocks.
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Fig. 5 Primitive mantle-normalized (Sun and McDonough 1989)
spider diagrams. The granitic rocks of the Capilla del Monte pluton
have similar compositions to those reported for Carboniferous A-type
granites of the Sierras Pampeanas (see Dahlquist et al. 2010)

Trace elements and REE

All granitic facies have concentrations of high field-
strength elements (Y, Nb, Ga, Ta, U, Th, LREE, etc.) com-
parable to those reported for metaluminous A-type granitic
complexes, such as the A-type granites of the Lachlan Fold
Belt in Australia, the Hercynian Kokshaal range in Kyr-
gyzstan, and elsewhere in the Sierras Pampeanas of Argen-
tina (see data in Table 1 of Dahlquist et al. 2010). Primi-
tive mantle-normalized spider diagrams for Facies 1 show
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Fig. 6 Chondrite-normalized (Nakamura 1974; Boynton 1984) REE
plots. a The rocks of the Capilla del Monte pluton have REE pat-
terns similar to those reported for Carboniferous A-type granites by
Dahlquist et al. (2010). b REE patterns for the Los Arboles pluton, a
comparable Carboniferous A-type granite in the Sierras Pampeanas.
Note that the Eu anomaly becomes more negative, and the SiO, con-
tent increases from the porphyritic (western zone) to the equigranular
(eastern zone) facies, as observed in the Capilla del Monte pluton

marked negative Ba, Nb, Sr, P, Eu, and Ti anomalies and
unusual enrichment in Cs, Rb, Th, U, and Pb for metalumi-
nous granitoids (Fig. 5). Facies 2 and 3 have patterns that
are indistinguishable from each other, with markedly lower
Ba, La, Ce, Sr, and Zr contents than Facies 1. In Facies 1,
the light rare earth elements (LREE) are strongly enriched,
with negative Eu anomalies (mean Euw/Eu* = 0.53) and
Lay/Yby ratios of ca. 10-24 (Fig. 6a). The REE patterns of
Facies 2 and 3 are again closely similar to each other, but
distinct from those of Facies 1, with lower LREE concen-
trations and much lower Lay/Yby ratios of 2.7-3.2, as well
as even stronger Eu anomalies (mean Eu/Eu* = 0.27), sug-
gesting a greater degree of feldspar fractionation. In gen-
eral, the range of REE patterns shown by all three facies is
similar to that of other Early Carboniferous A-type gran-
ites of the Sierras Pampeanas (Dahlquist et al. 2010). In
particular, there is a close resemblance to those of the Los
Arboles pluton (Fig. 6b), one such granite with two distinc-
tive facies: porphyritic (western zone) and equigranular
(eastern zone), suggesting a similar differentiation process.
As in the case of major elements, the granodiorite MME
has a similar composition to the granitic rocks of Facies 1
(Figs. 5, 6a).
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Geochronological data and isotope signature of the
Capilla del Monte pluton

Previous geochronological data

The first Late Paleozoic ages for the granitic rocks of
Sierra de Cérdoba (380-373 Ma) were obtained by Linares
(1966), using Pba methodology. Subsequently, Linares and
Latorre (1969) and Massabie (1982) reported Devonian and
Carboniferous K—Ar ages on whole rocks (380-336 Ma),
biotite (346 Ma), and muscovite (376-334 Ma). A rough
Early Carboniferous age (337 &= 30 Ma, Rb—Sr whole rock)
was obtained by Rapela et al. (1991) from the Characato
porphyritic granite, in the northwestern part of the Achala
batholith.

Rb-Sr whole-rock age and Nd isotopes

The samples from the Capilla del Monte pluton are
enriched in Rb, with whole-rock contents of mostly
500-700 ppm (Table 2). Two porphyritic granite samples
(Facies 1), the microgranodioritic enclave and the peg-
matite, all have high Sr contents (115-342 ppm), but the
remaining granites (Facies 2 and 3) and aplites contain
less than 25 ppm, resulting in a wide range of Rb/Sr ratios.
The seven granite samples alone fall on an isochron corre-
sponding to an age of 338 £+ 3 Ma (MSWD = 0.6), but the
complete data set also defines an indistinguishable isoch-
ron MSWD = 0.8), with an age of 337 + 2 Ma and an
initial 3Sr/%Sr of 0.7086 + 0.0002 (Fig. 7). This is taken
as indicating that all these rocks had a co-magmatic origin,
and that the Rb—Sr age records whole-rock system closure
immediately after crystallization of the pluton.

