Early Carboniferous sub- to mid-alkaline magmatism in the Eastern Sierras
Pampeanas, NW Argentina: A record of crustal growth by the incorporation of
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1. Introduction

ABSTRACT

A recently discovered granitic intrusion at Cerro La Gloria in western Sierra de Famatina (NW Argentina) is
representative of sub- to mid-alkaline Carboniferous magmatism in the region. The main rock type consists
of microcline, quartz and plagioclase, with amphibole, magnetite, ilmenite, biotite, epidote, zircon, allanite
and sphene as accessory minerals. We report a U-Pb zircon SHRIMP age for the pluton of 34%+3 Ma
(MSWD =1.1), i.e,, Tournaisian. Whole-rock chemical composition and Nd isotope analyses are compatible
with an origin by melting of older mafic material in the lower crust (¢Ndt between —0.58 and + 0.46 and
Tew values of about 1.1 Ga). The pluton is intruded by penecontemporaneous to late alkaline mafic dykes
that are classified as back-arc basalts. Coeval, Early Carboniferous A-type granites occur farther east in the Si-
erras Pampeanas, probably generated during lithospheric stretching. Overall, the Early Carboniferous granitic
rocks show a west-to-east mineralogical and isotopic zonation indicating that magma genesis involved a
greater contribution of juvenile material of mantle character to the west. Based on the observed patterns
of geochronology, geochemistry and field relationships we suggest that A-type magma genesis in the Eastern
Sierras Pampeanas was linked to an Andean-type margin where the lithospheric mantle played a role in its
generation.

et al,, 2000; Dahlquist et al., 2008; Rapela et al,, 2008; Vaughan and
Pankhurst,2008; Spagnuolo et al.,, 2011; Tohver et al,, 2011). The geody-

In Carboniferous #mes, minor but widespread anorogenic magma-
tism, mainly granitic, occurred along more than 1000 km in the Sierras
Pampeanas of NW Argentina (see Dahlquist et al, 2010, Fig. 1). It is
represented by small and scattered plutons, usually sub-circular, in-
truded mainly along prominent Ordovician shear zones formed during
the earlier Famatinian orogeny (e.g., Hdckenreiner et al, 2003;
Dahlquist et al., 2010). Host rocks to this Carboniferous magmatism
formed during three main periods of magmatic and metamorphic activ-
ity: Middle Cambrian (Pampean orogeny), Early-Middle Ordovician
(Famatinian orogeny), and Middle-late Devonian (Achalian event)
(Pankhurst et al., 1998; Rapela et al., 1998; Sims et al., 1998; Pankhurst

namic setting of the Carboniferous magmatism remains controversial.
Some authors have suggested that it resulted from crustal reheating as
the final phase of a protracted Famatinian orogeny extending from Ordo-
vician to Early Carboniferous (e.g., Grissom et al., 1998; Ilambias et al.,
1998; Hockenreiner et al., 2003; Grosse et al., 2009). Others have argued
for a distinctive and extended Achalian orogenic event in the Devonian-
Early Carboniferous (e.g., Sims et al, 1998; Stuart-Smith et al, 1999;
Lopez de Luchi et al., 2004; Siegesmund et al, 2004; Dahlquist et al,
2006; Rapela et al, 2008). Recently, Dahlquist et al. (2010) claimed
that the Early Carboniferous A-type granites of the Eastern Sierras Pam-
peanas represent a tectonothermal event dissinct from both Famatinian
and Achalian magmassm. Based on lithological variasion in the Sierras
Pampeanas, Caminos (1979a) was the first to recognise an eastern
belt dominated by abundant Palaeozoic granitoids and metasedi-
mentary rocks (the Eastern Sierras Pampeanas), and a western belt
characterised by abundant meta-basic, ultrabasic and calc-silicate
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Fig. 1. Simplified geological maps of NW Argentina: (a), Sierras Pampeanas; (b), Sierra de Famatina; (c) study area. Key for Fig. 1(a): F, Sierra de Famatina; V, Sierra de Velasco; Fi,
Sierra de Fiambala; Z, Sierra de Zapata; Co, Sierras de Cérdoba; SL, Sierras de San Luis. Line labelled 1 is the trace of the TIPA shear zone. The map also shows the location of the

sample (FAM-7083) dated by Dahlquist et al. (2008).

rocks (the Western Sierras Pampeanas). Modern geochronological
studies have demonstrated that the Western Sierras Pampeanas
preserve a completely different geological history, involving an ex-
posed Mesoproterozoic crystalline basement (e.g., Rapela et al.,
2010 and reference therein).

We refer here to a newly discovered intrusion representative of
the sub- to mid-alkaline Early Carboniferous magmatism (sensu
Rittrnann, 1957) at Cerro La Gloria on the western flank of Sierra de
Famatina. The information gathered from this pluton, along with
that from other Late Palaeozoic intrusions, is used to constrain their
geotectonic setting. We conclude that this Early Carboniferous magma-
tismin the Eastern Sierras Pampeanas formed in an extensional, ensialic
region closely linked to an Andean-type margin and that lithospheric
mantle played a role in the magma generation.

2. Geological setting

The Sierra de Famatina is located at 29° S in La Rioja province,
northwestern Argentina (Fig. 1). It has an overall length of c.
250 km and a maximum altitude of 6250 m above sea level. Its geol-
ogy is characterised by widespread Ordovician plutonic rocks and
local volcanic and sedimentary outcrops of the same age (for reviews
see Acefiolaza et al., 1996; Saavedra et al., 1998a; Astini et al., 2007;
Dahlquist et al., 2008 and references therein). Well-exposed sections
across the belt show transition from mid-crustal levels in the west
(mafic to intermediate plutonic rocks hosted by migmatitic gneisses
and amphibolites) to shallow levels in the centre and the east (acidic
plutonic and volcanic rocks and low- to very low-grade metamorphic
rocks such as phyllite, metapsammite and chert). The Sierra de



Famatina, like other Sierras Pampeanas, is crossed by prominent
shear zones that overprint all these rock types (e.g., Conci et al,
2001).

The Cerro La Gloria pluton is circular, with a radius of 5 km and an
area of ¢. 80 km? (Fig. 1b—c). Topographic relief is higher around the
rim, hampering access to the pluton core. Contacts with the sur-
rounding Early Ordovician plutonic rocks are sharp and irregular on
a local scale (Fig. 2a). The main plutonic facies is pink-to-red, porphy-
ritic to inequigranular, medium- to coarse-grained syenogranite
(Fig. 2b). Planar minerals such as mica are scarce, which makes it dif-
ficult to recognise internal orientation in the field. Some cm-size

mafic microgranular enclaves show ovoid and square forms (Fig. 2b).

The host Ordovician plutonic rocks are of two types. Most com-
mon is the Nufiorco granite (Toselli et al, 1996; Dahlquist et al.,
2008), a biotite granodiorite to monzogranite of regional extent;
along the western flank of the Sierra de Famatina it exhibits an
Ordovician N-S trending penetrative mylonitic foliation. The other
wall-rock is a hornblende-bearing tonalite belonging to the Cerro
Toro complex (Saavedra et al., 1998a). Subvertical rhyolisic or trachytic
dykes occur locally in both wall-rocks, and these dykes vary from 0.5 m
to 30 m thick and trend N 245° to N 310° (Fig. 2c). The subvertical
trachy-andesite dykes (ca. 1 m thick and trend N 65°) only occur in
the studied pluton.

3. Analytical methods

Forty-eight samples were collected for petrographic study. Major
and trace elements were determined on 9 representative whole-rock
powders by ICP-OES and ICP-MS at ACT1ABS, Canada (4-lithoresearch
code procedure). Samples are first fused with lithium metaborate/tetra-
borate and then dissolved in a nitric acid solusion. Major elements, Be,
S¢,V, Sr, Ba, and Zr are determined by Inductively Couple Plasma-Optical
Emission Specwoscopy; all other trace elements are determined by In-
ducsively Coupled Plasma-Mass Specwometry. Precision and accuracy
for major elements are generally better than 2% (relative); for trace

elements they are generally better than 46% when signals are 10
times above background. Additionally, two representadve igneous
samples were determined by GeoAnalytical lab, Washington State Uni-
versity, using a ThermoARL sequential X-ray fluorescence specwometer,
following the procedure described by Johnson et al. (1999).

