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Middle Devonian granitoids intruded the Eastern Sierras Pampeanas basement ca. 600 km east of the inferred
proto-Pacific margin of Gondwana along which a ca. 390 Ma collisional event developed. In the Sierra de San
Luis, voluminous Middle Devonian (393-382 Ma) batholiths are composed of I- to A-type hybrid Monzonite
and Granite suites. Shoshonite and subordinated high-K series, stocks, synplutonic dikes and enclaves make up
the Monzonite Suite; rocks are metaluminous alkali-calcic magnesian porphyritic or equigranular monzonite,
quartz monzonite, monzodiorite and scarce monzogabbro. High-K and subordinated shoshonite series
metaluminous to mildly peraluminous magnesian alkali-calcic to calc-alkalic porphyritic or equigranular quartz
monzonite, granodiorite, monzogranite and equigranular leucomonzogranites make up the Granite Suite plutons
and batholiths. Only a small group of highly evolved granites are ferroan. SiO, (46-62%), Cr, Ni, V, Sc, LILE, LREE,
Th, Zr and variable, Sr/Y, (La/Yb)y and (Tb/Yb)y, smooth Eu/Eu*, moderate Na,O (ca 3.5), and troughs at Nb and
Ta for Monzonite Suite rocks suggest an subduction-related enriched lithospheric mantle source. Sm-Nd data
(Tpm 0.98-1.08 Ga, £Nd (380 ma) 0.66-1.47) and 37Sr/*®Sr; (0.703520-0.704203) are compatible with an enriched
mantle source. The metaluminous porphyritic quartz monzonite-monzogranite and the mildly peraluminous
equigranular biotite monzogranites of the Granite Suite are characterized by relatively moderate Al,03, CaO,
and 87Sr/%6Sr;, high LILE, Cr, variable Sr/Y, (La/Yb)y and Eu/Eu* and low Rb/Sr (<1.2) suggest a mafic source.
The porphyritic monzogranite (Tpy 1.20-1.28 Ga, eNd(3goma) — 3.02 to — 3.3, 7Sr/%6Sr; 0.706578-0.707027)
and the biotite monzogranites (Tpy 1.31 Ga, eéNd(3goma) — 3.3, 8/Sr/%6Sr; 0.707782) would share a common
source. The equigranular alkali-calcic leucomonzogranites are characterized by Rb/Sr >1.5, ASI 1.05-1.18, and
Ga/Al 2.6-3.9, eNd(380 ma) —3.74 to —3.95 and (¥”Sr/3%Sr); 0.710743-0.712955 which would point to
metasedimentary or felsic igneous crustal sources. Nevertheless their Tpy; 1.36-1.38 Ga is considerably younger
than the mean 1.8-1.6 Ga Eastern Sierras Pampeanas crustal residence age and less radiogenic. Middle Devonian
magmatism would record an episode of crustal growth by enriched mantle derived magma input and variable
degrees of partial melting of a lower crustal source at the waning stages of the Achalian orogeny.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

(Bussy et al., 2000; Fu et al., 2012; Yao-Hui et al.,, 2006, and references
therein).

High-K calc-alkaline and shoshonitic granitoid magmatism are
common features of several orogenic belts. They are characterized by dif-
ferent scales heterogeneities, ranging from mineral zoning, xenocryst,
mafic clots, mafic enclaves, stocks, and synplutonic dikes. Some of these
features are attributed to mantle input and magma mixing and mingling.
The overall tectono-magmatic evolution of these granitoids is associated
with an extensional regime which could be related to the transition
from a magmatic-arc to a post-collisional setting (Altherr et al., 2000;
Bonin, 2004; Ferré and Leake, 2001; Janousek et al., 2000; Jiang et al.,
2002; Lépez-Moro and Lopez-Plaza, 2004; Topuz et al., 2010, and refer-
ences therein) or to the back-arc extension of a distant subduction zone
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The Proto-Andean Pacific margin of Gondwana in central Argentina
constitutes a long-lived orogenic system which covers the time span
from the Neoproterozoic to Devonian (Cawood, 2005; Ramos, 2008;
Rapela et al., 2007; Siegesmund et al., 2009), particularly in the Eastern
Sierras Pampeanas of Central Argentina. The Sierras - a series of N-S
polyphase deformed basement units cropping out between 26° to 33°
S that were uplifted along Miocene-to-Recent reverse faults (Ramos
et al., 2002)- are located between the Archaean-to-Palaesoproterozoic
Rio de la Plata craton to the east (Booker et al., 2004; Lopez de Luchi
et al., 2005; Rapela et al., 2007) and the Grenvillian (ca. 1000-
1200 Ma, Kay et al., 1996) Cuyania-Precordillera terrane to the west.
The Eastern Sierras Pampeanas were structured by three main events
from the Neoproterozoic-to-Early-Cambrian (560-530 Ma) Pampean,
the late Cambrian-Ordovician (500-460 Ma) Famatinian, and the
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Devonian (400-350 Ma) Achalian orogenic cycles (Acefiolaza et al.,
1988, 1990; Drobe et al., 2009, 2011; Lépez de Luchi et al,, 2007, 2010;
Pankhurst et al., 1998; Ramos et al., 1986; Rapela et al., 1998, 2001,
2007; Siegesmund et al., 2004, 2009; Sims et al., 1997, 1998; Steenken
et al., 2004, 2006, 2008, 2011; Stuart-Smith et al.,, 1999). These
orogenies are related to the accretion of different terranes integrated
into the proto-Andean margin of Gondwana and are accompanied by an
extensive Palaeozoic granitoid magmatism. The Achalian suite of
Middle-Devonian-to-Lower Carboniferous batholiths (Lépez de Luchi,
1996; Lopez de Luchi et al.,, 2004, 2007; Pinotti et al., 2002; Siegesmund
et al., 2004; Stuart-Smith et al., 1999) were previously considered as-
post-orogenic regarding the Famatinian orogeny (Rapela et al., 1998).
The 393-360 Ma Devonian magmatism is mainly developed in the
Sierra de Cérdoba and San Luis (Fig. 2), whereas Lower Carboniferous
magmatism is more conspicuous towards the north in the Sierra de
Velasco and Fiambala (Fig. 1a, b).

In the Sierras de San Luis (Figs. 1b, 2), Middle Devonian batholiths
(Devonian Monzonite-Granite suite, DMGS, Lépez de Luchi et al.,
2007) are characterized by the ubiquitous occurrence of mafic
monzonitic and more rare diorite rocks as microgranular enclaves,
stocks, or synplutonic dikes in more felsic hosts or lamprophyre dikes,
which would suggest a direct chemical and thermal input from
the mantle (Lépez de Luchi, 1996; Lopez de Luchi et al., 2007). This
magmatism is syn-kinematic with a system of shear zones that were
active at the waning stages of the Achalian orogeny (Lépez de Luchi
et al, 2007; Siegesmund et al., 2004). In addition to longstanding ques-
tions about the details of the tectonic scenario for this magmatism
(Llambias et al., 1998; Lépez de Luchi et al., 2007; Siegesmund et al.,
2004; Sims et al., 1998) which developed at 600 km of the inferred
continental and collisional margin (Willner et al., 2011), it is important
to evaluate crustal melting and the relative contributions of mantle-
derived and crustal-derived melts to the construction of these upper
crustal plutons.

The aim of this study is to analyze the petrogenesis of the main Mid-
dle Devonian batholith of the Sierra de San Luis. We integrate available
geological, geochemical, and isotopic information with new chemical
and isotopic data. Geochemical criteria are used for distinguishing and
characterizing the coeval magmatic suites, and a petrogenetic model
is formulated to account for the observed geochemical variations. This
model, based upon major elements, trace elements, and Sr-Nd isotopes,
allows constraints to be placed on the possible sources and processes
that were involved in the genesis of the voluminous Devonian
magmatism.

2. Regional setting

The Sierra de San Luis (Fig. 1b) records an Ediacaran-to-Devonian
metamorphic and magmatic evolution (Siegesmund et al., 2009;
Steenken et al., 2006, 2008) and comprises three NNE-SSW striking
basement domains of amphibolite-to-granulite-facies ortho- and
paragneisses, schists, migmatites, and amphibolites: namely, from
west to east, the Nogoli, Pringles, and Conlara Metamorphic Complexes
(Sims et al., 1997), separated by low grade rocks of the San Luis
Formation (Prozzi and Ramos, 1988) and first intruded by Famatinian
(500-480) (ultra-)mafic-to-monzogranitic units(Lopez de Luchi et al.,
2007; Sims et al,, 1997, 1998).

Middle Devonian, voluminous zoned granitoid batholiths associated
with monzonitic units (Figs. 1, 2) are represented by the Las Chacras-
Potrerillos (LCHPB), Renca (RB), and La Totora batholiths (LTB) (L6pez
de Luchi et al,, 2004, 2007; Siegesmund et al., 2004), as well as the San
José del Morro (SJMP) (Quenardelle, 1995) and El Hornito (EHP) plu-
tons. Field observations and geochemical and structural data suggest
that they are pulsed, composite discordant intrusions with clear-cut
contacts against the host Conlara Metamorphic Complex (Table 1). Al-
in hornblende thermobarometer (Anderson, 1996) indicated ~720 +
15 °C and 3.55-3.84 + 0.28-0.36 Kb (13-13.8 & 1.1 km) for the

emplacement of the granitoids of LCHPB and 730 + 7 °C and 3.37 +
0.6 kb (12.4 4 2.2 km) for the Renca Batholith (lannizzotto and Lépez
de Luchi, 2012; Lépez de Luchi et al., 2007). The youngest cooling age
(Table 1) corresponds to the BRG of the LCHPB and the oldest to the por-
phyritic facies of the LTB, i.e. the La Portefia Granite. Muscovite cooling
ages are older for a pegmatite of PG of the LCHPB and the younger for
NYF (niobium-yttrium-fluorine) pegmatite of the GPG. Monzonitic
rocks are compositionally more variable in the RB however, they
constitute more extensive outcrops, i.e. GPG, in the LCHPB. These re-
gional variations in modal composition and cooling ages might suggest
that the batholiths formed from distinct magmatic pulses (Lopez de
Luchi et al,, 2001, 2007).

A well-developed magmatic foliation, sometimes accompanied by
high temperature solid-state deformation microstructures suggest a
continuum from magmatic to high-temperature solid-state deforma-
tion during crystallization and initial cooling. The different batholiths
were interpreted to be positioned at the crossover of coeval NNW-SSE
sinistral transtensional and NNE-SSW transpressional shear zones that
led to a NNE-SSW directed extension, allowing the formation of
magma conduits. Middle Devonian crystallization age of the batholiths
slightly post-dated the proposed 390 + 2 Ma age (Willner et al,,
2011) for the collision of Chilenia along the Gondwana margin
(Table 1) whereas cooling ages are mostly coeval with the Ar/Ar musco-
vite ages of 375 to 351 Ma that constrain the activity of the NNE-SSW
Rio Guzman shear zone (Sims et al., 1998).Therefore, the Devonian
batholiths were considered syn-late collisional with respect to the
Chilenia collision and syn-kinematic in relation with later compression-
al event related to strike slip shear zones (Lépez de Luchi et al., 2002,
2004, 2007; Siegesmund et al., 2004).