The Sm-Nd analyses for a Facies 3 equigranular granite
and the granodiorite mafic microgranular enclave (Table 1,
2b) are also reasonably consistent, with ey, values of —5.5
and —4.4, respectively, and corresponding depleted mantle
model ages assuming a crustal source (DePaolo et al. 1991)
of 1.53 and 1.45 Ga.

U-Pb LA-MC-ICP-MS zircon age and Hf isotope data

The combined SEM-CL and optical images reveal that the
zircon grains separated from sample CAP-1 are mostly
prismatic elongate with oscillatory zoning and subhedral to
euhedral terminations. Analysis spots were mostly located
on outer oscillatory zoning, and the majority of the zircon
ages are concentrated at about 336 Ma (Table 3). Sixteen
data points yield a Tera-Wasserburg concordia age (Ludwig
2003) of 336 + 3 Ma (95 % confidence limits, allowing for
the uncertainty in U/Pb calibration). This is considered the
best estimate for the crystallization of the host monzogran-
ite (Fig. 8). The Early Carboniferous zircon grains have

@ Springer

18| ¥7Sr/%¢sr

Capilla del Monte pluton

14 |

loms Age= 337 + 2 Ma
1 Initial 'Sr/**Sr = 0.7086 + 0.0002
MSWD= 0.8

08F | “MME

Loanwn
=T
-
k=1
-
L ]
1

] ' 0
N
T
1

| 1 1 1 1 . 1 1 1 1 1 1 1
0 40 80 120 160 200 240

8"Rb/%sr

o O bW
T
o7}
- R
o
-
| —

Fig.7 Rb-Sr isochron plots. Samples are mafic microgranular
enclave (MME), granite (G), pegmatite (P), and aplite (A). The data
and facies assignments are given in Table 2. Note the expanded scale
for the inset box. Since error ellipses are mostly too small to display,
the lower part of the diagram shows permil deviations () from ideal
points on the isochron corresponding to the measured Rb/Sr ratios

variable ey, (f = 336 Ma) values, ranging from +0.8 (the
only positive value) to —6.1. The average Hf model age is
calculated as 1.46 Ga (Table 4; Fig. 9).

Discussion: genesis of the Carboniferous granites
Magmatic fractionation in the Capilla del Monte pluton

The zircon geothermometer of Watson and Harrison (1983)
was used to estimate magmatic temperatures, since Miller
et al. (2003) conclude that this is applicable to both inher-
itance-rich and inheritance-poor granitoids. The average
calculated temperatures for M values between 0.9 and 1.7
(the calibration range for the geothermometer) are 805 °C
for Facies 1 (porphyritic monzogranite) and 735 °C for
Facies 2 (equigranular &+ porphyritic monzogranite); Facies
3 yields similar temperatures to Facies 2 (Table 1). These
temperatures are consistent with those obtained from other
Carboniferous A-type granites in the Sierras Pampeanas
(Dahlquist et al. 2010). Comparing the results for the dif-
ferent facies, temperature decreases as the Eu anomaly
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Table 3 LA-MC-ICP-MS

. Grain spot  GCh SS Ratios Ages
results for CAP-1 monzogranite
zircon (Facies 1) 38Uy 1o 207pb/2%ph 1o 206pp28y 1o 2Pb%Pb 1o
11.1 e, p, 0sc 19.4457 0.2583  0.0539 0.0020 323 4 368 84
22.1 e, p, 0sc 19.2777 0.4132  0.0544 0.0022 326 7 389 95
7.1 e, p, 0sc 18.9537 0.4736  0.0495 0.0047 331 8 170 181
23.1 e, p, 0sc 18.9513 0.3307 0.0528 0.0017 331 6 319 68
13.1 e, p, 0sc 18.9039 0.2573  0.0536 0.0019 332 4 355 81
10.1 e, p, 0sc 18.8793 0.2160 0.0538 0.0014 333 4 365 59
16.1 e, p, 0sc 18.8583 0.9547 0.0475 0.0070 333 16 74 210
3.1 e, p, 0sc 18.7854 0.2821 0.0523 0.0025 334 5 297 106
20.1 e, p, 0sc 18.8180 0.3348 0.0534 0.0018 334 6 348 76
2.1 e, p, 0sc 18.6722 0.3346  0.0504 0.0031 336 6 212 131
17.1 e, p, 0sc 18.4973 0.3284  0.0539 0.0017 339 6 365 73
9.1 e, p, 0sc 18.4334 0.3306 0.0508 0.0032 341 6 232 139
18.1 e, p/fr,osc  18.3838 0.9206 0.0524 0.0068 341 17 301 205
14.1 e, p, 0sc 18.3769 0.4044 0.0517 0.0023 342 7 273 106
12.1 e, p, 0sc 18.2758 0.4215 0.0500 0.0045 343 8 195 158
6.1 e, p, 0sC 18.0415 0.2223  0.0538 0.0017 348 4 362 72
24.1 e, p, 0sC 17.4984 0.4707 0.0517 0.0032 358 9 273 123