Mineral compositions were determined using a JEOL Superprobe
JXA-8900-M equipped with five crystal spectrometers at the Luis
Bri Electron Microscopy Center, Complutense University, Madrid,
Spain. Operating conditions were: acceleration voltage 15 kV, probe
current 20 nA, beam diameter 1-2 um. Absolute abundances for
each element were determined by comparison with standards
(Jarosewich et al., 1980; McGuire et al., 1992), using an on-line ZAF
programme.

Sm-Nd analyses of three representative samples were carried out
at the Geochronology and Isotope Geochemistry Center, Complutense
University (Madrid, Spain} using an automated multicollector VG®
SECTOR 54 mass spectrometer. Errors are quoted throughout as two
standard deviations from measured or calculated values. Analytical
uncertainties are estimated to be 0.006% for '*3Nd/'4*Nd and 0.1%
1475m/"*Nd. Fifty-six analyses of La Jolla Nd-standard over year
gave a mean '**Nd/'#*Nd ratio of 0.511846 = 0.00003.

4. Petrographic characteristics and mineral composition

The Cerro La Gloria granitoid consists of microcline (43-49 modal
%), quartz (32-41 modal %) and plagioclase (11-16 modal %) (n=4).
Representative compositions of minerals are found in Supplementary
data. Microcline (Ab7s-Anc<op1-Orgs; n=2) is perthitic coarse- to
medium-grained, subhedral to anhedral, with inclusions of plagioclase,
biotite, quartz, zircon, epidote and oxides. Perthite is Abg7-Anz1-Orog
(n=2). Microcline is interstitial relative to quartz, and a probably
subsolidus albitic rim (Abgs-g9-Ang.2-44-0rg1_14) is found
around microcline crystals in contact with plagioclase. Plagioclase
(Abgg_g5—Anj3 g_g.4-Orog_5 1) is medium-grained, subhedral, often cor-
roded and fractured. Quartz crystals are irregular in form, although at

Fig. 2. Field photographs. (a) Irregular intrusive contact of the Cerro LaGloriapluton (left) against the Cerro Toro tonalite. (b) Typical medium- to coarse-grained rock of the Cerro
La Gloria pluton, with a mafic enclave. (c) Rhyolite dyke intruding the Ordovician wall-rock, western Sierra de Famatina.



Table 1

Representative major and trace element whole-rock data for the Cerro La Gloria pluton, dykes and wall-rocks.

Unit Cerro La Gloria pluton Dykes Wall rock
Sample FAM FAM FAM CLG CLG F'iel FAM FAM FAM FAM FAM
177* 178* 180* 125* 126 T 308+ 148" 1507 155* 192~
wtl
Si0, 75.05 82.61 78.00 77.93 77.41 75.62 54.97 62.84 76.52 76.64 73.21
TiOy 0.21 0.06 0.11 0.07 0.08 0.15 1.98 0.51 0.09 0.09 0.28
Al03 12.66 9.17 11.26 12.30 11.58 12.98 16.03 15.58 11.78 12.03 12.85
Fe,03 213 1.08 1.89 1.44 1.75 1.58 12.41 5.27 175 174 284
MnO 0.03 0.01 0.03 0.03 0.01 0.03 0.18 0.14 0.02 0.02 0.06
MgO 0.18 bdl 0.04 0.03 0.06 0.10 1.87 0.48 0.03 0.02 0.61
Cao 0.83 0.16 0.35 0.43 031 0.60 394 2.09 0.69 0.50 1.65
Na,0 3.59 3.18 372 3¥3 35 4.01 5.26 4.55 3.90 3.78 383
K20 5.03 3.54 4.62 45 4.29 5.06 3.22 5.29 4.16 4.62 3.02
P,0s 0.04 0.01 0.02 0.02 0.02 0.03 137 0.18 0.02 0.01 0.06
LOI 0.19 0.16 0.15 032 0.36 0.21 2.08 1.01 0.97 1.08 0.84
Total 99.94 99.93 100.2 100.8 99.62 99.18 98.49 97.94 9993 100.53 99.26
ppm
Be 3 3 4 6 6 4 4 5 3
Sc 4 <1 2 <1 2.7 226 12 1 11
Cr <20 <20 <20 30 <20 <20 <20 <20 39 <20 <20
Ni <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20
Zn 41 <30 51 30 90 45 279 121 67 120 <30
Cs 1.5 15 151 43 29 13 16 143 ikt L7 19
Rb 107 104 111 269 186 131 118 119 162 166 107
Sr 65 4 10 6 5) 44 361 70 15 16 110
Ba 448 16 49 23 16 253 797 942 13 26 494
La 84.1 67.5 95.0 322 498 52.7 942 174 73.0 70.3 274
Ce 175 153 206 794 108 106 188 314 154 149 60.9
Pr 17741 14.6 213 9.39 125 12.1 236 309 16.4 16.0 6.41
Nd 53.5 46.6 711 41.8 50 426 932 107 59.2 57.8 229
Sm 947 8.78 13.8 10.5 12.1 932 18.8 164 13.22 18811 4.99
Eu 0.94 0.17 0.29 0.14 0.12 0.65 5.52 334 0.06 0.06 0.96
Gd 7.39 7.10 118 12.1 1855 8.41 16.9 T1%2 11.0 10.9 4.78
b 1.15 1.20 1.80 2.41 263 143 262 1.75 1.96 1.96 0.90
Dy 5.71 6.36 934 15.5 16.8 8.58 153 9.58 10.8 10.9 5.07
Ho 1.06 1.28 1.84 3.13 323 1.70 3.00 1.84 2.18 2.18 1.07
Er 3.16 422 5.66 8.73 8.3 4.54 7.96 5.76 6.74 6.85 3.47
Tm 0.46 0.689 0.88 130 1.23 0.66 k1T 0.87 1.07 1.04 0.58
Yb 2.77 4.06 519 832 %5 4.05 6.82 5.55 6.25 6.36 3.60
Lu 0.39 0.55 0.72 1.21 1.04 0.63 1.05 0.90 0.98 0.97 0.51
U 1.90 2.08 2.49 535 4.61 3.02 430 438 7.04 6.68 2.69
Th 17.0 16.4 22s1 47.7 245 184 10.9 222 34.9 35.0 12.9
Y 26.9 335 459 81.8 823 41.8 76.6 44.1 51.7 52.0 275
Nb 15.6 14.9 231 344 29 20.1 455 50.3 40.7 42.6 103
Zr 191 168 221 130 199 246 635 1010 246 215 139
Hf 5.8 59 7.3 5.5 7.40 6.75 135 234 9.12 8.47 4.40
Ta 0.78 1.21 1.64 421 2.76 140 2.81 3.1 3.01 3.12 0.85
Pb 25 26 26 20 52 232 50.1 10.7 26.2 19.6 16
Ga 19 18 23 24 25 19 20 25 23 24 15
M 1.44 130 142 132 134 144 235 1.81 1.43 1.41 1.40
Tz "C 799 798 813 774 810 822 - - 823 812 777

Major element oxides and trace elements were analysed by "ACIIABS Canada and *GeoAnalytical lab (WSU). bdl: below detection limit. Total iron as Fe,03. Tz, = 12,900/ [2.95 + 0.85 M+ In
(486,000/Z1 uic)] Where D c#Vmelt — (486 000,Zr,,u), is the ratio of Zr concentrations (ppm) in zircon to that in the saturated melt; M is a compositional factor that accounts for
dependence of zircon solubility on SiO, and peraluminosity of the melt [(Na+ K+ 2 - Ca)/Al-Si], all in cation fraction. The geothermometer is calibrated for M =0 to 1.7. Equation and

Zr concentrations (ppm) in zircon ( =496,000 ppm) are from Miller et al (2003).

the edge of the pluton they occur as hexagonal grain aggregates, and
probably underwent some static recrystallisation. It usually shows frac-
tures. Zircon inclusions are locally found in quartz. Accessory minerals
(<2 modal %) are amphibole, magnetite, ilmenite, biotite, epidote, zir-
con, allanite and sphene. Biotite is medium- to coarse-grained, subhe-
dral to anhedral, with magnesium-number (Mg#) around 16, although
corroded crystals are richer in Fe-annite (Mg# about 4.8). Amphibole
is not found in all samples, but where it does occur, it is medium- to
fine-grained, dark green to dark brown, with Mg# values of c. 15. As
with corroded biotite, corroded amphibole crystals, i.e., those showing
less pleochroism and associated with biotite laths together with an
epidote rim, have lower Mg# values (3.2-3.9). Primary amphibole
is Ferro-edenite according to the Leake et al. (1997) classification
[Cag=1.80-1.81a.p.f.u.; (Na+K),=0.70-0.74 atoms per formula

unit (a.p.f.u) and Ti=0.17-0.19 a.p.f.u.]. Primary ore minerals are
magnetite and ilmenite. Some samples exhibit fractures filled by a
fine-grained matrix of biotite, muscovite, epidote, titanite and ore
minerals.