3. Main lithological features

The studied Devonian batholiths and plutons are lithologically zoned,
and two major magmatic associations can be defined petrographically
(Fig. 3): i) a Monzonite Suite (MS) represented by monzonitic,
monzodioritic and monzogabbric enclaves, as well as synplutonic dikes
and porphyritic monzodioritic-to-quartz monzonitic stocks and ii) a
Granite Suite (GS) that constitutes the more extensive outcrops (Fig. 2)
and encompasses foliated to weakly foliated or locally unfoliated medium
to coarse-grained equigranular or porphyritic quartzmonzonite, monzo
and syenogranites (Table 1, Fig. 2). Batholiths are strongly zoned, whereas
plutons are dominated by porphyritic monzogranites (Fig. 2, Table 1).
Patterns of zonation are simpler in the RB and LTB, an external foliated
biotite—amphibole granodiorite-monzogranite-quartz-monzonite coarse-
grained porphyritic zone and a central equigranular to slightly
inequigranular biotite monzogranite with a core of biotite-muscovite
syenogranite. The LCHPB exhibits a complex pattern of multiple zoned
intrusions, each of them with an external porphyritic facies and a cen-
tral equigranular one (Brogioni, 1993; Lépez de Luchi et al., 2001,
2007). In general, contacts among the different units of the batholiths
are clearly delineated. GS contains xenolithic enclaves locally derived
from the metamorphic country rocks. Since they concentrate in
the marginal parts of the pluton or near metamorphic septa (Lopez de
Luchi et al., 2002, 2004).

Circular to elliptical, and centimeter- to meter-sized mafic
microgranular enclaves (MME) are ubiquitous in isolation or as swarms
in the stocks of the MS and in the porphyritic facies of the GS. MME were
separated in five types (Table 2) based on the petrographic features,
modes and chemistry (see Geochemistry chapter). Types 1 and 4 are
porphyritic whereas Types 2, 3 and 5 are equigranular. Porphyritic
vaugnerite Type 1 MME as well as durbachite Type 4 MME are larger
and distinctively more abundant in the porphyritic granite, the less
evolved unit of the GS. Type 1 MME are elongated, usually with their
major axis parallel to the magmatic foliation (Lépez de Luchi et al.,
2004) which suggest that they shared a common magmatic deforma-
tion stage with their hosts and intruded in an still unsolidified granite;
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Table 1

Summary of the facies, main lithologies, crystallization and cooling ages of the studied batholiths and plutons. EHP: El Hornito Pluton, LCHPB: Las Chacras-Potrerillos Batholith, RB: Renca

Batholith, LTB: La Totora Batholith, SJMP: San José del Morro Pluton.

Unit Facies Main Lithologies U-Pb (Ma) K-Ar (Ma) Rb-Sr (Ma) Ref.
Am Ms Bt
EHP Granite Suite Biotite porphyritic monzogranite 343 £3 1,2
Biotite equigranular monzogranite
LCHPB Granite Suite MRG Muscovite equigranular monzogranite 34,5
BRG Biotite-muscovite equigranular monzogranite + syenogranite 335+ 17
BPG Biotite-amphibole porphyritic monzogranite 382+5 362 +8
Zr 352 +7
EG Biotite miarolitic equigranular monzogranite 3494+ 7 417 £ 16*
Biotite 4+ muscovite equigranular monzogranite
PG Biotite porphyritic monzogranite/granodiorite
Peg in PG 381+9
Monzonite Suite GPG Porphyritic Bt-Am Q monzonite 379 +£69 345+ 12 350+£7 15
Porphyritic Bt-Am Q monzodiorite Tit 368 + 34
Peg in GPG 348 £8 35747
RB Granite Suite BAPG Biotite—amphibole porphyritic monzogranite/granodiorite 39345 346 + 8 6,7,8
Zr
BMEG Biotite-muscovite equigranular monzogranite-leucomonzogranite 367 +9
BSMG Biotite syeno-monzogranite
Monzonite Suite ABPM Biotite-amphibole porphyritic quartz monzonite
Amphibole-biotite porphyritic monzonite
SJMP  Granite Suite BPMG Biotite porphyric monzogranite-syenogranite 365+ 15 382+4 9
367 + 15
Monzonite Suite BAPQM Biotite-amphibole porphyritic quartz monzonite 360 + 20
LTB Granite Suite Gobelli Biotite porphyritic monzogranite/quartzmonzonite 358 + 8 10,11
La Portefia  Biotite-amphibole porphyritic monzogranite 371+ 8
Monzonite Suite PQMZ Biotite-amphibole porphyritic quartz monzonite

1 Steenken et al., 2002; 2 Ortiz Suarez et al., 2009; 3 Brogioni, 1991, 1993;4 Lopez de Luchi et al., 2001; 5 Siegesmund et al., 2004; 6 Lopez de Luchi, 1986, 1987, 1996; 7 Lopez de Luchi et al.,
2001; Lopez de Luchi et al., 2002; 8 Sims et al., 1997, 1998;9 Quenardelle, 1995; 10 Lopez de Luchi et al.,, 2002; 11 Steenken et al., 2002; *recalculated after Brogioni (1991) data.

disaggregation of syn-plutonic dykes along the strike led to the genera-
tion of Type 4 MME. The contact with the host monzogranite or quartz
monzonite of the GS is variable from diffuse to rather sharp, or lobate
with interfingering with the MS stocks. Vaugneritic breccia along the
contact between monzonite stocks suggest that the porphyritic
monzogranites of the RB are slightly younger than the monzonite
stocks, whereas, in the LCHPB enclaves of BPG inside GPG indicate that
this monzonite stock is younger. Type 3 equigranular durbachite
enclaves which are found only in the monzonitic stocks as well as Types
2 and 5 MME are aphyric, normally more spheric in shape, and locally
with quenched margins.

Porphyritic Types 1 and 4 MME and stocks are amphibole biotite
monzonite, monzodiorite, i.e. vaugnerite and durbachite and are

Q

Fig. 3. QAP modal plot for representative samples of the Devonian granitoids. Modal
composition mostly plots between the calc-alkaline medium K granodioritic (a) and the
high K monzonitic (b) magmatic differentiation trends. Rocks with modal Q below 20%
correspond to stocks, MME and syn-plutonic dikes, where those in the fields above 20%
belong to the Granite Suite that is represented by the most voluminous facies of the
batholiths and plutons.

characterized by variably perthitic and poikilitic microcline megacryst —
mostly of the same the size than those of the host porphyritic granitoid.
Some megacrysts cut across the contact between the enclave and
granite host, whereas others are completely included, especially in the
porphyritic monzonite stocks or along the border of the synplutonic
dikes.

MME typically show igneous fine grained textures with acicular
apatite, quartz ocelli and felsic segregation surrounded by amphibole-
biotite. The most common dm-to-m Types 1, 3, and 4 enclaves are mon-
zonite, and silica-poor monzonite/monzodiorite (Table 2) and display
fine-grained doleritic textures or an interlocking of anhedral poikilitic
K-feldspar and/or quartz in their groundmass. Felsic ocellar structures
as well as the K megacryst were related to thermal and compositional
interactions of (hydrous) mafic magma batches with co-existing granitic
magmas (Lépez de Luchi, 1996).

4. Geochemistry
4.1. Chemical classification

Rocks were separated into two suites: Monzonite Suite (MS) with
Si0, < 65% and Granite Suite (GS) with SiO,"65% (Figs. 3, 4a, Table 1).
The two suites (Fig. 4a.1-3) define a smooth scattered negative slope
for total alkalies (7-9%) from 55% SiO, to 76% SiO,.

GS rocks are granodiorite, (monzo and minor syeno) granite and
quartz monzonite and plot in the field of the transalkaline series when
amphibole bearing or in the subalkaline series when biotite or biotite-
muscovite bearing, i.e. the Red Granite and some samples of the
Rodeo de Los Molles area of the Equigranular Granite of the LCHPB,
some samples of the porphyritic monzogranite-granodiorite and the
biotite—-muscovite monzogranite of the RB, the Gobelli granite of
LTB, a group of monzogranites of the SMP and the only two samples
of El Hornito pluton (Figs. 2, 4 a1-3). In the K,0 versus SiO, plot
(Fig. 4b.1-3) porphyritic rocks of the GS straddle the fields of the
high-K calc-alkaline and shoshonite series of Rickwood (1989). GS
rocks are metaluminous to mildly peraluminous alkali-calcic and
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Table 2
Main lithologies, chemical classification and host of the different mafic microgranular enclave (MME) types.
MME Main lithologies Chemical LCHPB RB SIM LT
Classification BPG PG GPG BAPG ABPM Mz LPG
Type 1 Low MgO amphibole biotite porphyrtic monzonite Vaugnerite X X X X X
Low MgO amphibole biotite monzonite-monzodiorite X
Type 2 Equigranular biotite 4+ amphibole monzonite-monzodiorite Appinite X
Type 3 High MgO equigranular amphibole biotite monzonite Durbachite X
Type 4 High MgO porphyritic amphibole biotite monzonite + monzodiorite Durbachite X X X
Type 5 Equigranular amphibole monzodiorite monzogabbro Vaugnerite X X

magnesian (Fig. 4c,d,e.1-3). Only the high-K series biotite-~amphibole
porphyritic granite from the RB are in the calc-alkaline field. Some
samples with SiO, > 70% are ferroan, i.e. the Red Granite, and some
Equigranular Granite from the LCHPB (Fig. 4c.1). Mineralogy supports
the metaluminous-to-weakly-peraluminous character of these rocks
because scarce primary muscovite only appears in the more evolved
Red Granite rocks of the LCHPB and in the biotite muscovite
equigranular Granite of the RB. Samples with ASI 1.2, correspond to
the area near the REE mineralization of Rodeo de Los Molles in the NE
sector of the LCHPB (Lira and Ripley, 1992) and probably exhibit a
higher degree of alteration.

The Monzonite Suite rocks (46-65% SiO,) are mostly monzonite
enclaves, synplutonic dikes and stocks. Type 5 MME (Table 2) with
SiO, from 45 to 50% are monzodioritic/gabbro whereas higher total
alkalies Type 1 MME (50-55% SiO,) of the Porphyritic Granite of the
LCHPB and some enclaves of the RB plot along the limit between mon-
zonite and foid-monzodiorite or monzosyenite (Fig. 4a, 1-2). MS belong
to a transalkaline series, show scatter in both K,0 and FeOt / (FeOt
+ MgO and are metaluminous alkali to alkali-calcic and magnesian
(Fig. 4a, b, ¢, d, e.1-3).

Most of the MS rocks plot in the field of shoshonitic series (Fig. 4b.1-3);
one biotite monzonite enclave of the biotite amphibole porphyritic
granodiorite-monzogranite as well as two samples of the monzonitic
stocks of the Renca Batholith are located in the high-K series field.

In a K0 versus MgO plot (Fig. 5a-b) (Ferré and Leake, 2001) these
shoshonitic MS rocks can be further discriminated (Table 2). Type 1
MME are characterized by MgO between 2 and 4% and K,O from 4-to
7% (they show a restricted ASI between 0.9 and 1) and correspond to
amphibole-biotite porphyritic monzonite to quartz monzonite. Stocks
are similar in MgO but with lower K,0. Type 2 MME that are biotitic
show MgO around 3% and K,0 from 2.5-to 4.5%. The aphyric monzonites
Type 3 MME that are recognized only in the stocks and the porphyritic
monzonite-monzodiorite Type 4 MME and synplutonic dikes exhibit
the highest K,0 content and MgO between 5 and 7%. Type 5, the more
mafic enclaves with SiO, from 45 to 50% that appear only in the
monzonitic stock of the RB and in the SJMP are low K,0 and MgO
rich rocks that plot as monzodiorite/gabbro. Chemical characteristics
of the MS rocks are akin to the vaugnerites (stocks, Type 1 MME and
monzogabbros/monzodiorites Type 5 MME) and durbachites (Types 3
and 4 MME) whereas Type 2 MME due to their low K50, plot towards
the field of the appinites. The monzonite stocks are comparable to the
vaugnerite series (Ferré and Leake, 2001 and references therein) of
Corsica or the French Central Massif.