238 J/296Ph and 27Pb/?%Pb ratios corrected for static fractionation using GI 1

Measurement errors represent within-run uncertainty only. Grain characteristics (GCh) and site of the spot
(SS): site of the spot: e end or edge. Habit of the grain: p prism, fr fragmented. CL images: osc oscillatory

zoning

error ellipses are 68.3% conf.

CAP-1

0.07 - Concordia Age = 336 + 3 Ma

95% confidence, decay-const errs included

MSWD (of concordance) = 0.0042,
Probability (of concordance) = 0.95

17.5
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Fig.8 U-Pb LA-MC-ICP-MS zircon dating of sample CAP-1
(Facies 1 monzogranite) from the Capilla del Monte pluton. The
main Tera-Wasserburg plot shows most analyses plotting between
323 and 358 Ma, and the inset shows a concordia age calculation
of 336 £ 3 Ma. Selected zircon images are also shown. Data are
reported in Table 3

becomes more negative, and the SiO, content increases
(Table 1), consistent with increased differentiation.

The fact that Rb—Sr data for all samples, including all
three granite facies, aplites, and a granodiorite enclave, lie

on a single well-defined isochron is taken as indicating that
all these rocks share a co-magmatic origin with closure of
the Rb-Sr whole-rock system immediately after crystal-
lization of the pluton. This also strongly suggests that the
muscovite was a primary magmatic phase, or that at least
that there was no secondary growth involving external fluid
exchange. The granodiorite MME has the lowest SiO, con-
tent in the pluton and may represent early segregation from
a granitic magma, but more data are required to test this.
The decrease in LREE contents and Lay/Yby ratios,
coupled with more pronounced negative Eu anomalies, as
SiO, increases from Facies 1 to Facies 2 and 3 (Fig. 6a),
suggests that the main factor in the differentiation process
was feldspar fractionation, together with accessory miner-
als such as monazite. The parallel development of negative
Ba and Sr anomalies in the spider diagrams similarly sup-
ports the important role of feldspar (Fig. 10a, b). Since Ba
is not significantly partitioned into plagioclase, it is prob-
able that K-feldspar (plus biotite) was an important crys-
tallizing phase in Facies 1, and it is notable that there is
also a slight fall in K,O in Facies 2 and 3 (Table 1). On the
other hand, the higher CaO content (together with Sr and
Eu) in Facies 1 relative to Facies 2 and 3 (almost 3 times,
Table 1) suggests that An-rich plagioclase fractionation was
also involved. Simple vectors calculated for Ba and Rb are
consistent with two possible crystallization stages during
differentiation of the Capilla del Monte magma: Kfs > Pl
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Table 4 Laser ablation Hf

; _ Grain/spot 1761 £/ THE + 20 176 u/'TTHE + 20 eHf (1) Ty (Ga)

isotope data for igneous dated

zircons from CAP-1 3.1 0.282594 0.000056 0.001323 0.000042 0.79 1.24
6.1 0.282426 0.000051 0.001143 0.000038 -5.09 1.61
10.1 0.282488 0.000029 0.001069 0.000007 —2.90 1.47
11.1 0.282518 0.000037 0.000854 0.000028 —1.78 1.40
13.1 0.282519 0.000040 0.000819 0.000010 —1.73 1.40
14.1 0.282493 0.000043 0.001075 0.000004 —2.69 1.46
17.1 0.282536 0.000052 0.000722 0.000023 —1.11 1.36
18.1 0.282438 0.000058 0.001469 0.000007 —4.74 1.59
20.1 0.282520 0.000038 0.001356 0.000014 —1.82 1.40
22.1 0.282508 0.000050 0.001090 0.000013 —2.19 1.43
23.1 0.282403 0.000060 0.002150 0.000027 —6.12 1.68