Microgranular maficenclaves consist of oligoclase, K-feldspar, biotite,
amphibole, apatite and ore minerals (one analysed grain is ilmenite).
Mafic minerals are relatively rich in Mg with #Mg values of 36 and
28 for biotite and amphibole, respectively. Amphibole is ferro-
edenite. Sometimes the enclaves have olivine, with a skeletal or
euhedral form.

The essential mineralogy of the host rocks is plagioclase, quartz,
microcline and biotite in the Nufiorco granite and plagioclase, quartz,
biotite, and hornblende in the Cerro Toro tonalite. Both show a weak
brittle deformation as micro-cracks in primary minerals (mainly
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Fig. 3. (a) Total alkali vs. silica variation diagram for the Cerro La Gloria (CLG) pluton and wall-rock (Nufiorco granite). The alkaline/mid-alkaline/subalkaline magmatic lineages are
defined by sigmaisopleths (after Rittmann, 1957). The grey field represents 45 Carboniferous granitic samples associated with the TIPA shear zone (Dahlquist et al., 2010). (b) Total
alkali vs. silica diagram for the dykes of the studied area and those associated with A-type granitoids reported from the TIPA shear zone (black diamonds, Morello and Rubinstein,
2000; Dahlquist et al., 2010; white diamonds this work). The diagram also shows sigma isopleths. FAM-178 (Si0,>82%) is not plotted.

quartz and feldspar). The cracks are often filled with biotite, musco-
vite, epidote and some sphene, similar to those found in the pluton
and probably of deuteric solution origin.

The dykes are porphyritic. Differentiated types (e.g., FAM-151 and
FAM-155) found in wall-rocks around the pluton are generally pink in
colour, contain euhedral quartz and feldspar phenocrysts (around
3 mm size) in a very fine-grained (<0.1 mm) intergranular to vitro-
phyric groundmass. Spherulitic texture is locally found. Among the
less differentiated dykes FAM-148 has porphyritic texture with phe-
nocrysts (c. 2 mm) of plagioclase, oxides and minor quartz; the pla-
gioclase phenocrysts often show sieve texture, and the groundmass
consists of plagioclase laths, oxides and phyllosilicate (commonly
chlorite). The least siliceous dyke cutting the CLG pluton itself
(FAM-308) is fine-grained and consists of plagioclase, biotite, oxides,
and apatite.

5. Whole rock chemical composition

Major- and trace-element compositions of six representative sam-
ples of the Cerro La Gloria pluton, one of the Nufiorco granite wall-
rock, and four dykes are presented in Table 1. Most of these samples
are from the northern region of the pluton. One additional whole-
rock analysis of the wall-rock (FAM-7083, Nufiorco granite —

Fig. 1c) is included from Dahlquist et al. (2008), who reported its
age as 463 +-4 Ma (U-Pb SHRIMP on zircon).

5.1. Mgjor elements

The Cerro La Gloria granitic rocks are felsic or evolved in composi-
tion; SiO; content varies within a restricted range from 75.05 to
82.61% (Table 1). In the alkalis vs. silica classification diagram, the
compositions plot close to the limit between alkali granite and granite
(Fig. 3a); some fall in the subalkaline field but the less silica-rich sam-
ples plot across the limit with the mid-alkaline lineage of Rittmann
(1957), defined by a sigma index of 2.5 [0o=(NayO+K,0)%/
(8105 — 43)]. The granitic samples have sigma values from 1.9 to 2.5,
simnilar to other Early Carboniferous granitoids from the Sierras Pampea-
nas. They are metaluminous to slightly peraluminous (aluminium satu-
ration index, ASI=0.96-1.05), although they have a relatively high
agpaiic index (Al=0.90-0.98). They also are poor in CaO
(0.31-0.83%) and extremely rich in FeO' relative to MgO with high
FeO'/(FeO"+MgO) ratios (0.91-1.00). They are enriched in TiO; relative
to MgO (TiO,/MgO> 1) and they are moderately enriched in total alkalis
(8.04-8.72%), with relatively high K0 content (K;0/Na;O=1.11-1.40).

In contrast, the Ordovician wall-rock samples plot below the
granite field and subalkaline lineage with sigma values of 1.5 and
1.7 (Fig. 3a). They have Si0; contents of 73.2 and 75.6% with

Table 2
Main features of the dykes of the Sierras Pampeanas included in this work.
Longitude Name Field relationships Si0, TAS classification Chemical
location (wt.%) features
67° 57" FAM308, Sierra de Famatina (this Dyke ~1 m wide trending ~65° intruding the Cerro La Gloria ~55 Trachy-andesite ASI=0.99
work) pluton. La/Yby=9.2
Eu/Eu*=0.95
67° 32/ FIA7, Sierra de Fiambala Dyke ~2 m wide trending ~345" intruding the Los Arboles ~59 Trachy-andesite ASI=0.91
(Dahiquist et al., 2010) pluton. La/Yby=6.5
Eu/Eu* = 0.50
67° 32/ MR27 and 33, Sierra de Fiambala Dykes <4 m wide trending 40° to 80°E intruding the Los Arboles 50 to 51  Basaltic trachy- ASI=0.81-1.03
(Morello and Rubinstein, 2000) pluton. andesite La/Ybn=7.5-
10.4
Eu/Eu* =0.61-
0.71
67° 07" SBP12, Sierra de Velasco Dyke ~3.5 m wide trending ~340° intruding the San Blas pluton. ~54 Basaltic trachy- ASI=0.89
(Dahlquist et al., 2010) andesite La/Yby=7.6
Eu/Eu* =0.75
667 58/ CHI19, Sierra de Velasco Dyke ~2 m wide trending ~20° intruding the Huaco pluton. ~57 Trachy-andesite ASI=0.91
(Dahlquist et al., 2010) La/Yby=10.1

Eu/Eu*=0.95
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relatively lower ratios of FeO'/(FeO" +MgO)= 0.81 and 0.90, TiO,/
MgO = 0.46 and 0.84, and low total alkali contents (6.85 and 7.38%)
but with high Na,O (K;0/Na;0=0.79 and 0.89). Like the Cerro La
Gloria granites, they are metaluminous to slightly peraluminous
(ASI=1.03-1.05), but with a lower agpaitic index
(Al=0.74-0.81).

In terms of alkalis vs. silica (Fig. 3b), the dykes are classified as
(1) rhyolites with 76.6% SiO, and sigma indices of 1.95 and 2.10
(FAM-151 and FAM-155, respectively) and (ii} trachyandesite to tra-
chyte with 54.97-62.84% SiO; and sigma indices of 6.00 and 4.88
(FAM-308 and FAM-148, respectively). The rhyolites show similar
geochemical features to the Cerro la Gloria granite samples
(Table 1). They are metaluminous with high ASI (0.97-0.99) and Al
(0.93). They are poor in CaO (0.50-0.69%) and extremely rich in
FeO' and TiO,, with FeO"/(FeO'+Mg0)=0.98-0.99 and TiOy/
MgO>1; they are moderately rich in total alkalis (8.06-8.40%), with
relatively high K;O content (K;O0/Na;O=1.07-1.22). The less sili-
ceous dykes are also metaluminous (ASI-Al 0.99-0.76 for trachyan-
desite and 0.94-0.85 for trachyte) with high CaO (3.94 and 2.09%)
compared to the rhyolites, although the FeO'/MgO (0.86 and 0.92)
and TiO/MgO (1.05 and 1.06, respectively) ratios are similar. They
have a high total alkalis (8.48-9.84%) even exceeding that of the rhyo-
lites, although K>0 content is high for the trachyte but low for the wra-
chyandesite (K;O0/Na;O0=1.16 and 0.61, respectively). Our dyke
samples and those associated with the Carboniferous A-type granitoids,
such as the San Blas, Huaco and Los Arboles plutons that crop out in
the Sierras de Velasco and Fiambala (Figs. 1 and 11, and Table 2}, show
a similar mid-alkaline lineage (Fig. 3b).