The overall geochemical features of MS rocks match the criteria
established by Jiang et al. (2002, 2012) for shoshonitic type rocks
since they have a) high K,0 and K,0/Na,O ratio between 1 and 2, as
well as a high P,0s5 and low SiO,/P,0s ratio, b) a high LREE and LREE/

HREE ratio, (c) a high content of some LILE, such as Sr and Ba, as well
as F (as indicated by the abundance of apatite) and (d) a relatively
high to moderate ¢Ndy and a relatively wider range in (57Sr/%Sr);.
The relatively unevolved isotopic signature (see below) at least of the
MS rocks of the LCHPB suggest source rocks not long separated from
the mantle. This mantle imprint in granite batholith is typical of I-type
magmatism (see Clemens et al., 2016 for discussion).

4.2. Whole rock major and trace element chemistry

The whole data collection, 46% to 76% SiO-, displays a large range for
major and trace elements (Figs. 6 and 7).The Type 1 MME (vaugnerites),
monzonite stocks and the porphyritic granitoids of the GS generally plot
along the same trends whereas there is significantly more scatter in the
MME and syn-plutonic dikes trends as well as in the more evolved
equigranular monzogranites or the Red granites of the LCHPB. Ba, Rb,
Sr, Ga, Zr, Y, LREE, and REE; are distinctly higher in average for the MS
than for the GS (Fig. 7, Supplementary Table 1) except for Type 5
MME of the RB and San José del Morro pluton. Chondrite-normalized
REE diagram and the OIB, lower and upper crustal normalized trace-
element patterns of the stocks of the MS and the GS rocks (Fig. 8) are
parallel similarly to those of the MME (Fig. 9). They share a comparably
steep left-right slope, negative Nb anomalies and variable Th abun-
dances (data only for RB) which generate either peaks or troughs on
the normalized patterns. The monzonite stocks rocks plot systematical-
ly above the porphyritic granitoids being more pronounced the troughs
at P and Ti for the latter (Fig. 8b, ¢, d.1-3). The equigranular biotite gran-
ites like those of RB or the Gobelli granite of the LTB (Fig. 8b, ¢, d.1-3)
plot separately and with a general impoverishment in REE and more
pronounced troughs at P and Ti.

GS rocks (Si0;, > 65%) define negative continuous trends for most
elements from the porphyritic quartz-monzonites to monzogranites
(Figs. 6, 7a-e.1-3) except for a positive slope for Na,0 and variable
K>0. Biotite—amphibole-porphyritic granitoids like BAPG of the Renca
Batholith exhibit higher Ba and Sr contents than the biotite one. Rb
mainly correlate positively with SiO, for the biotite porphyritic Granite
of the LCHPB whereas it exhibits a smooth negative slope in the RB, LTB
and the plutons. PG of the LCHPB show positive slope for Sr, negative
slope for Zr and scatter in Ba and Rb. Equigranular monzogranites and
leuco-monzogranites, show scattered patterns with SiO, increase
being potassium higher than for the porphyritic granites at a certain
sodium content. Patterns for Y and Nb (Fig. 7f, g.1-3) exhibit a marked
increase in the highly differentiated granitoids of the LCHPB. Typical
continental crust values for Nb/Ta "12 are shown by the granites of RB
and the BPG of the LCHPB.

MS stocks and Type 1 MME of the RB and LCHPB show Fe,03, TiO,
(not shown), MgO, Ca0, and P,0s displaying a straight, negative,

Fig. 4. Chemical classifications for the whole data set of the monzonite and granitoid suites. Data recalculated to 100% on a water-free basis: a) TAS diagram (Middlemost, 1994, 1997) for
plutonic rocks. The curved dashed lines separate alkali and transalkaline from subalkaline rocks. Note that total alkalies are almost constant except for two enclaves of the RB; b) K,0 vs.
SiO,, plot of Rickwood (1989); c) and d) Chemical classification diagrams and representative fields of Frost et al. (2001). ¢) FeO tot (FeOtot + MgO) vs. SiO,(wt%). Samples with SiO, above
70% are located in the ferroan field only for the RG of the LCHPB; d) Modified alkali-lime index vs. SiO»(wt%) showing the suites that were defined by Peacock (1931). Samples are located
in the area of the alkalic and alkalic-calcic suites. The calc-alkalic suite corresponds only to a group of BAPG of the RB; e) Alumina saturation index (ASI) (Shand, 1943) plot. For equivalent
ASI values, samples of RB are more variable in the Al,05 / Na;0 + K;0. Except for two samples of the EG of the LCHPB, the peraluminous samples exhibit ASI values below 1.15.
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Fig. 5. K,0 vs. MgO wt% plot of Monzonite Suite rocks (SiO, < 65 wt%). Fields for vaugnerites from both Corsica (red dotted line), the French Central Massif (blue dashed line), and for
durbachites (green dotted line) were taken from Ferré and Leake (2001). Rocks in the low-K field correspond to appinite of Scotland or low-K diorites of Corsica (Ferré and Leake, 2001).

continuous correlation with SiO, (Fig. 6a-f.1-2). In Type 1 MME Na,O
is almost constant whereas K,O shows a highly disperse pattern
(Fig. 6¢, d.1-2) which reflects the variable modal content of K-feldspar
megacrysts. Continuous trends show the variation in the modal amount
of the main rock-forming minerals: K-feldspar, Mg-rich amphibole and
biotite, plagioclase, titanite, magnetite, and apatite. The rest of the MME
types do not define trends due to more limited range of SiO,. Type 5
MME show the lowest Na;0 and Al,O3 and the highest CaO, Fe,05 and
MgO.

Type 1 MME and stocks of the RB and some Type 1 MME of BPG of
the LCHPB show Sr between 300 and 700 ppm (Table 3). Type 1 MME
of GPG and most of the PG are richer in Sr. Type 1 MME and stocks of
the RB and the porphyritic granites of the GS delineate continuous
negative slopes against SiO,. Content of Sr are variable for the rest of
the MME being Type 5 MME of the RB the poorer (Fig. 7a.2, Table 4).
Ba shows a similar behavior (Fig. 7b.1-3). Rb and Zr are scattered for
all the MS. The Rb content of the less evolved rocks of the MS is compara-
ble to that of the Granite Suite. REE; decrease as SiO- increases being Type
1 MME and stocks the richest in average (Table 3, Fig. 7c, d, e, £.1-3).
Biotite equigranular monzogranites and the biotite-muscovite
syenomonzogranite of the RB are poorer in REE than the porphyritic
facies of GS and the MS rocks. Y and Nb (Fig. 7f, g.1-3) exhibit a slightly
scattered negative slope. Nb/Ta is around chondrite values only for Type
5 MME, i.e. 18-20 whereas Nb/Ta is crustal for the rest albeit slightly
higher than for the GS.

Eu/Eun® decreases versus SiO, from 0.8 to 0.4 (Fig. 7h.1-3) for the
whole data collection which indicates the strong control of plagioclase
in the fractionation trends, from the stocks and Type 1 vaugnerites of
the MS to the GS, which fits the negative slopes for Ba and Sr. Type 5
MME show Eu/Euy* <0.65. La/Yby varies from 10 to 35 for most of the
Monzonite and Granite suites. GPG of the LCHPB, Types 2 and 3 MME
of the RB, and two monzogranites of La Portefia facies of the LTB show
the higher La/Yby between 30 and 35 (Fig. 7i.1-3). Rb/Sr is lower than
1 except for the BMEG and BSMG of the RB (1.5-2.8) and the RG of
the LCHPB (2-30).

The behavior of most trace elements, including REE, can be described
as compatible, except Rb, Y, and Nb for the RG of the LCHPB (Table 2 and
Fig. 7c, g, h.1-3). The observed trace element and REE characteristics are
common to other high-K granitic suites and associated vaugnerites
(Debon and Lemmet, 1999; Ferré and Leake, 2001).

Chondrite-normalized REE plots (Fig. 8a.1-3) for GS and the MS
stocks show similar slopes and concave upward shapes that are more
pronounced in some of the porphyritic granites of the GS. The La/Yby
ratio is, on average, higher for the monzonite stocks of the RB coupled
with a less pronounced Eu/Eu®. Since La/Yby and Eu/Eu* decreases with

SiO; increase from vaugnerite stocks to the porphyritic monzogranites
and quartz-monzonite of the Renca and Las Chacras Potrerillos batholith
(Fig. 7i.1-2), fractionation of accessory REE bearing minerals would be
associated with plagioclase fractionation. Chondrite normalized REE
plots of the different MME types (Fig. 9a.1-3) indicate a decrease in
(La/Yb)n coupled with increasing Eu/Eu*. Types 2 and 3 MME show
high (30-35) (La/Yb)y with a steeper (3) (Gd/Yb)y for Type 3 which
suggest the control by garnet on the source. Type 4 MME (Fig. 9a.2) are
similar up to Eu but (Gd/Yb)y slope is smoothly negative and concave up-
wards. Type 5 MME (Fig. 9a.2) shows the lowest (La/Yb)y and a marked
Eu/Eu*.

OIB normalized spider diagrams for the porphyritic granitoids
(Fig. 8b.1-3) exhibit a negative slope from Rb to Y, LILE higher than
OIB, trough at Nb-Ta for the RB and at Nb for the rest of the units and
content close to OIB from La to Yb except for Ti. More negative Sr, P
and Ti peaks are depicted by the highly differentiated granites of the
RB, the Gobelli granite of the LTB as well as the monzogranites of the
SJMP and EHP. MME (Fig. 9b.1-3) show enrichment in LILE together
with troughs at Nb-Ta (only for the RB) or Nb for the rest of the units,
and Ti are observed. From La to Y except for Ti, values are slightly higher
than OIB for Types 1 to 4 MME and similar to OIB for Type 5 MME which
also show lower La and Ce and a more pronounced Sr negative peak.
Normalized P is lower for Type 2 MME (Fig. 9b.2).

Lower Crust normalized plots (Fig. 8c.1-3) show enrichments for the
MS stocks whereas the porphyritic rocks of GS show values close to 1 for
Sr, P, Zr and Ti. Equigranular granites show troughs for these elements
but values close to 1 from Nb to Ce, Nd, Hf, Sm and Tb to Yb. MME
plots (Fig. 9¢.1-3) indicate that except for the enrichment in LILE the
rest of the element contents are similar to the Lower Crust being Type
5 the one that exhibit normalized values closer to 1 (Fig. 9c.2). Upper
crustal normalization plots are used in order to evaluate a likely sedi-
mentary input as the signature of enrichment for the MS magma
sources. Stocks of MS as well as porphyritic granitoids of GS exhibit
values slightly above 1 from La to Tb whereas they are slightly below
1 for the equigranular granites of RB, LTB and SJMP. MME shows values
above 1 except for Nb, Tb and P.

Apatite and zircon thermometry (Harrison and Watson, 1984; Jung
and Pfander, 2007; Watson and Harrison, 1983) were applied to rocks
with evidence of saturation in P,Os and Zr. Zircon temperatures were
calculated on the rocks of the GS that fulfilled the criteria of Zr saturation
and the M value below 1.8 and where careful petrographic observations
indicate that zircon is mostly an early phase that continues to crystallize
until late stages. The GS yielded temperatures between 700 and 830 °C
for the LCHPB, 740-810 °C for the RB, 780-840 °C for the LTB and
780-820 °C for the SJMP. The porphyritic quartz monzonite and
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Fig. 6. Major element (wt%) variation diagrams vs. SiO, for the whole chemical data set. See text for comments. Symbols as in Fig. 4.

monzogranite exhibit the highest saturation temperature that agree
with its less fractionated signature as evidenced by both the SiO, inter-
val and the Zr content closer to the calculated Zr saturation. The apatite
thermometer for the GS gives temperatures between 800 and 1020 °C
whereas the monzonite stocks, MME and synplutonic dikes of the MS
yielded temperatures between 900 and 1080 °C (Table 4).