Laser operating conditions: GJ1—6 mJ ou 8.55 J/cm2 (100 %), 7 Hz, spot = 47 um, He (MCF1) =0.25 1/
min (MCF2) = 0.5 L/min, N2 = 1.2 mL/min, 50 ciclos, AR80 = 30 V

t = crystallization age (336 Ma), T = model age

Present-day and initial ey, values were calculated using CHUR compositions of
V76Hf/" " Hftoday = 0.282772 and '"°Lu/""’Hf = 0.0332 (Blichert-Toft and Albarede 1997) and a '"°Lu
decay constant of 1.867¢!! (Soderlund et al. 2004; Scherer et al. 2007). Average crustal '"*Lu/!""Hf of
0.015 (Goodge and Vervoort 2006). Depleted mantle (DM) parameters from (Vervoort and Blichert-Toft
1999). 176Hf/177HfCHUR(,) = 0.282563

€a(zircon)

0 500 1000 1500 2000 2500 3000 3500
Ages (Ma)

Fig. 9 Age versus ey values for Early Carboniferous zircon hosted
in CAP-1 granite, showing both measured and initial epsilon Hf val-
ues as function of crystallization age. Depleted mantle Hf evolution
curve from Vervoort and Blichert-Toft (1999) and pre-crystallization
average crustal growth parameters from Goodge and Vervoort (2006)

during the crystallization of Facies 1, and P1 > Kfs during
the subsequent crystallization of Facies 2 and 3 (Fig. 9c).
This is consistent with the thermometry calculation and
geochemical variations summarized above.

The concomitant decrease in LREE, Ti, Zr, and Th
(Fig. 5), further implies segregation of accessory minerals
such as Ti oxides, zircon, and monazite, whereas as Rb,
Cs, and U were enriched in the more differentiated magma,
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probably by selective extraction and transport in a volatile
phase (Cerny et al. 1985). This is similar to the crystalliza-
tion process invoked for other A-type granites of the Sierras
Pampeanas (Dahlquist et al. 2010).

High Ga/Al is a distinctive characteristic of A-type
granite, and plots against major and trace element contents
can readily distinguish between I-type (calc-alkaline) and
A-type granite (Whalen et al. 1987). The Ga versus Ga/Al
diagram of Fig. 11 shows such a distinction between the
Sierras Pampeanas Carboniferous A-type granites and the
Ordovician calc-alkaline granites of the Famatinian oro-
gen. Experimental studies by Patifio Douce (1997) indicate
that the higher proportion of Ca-rich plagioclase formed
by incongruent melting at low-pressure conditions (4 kbar)
explains the low CaO relative to Al,O; of metaluminous
A-type granites (as well as their Eu depletion), and because
plagioclase excludes Ga relative to Al,O; (Malvin and
Drake 1987), it also gives rise to their distinctively high Ga/
Al ratios. Alternatively, Whalen et al. (1987) indicate that
Ga is enriched relative to Al because the latter is preferen-
tially trapped in residual plagioclase, while during melt-
ing of an F-enriched source, Ga is stabilized in the melt
in GaFg? structures. This is consistent with the fact that
most Facies 2 granites (and small dykes) include fluorite
as an accessory mineral. This is a further characteristic of
A-type magmatism (e.g., Collins et al. 1982; Whalen et al.
1987; Dahlquist et al. 2010) and suggests that the Capilla
del Monte magmas were derived from a F-rich source.
Recently, Agulleiro Insta et al. (2013) have reported high
F contents in the Capilla del Monte pluton, increasing
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Fig. 10 a, b Ba versus Eu and Sr versus Eu (concentrations in ppm).
Facies 1 has higher contents of these elements, and the trend to lower
concentrations in Facies 2 and 3 suggests segregation of plagioclase
and K-feldspar. ¢ Ba versus Rb. Linear trends for granitic facies of
the Capilla del Monte pluton. The calculated vector indicates that
K-feldspar (Kfs) and plagioclase (P1) crystallized in different propor-
tion in Facies 1 (Kfs = 60 % and Pl = 20 %) and Facies 2 and 3
(Kfs = 20 % and PI = 60 %), respectively. The percentage values
are only indicative. Partition coefficient data for minerals in equilib-
rium with granitic liquids are from Icenhower and London (1996),
Ewart and Griffin (1994), Nash and Crecraft (1985), and Streck and
Grunder (1997). The crystallization percentage for Kfs and Pl is indi-
cated in the figure. Co, initial concentration for Facies 1, Coyp initial
concentration for Facies 2 and 3, F weight fraction of remaining melt