5.2. Trace elements

The concentration ranges for high field-strength elements (HFSE)
such as Y, Nb, Ga, Ta and Th are relatively high (Table 1} and they are
comparable to those of other Carboniferous A-type granites in the
proto-Andean foreland in Argentina (e.g., Dahlquist et al., 2010) as
well as those of the Lachlan Fold Belt in Australia (Chappell and
White, 1992) or the Hercynian A-type granites of the Kolshaal
range in Kyrgyzstan (Konopelko et al., 2007). All studied plutonic
samples (except for the wall-rock samples) exceed the limiting
values of Ce +Nb+Zr+Y and 10,000=Ga/Al proposed by Whalen

et al. (1987) and consequently plot in the A-type granite field of the
discrimination diagram (Fig. 4).

The primitive-mantle normalised spidergram for Cerro La Gloria
pluton shows marked negative Ba, Nb, Sr, P, Eu and Ti anomalies
and significant enrichment in Rb, Th, U, and Pb (Fig. 5a). Rare earth el-
ement (REE) abundances of the granitoids are relatively high, varying
from 226 to 444 ppm (Table 1). Their REE patterns are flat or slightly
enriched in LREE with values of Lan/Yby from 2.6 to 20.3 and signifi-
cant negative Eu-anomalies (Euyn/Eu*y=0.03-0.34) (Fig. Sb). These
patterns are similar to those reported for other A-type granites (e.g.,
Konopelko et al., 2007; Dahlquist et al., 2010). In contrast, the granite
wall-rock samples display relative depleted patterns (except Ba, Sr,
Eu, P and Ti) (Fig. Sa}. The total REE contents of the Ordovician granitic
samples are low (143-229 ppm), they have relatively flat REE patterns
with Lan/Yby=15.1-9.6 and intermediate negative Eu-anomalies with
Eun/Eu*y= 0.59-0.60 (Table 1 and Fig. Sb).

The rhyolite dyke samples have a HSFE concentration range very
similar to that of the Cerro La Gloria granitoids (Table 1); they plot
in the primitive-mantle normalised spidergram with similar patterns,
suggesting a common petrogenetic process (Fig. 5c). REE patterns are
also similar (rhyolites have lan/Yby=7.4 and 7.8 and Euy/
Eu*y=0.02) (Fig. 5d), suggesting effective plagioclase crystallisation.
REE total abundances are 347-357 ppm (Table 1). The primisive-mantle
normalised spidergram for the less siliceous dykes shows similar pat-
terns to the rhyolites, but with lower negative Ba, Sr and Ti anomalies
and significant enrichment in La, Ce, Nd, Zr, Eu and P (Fig. 5c). The tra-
chyandesite and wachyte have extreme REE enrichment with total REE
values of 478 and 683 ppm, respectively. The trachyandesite has Lay/
Ybny=9.2 and lacks an Eu-anomaly (Eun/Eu™y=0.95) while the tra-
chyte has IREE enrichment with Lan/Yby=20.9 and a slightly negative
Eu-anomaly (Eun/Eu*y=0.76) (Fig. 5d). This is reasonably consistent
with differentiation by crystal fraconation resulting eventually in the
differentiated rhyolites. All the dyke samples plot in the field of A-type
granites on the Ce + Nb+Zr +Y vs. 10,000«Ga/Al discriminasion dia-
gram (Fig. 4).

5.3. Nd isotope composition

The three analysed samples have roughly similar '47Sm/!#‘Nd
(0.1071-0.1170) and '3Nd/'*Nd (0.512158-0.512211) ratios
(Table 3). Initial eNdt values calculated at a reference age of 349 Ma
(the U-Pb SHRIMP zircon crystallisation age — see Section 7) are
close to zero (—0.58 to +0.46) and Nd model ages calculated
according to De Paolo et al. (1991) are 1.07 to 1.16 Ga, i.e., latest
Mesoproterozoic.

6. Zircon therinometry

As the Cerro La Gloria samples are metaluminous to slightly pera-
luminous, the zircon geothermometer of Watson and Harrison (1983)
can be used to estimate magmatic temperatures. The results of these
calculations are given in Table 1 for M values between 0.9 and 1.7 (the
calibration range for the geothermometer). The calculated tempera-
tures give a value of 803 4- 17 °C (average for 6 samples) and a similar
temperature is calculated for the rhyolite (816 °C, av. of 2 samples).
The value for the granite should be interpreted as maximum due to
the presence of inherited zircon (see next section). Termperatures
reported in the literature for A-type granites are consistent with our
data (e.g., Dahlquist et al., 2010); they are usually higher than those
for calc-alkaline granitoids with similar SiO, contents.

7. Geochronology
Zircons were separated from sample FAM-177 at the Department

of Petrologia y Geoquimica, Complutense University, Madrid, Spain,
and analysed for U-Pb isotopic composition using SHRIMP RG at the
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Fig.5. (a, c) Primitive mantle-normalised spider diagrams and (b, d) chondrite-normalised (after Sun and McDonough, 1988) REE plots of the Cerro La Gloria granites, wall-rock and
dyke samples from western Sierra de Famatina. (e¢) MORB-normalised spider diagram of the investigated mafic dyke (FAM-308, trachyandesite) and mafic dykes associated with

the A-type granitoids of the Sierras Pampeanas. Symbols are as in Fig. 3.

Australian National University, Canberra (Williams, 1998). Photo-
graphic and cathodo-luminescence images (Fig. 6a) show that they
are mostly platy needles with moderately euhedral terminations,
and with outer concentric zones surrounding complex inner cores,
and occasionally with a thin outermost rim of luminescent (low-U)
zircon. The igneous crystallisation of the granitoid is thought to be
represented by the concentric zonation, best developed in the tips
of long crystals, which were targeted for analysis. Twenty-one ana-
lyses were carried out (Table 4) and are plotted in a Tera-Wasserburg
diagram (Fig. 6b). Following standard practise for young ages dated
by SHRIMP, we calculated 23U/?%Pb ages after correcting for

common Pb on the basis of the measured 2°’Pb. Three analyses, one
at 176 Ma and two close to 300 Ma, appear to have suffered major
Pb-loss compared to the rest, whereas inheritance of more radiogenic
Pb (associated with the presence of older zircon cores) may account
for the two oldest ages of c. 360 Ma. The remaining 16 ages range be-
yond the limits of analytical uncertainty, from 327 to 352 Ma, but ig-
noring the four youngest, where Pb-loss may be significant, twelve
give a well-defined mean of 34943 Ma (MSWD=1.1). This age is
talen as the best estimate of the crystallisation age, dating the em-
placement of the CLG pluton as within the Tournaisian stage of the
Carboniferous period, according to the 2008 IUGS stratigraphic chart.

Table 3
Sm-Nd data for the Cerro La Gloria pluton, Sierra de Famatina.
Si0, Age (Ma) Sm Nd 1475 m/'4iNd (3Sm/"4Nd) caday ("7sm/"4Nd), eNd(t) Ten* (Ga)
FAM177 75.05 349 947 535 0.1071 0.512403 0.512158 —0.58 1.16
FAM178 82.61 348 8.78 46.6 0.1140 0.512472 0.512211 0.46 1.07
FAM180 78.00 349 13.8 71.1 0.1170 0.512457 0.512189 0.03 1.11

The decay constant used in the calculation is N'47Sm = 6.54x 10~ *? year~ ! recommended by the UGS Sub-commission for Geochronology (Steiger and Jager, 1877). Epsilon Nd
(eNd) values were calculated relative to a chondrite present day: ('“>Nd/'*Nd)**% - =0.512638; ('43Sm/'**Nd) ** 5 ;r = 0.1867. t =time used for the calculation of the isotopic
initial ratios. TDM* = calculated according to De Paolo et al. (1991). The age (349 Ma) is the calculated in this work.
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Fig. 6. (a) Cathodo-luminescence image of zircon grains showing areas analysed by
SHRIMP, (b) Tera-Wasserburg diagram for the SHRIMP data for sample FAM-177.
White ellipses are for points excluded from the age calculation.