5. Nd-Sr isotope systematics

Rb-Sr and Sm-Nd data are listed in Tables 3 and 4. eNd ) versus
(87Sr/86Sr)i plot (Fig. 10a) were compared with compositional fields
of the main Early Paleozoic components of the Sierra de San Luis as
well as other Devonian plutons. Stocks of the RB and LCHPB exhibit
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(87Sr/86Sr); = 0.704203-0.704428, eNd(t) = — 1.47-1.52 and Tpy, of
1.1 Ga The MMEs of the RB and the only available data for SJMP, i.e. a
Type 4 MME have (37Sr/%6Sr); = 0. 705,559-0.706829 and eNd(t) =
— 2.44 t0-4.84, and Tpy of 1.2 to 1.4 Ga. One equigranular monzonite
MME of PG yielded (37Sr/%°Sr); = 0.703520, eNd(t) = —0.66, and Tpy
of 0.99 Ga being the more primitive rocks (Tables 3, 4).

GSrocks (Table 3, Fig. 10a, b, ¢) exhibit a restricted range of eNd(t) =
—3.02to — 3.95, Tpy from 1.4 to 1.2 Ga and a wider range of (87Sr/8Sr)i
= 0.706474-0.711184 for the RB, the SJMP and the BPG of the LCHPB.
On the contrary PG and EG of the LCHPB are more primitive and are
grouped with the MS stocks and MME of this batholith. Available data
for the granitic rocks of the Devonian Alpa Corral Batholith (Pinotti
et al., 2002) and for gabbroic to dioritic of the El Molle pluton (Sato

et al., 2001) plot along the trend defined for most of the GS and the
MS rock. Model ages calculated for the GS except for PG and EG of the
LCHPB are consistent with the data presented by Sato et al. (2001) for
El Molle pluton in the western part of the Sierra de San Luis. Tpy
1.75-1.54 Ga for the Sierra de San Luis Ordovician rocks indicates
Paleo to Mesoproterozoic sources (Lopez de Luchi et al., 2007) which
is typical for the Ordovician Famatinian granites (Pankhurst et al.,
1998, 2000; Rapela et al., 1998).

€Nd (380 may and (87Sr/%5Sr); values show a systematic variation with
SiO, (Fig. 10b, ¢), indicating mixing for a part of the MS rocks and the GS.
At a similar SiO, interval, Type 1 MME, MME of the PG and stocks of
LCHPB and RB as well as PG and EG are significantly more primitive
than the rest of the MME and granites of the GS. (Fig. 10b, c). These
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Fig. 7. a) Trace element (ppm) vs. SiO, for the whole chemical data set. See text for comments; b) Selected inter-element ratios plotted as variation diagrams vs. SiO, Symbols as in Fig. 4.
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Fig. 7 (continued).

data suggest that at least different processes or mafic sources are
involved. Mixing between a crustal derived magma and a primitive
mafic magma could explain the continuous trends depicted between
the more primitive magma represented by the MME of PG and source
magmas for the GS.

6. Tectonic setting

Most of the rocks plot (Fig. 11a.1-3) in the fields of volcanic arc and
syn-collisional granitoids (Pearce et al., 1984) which overlaps with the
post-collisional field of Pearce (1996). In the Triangular plot Rb/30-
Hf-Nb/4 (Harris et al., 1986) samples of the RB plot in the volcanic arc
field whereas most of the granitoids of the LCHPB plot in the late to
post-collisional field or in the syncollisional fields (Fig. 11b).

The rocks that plot in the WPG field (Fig. 11a.1-3) belong to the MS
of the RB, LCHPB, TB and SJMP together with some GS units, i.e. samples
of BPG and the BRG and the MRG. Only some MME, BRG and MRG show
Ga/Al higher than 2.8 (Fig. 11c). Further chemical division of the A-type
granites based on the discriminant ratios proposed by Eby (1992)
indicates compositional similarity with A2-type based on the Y/Nb but ex-
cept for the ferroan, RG of the LCHPB rocks are magnesian (Fig. 4b.1-3).
The location in the A2 type suggest postcollisional granites or those that

were emplaced at the end of a long period of apparently high heat flow
and granite magmatism (Eby, 1992). In addition Y/Nb higher than 1
would indicate arc-related sources which correspond to the inferred sig-
nature of enrichment in the source of the MS magmas (Lépez de Luchi
et al, 2007). Biotite with Mg / (Mg + Fe?™) between 0.55-0.60
(Iannizzotto and Lépez de Luchi, 2012) was calculated for the LCHPB
with the lowest values for the quartz-monzonite-monzogranites of the
NW sector. These features indicate a remarkable difference from rocks
of similar SiO, content belonging to the A2-type Carboniferous granitoids
of the Velasco and Famatina Sierras, in which biotite is iron rich
(Dahlquist et al., 2010). Therefore, chemical data would suggest arc relat-
ed sources, high heat flow and probably postcollisional settings. (See
Fig. 12.)

7. Discussion

Coeval shoshonite and high-K transalkaline monzonite and granite
suites make up the Devonian granitoids of the Sierra de San Luis
which were emplaced at the late to post-collisional stage of the Achalian
orogeny (L6pez de Luchi et al., 2007). Poor systematic relationships
between major and trace elements and SiO, contents suggest that
monzonite and granite suites result from a combination of magmatic
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Fig. 8. a) Chondrite normalized REE patterns for representative samples of the monzonite suite and shoshonitic monzogranite (normalized to the values of Sun and McDonough, 1989).
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differentiation and mixing/mingling processes involving different
magma sources.

7.1. Textural evidence of mingling and mixing between mafic and felsic
melts

MMEs are generally considered to have formed by mafic and felsic
magma mixing and mingling processes (Barbarin and Didier, 1992;
Holden et al., 1991; Vernon, 1984). Mixing takes place either deep in
the crust, during the ascent, or even after emplacement by continuous
feeding through mafic dikes (e.g., Collins et al., 2000; Weinberg et al.,
2001) whereas mingling is commonly a process related with the
emplacement or in condition of a marked viscosity contrast. In the stud-
ied case the MS would encompass mafic end members, whereas some of
the more evolved granites of the GS would represent the felsic pole.

Mafic-felsic mingling and mixing processes occurred at different
stages as indicated by several meso- and microscopic features of the
porphyritic granites of the GS (Lépez de Luchi, 1996). Type 1 MME,
rounded interfaces, finer grain size and diffuse contacts between the
MME and the host monzogranite suggest that quenching of mafic
magmas played a major role in the generation of the MMEs in a dynamic
magma chamber. Rounded, or embayed poikilitic K-feldspar megacrysts
compositionally similar to those in the host monzogranite, sometimes
mantled by plagioclase occur in Types 1 and 4 MME. Since they are
ovoid in Type 1 MME a small rheological difference allowing crystal
transportation from the host felsic magma into the mafic magma
(e.g. Barbarin and Didier, 1992) is implied. In Type 4 MME K-feldspar
megacryst are less rounded, some of them cut across the border which
may imply a shorter period of interaction.

Plagioclase shows corroded cores and overgrowth in both the MME
and their hosts which suggest mixing and mingling. Smaller scale
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Fig. 9. Multi-element patterns for samples of the MME, A51-4 and 77-3 are vaugnerite being 77-3 the lowest in SiO,; 145 and 172 are durbachite i.e. the highest K,0 group, and 178, the
appinitic-like group which exhibits low MgO and K,0: a) Chondrite normalized REE patterns. Slopes (La/Yb)y are lower for 77-3 and 172 whereas, for the appinitic, the slope is slightly
steeper; b) OIB normalized multi-element plot. MME are enriched in elements lighter than Nb and show troughs at Nb, Ta, Sr, and Ti. The only difference is in P, which have/has OIB values
for the vaugnerite and durbachite and are/is depleted for the appinitic enclaves; c) Upper Crustal normalized multi-element plot. Nb and Tb exhibit troughs, P and U are enriched, but the
overall pattern is comparable to the UC, which could suggest that the enrichment of the mantle source is related to subducted sediments. Normalization as in Fig. 8.

evidence of magma mingling is indicated by millimetric clots of mafic
minerals in the porphyritic granites and quartz ocelli in the MME.
Corroded plagioclase cores and quartz ocelli are distinctly abundant in
the aphyric equigranular fine grained Type 3 MME which are richer in
SiO,. Aphyric Types 2 and 5 MME although preserving some corroded
plagioclase and scarce ocelli show quenched margins against their
host which suggest that they could have been immiscible blebs.

Quartz ocelli indicate a stage of “crystal mush” for the granite when it
came into contact with the MS melts. The preservation of the ocelli may
suggest fast cooling or ascent since prolonged thermal re-equilibration,
readjustment of grain boundaries and late-magmatic to postmagmatic re-
placement could destroy them. Alternatively the lack of quartz xenocryst
would indicate either that the granite magma did not crystallize quartz
early in its crystallization history before coming into contact with mafic
magma batches or that the mafic magma interacted with a granite that
was almost fully crystallized.

7.2. Petrogenesis and sources of the mafic and felsic rocks

Possible petrogenetic processes for the origin of the Devonian mon-
zonite and granite suites can be differentiation of mantle-derived
magmas by fractional crystallization, partial melting of a continental
crust source triggered by intrusion or underplating of mantle-derived
magma or mixing and mingling between coeval mantle and crustal de-
rived melts. The ubiquitous occurrence and predominance of MMEs in
more felsic hosts suggests a direct chemical input by mixing and min-
gling with mantle derived magmas and negligible metasedimentary
input, (Barbarin and Didier, 1992; Clemens and Bezuidenhout, 2014;
Clemens et al., 2016; Collins et al., 2000; Didier and Barbarin, 1991;
Osterhus et al., 2014; Vernon, 1984; Yao-Hui et al., 2006 and references
therein). Low (87Sr/%Sr); ratios, Tpm ca 1 Ga and relatively high
ENd (380 ma) values preclude significant contamination by older conti-
nental crust of the Sierras Pampeanas (Fig. 10a). and imply a source
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Sr and Nd data for the studied Monzonite and Granite suites of the Devonian granitoids of the Sierra de San Luis. Analysis by mass-spectrometric isotope dilution; 2sigma errors on
875r/%5Sr mostly <0.01 and on "3Nd/**Nd <0.005%. TDM1 ages are calculated according to the model of Goldstein et al. (1984). TDM2 ages were calculated according to the model of
DePaolo et al. (1991). The calculation of the fractionation index resulted from the equation: fsmng = [(*47Sm/#Nd) sample / 0.1967] — 1. Data for El Molle pluton were taken from Sato
etal. (2001). (¥7Sr/%6sr)i and eNd(t) values were calculated at t = 380 Ma on the basis of the crystallization ages of the batholiths (Table 1).