from 1200 ppm in porphyritic biotite granite (equivalent
to our Facies 1) to 2600 ppm in leucogranites with domi-
nant muscovite (equivalent to our Facies 3). Garcia et al.
(2012) have reported high F content in water samples from
the Calabalumba and San Marcos Rivers that cross the
Capilla del Monte outcrop, concluding that it mostly origi-
nated through the weathering of F-bearing minerals such as
micas, fluorapatite, apatite, and fluorite.
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Fig. 11 Ga versus 10* x Ga/Al granite discrimination diagram
(Whalen et al. 1987) showing granite of the Capilla del Monte pluton
compared to the Early Carboniferous A-type granites (Dahlquist et al.
2010) and the Famatinian calc-alkaline granitoids (Dahlquist et al.
2005, 2008). For the Famatinian calc-alkaline granitoids, the SiO,
content ranges from 60 % (tonalite) to 75 % (monzogranite). The
10* x Ga/Al discrimination limit for A-type granites is from Whalen
et al. (1987). Stars are A-type average compositions from Konopelko
et al. (2007) and Chappell and White (1992), respectively

Source of the granitic magma of Capilla del Monte
pluton

The initial 3Sr/%Sr ratio of 0.7086 and negative eNdt val-
ues ranging from —4.4 to —5.5 indicate that the genera-
tion of the Capilla del Monte parental magma dominantly
involved crustal melting, with a minimal contribution of
juvenile material. The average of two depleted mantle Nd
model ages of ca. 1.5 Ga and coincidence with the same
model age for most of the zircon Hf analyses strongly sug-
gest a Mesoproterozoic source.

However, gy for magmatic zircon shows a significant
spread from crustal values (—6.1) to just positive (40.8).
Thus, whereas the Sr;,;;, and eyg, values suggest a single
crustal source, the ey values imply interaction between
juvenile and continental material, although the latter
appears to be dominant. In theory, this could be due to
assimilation of younger, more primitive, crustal material
or partial involvement of a juvenile magma, although in
either case interaction must have occurred prior to differ-
entiation of the magma that produced the exposed pluton
in order to account for the uniformity of the Sr and Nd iso-
tope signatures. As in the general study reported by Kemp
et al. (2007), an important feature of the Hf isotope data
is the significant range of ey values exhibited by zircon
within a single sample (up to 10 ¢ units). Such scatter could
be due to some zircon crystallizing very early and retain-
ing vestiges of the original, more juvenile Hf isotope sig-
nature (Kemp et al. 2007; Dahlquist et al. 2013), whereas
the ""®Hf/!""Hf ratio of the melt from which the early zir-
con precipitated might change due to subsequent assimila-
tion of crustal material. Alternatively, a heterogeneous crust
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could be assumed as the source of the parental magma (Vil-
laros et al. 2012), although again the magma must have
become homogenized (apart from the already precipitated
zircon) prior to the crystal fractionation process described
above.

Recent studies of Early Carboniferous granites in the
Eastern Sierras Pampeanas indicate that they represent typ-
ical A-type metaluminous magmatism developed in intra-
plate setting, with participation of both juvenile material
and continental crust in the source (Dahlquist et al. 2010).
Within the whole suite, the proportion of juvenile material
increases toward the west, where the Cerro La Gloria plu-
ton (Fig. 1) has an average zircon ey, value of 42.6 (Ala-
sino et al. 2012; Dahlquist et al. 2013). The dominantly
continental origin of the Capilla del Monte pluton, which
constitutes the easternmost outcrop of the Carboniferous
A-type suite (Fig. 1), is consistent with this trend.