8. Petrogenetic discussion
8.1. Chemical composition of mafic minerals

Due to corrosion of biotite it was possible to analyse only two
grains from the pluton, and another from mafic microgranular en-
claves. The fresh granite biotite grains are very iron-rich, with the
ratio of FeO™ (total FeO) to MgO above 8.9 and low Al,O3 content
(about 12%). In contrast, the enclave biotite shows decreasing in
FeO™ with increasing MgO and FeO*/MgO of 3.2, with a relatively
high Al,O3; content of 12.81%. Assuming that the composition of the
granite biotite reflects the nature of the parental magma, these analyses
correspond to anorogenic alkaline suites (FeO*/MgO>7.04, Abdel
Rahman, 1994). Fluorine content is also distinctive: a biotite grain in
the enclave has 1.21%, suggesting that the magma had a relasvely high
HF/H,0 ratio. In turn, similar chemical behaviour is observed in the
ferro-edenite grains analysed for the pluton (Fe0*/MgO about 9.6 and
F 0.25%) and enclave (FeO*/MgO about 4.4 and F 0.59%).

8.2. Source of the CLGP magma

Chondrite-normalised REE plots and primitive-mantle normalised
spider diagrams of studied igneous rocks (Fig. Sa-d) display some
distinctive features:

(1) REE patterns tend to be flat to slightly LREE-enriched and have
significant negative Eu anomalies for the more evolved igneous
rocks (rhyolite and granitoid), suggesting plagioclase fraction-
ation in the magma or retention in the source. Significant neg-
ative Ba and Sr anomalies in the spider diagrams reinforce this
idea.

Negative P and Ti anomalies suggest that fractionasion of apatite
and Fe-Ti oxides also played a role in both rock types.

The relatively flat REE patterns of the studied rocks probably relate
to low-pressure melting and differentiation (ie., the absence of
garnet in the source and/or residuum).

The trachytic dyke (FAM-148 with Si0,~63%) has relatively
high values of Ba, Sr, P, and Ti, but similar unfractionated REE

(2)
(3)

(4)

Table 4
Summary of SHRIMP U-Pb results for zircon from sample FAM-177. Cerro La Gloria pluton.
Grain. U Th Th/ 205ppy* g % Total Radiogenic Age (Ma)
spot (ppm) (ppm) U (ppm) oy W e, T e
1.1 702 396 0.56 340 0.16 17.7628 0.1987 0.0549 0.0006 0.0562 0.0006 3525 39
2.1 1183 715 0.60 58.7 0.06 17.3157 0.1857 0.0543 0.0004 0.0577 0.0006 361.7 3.8
3.1 739 411 0.56 36.1 3.07 17.5748 0.2022 0.0782 0.0023 0.0552 0.0007 346.1 4.0
4.1 1062 537 0.51 50.9 0.15 17.9216 0.1936 0.0547 0.0005 0.0557 0.0006 3485 37
ST 672 307 0.46 321 031 17.99%4 0.2017 0.0560 0.0006 0.0554 0.0006 3475 38
6.1 588 291 049 28.0 <0.01 17.4052 0.1983 0.0537 0.0006 0.0575 0.0007 360.1 4.0
Tl 477 284 0.59 233 0.04 17.6230 0.2072 0.0539 0.0007 0.0567 0.0007 355.7 4.1
8.1 494 341 0.69 23.2 0.17 18.3414 0.2153 0.0547 0.0007 0.0544 0.0006 341.6 4.0
9.1 1144 743 0.65 55.0 <0.01 17.8668 0.1918 0.0533 0.0004 0.0560 0.0006 3512 3
10 1128 756 0.67 525 0.65 18.4484 0.1991 0.0584 0.0005 0.0539 0.0006 3381 3.6
11 1402 1716 122 67.1 0.13 17.9574 0.1911 0.0545 0.0004 0.0556 0.0006 3489 3.7
12 467 243 0.52 21.8 0.55 18.3953 0.2216 0.0577 0.0008 0.0541 0.0007 3394 4.0
12 251 163 0.65 03 0.34 19.1345 0.2529 0.0557 0.0010 0.0521 0.0007 3273 4.3
13 653 252 039 16.0 246 35.1645 0.4258 0.0692 0.0008 0.0277 0.0003 1764 2.1
14 865 609 0.70 41.1 0.13 18.0786 0.1990 0.0545 0.0006 0.0552 0.0006 346.6 38
5] 634 361 0.57 27.0 152 20.2133 0.2314 0.0647 0.0007 0.0487 0.0006 306.7 3%
16 388 197 0.51 18.6 0.02 17.9434 0.2191 0.0536 0.0011 0.0557 0.0007 34985 42
7 492 238 048 19.8 043 21.3682 0.2525 0.0557 0.0008 0.0466 0.0006 293.6 34
18 644 415 0.64 304 033 18.1825 0.2053 0.0560 0.0006 0.0548 0.0006 344.0 38
19 527 302 0.57 240 0.18 18.8811 0.2208 0.0545 0.0007 0.0529 0.0006 332.1 38
20 491 293 0.60 238 <0.01 17.6847 0.2073 0.0535 0.0007 0.0566 0.0007 354.6 4.1

Notes: 1. Uncertainties given at the 1 sigma level. 2. Error in Temora reference zircon calibration was 0.66% for the analytical session (not included in above errors but required
when comparing data from different mounts). 3. f,g5 % denotes the percentage of 2*°Pb that is common Pb. 4. Correction for common Pb for the U/Pb data has been made using
the measured 2*3U/2*°Pb and 2*7Pb/?**Pb ratios following Tera and Wasserburg (1872) as outlined in Williams (1998). 5. Ages in italics are discounted in calculating the best

weighted mean age of 348.9 +3.2 Ma.
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patterns with a very slight negative Eu anomaly, compared to
the evolved dykes (FAM-151 and FAM-155 with Si0, ~77%).
This coincides with appreciable presence of feldspar and
oxide phenocrysts in the trachyte, suggesting that all the
dykes are related by a common petrogenetic process.

In the tectonic discriminant diagram of Pearce et al. (1984) the
studied Carboniferous samples mainly fall in the field of within-plate
granite (WPG, Fig. 7a), whereas the Ordovician wall-rock samples plot
as volcanic arc and syn-collisional granitoids. Two groups of A-type ig-
neous rocks have been recognised in the literature: those derived from
a mantle source (A;) and those derived from melting of continental
crust with or without a mantle input (A;) (Eby, 1992). The Cerro
La Gloria samples fit into the second group (A}, while the all
dykes (our dyke samples and those associated with the Carboniferous
A-type granitoids, see Table 2) fall on the limit of A; and A, fields
(Fig. 7b).