Monzonite suite

Batholith/Pluton Las Chacras Potrerillos Renca SJMorro El Molle
Unit GPG TypelMME ABPM Type 1 Type 4 Type 2 Type 3 Type 4 Mongabbro  Gabbro  Monzonite Monzonite
MME MME MME MME MME
Sample AH 26 SLC4 173s 173 35/85 M178 37/85 MO02 NG-6* NG-7* NG-8* NG-18*
Sio, 57.55 54.08 59.78 61.82 54.41 55.01 61.48 49.77
Rb(ppm) 127 158 189 198 298 176 204 102 67 109 77 96
Sr(ppm) 1299 2996 798 804 334 424 388 1196 1914 1775 3387 2792
87Rh/%%sr 0.281748 0.151910 0376163  0.694831 2.575926  1.197483 1.513753 0.28 0.10121 0.17726 0.06607 0.09945
87Gr/36sr 0.705728 0.704342 0.706496  0.709418 0.720404 0.713479  0.715034 0.7072 0.70722 0.70805 0.70746 0.70738
(37Sr/%sr), 0.704203 0.703520 0.704428 0.705559  0.706099 0.706829  0.706627  0.705645 0.706656  0.707061 0.70709 0.706822
Sm 22.57 21.11 17.57 9.04 10.94 10.03 2492 119 12.75 18.5 19.15 16.67
Nd 142.02 145.58 113.35 52.45 62.82 62.08 140.59 65.6 73.86 111.64 141.18 133.95
197Sm/"*Nd 0.0960780 0.0876635 0.0959976 0.1042512 0.1052633 0.0976876 0.1071515 0.0997 0.1044 0.1002 0.082 0.0752
143Nd/"*4Nd 05123122 05123330 0.5123075 05122772 0.5122730 0.5122357 05121613 0.512243  0.512229 0.512225 0512186  0.512177
(*3Nd/'Nd), 05120732 0.5121149 0.5120663 0.5120109 0.5120042 0.5119862 0.5118877 0.5119884 0.511969 0511976 0.511982 0.51199
eNd, —147 —0.66 —1.52 —2.44 —2.57 —292 —4.84 —2.88 —35 —34 —33 —3.1
fsm/Nd —0.51 —0.55 —0.51 —0.47 —0.46 —0.50 —0.46 —0.49 —047 —0.49 —0.58 —0.62
Tom1 1085 988 1096 1215 1232 1200 1412 1212 1293 1251 1124 1079
Tomz 1247 1181 1254 1333 1344 1373 1529 1305 1367 1342 1262 1223

dominated by a mantle-derived component for the less evolved rocks of
the MS, i.e. a juvenile source. Nd isotopic ratios (Table 4) are significant-
ly lower than those of MORB (Fig. 10a). The multi-element patterns
(Figs. 8, 9) with troughs in Nb, P and Ti along with high LILE display a
clear subduction signature which is consistent with magma sources in-
volving melting of a high field strength element (HFSE)-depleted man-
tle that has been fluxed by fluids following dehydration of a subducted
slab, as observed in modern island-arc environments (e.g. Gamble et al.,
1996; Hunen and Allen, 2011).

7.2.1. Sources of the monzonite magma

The different types of enclaves as well as the stocks and syn plutonic
dikes suggest no simple model for the production of their respective
melt through hybridization of a unique mafic magma batch with a felsic
crustal derived magma. Instead, they reflect open-system magmatic
processes, involving mixing of melts from different sources and/or at
different conditions. The presence of abundant septa of country rocks
(Fig. 2a, b), which are sub-parallel to the vertical planar fabric and dis-
play a very high aspect ratio (L6pez de Luchi et al., 2004; Siegesmund
et al., 2004 and references therein), suggests that the porphyritic gran-
ites of the RB and the GPG stocks of the LCHPB were initially emplaced
as sheets of low viscosity magmas within the schistosity of the country
rocks. Therefore the batholiths would have been constructed from melt-
rich magmas injected as sills, by assembly of successive magma batches
(Clemens and Mawer, 1992; Petford et al., 1993). The preservation of
the overall geometry of the sheet and septa of the country rocks, along
with the homogenous lineation and foliation patterns, suggest that no
major convective overturn occurred at the scale of the pluton after the
emplacement.

Monzonite suite (50-65% SiO,) stocks, mafic microgranular enclaves,
and synplutonic dikes that cover the spectra from monzonite to quartz-
monzonite are characterized by low CaO and Al,0s, variable TiO, high
K,0 and K,0/Na,O0 ratio, P,0s, transition elements like Cr, Ni, and V,
MgO, LREE, Rb, Sr, Ba, Zr and Th, variable eNd(t), and a relatively wider
range of (37Sr/%%Sr);. REE are variably fractionated without a substantial
Eu/Eu®. Type 1 MME and stocks have similar mineral assemblages and
range of whole-rock geochemistry. Coherent negative trends against
SiO, are shown by TiO,, Fe,03 (not shown), MgO, Ca0, P,0s (Fig. 6) and
compatible trace elements which would might suggest fractional crystal-
lization as a dominant mechanism that explains the transition from

monzonites to quartz monzonite by the crystallization of amphibole,
sphene, biotite, and plagioclase. Y exhibits a negative trend against SiO,
which suggests amphibole fractionation (Figs. 7a-g.1-3, 8a, b, c.1-3).
Nevertheless there is scatter for HFSE, LILE, REE, and Sr which would sug-
gest variable mineral modes. Type 2 MME data exhibits a limited compo-
sitional range with high Sr/Y, (La/Yb)n,(Tb/Yb)y and negligible Eu/Eu*.
Type 3 MME are more evolved but also limited in SiO, range and are
higher than the stocks and Types 1 and 2 MME in SiO,, MgO, REE,,
La/Yby and Tb/Yby. Type 4 MME share most of the features with Type 1
or 3 MME (Table 4) but show a distinctly lower (La/Yb)y and (Tb/Yb)n.
Type 5 MME Mg-rich vaugnerites that have high MgO (8.5-9.7 wt%), Cr
and Ni (up to 680 and 200 ppm, respectively), show relatively high K;O
(3.5-5%), (Fig. 6a-g.2), Eu/Eu* from 0.7 to 0.9, a moderate enrichment
in LILE relative to HFSE, and REE; up to 300 ppm (Fig. 7a-g.2).

MS stocks, Types 1, 2 and 3 MME (as well as the porphyritic units of
GS) high LILE, LREE, Sr, low Yb (c.a. 2) and Sc (<15), positive correlation
of La/Yby and Eu/Eu* with increasing Sr/Y (30-35 and 0.70-0.85 respec-
tively for 40-90 Sr/Y) coupled with steepness of the REE (La/Yb y
35-20) pattern and a smooth Eu/Eu*, indicate a relatively deep-seated
source with garnet as a major residual phase and a minor role of plagio-
clase which could imply pressures of 10-12 kbar i.e. 30-40 km crustal
thickness (Moyen and Stevens, 2006; Rapp and Watson, 1995). Amphi-
bole is also suggested by the concave-up REE pattern (Fig. 8a.2) of Types
2 and 3 enclaves. Significant lower (La/Yb)y, (Tb/Yb)n and Eu/Eu* but
variable Sr content for Types 4 and 5 MME suggest that melting took
place at shallower levels than for Types 1 to 3 MME magmas as well
as some cumulatic plagioclase.

The characteristic LILE and LREE-enrichment of the shoshonitic
rocks can be attributed to the involvement of an anomalous,
amphibole- or biotite-bearing lithospheric mantle domain, enriched in
incompatible elements due to mantle metasomatism or the recycling
of a metasedimentary component in (paleo-?) subduction zones
(e.g. Janousek et al., 2000, 2004; Jiang et al.,, 2012; Tatsumi and Eggins,
1995 among others).The high variability of both MgO and K,O may
suggest different degrees of hybridization and/or partial melting
and sources whereas variable ratios between HFSE i.e. Zr/Nb might be
related to a particular mineral mode or source heterogeneity.

Although the isotopic characteristics of MME are usually not repre-
sentative of their primary mafic magmas, but might have been substan-
tially modified by mass transfer between enclaves and hosts (Elburg,



M.G. Ldpez de Luchi et al. / Lithos 288-289 (2017) 191-213 205
Granite suite
Las Chacras Potrerillos Renca SIMorro
Monzonite BPG BPG BPG RG RG PG EG BAPG BMEG BMEG BMSG BMSG MGr
NG-23* AH 20 SLC1 SLC2 SLC7 SLC8 PG 1 EG3 M 60 55 50 57 MR5 MO1
68.22 68.80 71.80 76.00 76.10 70.80 72.80 67.66 71.52 73.45 73.64 75.07 72.16
196 167 164 403 360 191 301 200 263 234 254 263 196
356 488 317 34 12 849 516 440 177 128 118 103 301
1590303 0985668 1483504 34244697 8.827886  0.651000 1.688000 1.316000 5310000 5.246019 6218890  7.341126 1.66101
0715079 0711906 ~ 0.716348  0.895143  1.139590 0.707320 0713418  0.714148 0737270  0.739209  0.745279  0.751952 0.7154411
0.706474  0.706573 ~ 0.707322 0709859  1.091826  0.703797  0.704284  0.707027  0.707782  0.707955 0.710743 0.711184  0.706198
20.09 30.56 12.51 8.38 6.07 5.16 9.27 8.03 6.74 5.26 5.21 4.64 2.89 15.6
140.73 173.76 76.05 48.05 23.06 26.42 58.37 51.15 42.88 29.16 28.55 25.85 15.76 82.8
0.0863 0.1063291 0.0994635 0.1054674 0.1591006 0.1232636 0.0960000 0.0949000 0.0951000 0.1090809 0.1102737 0.1084545 0.1107052 0.114
0512197 05122583 0.5122395 0.5122386 05123733 05123875 05123160 0.5122420 0.5122260 0.5122436 05122256 05122131 05122162 0512252
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1996; Holden et al., 1991; Pin et al., 1990), Types 2, 3 and 4 MME show
rather uniform (87Sr/%%Sr) independently of their host whereas
eNd(t) decreases as SiO, increases being Type 3 the lowest in eéNd(t).On
the contrary Type 1 MME and stocks depict continuous trends for these
ratios which suggest hybridization.

Source heterogeneities and or involvement of lower crustal segment
could explain these trends. An enriched mantle source is proposed for
Type 1 MME and stocks whereas probably a lower crustal one with
higher residence time or a highly hybridized source that underwent
different degrees of partial melting which yielded at lower degrees
relatively silica enriched melts like those corresponding to Type 3
MME. Apatite saturation temperatures (1000-1040 °C, Table 4) would
support this possibility.

As the monzonitic (57-65% SiO,) stocks of the LCHPB and RB are iso-
topically more primitive (Tables 3, 4, Fig. 10a,b,c) than any of the MME
or syn-plutonic dikes of the rest of the Devonian plutons except for PG
and one if its MME and EG, therefore the stocks should be closer to
the composition of the mafic end member.

At a similar SiO, content Types 2, 3 and 4 show higher (87Sr/%6Sr);
and more negative eNd(t) than the stocks and Type 1 MME (Tables 3,
4) which suggest that they could represent a distinct source. High
MgO, Ca0, Cr and Ni but LILE and LREE contents similar to those of the
more evolved rocks may suggest that Type 5 represents higher degree
of partial melting of an enriched mafic source. The more mafic
monzogabbro Type 5 MME have high TiO, and HFSE contents and their
Ta/Yb ratios (0.5) are significantly higher than E-MORB (0.2), suggesting
a rather fertile mantle source (Pearce et al., 2005).

Contribution of a subduction component is indicated by the high ratio
of LILE and LREE to HFSE (Fig. 7a-g.1-3). and the negative Nb-Ta or Nb
anomalies (Fig. 9b, ¢, d.1-3) that is exhibited by the MS rocks. The
subduction-related component can be either a slab-derived fluid or melt.
Fluids released from the subsolidus dehydration of the subducting slab
are the principal carriers of incompatible elements and promote metaso-
matism of the mantle wedge (Tatsumi and Eggins, 1995). Slab-derived
fluid is enriched in highly mobile elements (e.g. Rb, Cs, Ba, U and Pb) and
partial melting of a mantle metasomatized by such a fluid would produce
magmas with high Th/Ta ratios (Pearce et al., 2005). All the MS rocks of
the RB have Th/Ta ratios above 4 higher than that of primitive mantle
(Th/Ta = 2.1, Sun and McDonough, 1989). Significant assimilation of
crustal melts can be precluded in the more mafic rocks since the available

isotopic data for the less evolved mafic MME of PG is primitive (57Sr/2%Sr);
0.70352 and eNdt —0.66 and combined with LILE and LREE enrichment.