Comparison with the Achala batholith
and geodynamic implications

Late Devonian and Early Carboniferous geodynamic
setting

There are significant doubts about the possible continuity
of both granite magmatism and deformation in the Late
Devonian to Mid-Carboniferous interval. The ca. 2500-
km? Achala batholith in the Sierras de Cérdoba (Fig. 1) is
a F-rich peraluminous A-type granite (Rapela et al. 2008a,
Dahlquist et al. 2014b), and contact aureoles indicate shal-
low emplacement, usually at less than 2 kb (e.g., Patifio
and Patiio Douce 1987; Baldo and Verdecchia 2014).
Pinotti et al. (2002) report similar conclusions for the
Cerro Aspero batholith, also of Late Devonian age (Fig. 1).
The Achala batholith is the largest of a series of intrusive
granitic bodies in the Eastern Sierras Pampeanas that are
conspicuously discordant to structures and rocks formed
during the Cambrian (Pampean) and Ordovician (Fam-
atinian) metamorphic events (Martino et al. 1995; Rapela
et al. 2008b). The granites were emplaced during the
Late Devonian: 368 4+ 25 Ma (U-Pb zircon, Dorais et al.
1997); 379 + 4 and 369 + 3 Ma (U-Pb SHRIMP zircon,
Rapela et al. 2008a); and 366 £ 6, 369 + 5, 372 + 6 Ma,
370 &+ 8 (U-Pb LA-MC-ICP-MS zircon, Dahlquist et al.
2013, 2014b). It is possible that different components of
this large body crystallized at somewhat different times, but
an overall emplacement age of 365-370 Ma would seem
well established, whereas the Early Gondwana magmatism
spans ca. 357-322 Ma (Dahlquist et al. 2013).

Sims et al. (1998), Stuart-Smith et al. (1999), Sieges-
mund et al. (2004), and Lépez de Luchi et al. (2004, 2007)
considered the voluminous Devonian intrusive rocks in the
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Sierras de Cérdoba and the eastern area of the Sierra de
San Luis to have been emplaced during compression in a
transtensional regime associated with Late Devonian low-
grade shear zones, together defining the Achalian orogeny
(Middle-to-Late Devonian). Sims et al. (1998) used the
“OAr—¥Ar step-heating method on biotite that grew during
mylonitization, yielding well-defined ages of 358 & 2 for
the Guamanes mylonite (Sierras de Cérdoba), and 366 + 2
and 375 & 1 for a shear zone in Sierra de San Luis, the
latter being essentially coincident with the intrusive age of
the Achala granites. Igneous phases of the Achala batho-
lith truncate deformation fabrics of the Tres Arboles fault
zone (Fig. 1), which implies that movement along the shear
zone must have ceased prior to ca. 365-370 Ma. On the
other hand, the Tres Arboles ultramylonites have yielded
much younger “°Ar—*Ar ages of 343 + 5 and 341 & 5 Ma
(Whitmeyer 2008), respectively, although these were inter-
preted as regional cooling ages and can only be regarded
as minimum estimates for the cessation of fault movement.
Wemmer et al. (2011) obtained K-Ar ages of 334-291 Ma
for fine-grained illite from phyllites associated with shear
zones in Sierra de San Luis. They considered that the ages
older than 320 Ma correspond to a phase of compressional
tectonism linked with the Toco orogeny that is recognized
in northern Chile and southern Bolivia. In an extension
of that study that included fault gouges from the Sierras
Pampeanas, Bense et al. (2014) point out that the Toco
orogeny is not clearly displayed in Sierras Pampeanas
and concluded that such ages mark a change from ductile
to brittle deformation at the end of prolonged Famatinian
deformation.

The tectonic setting of the Late Devonian compressional
event and the transition to the Carboniferous tectonic set-
ting is thus somewhat controversial, especially regarding
the continuity or otherwise of compressional tectonics.
Scenarios invoked include (1) collision of the hypothetical
Chilenia terrane with the proto-Pacific margin and post-
collision extensional magmatism (Willner et al. 2011 and
references therein), (2) final collision between the Fam-
atinian magmatic arc and the Pampean hinterland (Hock-
enreiner et al. 2003), and recently, (3) push—pull tectonic
switching along the Pacific margin during Devonian and
Carboniferous time (Alasino et al. 2012). The A-type geo-
chemical signature of the Achala batholith (Rapela et al.
2008a; Dahlquist et al. 2014b) strongly suggests intracra-
tonic or within-plate magmatism in a dominantly exten-
sional regime with Early—-Middle Devonian lithospheric
thinning. This hypothesis is consistent with a Devonian
metallogenetic epoch (~390 Ma) developed in a within-
plate extensional setting temporally and spatially related to
Achala magmatism (Franchini et al. 2005). This intracra-
tonic extensional regime was followed by Late Devonian
compression (Sims et al. 1998) and Early Carboniferous
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lithospheric stretching (Dahlquist et al. 2010, Alasino et al.
2012). Geochronological dating and subsidence analysis of
the Paganzo basin of NW Argentina support an initial rift
stage at the time of the Devonian—Carboniferous bound-
ary (Astini et al. 2009, 2011). Thus, tectonic switching
episodes of rollback and flat-slab subduction (see Collins
2002) could have led to alternating compression and exten-
sion setting in the pre-Andean margin.