The eNdt values close to zero (Table 3) point to a minimal contri-
bution from evolved crustal material. Dahlquist et al. (2010)

A-type granitalds of the Eastern Slerras Pampeanas

1. Cerro La Glorla pluton (Sa. Famatina)
_I 2. Los Arboles pluton (Sa. Flambal4)
3. Zapata Complex (Sa. Zapata)

4. San Blas pluton (Sa. Velasco)
5. Huaco pluton (Sa. Velasco)
6. Sanagasta pluton (Sa. Velasco}
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Fig. 8. Plots of eNdt vs. (a) (K+Rb -+ Th) > 10~ “and (b) longitude. Data are for granitic
rocks from the Cerro La Gloria pluton (this work) and the TIPA shear zone (Grosse et
al, 2009 and Dahlquist et aL, 2010). The grey fields contain the studied samples. The
dark grey region represents the average for each pluton.

proposed that the Carboniferous A-type granites emplaced in the
TIPA shear zone represent variable mixtures of asthenospheric mantle
and continental crust. Fig. 8a shows that the Cerro La Gloria samples
have the least crustal character of these granites as proven by the
most positive eNdt values and lowest contents of incompatible ele-
ments (K, Rb and Th). This eastward (inland?) increase in eNdt
values is accompanied by the disappearance of amphibole and the
appearance of primary muscovite in the granites (Fig. 8b), as well
as the trend to S-type plutons with alkaline tendency (e.g., La Costa
and Sauce Guacho plutons, Table S). Thus at the longitude of Sierra
de Famatina (mainly) and Sierra de Fiambald magma genesis in-
volved a higher contribution of juvenile material of mantle character
than to the east (i.e., Sierra de Zapata and Sierra de Velasco). The es-
sential role of juvenile material, ultimately of asthenospheric origin,
in the production of Carboniferous granites of the Eastern Sierras
Pampeanas has been emphasised by Dahlquist et al. (2010). This
does not necessarily require mantle melting to generate the parental
magmas and, given the preponderance of siliceous granitoids, an in-
termediate stage of melting of juvenile mafic material, perhaps
underplated at the base of the crust (and possibly formed much ear-
lier} seems more likely.

8.3. Mafic dykes related to A-type granitoids

A common characteristic of the A-type plutons from the study region
of the Eastern Sierras Pampeanas is their intrusion by mid-alkaline mafic
dykes (Morello and Rubinstein, 2000; Grosse et al., 2009; Dahlquist et
al., 2010 and this work). One trachyandesite sample (FAM-308) was
analysed as part of this work while data for even more mafic samples
were taken from previous worl (Table 2). Even without age determina-
tions for the dykes, field evidence (Fig. 9) suggests a coeval to late em-
placement; e.g. (i) lobate contact with the Carboniferous granitoids,
(ii) transfer of K-feldspar phenocrysts from the granite to the dykes
and (iii) some disaggregasion of dykes within the granitoids or vice
versa { Barbarin and Didier, 1992).

There is considerable geochemical evidence that alkaline dykes
such as these may have been generated from an N-MORB (Normal
Mid-Ocean Ridge Basalt) source enriched in lithophile mobile ele-
ments (e.g., Pearce and Peate, 1995). Fig. Se shows how the investi-
gated dykes of the sierras of Famatina, Fiambald and Velasco (all
with <58 wt.% Si0, and associated with A-type granitoids, Table 2)
have similar contents of Ti and HREE (i.e., immobile elements) but en-
richment in K, Rb, Cs, Th, Pb and Ba, P, Pb and LREE (La and Ce). How-
ever, the relatively low abundances of compatible trace elements



Table 5

Carboniferous igneous rocks of the western margin of Gondwana between 71°30’ and 67° 00’ W.

Longitude Name Lithology Age (Ma)® S-I-A-M Isotopic signature &yq/
location classification Tem
71° 30/ W CC Santo Domingo Complex Bt-Hbl tonalite-granodiorite 308 (Rb/Sr isochron) I-type —1.7t0—4.2/08t0 1.5
(Hervé et al., 1988; Parada et al.,, 1999)
70° 00W CC Caleta Loa (Lucassen et al., 1999) Bt granite 310+ 10 (K/Ar Bt) I- and S-type? —5/1.87
69° 45’ W PC Sierra del Tigre (Sessarego et al,, 1990) Rhyolite to basalt dykes 337 £ 10 (Rb/Sr isochron) ¥ '
69°30' W FC Cerro Punta Blanca Granodiorite 337+ 15 (K/Ar Bt) I-type 7
(Caminos, 1979b; Gregori et al., 1996)
69° 30’ W FC Cerro Carrizalito Bt tonalite-granodiorite 341+ 17 (K/Ar Br) I-type
(Dessanti and Caminos, 1967)
69°10' W FC Tabaquito (Llambias and Sato, 1995) Bt-Hbl granodiorite 326-329 (K/Ar whole I-type )
rock-Bt)
69° 00’ W PC Sa. Moreno (north) Bt-Hbl tonalite, granodiorite and 3324+ 61t0301+38 I- and S-type —5/1.71
(Lucassen et al., 1999) granite (K/Ar Bt)
68 45’ W FC Las Tunas (Caminos, 1972) Granite 324+ 6 (K/Ar Br) I-type?
68°45' W WSP  Guandacolinos. Sa. de Umango Granodiorite and granite 314+ 14 (**°Pb/3*U Zin)  I-type +1.7. +0.6/0.97. 1.06
(Varela et al., 1996, 2004)
68°43' WWSP  Co. Veladero. Sa. de Umango Monzonite. monzodiorite, syenite 311 + 15 (Rb/Sr isochron)  I-type/alkaline —0.8/1.15
(Cingolani et al., 1993) and granite tendency
68° 40’ PC Punta del Agua, Rio Blanco Rhyolite to basalt Carboniferous® I-type
(Remesal et al., 2004)
68°30'WPC  Potrerillos, Jagiie (Frigerio et al, 2010) Tonalite to granite 350+ 7 (2*Pb/**U Zrn)  [-type/alkaline ]
tendency
68°10" W ESP Sierra del Toro Negro and S Puna Rhyolite 342-348 (U-Pb Zrn A-type —04, —2.9/1.09, 1.10
(Martina et al,, 2011) SHRIMP)
68° 00’ WESP  Cerro La Gloria pluton. Sa. de Famatina Bt-Amp syenogranite 348+ 3 (U-PbZrn A-type +0.46 to —0.58/1.07 to
(this work) SHRIMP) 1.16
67°31’ WESP  los Arboles, Sa. de Fiambala Bt + Amp syenogranite 335-350 (2%°Pb/2%U Zmn)  A-type —0.8to —2.6/0.96 to
(Grissom et al., 1998) 130
67° 17 W ESP  Zapata Complex. Sa. de Zapata Granite to syenogranite 316-323 (K/Ar Bt) A-type —26to —3.9/1.19 to
(McBride et al., 1976) 172
67° 06/’ WESP  San Blas pluton Sa. de Velasco Granodiorite to syenogranite 340+ 3 (U-PbZrn A-type +0.6to —4.8/1.04 to
(Dahlquist et al., 2006, 2010) SHRIMP) 1.38
67° 00’ WESP  Asha pluton Sa. de Velasco Granite to syenogranite 344+ 1 (U-Pb Mon) A-type i
(Baez et al., 2004)
67°00' W ESP La Costa pluton, Sa. de Velasco Granodiorite to alkali-feldspar 340 to 350 Ma“ S-type/alkaline }
(Alasino et al., 2010) granite tendency
67° 00’ WESP  Huaco Complex. Sa. de Velasco Granite to syenogranite 350-358 (**°Pb/2%U Mon)  A-type —21to—43/1.28 to
(Grosse et al., 20089) 153
67° 00’ WESP  Sanagasta pluton Sa. de Velasco Granite to syenogranite 35341 (%**Pb/**U Mon)  A-type —23t0—4.1/1.22t0
(Grosse et al., 2008) 143
65° 30’ WESP  Sauce Guacho pluton Sa. de Ancasti Two-micas granite 334+ 10 (Rb/Srisochron)  S-type/alkaline 7
(Kniiver, 1983) tendency

References: Coastal Cordillera (CC), Precordillera (PC), Frontal Cordillera (FC), Western Sierras Pampeanas (WSP), Eastern Sierras Pampeanas (ESP). Mineral abbreviations are after

Kretz (1983).

? Ages determined by different analytical techniques as shown ages are considered to represent either crystallisation or cooling as treated in the text.

® Age based on stratigraphical relations and radiometric dating.