Therefore the mafic end members of the MS would have resulted
from partial melting of relatively fertile mantle (OIB like) at a deep
level, probably induced from astenospheric upwelling during a
postcollisional stage. The mantle source of the most primitive magmas
must have been characterized by a significantly lower **Nd/'*Nd rel-
ative to the primitive mantle (De Hollanda et al., 2003; Florisbal et al.,
2009). A gradually shallowing of the sources is indicated by the Type
4 MME and dikes as well as Type 5 MME magmas by lower Sr, (Gd/
Yb)n and(La/Yb)y.

7.2.2. Source for the granite suite

Based on the linear variation of TiO,, Al,05, Fe;03, MgO, Ca0, K50,
P,0s, vs. SiO, (Fig. 6), the granites of the GS can be interpreted as frac-
tionation product of mafic magmas. Nonetheless, the distinct rock
types form distinctive groupings on Sr, Ba, Y, Nb vs. SiO, (Figs. 6 and
7), which can be best accounted by fractional crystallization as well as
by the partial melting of distinct sources.

The aluminous to weakly peraluminous, magnesian alkali calcic to
calc-alkaline biotite amphibole porphyritic granitoids (65-73% SiO,)
straddle the fields of the shoshonite and high K calc-alkaline series
(Rickwood, 1989) (Fig. 4a). Its alkalic and mildly peraluminous charac-
ter might be associated to different sources, anatexis of a lower crust
hornblende-rich source (Whitney, 1988) mixing of crustal-derived
melts with the enriched or mantle-derived monzonitic melts. Monzonite
suite stocks and the porphyritic GS rocks broadly contain the same mafic
minerals, Mg-hornblende, Mg-rich biotite, magnetite, titanite, and apa-
tite in different modal amounts (lannizzotto and Lépez de Luchi, 2012).

Fractional crystallization of the granites from vaugneritic hybrid
stocks magmas would account for the continuous linear trends in
TiO,, Al;03, Fe;03, MgO, Ca0, K0, P,0s vs. SiO,, the parallelism of the
REE-normalized patterns (Fig. 8a.1-3) and the lack of a prominent
compositional gap from the monzonite to quartz-monzonites of the
MS to the porphyritic granitoids of the GS. Fractionation of biotite,
apatite and titanite is indicated by negative anomalies for Ba, P, and Ti
(Fig. 8a.1-3), respectively, whereas negative anomalies in Sr and Eu
indicate plagioclase and Y negative peak and its negative correlation
with SiO, indicate amphibole (Fig. 7f). REE; decrease with increasing
SiO, (Fig. 7e) is also related to the important role of titanite and apatite
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Table 4

Diagnostic chemical and isotopic features of the Monzonite suite rocks. Methods as indicated in Table 3 and methodology.

SJMORRO
MME

Renca Totora

Las Chacras Potrerillos

Unit

ME

M

Stock

ME

M

Stock

MME

Stock
GPG

Type 4 Type 4

Monzonite

Type 1 Type 2 Type 3 Type 4 Type 5
BAPG ABPM ABPM

BAPG

ABPM

Type 1
BPG

Monzonite
49.77

Monz. Stock
55.65

3.95

5.05

50

0.6

BAPG/ABPM

PG

GPG

Host

61.22-63.93
1.32-3.03
4.83-6.01
10--64

0.7-0.8
15-27

45.92-50.34
8.54-9.69
3.32-4.68
530-680

0.6

54.09-58.53
5.01-6.55
5.23-7.32
240-360
0.6-0.9
10-18

1.5-2

60.47-61.48
4.77-5.82

54.26-55.01
3.03-3.46
2.77-4.57
80-120
0.8-0.9
24-27

55.01-63.43
2.02-3.02
4.02-6.4

58.49-62.68
2.2-4.11
2.85-4.81
40-230

0.6-0.8
10--24

51.41
4.01

58.04-60-06
3.54-3.7

57.77-62.02
2.99-3.29
3.78-6.36
80-120
0.7-0.8
20-23

57.55-65
14-2.8

Si0,(%)

8.03
4.72
ND
0.6

MgO(%)
1,0(%)

5.28-6.46
90-140
0.8

4.16

4.29-4.42
90-120

0.7

4.26-6.01
20-60

60-130
0.7-0.9
20-22

ND
0.8

Cr (ppm)
Eu/Eu*

0.7-0.8
24-37

15
0.7

10-14
1-1.6

26-31

35

21-25

(La/Yb)n

1.09
450

1.84-2.44
320-340
980-1020

1.2-19 23-25 2.8-3

1.4-2.13

2.26
620

1.98-2.23
380-490

1.67-1.78
350-370
920-960

1.94-2.28
280-360

(Tb/Yb)n

380
880

145-300
880-910

310-680 180-320

120-320
770-870
0.706829
1200
1373

150-490
910-970
0.705559

1215

160-370

REE((ppm)
TApSat*
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970

930-1090
0.706099
1232
1344

1000-1040
0.706627
1412

900-1000
0.704428

1096
1254

1000-1070
0.70352
988

980-1000
0.703551

950-1060

0.704645
1112
1205

0.705623

0.704065-0.704526

1085
1247

(875p/865r),*

TDM 1

1529

1333

1181

TDM 2

—1.48

—1.52 —244 —2.92 —4.84 —2.57

—0.66

—147

€Nd(380)

in the differentiation process. The Sr/Y ratios of the porphyritic granit-
oids are positively correlated with SiO, (not shown) due to amphibole
fractionation which also controlled the increase of La/Yby (Fig. 7g.)
and explain the concave-upward chondrite-normalized REE patterns.
Lopez de Luchi et al. (2007) proposed that preservation of anorthite
rich corroded plagioclase cores, clots of mafic mineral and abundant
MME suggest mingling but fractional crystallization would be also im-
portant as a controlling process because normal zoning with more
sodic external zones and rims are observed together with oligoclase in
the groundmass of the porphyritic granitoids.

Nevertheless progressive hybridization between the vaugneritic
magma and a granite anatectic magma is suggested by the linear
trend of (87Sr/%6Sr); and eNd(t) vs SiO,. Low Rb/Sr ratios (0.28-0.58)
would rule out an origin from a mafic magma by extensive fractional
crystallization. Therefore, we consider that the porphyritic granitoids
are derived from lower crust magmas hybridized with the magmas
from which the MS stocks of the RB originated. Since the isotopic data,
i.e. (875r/86sr); (0.706474-0.707322) and €ng; — 3.07 to —3.37 are
less radiogenic than those of the MS stocks they might have fractionated
at a large scale from hybrid magmas at depth. Similar processes have
been extensively modeled (e.g. Ferré et al., 1998; Huppert and Sparks,
1988; Jiang et al., 2012; Kemp, 2003; Petford and Gallagher, 2001).

Biotite muscovite granites or biotite equigranular monzogranites
(Si0Oy, 71 to 73%) of the RB, LT and SJMP are magnesian, alkali calcic
and metaluminous to weakly peraluminous (Fig. 4) and have low
MgO, Cr and Nj, variable K50 and Na,O (Fig. 6). The mineral assemblage
of the biotite muscovite granites consists plagioclase, biotite, muscovite
and K-feldspar with minor zircon, Fe-Ti oxides and apatite. The restrict-
ed SiO, range prevents from evaluating trends. Compared with the por-
phyritic granites they show high Al,03, K;0 and Rb/Sr, and low CaO,
P,0s, Sr, and REE,. (87Sr/%5Sr); higher than for the porphyritic granites
and slightly more negative ¢Nd(t) indicate that their parental magma
is derived from a crustal source. RG of the LCHPB magmas as well as
the biotite syenogranites of RB and some of the monzogranite of the
SJMP are characterized by higher SiO,, K;0/Na,0, Al,05/TiO,, Rb and
Rb/Sr >2 ratios, and more pronounced negative anomalies in Ba, Nb,
Sr, Eu and Ti. Besides, they display low (La/Yb)y <10, Sr/Y and slightly
more negative eNd values (—4), and slightly higher Nd model ages
(1.36-1.38 Ga). The Sr/Y ratios are not correlated to SiO, which might
suggest that plagioclase was stable at the source. Their variable Al,03/
TiO, ratio from 50 to 200 might correspond to variable amounts of Ti
bearing phase in the source. The geochemical features (high Rb/Sr ratios
and contents of K,0 and SiO) are consistent with derivation from a
felsic micaceous crustal source (cf. Jung and Pfander, 2007; van de
Flierdt et al., 2003) or could correspond to low degree of partial melting
of an unexposed lower crust mafic source as it is suggested by the isoto-
pic signature which does not fit that of the Early Paleozoic metaclastic
rocks of the Sierras Pampeanas. RG show enrichment in Nb and Y, plot
in the WPG field and are A2 type granites.

7.2.3. Sources of the PG and EG of the Las Chacras Potrerillos batholith
The alkali calcic weakly peraluminous magnesian shoshonite series
(67-72% SiO,) porphyritic and (72-73% SiO,) equigranular granites of
the LCHPB exhibit overall major element trends similar to those of the
above described porphyritic granitoids but they are poorer in CaO and
richer in Sr, Ba and Zr. Their extremely low Rb/Sr (Fig. 7k.1) does not
support an origin by fractional crystallization. The PG show distinct
compositional trends from the other rock types of the GS suggesting
that they were not produced by fractional crystallization of same
mafic magma source than the porphyritic granitoids or by simple
mixing between a mafic magma and a more felsic magma (e.g. the bio-
tite granite). The Sr-Nd isotope compositions of the PG are consistent
with those of mantle-derived magmas since they are the less evolved
signatures among the studied rocks except for the MME that it contains.
PG are characterized by variable Na,0, Al,0s, low CaO and high Rb,
Ba,Sr, and relatively high Sr/Y Although negative correlations of MgO
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b) (¥7Sr/%8Sr); vs SiO; ¢) €Nd(y) Vs SiO2.

and P,05 vs SiO, could be explained by fractionation crystallization K50,
Na,O0, Al,O3, Rb, Sr, Zr, Ba show scattered trends versus SiO, (Figs. 6, 7)
which are most probably controlled by either plagioclase fractionation
at the emplacement level or variable proportions of residual plagioclase
in the source or cumulates. Although we lack REE data high Sr/Y (30-
50) similar to that of MS stocks like GPG of the LCHPB, might suggest
adeep seated source. Their Sr/Y shows no correlation with CaO, suggest-
ing source inheritance or cumulatic plagioclase. Under conditions of
fluid-absent melting, plagioclase stability is strongly pressure depen-
dent (Moyen and Stevens, 2006) being gradually consumed at pressures
10 kbar. Both the zircon (~800 °C) and apatite (~960 °C) saturation
temperatures are sufficient for the onset of fluid-absent dehydration
melting of amphibole (~820-900 °C) (Moyen and Stevens, 2006).
Thus, we suggest that the PG were most probably generated by melting
of enriched mantle mafic rocks under fluid absent conditions. Neverthe-
less high Sr suggest some cumulatic plagioclase since experimental E-
MORB melting at ca 12 kbar and 800-900 °C generates magmas with
400-500 ppm of Sr (Zhang et al., 2013).

EG shares most of the features of PG but their limited SiO, interval
72-73% precludes the analysis differentiation process. Anyway their
Rb/Sr "1 suggests fractionation of plagioclase from a melt probably
equivalent to that of PG. Available cooling ages of PG and EG (Table 1)
suggest a common cooling history with the MS stock, GPG. We assume
that the PG-EG represent a melting event of the enriched mantle with
limited hybridization with crustal melts due to a short residence time
at the melting site probably related with a faster ascent rate.

7.3. Geodynamic setting

Middle to Late Devonian batholiths which intruded the basement of
the Eastern Sierras Pampeanas (Lopez de Luchi et al., 2004, 2007) are lo-
cated along a belt almost parallel to the trend of the Ordovician
Famatinian orogen (Grosse et al., 2008).

