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1. Introduction 

ABSTRACT 

The intrusion of granilOids into the Eastern Sierras Pampeanas in the Early Carboniferous lOok place after a 
long period of mainly compressional deformation that included the Famatinian (Ordovidan) and Achalian 
(Devonian) orogenies. These granilOids occur as small scallered piu IOns emplaced in a dominant extensional 
selling, within older metamorphic and igneous rocks, and many of them are arranged along a reactivated 
large shear zone. A set of 46 samples from different granitic rocks: Huaco granitic complex, San Bias pluton, 
and the La Chinchilla stock from the Sierra de Velasco, Zapata granitic complex from Sierra de Zapata, and the 
Los Arboles plulOn from Sierra de Fiambala, display high and restricted Si02 contents between 692 and 
76.4 wl.%. On both FeO/(FeO +MgO) vs. Si02 and I(Na20 + 1(20) - CaOI vs. Si02 plots the samples plot in the 
ferroan and alkaline-calcic to calco-alkaline fields (FeO/(FeO + MgO) = 0.88-1 D%;I(Na20 -t- 1(20) CaO] = 
6.3- 8.3%), thus showing an A-type granitoid signature. The high concentrations for the High Field Strength 
Elements (HSFE), such as Y, Nb, Ga, Ta, U, Th, etL and flat REE patterns showing significant negative Eu 
anomalies are also typical features of A-type granites. Our petrogenetic model supports progressive 
fractional crystallization with dominant fractionation of feldspar and a source mineral assemblage enriched 
in plagioclase. Biotites have distinctive compositions with high FeOjMgO ratios (7.8-61.5), F (360-
5610 ppm), and Cl (120-1050 ppm). The FeOjMgO ratios IOgether with the F and Cl content of igneous 
biotites seem to reflect the nature of their parental host magmas and may be useful in identifying A-type 
granitoids. The isotopic data (Rb-Sr and Sm-Nd) confirm that the A-type granites represent variable 
mixtures of asthenospheric mantle and continental crust and different mixtures lead to different sUbtypes of 
A-type granite (illustrating the lack of consensus about A-type magma origin). We conclude that prominent 
shear zones play an important role in providing suitable conduits for ascending asthenospheric material and 
heat influx in the crust, a hypothesis that is in accord with other recent work on A-type gran ites. 

The Early Carboniferous granitoids of the Sierras Pampeanas (La 
Rioja and Catamarca province. Argentina) occur as restricted and 
scattered outcrops. Most of the granitoids were emplaced along a 

prominent shear zone (Hi:ickenreiner et aL. 2003). The intrusion of 
these granitoids with an A-type signature (Dahlquist et at., 2006) 

followed several periods of intense magmatic activity: Middle 
Cambrian (Pampean Orogen), Early-Middle Ordovician (Famatinian 

Orogen), and Middle-UpperDevonian (Achalian Orogen). A variety of 
studies during the past 10 years have improved our understanding of 

the petrogenesis and timing of the Pampean and Famatinian 

granitoids, but the late Palaeozoic granites (Le., Devonian and 

Carboniferous) emplaced after the metamorphic peak of the fama
tinian Orogeny have received relatively little attention. In particular, 

they were only recently (Dahlquist et aI., 2007) recognized as a 
genetic group representati ve of a specific magmatic event. The genesis 

of these granites is not well constrained, and they have been 
considered as products of a crustal reheating process during a final 

phase of the famatinian orogen (e.g.llambfas et aI., 1998; Grissom 
et aL, 1998; Hi:ickenreineret aI., 2003; Miller and Si:illner, 2005; Grosse 

et aL, 2009) or part of a distinctive orogen called the Achalian (e.g. 
Sims et aL 1998; Stuart-Smith et aL. 1999; Siegesmund et aI., 2004; 

Dahlquist et aI., 2006; Lopez de Luchi et aI., 2007). 

• Corresponding author. OCfERRA CONICET UNC, Av. Velez Sarsneld 1611, Pab. 
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In this paper we present major and trace element data for 46 

whole-rock samples, biotite compositions, and Rb-Sr and Sm-Nd 

isotope data for four Carboniferous large granitic units in the Eastern 
Sierras Pampeanas of La Rioja and Catamarca provinces. 