It is well known that A-type magmas are formed in a
variety of extensional regimes: in continental back-arcs,
in post-collisional extension, and in within-plate settings
(e.g., Whalen et al. 1987; Eby 1992; Bonin 2007). Experi-
ments by Patifio Douce (1997) show that dehydration of
calc-alkaline granitoids in the shallow crust (at depths of
15 km or less) is a likely origin for high-silica metalumi-
nous A-type granites [(Na,O + K,0)/Al,05, molar <1,
nor peralkaline field]. Profuse crystallization of calcic pla-
gioclase + orthopyroxene during low-pressure (<4 kbar)
incongruent melting explains all of the major and trace
element characteristics of A-type granites (e.g., their low
Al, Ca, Mg, Sr, and Eu contents, and high Ga/Al ratios).
Patifio Douce (1997) concluded that the shallow origin of
A-type granites is in turn a consequence of their genesis in
extensional, or at least non-compressive, tectonic regimes,
where the crust tends to be thin and magmatic advec-
tion of heat can approach the Earth’s surface. The A-type
chemical characteristics are therefore lost in the deep crust,
explaining the absence of A-type magmas from compres-
sive tectonic environments where the crust is thick. Dahl-
quist et al. (2010) have suggested that the Early Carbonif-
erous metaluminous A-type granites of the Eastern Sierras
Pampeanas (Early Gondwana magmatism) were emplaced
in an extensional intraplate setting and a non-compressive
tectonic regime rather than the syn-kinematic emplacement
invoked for the Devonian granites of Cérdoba and San
Luis by Sims et al. (1998) and Lépez de Luchi et al. (2004,
2007). Dahlquist et al. (2006) and Grosse et al. (2009) stud-
ied Carboniferous granites in the Sierra de Velasco (Fig. 1)
emphasizing their nearly circular shape and the absence
of pervasive deformation, which would suggest an exten-
sional regime during the emplacement of the plutons and
Late Carboniferous mafic dykes dated at 309 and 311 Ma
in the granites of the Achala batholith and the Los Arboles
pluton (Caprano et al. 2012; Dahlquist and Alasino 2012).
However, a full understanding of the emplacement of the
Capilla del Monte pluton would require structural studies
such as those carried out on the Mid-Devonian granites of
the Sierra de San Luis (e.g., Siegesmund et al. 2004; Lopez
de Luchi et al. 2007).

Based on geochemical and isotopic data, Alasino et al.
(2012) concluded that the Early Carboniferous A-type
magmatism of Sierras Pampeanas was generated in a retro-
arc setting with a progressive lithospheric thinning toward

the west, leading to participation of more juvenile material
in the magmas.

Recent new geochemical and geochronological data
(Dahlquist et al. 2014a, 2015) support the presence of a
magmatic arc from the Early Carboniferous, located in
the western margin of Gondwana (i.e., present-day Cor-
dillera Frontal and Western Sierras Pampeanas) with the
synchronous development of A-type magmatism in the
margin region (now the Eastern Sierras Pampeanas). There-
fore, any geodynamic setting for Carboniferous time must
include the presence of both a magmatic arc and within-
plate magmatism.

Petrological, geochemical, and isotopical data

Both the Achala batholith and Capilla del Monte pluton
have dominant and mostly restricted monzogranite com-
position and similar major element content (Fig. 3a, b),
with peraluminous ASI values (see Table 1; Dahlquist et al.
2014b). This distinguishes the Capilla del Monte pluton
from the Early Carboniferous granites of Eastern Sierras
Pampeanas farther to the west, which have dominantly met-
aluminous composition (see Dahlquist et al. 2010; Alasino
et al. 2012). The Capilla del Monte pluton is a two-mica
granite, whereas biotite is dominant in the other A-type
granites of the Eastern Sierras Pampeanas, and the Cerro
La Gloria pluton, the westernmost A-type granite, has mag-
matic amphibole (edenite).

The granitic facies of the Capilla del Monte pluton have
concentrations of high field-strength elements (Y, Nb, Ga,
Ta, U, Th, LREE, etc.) comparable to those reported for
granitic rocks of Achala batholith. Furthermore, the pat-
terns of REE are similar with pronounced negative Eu
anomalies (see Rapela et al. 2008a; Dahlquist et al. 2014b).

A significant feature observed in the Achala batholith,
the Carboniferous granites of the Eastern Sierras Pampea-
nas, and the Capilla del Monte pluton is the concentration
of F. As noted above, both the Achala batholith and Capilla
del Monte pluton are markedly enriched in Ga and distinct
in this respect from the Ordovician calc-alkaline granites of
the Famatinian orogen (Fig. 11).