The large volume of the Devonian granitoids always associated with
mantle derived mafic rocks (Lépez de Luchi et al., 2004, 2007 and
references therein) points to abnormal thermal gradients and fertile
lower crustal sources. Liquidus temperatures calculated from the
apatite saturation thermometer indicate temperatures between 900
and 1080 °C for Monzonite Suite rocks and between 800 and 1020 °C

for the GS rocks. An enriched mantle source is supported by the rather
young Tpw, high (87Sr/8Sr);, relatively radiogenic eNd(t) i and high
LILE and LREE in the more mafic rocks. Subduction zones along the
Proto-Pacific margin of Gondwana predated the Devonian convergence
that ended c.a. 390 Ma with the collision of the Chilenia microplate
(Willner et al., 2011 and references therein). Tectonic discrimination
diagrams (Harris et al., 1986; Pearce et al., 1984) suggest a volcanic
arc setting which could be either an inherited signature or imply an
active/recent subduction.

Recent numerical models of convergent margins (Currie et al., 2007)
indicate that the buoyant subducted sediments detached from the
subducting plate at 100 km depth led to a subhorizontal sediment
plume that intrudes the continental lithosphere. Horizontalization of
the subducting plate controlled the migration of the magmatic front in-
board the active margin. The onset of lithospheric destruction and thin-
ning beneath Early Paleozoic crust may have occurred as a result of
post-collisional subducting slab detachment. With detachment of the
oceanic part of the subducting slab, hot astenospheric mantle rises up
through the lithospheric gap and causes a transitory thermal anomaly
in the mantle wedge. In this scenario, different sources could have con-
tributed to the construction of the batholiths and plutons from partial
melting of the previously enriched mantle, i.e. the shoshonite suite,
crustal derived melts with intraplate signature like the RG of the
LCHPB, a part of the granite suite, and probably even astenospherically-
derived magmas that could correspond to the lamprophyres that are
spatially related to the Devonian granitoids (L6pez de Luchi et al., 2004,
2007). A postcollisional context and the Cordilleran affinity that is exhib-
ited by the MS rocks and most of the GS rocks could match an origin of
the Devonian granitoids as products of slab-break off (Davies and von
Blackenburg, 1995) with mantle and/or crustal melting triggered by
astenospheric upwelling through slab window. Since this magmatism
occurred immediately after the collision of Chilenia (Willner et al.,
2011 and references therein) and is associated with adiabatic decom-
pression as indicated by the shallowing of the sources, slab failure is a
reasonable scenario (Hildebrand and Whalen, 2014).

The presence of an external stress field, even if a weak one, may have
favored contamination and hybridization (Schaltegger and Brack, 2007)
between coeval granitic and mafic magmas, as well as provided con-
duits for mafic magmas arising from the previously-enriched mantle
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Fig. 11. Petrotectonic plots. a.1-3) Rb vs Y + Nb plot(Pearce et al., 1984). Note that only RG granites of the LCHPB (a.1) and two monzogranites (a.3) of the SJMP plot in the within plate
granite field (WPG). The lack of Ga data for the latter preclude their inclusion in plot d. The rest of the samples that plot in WPG field are MME. Abbrev.: VAG: volcanic-arc granites, Syn-
COLG: syncollisional granites, ORG: ocean-ridge granites; b) Hf~Rb/30-Nb/4 plot (Harris et al., 1986). Most of the samples plot in the volcanic arc field.; c) Rb/Nb vs Y/Nb plot (Eby, 1992),
d) Zr vs Ga/Al (Whalen et al., 1987). In both diagrams only the samples that are located in the WPG granites are included.

and controlled the ascent. The oldest age, 393 Ma, which corresponds to
the BAPG of the RB, is almost coeval with the inferred time of the colli-
sion of the Chilenia plate with the margin of Gondwana (Willner et al.,
2011). At a regional scale, the emplacement of the Devonian batholiths
of San Luis took place contemporaneously with the activity of NNW-SSE
sinistral transtensional and NNE-SSW strike-slip shear zone systems
(Sims et al., 1998) that led to a NNE-SSW-directed extension (Fig. 1),
allowing the formation of magma conduits (Lopez de Luchi et al.,
2004, 2007, and references therein). Cooling and exhumation could be
related with the latest record at 375 to 351 Ma of the activity of the
NNE Rio Guzman shear zone.

A model is proposed in which astenospheric underplating of the lith-
osphere induced limited partial melting of the enriched lithospheric
mantle which first generates LILE and REE enriched high T granites
like PG and EG and as melting proceed high mafic hydrous magmas
like those represented by the MME of the PG facies of the LCHPB.
These magmas were emplaced in the lower crust, differentiated by
fractional crystallization and hybridization with acidic melts derived
from the low degree of partial melting of the lower crust by both heat
input and the introduction of water released upon adiabatic decompres-
sion. Variable degrees of hybridization originated parental magmas to
the monzonite stocks and Type 1 MME. The crustal derived magmas
would be equivalent to the magnesian and alkali calcic SiO, rich granites
BMSG, BSMG or the Gobelli Granite. Curved array in the ¢Ndt vs

(875r/86Sr); diagram (Fig. 10a) suggests mixing processes. Positive cor-
relation between (37Sr/%6Sr); and SiO-, suggests either mixing or AFC
processes whereas the relatively less pronounced €Ndt variation may
suggest some source heterogeneity. Protracted residence at the lower
crust favored differentiation by fractional crystallization of the hybrid-
ized magma that originated parental magmas of the porphyritic high-
K quartz monzonite-monzogranite. Based on the available ages the
older rocks correspond to the isotopically less evolved facies, i.e. PG
and EG of the LCHPB and the Monzonite stock of the RB which slightly
predated the emplacement of BAPG of the RB and BPG; GPG and Type
1 MME magmas would have crystallized slightly later. Almost coeval as-
cent of these different hybrid magma batches in the crust was probably
favored by pre-existing crustal scale discontinuities. Melt pods of the
monzonitic magmas (Type 1 MME) were injected in the high-K quartz
monzonite-monzogranite and underwent mechanical mingling and
probably diffusive exchange with their host as they coalesced. Melts de-
rived from a mafic lower crust were intruded into the porphyritic quartz
monzonite-monzogranite as Type 2 MME. Type 3 MME represent a par-
ticular hybridized melt since it is isotopically more evolved but rich in
MgO and REE; which suggest a mafic source. Lower P melting of the
enriched mantle source and/or a mafic lower crust will generate the
parent melts that were emplaced in the crystallizing previous units as
synplutonic dikes that disaggregated as Type 4 enclaves. Finally bubbles
of a more primitive MgO rich magma that quenched in the cooling
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partially crystallized previously emplaced units. Stage 3 discrete lower crust magma batches generated under variable fluid conditions were emplaced as the equigranular biotite granites.
Stage 4. low degree of partial melting of a portion of the lower crust under lower P conditions related with adiabatic decompression. The higher Ga/Al of these rocks is an indication of

plagioclase being a stable phase at the source.

porphyritic granitoids of the GS are represented by Type 5 aphyric MME.
The protracted period of multiple, mafic intrusions allowed temporary
overstepping of biotite- and/or muscovite-incongruent melting
reactions that finally led to the more evolved A2-type RG of the LCHPB.
Adiabatic decompression is indicated by progressive lower (La/Yb)y
shown by the synplutonic dykes that intruded a still warm but almost
fully crystallized porphyritic monzogranite, the Type 4 derived from
them and the quenched magma blebs that made the Type 5 MME. Biotite
cooling ages are older than 350 Ma except for the RG which shows
Carboniferous ages. These granites exhibit A-type signature that is
considered as a hallmark of the Late Devonian (365-370 Ma) Achalian
magmatism (Rapela et al., 2008). Therefore magmatism from the Early
to Middle Devonian recorded an episode of crustal growth by the input
of enriched mantle derived magma which would lead to partial melting
of and mixing with lower crustal sources. Repeated recharge of the
magma chamber and combined uplift would lead to restricted mixing
and to the ascent of discrete magma batches. Their interaction at the
level of emplacement would lead to mingling or at the latest stages to
the quenching of mafic blebs like the Type 5 MME.

8. Conclusions

MS rocks correspond to a shoshonite transalkaline series and are
metaluminous alkali-calcic and magnesian, whereas, the granite suite
rocks are transalkaline-to-subakaline mostly mildly peraluminous
alkali-calcic and magnesian monzogranites. Only a small group of EG
and the RG of the LCHPB are ferroan. The MS rocks are mostly vaugnerites

with minor appinite and durbachite among the enclaves. The shoshonite
affinity of the MS rocks suggests that melting of a previously-enriched
layer of subcontinental lithospheric mantle that was probably
metasomatized by a subduction component probably predating the
390 Ma collision of the Chilenia microplate. An important episode of
crustal growth by juvenile magma input is indicated by Tpy; (one
stage) between 1.0 and 1.1 Ga which is considerably younger than the
Eastern Sierras Pampeanas background of 1.6-1.8 Ga. An important
fact is that the isotopic signature of the inferred felsic pole does not
match that of the different older metasedimentary crustal rocks of the
Sierras Pampeanas. Therefore this felsic end member might represent
a partial melt of either an igneous source, mixing of juvenile and older
material that give rise to a distinct Tpy; or alternatively of a different
and unexposed mafic crustal source.

GS encompass rocks that underwent different processes and,
consequently, granitoid sources are more difficult to constrain.
Their parental magma might involve mixing of crustal-derived
melts with the enriched, mantle-derived monzonitic melts, melts
derived through fractionation of the monzonitic magmas, and
melts derived from a lower crustal source. In any case, deep-seated
interactions between felsic and mafic magmas could have been
responsible for the common characteristic of the MS and most of
the GS rocks. This implies that some differentiation occurred before
magma emplacement, either in deep-seated intermediate chambers
or in magmatic conduits. At the emplacement level mafic-felsic
magma interactions were limited to mingling between mafic pulses
and partially crystallized granites.
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Mixing occurred between lower-crust anatectic melts and water-
bearing enriched mantle derived magmas that invaded the crustal
source region before melting and granite generation. Water released
upon adiabatic decompression could have favored extensive melting of
crustal segments. This interaction generated the first batch of shoshonitic
monzonite magmas that are the source of the stocks and Type 1 MME.
Hybridization of this already mixed melt with the felsic lower crustal de-
rived magmas generated the porphyritic granitoids of the granite suite.
The low Rb/Sr (<1.2) in the shoshonitic granitoids is not consistent
with an origin of extensive fractional crystallization from a mafic parent.
Low melting percentage of the enriched mantle generated PG and EG fa-
cies. The highly-evolved high-K biotite equigranular granites represent
pure lower crustal melts. Multiple intrusions of the monzonitic, water-
bearing mafic magmas, distributed over a protracted period of time,
may have invaded the lower crustal source and triggered partial melting
by the temporary overstepping of incongruent melting reactions into a
pre-heated crust. At the waning stages of these processes limited hybrid-
ization led to Type 4 MME and synplutonic dikes and to the high Nb-Y
RG. The scarce MgO rich Type 5 MME are quenched mafic melts probably
directly derived from the enriched mantle source.