¢ Age inferred from the observation that the La Costa pluton cuts the Asha pluton (344 Ma) but not the San Blas pluton (340 Ma).

such as Ni (<183 ppm} and Cr (<311 ppm) (elements concentrated in
olivine and pyroxene) show that the dykes do not represent primary
magmas. In the Nb/Y vs. Zr/TiO,«10% and SiO; vs. (Na,0 + K;0) dia-
grams (Fig. 10a-b) they fall in the alkaline-basalt/alkalic fields, al-
though with one anomalous sample (high Zr content) and some
transition to subalkaline series (respectively). In the Zr-TiO; diagram
(Fig. 10c) the dykes show within-plate affinities, but they overlap the
N-MORSB field. Even more, in geochemical discrimination diagrams for
potassic rocks (Miiller et al., 1992), the mafic dykes tend to plotin the
continental arc, rather than within-plate and post-collisional arc
fields (Fig. 10d-e). All these features are compatible with the transi-
tional basalt patterns (Pearce, 1982), corresponding to basalts in or
adjacent to continental areas of initial stages of back-arc rifting
(e.g., Shinjo et al., 1999; Farahat et al., 2004; Pearce and Stern,
2006; Yao-Hui et al., 2006). In fact, the studied basaltic dykes in the
Zr vs. Ba diagram (Fig. 10f) are classified as back-arc basalt. Back-arc
basin basalts were initially classified as intermediate between MORB
and island-arc basalt (Fryer et al, 1981). They are generated by decom-
pression melting of MORB (Klein and Langmuir, 1987}, with a subduc-
tion component clearly involved (e.g., Miiller et al,, 1992) indicadng
modification of the mantle at convergent margins. A possible geody-
namic origin will be developed in the next section.

8.4. Implications for the Carboniferous crustal evolution of the proto-
Andean margin

8.4.1. Tectonic interpretation of A-type granitoids

It is known that A-type magmas are formed in various extensional
regimes: in continental back-arcs, in post-collisional extension and in
within-plate settings (e.g., Eby, 1992; Whalen et al., 1996). Eby
(1992) showed that the Al group is restricted to anorogenic settings
(hotspots, plumes and continental rift zones), but that the A2 group
rocks are associated with a wide variety of tectonic settings. As
noted above, the Early Carboniferous granites of the Eastern Sierras
Pampeanas belong to the A2 group, whereas the dylkes are intermedi-
ate between the two types. A magmatic origin related to anorogenic
setting (e.g., intra-continental rifting) does not seem to be applicable
to these rocks. Shoshonite series volcanic rocks (similar to the studied
A-type and associated dykes — see Fig. 13a) are usually attributed to a
back-arc setting (Peccerillo and Taylor, 1976). Although we do not
strictly apply this concept, recent numerical models of convergent
margins (see Currie et al., 2007) show that the buoyant subducted
sediments may detach from the subducting plate at 100 km depth
and become attached to the retro-arc region, destabilising and thin-
ning the lithosphere. Therefore, any input of fluid or melt from the



Fig. 9. (a) and (b) Mafic dykes intruding the Los Arboles pluton in the Sierra de Fiambald. Lobate margins (a) and some disaggregation (b) show synchronism with pluton emplacement.

Mafic dykes intruding the Huaco (c) and San Blas (d) plutons, containing K-feldspar phenocrysts and/or granite fragments of the host.
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subducting slab (e.g., rich in K, Rb, Th, Be, Li and B, Nelson, 1992; occur in anomalously high concentrations in the Early Carboniferous
Johnson and Plank, 1999, among others) may has a strong impact sub-to-mid-alkaline granitoids (e.g., Grosse et al., 2009; Dahlquist et
on the mantle wedge and the magmas generated there (e.g., Pearce al,, 2010} and the occurrence of hydrothermal lithium-mica in a grei-
and Stern, 2006; Currie et al., 2007). In fact, most of these elements sen hosted in Early Carboniferous granitoids at Sierra de Fiambala,
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dated at 339+ 8 Ma (K/Ar in mica, Avila et al., 2008) may also be sig-
nificant in this regard. Thus, integrating all information for the stud-
ied A-type granitic rocks and associated dykes from the Eastern
Sierras Pampeanas, a feasible scenario is one of extensional settings
inboard from a subduction zone.

8.4.2. Carboniferous granitoids

Previous studies have reported Carboniferous I-type calc-alkaline
magmatism from the western region of Argentina and Chile (i.e.,
68° 30’ to 71° W: the Western Sierras Pampeanas, Precordillera, Fron-
tal Cordillera and Coastal Cordillera, see Table 5). The parent magmas
are regarded as having formed above a N-S trendingvolcanic arc, result-
ing in dominantly intermediate compositions with biotite 4- hornblende
and with calc-alkaline signatures (e.g., Gregori et al., 1996). Their gene-
sis is linked to an active convergent margin with eastward subduction of
the oceanic plate in Carboniferous times (Caminos, 1979b; Hervé et al,
1988; Llambias and Sato, 1995; Gregori et al, 1996; Lucassen et al,
1999; Parada etal., 1999; Remesal et al., 2004). However, some authors
(e.g., Willner et al., 2011) have suggested for this region two different
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Fig. 14. Time-space plot of Late Palaeozoic magmatism on the western margin of
Gondwana at 28°-33" S. For explanation of a, b, c and d, see text. The ordinate scale is
estimated distance from the current subduction trench, as a reference measure only. CC,
Coastal Cordillera; FC, Frontal Cordillera; PC, Precordillera and SPP, Sierras Pampeanas.
Data used in the figure are available in Supplementary data table.

geotectonic relationships with two magmatic events during the Carbon-
iferous: (i) assumed post-collisional granitoids (ca. 337-348 Ma) in the
Cordillera Frontal (see Fig. 10 in Willner et al., 2011} and (ii) volcanic arc
I-type granitoids in the Coastal Cordillera (ca. 310 Ma) (Hervé et al,
1988; Lucassen et al., 1999; Parada et al, 1999). Unfortunately, there
are no robust ages for the granitoids of Cordillera Frontal. K-Ar determi-
nations, mostly on biotite (see sumrmary in Table 5), provide only a min-
imum ages ranging from ~320 to 341 Ma for these bodies, apparently
younger than relatively high-P regional metamorphism in the Cordillera
Frontal dated by Willner et al. (2011) at ca. 390 Ma, with exhumation
through the muscovite closure temperature for Ar at ca. 350 Ma. They
could thus represent a late-Devonian to Early Carboniferous post-
orogenic phase following Chilenia terrane collision, as argued by
Willner et al. (2011). However, in the absence of other definitive evi-
dence for this phase being related to terrane collision, we suggest exhu-
mation (pull) of the Cordillera Frontal after collapse of the thickened
continental wedge resulting from a Late Devonian flat-slab contractional
(push) phase of the Pacificactive margin evolution (see suggested petro-
genetic model in next section). More robust age determinations and pet-
rological, geochemical and isotope data are needed to resolve these
alternative tectonic scenarios.

Regardless of these alternative geotectonic settings, general com-
parison of Carboniferous granites at 27°-30° S reveals an evident
compositional boundary (Table 5 and Fig. 11): Carboniferous I-type
granites crop out in the Western Sierras Pampeanas whereas Early
Carboniferous A-type granites are restricted to the Eastern Sierras
Pampeanas. In fact, some plutons located at ~68* 30’ W (i.e., the ap-
proximate limit between these I- and A-type granitoids) show a tran-
sition to alkaline lineages and sub-circular forms (e.g., the Potrerillos
and Cerro Veladero plutons, Table 5 and Fig. 11). Overall, we also note
features such as (1) Nd model ages suggesting involvement of mate-
rial derived from a relatively juvenile late Mesoproterozoic crust (a
peak between 1.0 and 1.4 Ga); (2) smooth correlation between eNdt
values and longitude indicates a continuously varying contribution
of juvenile material to this orogenic cycle but also suggests a common
process of magma generation for all the Carboniferous granites
(Fig. 12); (3) in the SiO; vs. K30 diagram most of the igneous rocks
fall in the high-K calc-alkaline field, and even those from the Eastern
Sierras Pampeanas (i.e., A-type granitoids and dykes, 1 and 2 in
Fig. 13a, respectively) plot on the limit between shoshonite and
high-K calc-alkaline series; and (4) the tectonic discriminant dia-
gramof Pearce et al. (1984) (Fig. 13b) shows that the granitoids be-
tween 68° 30’ and 71° 30’ W (Table 5) fall in the field of volcanic
arc and syn-collisional granitoids, whereas those located between



67° 00" and 68° 15’ W (i.e., in the Eastern Sierras Pampeanas) corre-
spond to within-plate granitoids.