Petrogenetic models for A-type granites commonly
invoke igneous source rocks (e.g., Collins et al. 1982;
Creaser et al. 1991; Frost and Frost 1997), and peraluminous
A-type granites are uncommon. Fayalite granite is a mem-
ber of the most reduced A-type granites, commonly thought
to have been primarily sourced from tholeiitic rocks. Huang
et al. (2011) have reported fayalite-bearing A-type granite
produced by high-temperature melting of granulitic meta-
sedimentary rocks. Dahlquist et al. (2010) concluded that
A-type granites represent variable mixtures of astheno-
spheric mantle and continental crust, and that different mix-
tures lead to different (and numerous) subtypes (illustrating
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the lack of consensus about A-type magma origin, Bonin
2007). King et al. (1997) suggested that A-type granites in
the Lachlan Fold Belt of SW Australia were derived from
the partial melting of an infracrustal felsic source, leading
to the formation of “aluminous” (metaluminous and weakly
peraluminous) A-type granites. Alternatively, the Achala
batholith and Capilla del Monte pluton could represent a
subtype of A-type granite derived from a crustal source with
a dominant metasedimentary component, as indicated by
their whole-rock chemistry (high ASI values), mineralogy
(biotite and muscovite), and the Sr and Nd isotope data. In
fact, the Achala batholith has been considered as a F-rich
peraluminous A-type granite derived from a continental
source (Rapela et al. 2008a; Dahlquist et al. 2013, 2014Db).

Thus, although present geochronological data distin-
guish two magmatic events (i.e., Late Devonian for the
Achala batholith and Early Carboniferous for the Capilla
del Monte pluton, with a time difference of about 30 Ma),
petrological and geochemical characteristics show that both
granites represent F-rich peraluminous A-type magmatism.

Hf isotope data in zircon for the two igneous bodies
are somewhat different: Whereas those for the Capilla del
Monte pluton indicate a minor contribution of more juve-
nile material in the ultimate source, a larger data set for
the Achala batholith (Dahlquist et al. 2013, not show here)
indicates a more uniformly crustal origin.

The overall petrological and geochemical similarities
between the Late Devonian Achala batholith and the Early
Carboniferous Capilla del Monte pluton suggest the same
Mesoproterozoic crustal source and as similar magma-gen-
erating setting, but at this stage there is no evidence that
they belong to a continuous tectonomagmatic scenario, and
their age difference could be taken as arguing against it.

Conclusions

1. The Capilla del Monte pluton was emplaced in Early
Carboniferous time, U-Pb and Rb-Sr dating yielding
consistent ages of 336 &+ 3 and 337 &+ 2 Ma (both cor-
responding to Visean).

2. Capilla del Monte is the easternmost outcrop of the
Early Carboniferous magmatism in this part of the pre-
Andean margin of Gondwana.

3. Considering previous work and the data reported here,
the Capilla del Monte pluton is a F-rich peralumi-
nous intraplate A-type granite, which fits the trend of
increasing crustal character toward the east previously
established for metaluminous A-type Early Gondwana
magmatism in the Sierras Pampeanas.

4. Differentiation of the pluton occurred by fractional
crystallization of a uniform parent magma, dominantly
of plagioclase and K-feldspar.

@ Springer

5. As well as the dominant continental source mate-
rial for the Capilla del Monte pluton, a more juvenile
component, such as younger metasedimentary rocks or
an initially more juvenile magma, also seems to have
been involved, as indicated by Hf isotope data in zir-
con. However, the resultant magma, apart from already
crystallized zircon, must have been fully homogenized
prior to differentiation of the exposed pluton.

6. The geochronological data collection for granitic rocks
of the Sierras de Cérdoba allows the distinction of two
magmatic events: Late Devonian (Achalian magmatism)
and Early Carboniferous (Early Gondwana magmatism).
Petrological and geochemical data suggest that geody-
namic setting for these episodes was the same (intraplate
magmatism), leading to the generation of F-rich peralu-
minous A-type magmas. However, Hf isotope data sug-
gest an increase in the juvenile material during the Early
Carboniferous. New studies are required to understand
whether these magmatic events are two independent epi-
sodes or may represent a continuous development of the
same episode. This would have a significant bearing on
the analysis of the deformational history of this area dur-
ing the Late Devonian to Late Carboniferous interval.
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