Middle Devonian postcollisional granitoid emplacement was local-
ized in a belt parallel to the trend of the previous orogenies which
may suggest that it was controlled by structures related to major crustal
discontinuities. The transition from thrust to transcurrent-related
tectonics may have played an essential role in the ascent of mantle-
derived magmas and may have facilitated their interaction with the crust-
al melts which seem to be to a large extent the products of reworking of
an unexposed crustal source. As a whole this post-collisional magmas
reveal mantle-derived contributions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2017.05.018.
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Appendix 1. Main lithological features

The porphyritic rocks of the Granite Suite are composed of 3 to 8 cm
K-feldspar (microcline) megacrysts, which are poikilitic with large
inclusions of plagioclase and are mantled by zones that contain oriented
inclusions of plagioclase (Anss to Anys), biotite, and variable amounts of
amphibole (if hornblende is present among the mafic minerals) aligned
along the visible euhedral zoning. Locally subhedral quartz inclusions
are observed in the border of the bigger megacrysts. The coarse-
grained groundmass is made up of plagioclase crystals which display os-
cillatory zoning in an overall normal trend. Observed An contents range
from 10% to 45% with the more calcic and corroded cores in the
amphibole-bearing porphyritic granitoids. Plagioclase crystals enclosed
by K-feldspar phenocrysts are usually overgrown by a thin rim of albite,
probably of subsolidus origin. Abundant sphene of up to 5mm is a
common accessory mineral together with apatite, zircon, allanite, and
magnetite.

In the equigranular facies of the Granite Suite, muscovite is a primary
magmatic phase in some highly evolved granites of the central part of

the Renca Batholith, as well as in the outer rim of the southeastern sec-
tor of the Las Chacras-Potrerillos batholith where apatite and opaque
minerals are common accessories. However, zircon, sphene, and allanite
are rarer. Plagioclase has normal zoning from Anszs—Anyq and is more
sodic in the RG of the LCHPB, Anyo—Ans. K-feldspar is poikilitic anhedral
microcline, and biotite is the dominant mafic phase. Accessory minerals
include apatite, zircon, and very scarce allanite and magnetite.

Rocks of the Monzonite suite are represented by stocks, mafic
microgranular enclaves and synplutonic dikes. Mafic microgranular en-
claves are widespread and abundant in the porphyritic facies of the
Granite Suite and in the Monzonitic stocks. They appear either isolated
or in enclave swarms and are porphyritic or equigranular. Isolated en-
claves are texturally more uniform and probably represent different
stages of mingling and mixing of the Monzonitic Suite magmas and
high-K magmas of the Granite Suite (Lopez de Luchi, 1996). Syn-
plutonic dikes that intrude both the porphyritic facies of the Granite
Suite and the monzonite stocks of the Renca Batholith and enclave
swarms indicate that the monzonitic magma intruded into an almost
solidified host, which resulted in the formation of a mingled hybrid
matrix in the swarms. Locally fine-grained margins of the dikes suggest
chilling against the colder crystallizing host. In many cases, syn-plutonic
dikes grade into enclave swarms along the strike that is parallel to the
foliation of the porphyritic host. Shapes of the individual enclaves are
generally ovoid, although the larger ones, which could be up to 1Tm in
length are more variable and tend to be tabular (Lépez de Luchi,
1996). Xenocryst from the granite (e.g. plagioclase, quartz, porphyritic
K-feldspar) were included in the marginal zones of the monzonite dikes

Textures and modes differ depending on the size of the enclaves.
These rocks are monzonite, monzodiorite and minor monzogabbro and
quartz monzonite. The distinctive magnesian and potassic character of
most of these rocks led us to use specific nomenclature i.e. vaugnerites
which are Mg-K meladiorites/monzonite and durbachites which are
even more magnesian and potassic equivalents (Ferré and Leake, 2001;
Lopez-Moro and Lopez-Plaza, 2004; Sabatier, 1991, and references there-
in). The MME and synplutonic dikes share some common textural
features, irrespective of their bulk composition: long, needle-like apatite
crystals which occurs particularly either in the outer rims of the plagio-
clase or in the groundmass, euhedral titanite and subhedral to anhedral
crystals of mafic minerals either isolated or in clots. Subhedral plagioclase
in all the Monzonite Suite rocks can be divided petrographically into two
main types: crystals with zonal rims surrounding skeletal or honeycomb
cores and completely zoned crystals. In both cases, oscillatory zoning is
well developed in a mainly overall normal trend.

Based on the petrographic features, modes and chemistry (see
below) MME were separated in five types (Table 2). Types 1 and 4 are
porphyritic whereas Types 2, 3 and 5 are equigranular.

Porphyritic MME and stocks are amphibole biotite monzonite,
monzodiorite, i.e. vaugnerite and durbachite. The most common
(Types 1, 3, and 4) dm-to-m enclaves are monzonite, and silica-poor
monzonite/monzodiorite (Table 1) and display in the groundmass
either fine-grained doleritic textures or an interlocking anhedral of
poikilitic K-feldspar and/or quartz. Porphyritc rocks of the Monzonite
Suite are characterized by the development of K-feldspar megacryst,
which, in some, mostly match the size of those in the host porphyritic
granitoid. Some megacrysts cut across the contact between the enclave
and granite host, whereas others are completely included, especially in
the porphyritic monzonite stocks or along the border of the synplutonic
dikes. Quartz ocelli and felsic segregation surrounded by amphibole-
biotite are less frequent, but well-developed. Both types of felsic ocellar
structures as well as the K megacryst are related to thermal and composi-
tional interactions of (hydrous) mafic magma batches with co-existing
granitic magmas (L6pez de Luchi, 1996).

The porphyritic rocks (Types 1 and 4) contain subhedral elongated
laths of plagioclase that show an overall trend of continuous normal
zoning (Angp to Anyg) with intermediate oscillatory rims in which the
limits of the different compositional zones are well defined. Hornblende
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is mostly present in all samples and shows subhedral-to-anhedral
shapes, in many cases with cores of partially replaced clinopyroxene.
Amphibole crystals poikilitically enclose small euhedral crystals of pla-
gioclase, biotite, sphene, and rare clinopyroxene. Additional accessory
phases are magnetite and rarer allanite. Textural relationships
between the ferromagnesian minerals suggest partial replacement of
clinopyroxene by hornblende - generally in the internal part of the
enclaves - and of hornblende by biotite, primarily in the outer por-
tions of enclaves.

The more mafic and smaller enclaves that range from monzogabbro
to SiO, poor monzonite (Type 5) which appears only in the monzonitic
stocks of the RB and San José del Morro pluton, are also vaugneritic but
with very high MgO content. They contain rare plagioclase megacrysts
that usually display reverse zoning with a corroded, more Ab-rich
core (Angg to Anys) and more calcic plagioclase rims. K-feldspar is
ameboidal-to-interstitial or appears as groups of radiating aggregates.

Only at two localities in the porphyritic facies of the Renca Batholith
equigranular biotite monzonite (Type 2) enclaves compositionally
equivalent to appinites (Fowler and Henney, 1996 and references
therein) were found (Table 2) They are generally smaller (5-20 cm in
diameter) than the rest of the Monzonite Suite enclaves. Accessory
phases include zircon, allanite, apatite, magnetite, and ilmenite.

The monzonite stocks vary from medium- to fine-grained
equigranular textures to very coarse-grained porphyritic textures with
K-feldspar megacrysts, as in the case of GPG of the Las Chacras-
Potrerillos Batholith. In other cases, plagioclase and amphibole pheno-
crysts in a fine-grained groundmass can be found. Although there are
more variations in grain size, the overall pattern of the texture is similar
to that of the enclaves and syn-plutonic dikes. Contacts with the host
high-K granite suite are clearly delineated but in some cases like in
the eastern limit of the monzonite stocks of the RB in part they are
transitional.

Stocks are made up of plagioclase, amphibole (magnesiohornblende),
K-feldspar, and sometimes quartz as major phases, as well as
clinopyroxene apatite, titanite, allanite, and magnetite as accessory min-
erals. The plagioclase (20-40% modal) varies from a relatively homoge-
neous zonal andesine with rare oligoclase rims and fracture infillings, to,
in other cases, a zoned plagioclase which ranges of Anzg—An;q and exhibit
honeycomb cores and rims with oscillatory zoning. Plagioclase crystals
enclosed by K-feldspar phenocrysts are usually overgrown by a thin rim
of exsolved albite. Mafic minerals are hornblende and biotite, either as
clots with magnetite or as isolated crystal. Disaggregation of the less
mixed monzonite rocks most likely led to the development of mafic
clots in which amphibole with clinopyroxene cores, sphene, and magne-
tite are surrounded by biotite. The amphibole content (5-25% modal)
increases with the rock color index. Biotite crystals (15-30% modal)
range from subhedral to anhedral and, in many cases, include apatite
and rarer allanite. Zoned and twinned epidote around allanite or
as isolated crystal is occasionally found. In some cases, this includes tiny
subhedral sphene crystals. In GPG, accessory apatite and sphene reach
up to 1 cm, and the mantling of the K-feldspar by plagioclase is well
developed.

Appendix 2. Analytical procedure

A total of 146 major- and trace element analyses are considered in
this study, 53 of which are new analyses for the Monzonite suite rocks
(Table 3). Published data for the Las Chacras-Potrerillos batholith were
taken from Lopez de Luchi et al. (2001, 2007) and from Lira and
Ripley (1992), for the Renca batholith from Lopez de Luchi (1996) and
Lépez de Luchi et al. (2007), for La Totora Batholith from Lépez de
Luchi et al. (2007), for the San José del Morro pluton from Quenardelle
(1995). New determinations were performed on samples up to 10 k
that were screened for alteration in hand specimens and thin sections.
Samples were broken using an iron hammer and further reduced
using an iron-plated jaw crusher and, subsequently, agate mills. Data

for all the samples of the Renca Batholith were performed at Act Lab
with Research resolution Method comprised ICP/MS for trace elements
and X-ray fluorescence spectrometry (XRF) for major elements. Data for
all the samples of the Las Chacras-Potrerillos and La Totora batholiths
and the two samples of El Hornito pluton were done at the
GeoForschungs Zentrum, Potsdam. Major element oxides and the
trace elements Ba, Cr, Nb, Ni, Rb, Sr, V, Y, Zn, and Zr were analyzed
using XRF and 105 °C dried samples were prepared as fused disks of
Spectromelt® A12 (sample-to-flux ratio 1:6). A Siemens SRS 303 AS
computerized spectrometer and matrix correction programs were
used to calculate concentrations. H,O0" and CO, were measured IR-
spectroscopically, following thermal decomposition at 1100 °C under
oxygen atmosphere using LECO RC-412. The determination of rare
earth elements was done with ICP-AES, following sample dissolution
using the Na,O,-sinter technique and then separation and concentra-
tion using ion-exchange chromatography (Zuleger and Erzinger,
1988).Twenty new Nd and Sm isotopic analyses were performed on
representative samples by conventional isotope dilution technique.
The samples were weighed into Teflon vials and spiked with a suitable
amount of "*°Nd-"4°Sm spike solution prior to dissolution in a mixture
of 2 ml HF and1 ml HNO3 with a PicoTrace™ digestion system. The
solutions were processed by standard cation-exchange techniques for
purification of the Sm and Nd fractions. For the determination of
isotopic compositions, Sm and Nd were loaded with 2.5 N HCI on pre-
conditioned double Re filaments. Measurements of isotopic ratios
were performed on a thermal ionization mass spectrometer (TIMS)
Finnigan Triton measuring in static mode (GZG, Dept. Isotope Geology).
Repeated measurement of the Nd inhouse standard yielded a
143Nd/"4Nd ratio of 0.511798 4 0.000077 (n = 71, 20) over the course
of this study. The obtained Nd isotopic ratios of the samples were nor-
malized to a '*6Nd/!**Nd ratio of 0.7219. Total procedure blanks were
consistently below 150 pg for Sm and Nd. All 14*Nd/!#Nd ratios are re-
ported with their 20 internal precision plus the uncertainties resulting
from the spike correction. Eight strontium, neodymium, and samarium
whole-rock concentrations and isotopic compositions were taken from
published data (see table for references). Chemical data were processed
with GCD kit (JanouSek, 2000a, 2000b) and Petrograph v2 beta (Petrelli
etal,, 2005). Initial ratios for Sr isotopes and isochrons were recalculated
with IsoPlot v.3.
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