Gregori et al. (1996) have suggested that Carboniferous I-type
granites of the Cordillera Frontal were generated in an active margin
with dominant crustal extension, whereas previous data (Dahlquist et
al.,2010; Martina et al,, 2011) and those presented here suggest that
Carboniferous A-type of the Eastern Sierras Pampeanas were generated
in a retro-arc setting. Additionally, we have demonswated systematic
geochemical and isotopic variations in Early Carboniferous A-type gran-
itoids from the Eastemn Sierras Pampeanas at ~27°-30° S, 67-68° 15’ W
(Fig. 11), that suggest a progressive lithospheric thinning towards
the West, leading to participation of more juvenile material in the
magmas.

9. Geodynamic implications for Late Palaeozoic time

The current Andean margin of Gondwana can be considered an
overall accretionary orogen, largely active since Neoproterozoic
times (e.g., Vaughan and Pankhurst, 2008) with repeated alternation
of lithosphere extension and contraction as well as occasional in-
volvement of microcontinental blocks of disputable provenance (e.g.,
the Precordillera or Cuyania terrane, Chilenia microplate} (e.g., Ramos
etal., 1986; Thomas and Astini, 2003; Casquet et al., 2008). This repeated
tectonic switching can be related to shallowing and steepening of the
subduction zones through sme (e.g., Collins, 2002; Gorczyk et al,
2007; Li and Li, 2007; Lister and Forster, 2009). This would be consistent
with our proposal that the A-type magmatism and associated dylkes of
the Eastern Sierras Pampeanas were generated in a retro-arc region
linked to an actve magmatic arc located to the west producing contem-
poraneous I-type granites. The boundary between I-type and A-type
magmabism is coincident with that between the Western and Eastern Si-
erras Pampeanas basement blocks (Fig. 11), suggesting thata suture that
may have had an important role in detachment of the lithosphere
(Fig. 12). This could explain: (i) the greater conwibution of juvenile ma-
terial in the generation of the granites above this suture, such as the
Cerro La Gloria pluton in the west of the Eastern Sierras Pampeanas
and the Guandacolinos and Cerro Veladero plutons in the east of the
Western Sierras Pampeanas (Fig. 12), (ii) the widespread development
of silicic magmatism (ca. 342-348 Ma) with a juvenile input near this
suture (Martinaet al., 2011) (iii) the> 1000 m thick alluvial conglomer-
ates of Early Carboniferous age that were deposited at ~68° 37" W
(Astini et al., 2011). The appearance of evolved S-type granites farther
east (such as La Costa and Sauce Guacho plutons, Table 5 and Fig. 12)
could be related to Carboniferous decompression and/or thinning of
the lithosphere (Nabelek and Liu, 2004; de los Hoyos et al, 2011)
(Figs. 11 and 12). A tectonothermal scenario that may fit our rocks is a
push-pull tectonic switching episode (e.g., Lister and Forster, 2009 and
references therein}, whereby Devonian horizontal lithospheric shorten-
ing is followed by Carboniferous lithosphere stretching resulting from
accretion/roll-back in the Pacific margin. This would explain not only
the development of broad inwra-continental magmatism in the Sierras
Pampeanas but also its temporal-spatial progressions. Fig. 14 shows
this progression for the Silurian-to-Carboniferous igneous rocks of NW
Argentina according to their distance from the current Andean trench.
We can distinguish (a} a discrete Late Silurian to Early Devonian orogen-
ic belt (e.g., Caminos et al., 1979; Varela et al., 1993; Cingolani et al.,
2003) along the western margin of Gondwana (c. 420-390 Ma,
Fig. 14a) and (b) a wide zone of Late Devonian insracontinental A-type
magmatism located some 600 km to the east and emplaced in a relative
short period (c. 390-365 Ma, Fig. 14b) together with W-directed com-
pression at ~380Ma (lira and Kirschbaum, 1990; Sims et al.,, 1998;
Lopez de Luchi et al., 2004; Rapela et al., 2008; Steenken et al., 2008).
Here both magmabtic events would be linked to an inital flat-slab sub-
duction towards the east that caused Middle to Late Devonian litho-
spheric shorting, when metamorphism and deformation is recognised
in the several parts of the Western Gondwana margin (Ramos et al.,

1986; Basei et al, 1998; Varela et al, 2002; Lopez and Gregori, 2004;
Willner et al,, 2011). Subsequent foundering and roll-back of the slab
lead to the generation of Early Carboniferous A-type granitoids in the
Eastern Sierras Pampeanas (c. 325-355 Ma, Table 5 and Figs. 12 and
14c) and penecontemporaneous to late mafic dykes (classified as
back-arc basalt). Geochronological dating and subsidence analysis of
the Paganzo basin of NW Argentina support an inisial rift stage basin at
the time of the Devonian-Carboniferous boundary (Astini et al., 2009,
2011). Finally, the magmasic system probably migrated westwards
(ie., Precordillera, Frontal Cordillera and Coastal Cordillera), generasing
mostly I-type calc-alkaline magmatism in the Upper Carboniferous
(Fig. 14d).

High-pressure metamorphic rocks with ages of crystallisation and
exhumation consistent with this model have been found throughout
this part of the western margin of Gondwana: in the Cordillera Frontal
at 33°S (390-353 Ma, Willner et al., 2011) and in the North Patagonian
Andes at 41° S (392-350 Ma, Mattinez et al., 2011). The roll-back pro-
cess would lead to extension in the adjacent orogen, creating the neces-
sary space for exhurnasion of deeper crustal levels as well as interrupting
the convergence (lister and Forster, 2009 and references therein).

10. Conclusions

Whole-rock chemical composition together with isotopic and geo-
chronological data demonstrates that the Cerro La Gloria pluton crys-
tallised from a sub- to mid-alkaline A-type magma emplaced during
Early Carboniferous times. The pluton has characteristics typical of
those that crop out in the TIPA shear zone: circular form, sharp contacts
and a mineralogy consisting of albite + microcline + quartz + bioti-
te 4+ Fe-edenite + epidote + titanite +-allanite. The Cerro La Gloria
magma shows only a small contribution from evolved crustal material.

The main conclusions that follow from regional comparisons are:

(1) Early Carboniferous A-type granitoids in the Eastern Sierras
Pampeanas represent a distinctive magmatic episode. They ex-
hibit longitudinal chemical (i.e., K, Th and Rb) and Nd-isotope
variations that can be interpreted as due to lithospheric exten-
sion and the contribution of mantle-derived sources as far as
the Sierra de Famatina (~68° W). Farther inland higher con-
centrations of incompatible elements correlate with decreasing
eNdt values, indicating increased crustal contamination and
probable thickening of the crust.

(2) Geochemical data for the mafic dykes associated with the Early

Carboniferous granitoids show that they can be classified as

back-arc basin basalts, implying that they formed from a

MORB-like primary magma with addition of a subduction com-

ponent during upwelling and decompression of the (delami-

nated?) metasomatised lithosphere. From field evidence, they
are synchronous or late with respect to the A-type magmatism.

Geochronological data should be obtained to restrict this event.

Lithospheric stretching is seen as the probable trigger for gen-

eration of the K-high calc-alkaline to shoshonitic magmatism

in the studied region of the Eastern Sierras Pampeanas, and it
occurred in response to foundering of a Devonian subducted
flat-slab beneath the continent. These rocks show a mineralog-
ical and isotopic zonation: to the west (i.e., Sierra de Famatina)
there is a minimal contribution from evolved upper crustal ma-
terial and the granitoids are amphibole-bearing, whereas to

the east (i.e., Sierras de Velasco and Ancasti) the crust had a

more important contributory role, biotite is the only mafic

mineral and primary muscovite appears accompanied by
small S-type granitoids.

(3

~

In general we conclude that the origin of the Early Carboniferous
magmatism in the Eastern Sierras Pampeanas (at least in the studied
region) could be related to accretion/roll-back along the west Gondwana
margin. The region was an important setting for crustal growth by the



incorporasion of juvenile material ultimately derived from the mantle,
albeit probably via melting of underplated basalt. Considering the wide
compositonal range of granites associated with such a complex orogen
we should be careful how we use A-/I-type or syn-/post-collision
terminology.
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