2. Ge(]ilogical 

Using geochronological data and association with major orogenic 
LU1.:>UL1L.:I, four main granitoid groups have been in the 
Eastern Sierras Pampeanas: Gi = Middle (Pampean), 
Gii = Ordovician granites Giii = Middle-
Upper Devonian granites, and Giv= Early Carboniferous granites (Sims 
et aL, 1998; Rapela and Pankhurst, 1998; et al., 1998; Pankhurst 
et aL, 1998. 2000; and Galindo, 2004; Bilttner et aL, 2005; 
Miller and Stillner 2005; Dahlquist et aL, 2007, 2008; et aL, 2008; 
Grosse et aL, 2009), 

The amount of ge[)Ch,rO!101log1cal 
,rn,,.rn'17prl our 

lmowledge of the timing of these groups, but the La te Paleozoic granites 
<::'Lll-'l<lIL<::U after the of the Famatinian 
received relatively little attention, Sims et aL Stuart-Smith et aL 
(1999), and Siegesmund et aL (2004) considered the voluminous 
Devonian intrusive rocks in the Sierras de Cordoba and the eastern area 
of the Sierras de San Luis to be associated with Devonian low-grade 
shear zones, together the Achalian Orogeny 25 Ma U-Pb 
zircon, Dorais et aL (1997); 393± 5 Ma U-Pb SHRIMP zircon, Stuart
Smith et aL (1999); 382 ± 5 Ma Siegesmund et aL (2004): 369± 9 Ma 
Rb/Sr whole-rock, Pinotti et at. (2006); and 379±4 and 369± 3 Ma 
U-Pb SHRIMP zircon; et at. (2008); 1), According to this 

the Devonian granites, such as the Achala (Sims et aL, 
and Cerro batholiths in Sierra de Cordoba (e,g, Pinotti 

et aL, 2002, 2006), and the Las Chacras et aL, 2004) and 
Renca (S tua rt -Smi th et aL, 1999) ba thoU ths in Sierr a de Sa n Luis (Fig, 1), 

intrusions of the 
and Pankhurst (1998). but belong to a distinct tectonomag

matic event. In NW this event extensive NNW-SSE 
trending ductile shear zones, including the I1nogasta-Pituil-Antinaco 
(TIPA) shear zone et aL, 2003, and references 
that reached amphibolite The Devonian event 
has also been related either to collision of the Olilenia terrane with 
the proto-Padfic margin (Sims et aL, 1998) or to a final collision 
between the Famatinian arc and the Pampean hinterland 
(H ti ckenreine r et aL, 2003) , To be consistent wi th previous asso cia tions 
between the names of the and those for the associated 
granitoids, Dahlquist et al (2006) referred to all the Devonian and 
Carboniferous as AchaIian granites 1), these 

have been described by Grosse et aL (2009) as of the 
group of Middle Devonian-Lower Carboniferous granites of Sierras 
Pampeanas", However. field and geochemical data for the Early 
Carboniferous are indicative of an extensional YYil.'""'''''''LL 
setting and tectonic regime, not 
LlL.'l-'UH,Lun_UL as has been invoked for the Devonian granites of Sierras 
de Cordoba or San Luis et aL, 1998; Stuart-Smith et al, ] 999; 
�leg'eSmuLn(l et al., et al. (2007) proposed that the 
Carboniferous A-type the Eastern Sierras Pampeanas indicate 
a new distinctive tectonothermal event, i.e" the A-type event of the 
Eastern Sierras Pampeanas This distinct intrusive event 
preceded the late Carboniferous exhumation of deep metamorphic 
levels and deposition of the continental sediments of the Paganzo 
Group, In most cases the Carboniferous were emplaced at 
shallow depth and are dominated by facies 
They are relatively small, isolated, sub-circular plutons scattered 
throughout the Eastern Sierras Pampeanas without any obvious 
arrangements (although most were emplaced along the reactivated 
shear zone Fig, 1) or deformation, 

3. Field oa:urrem:e and petm�gr,ilpll1ic .-1 ... , ........ '1' ..... ", 

bodies of 
Eastern Sierras Pampeanas 

provinces (Figs, 1 and 2), These granitic bodies 

(Los A.rboles San Blas pluton, Zapata complex, Huaco 
granitic complex) (Figs, 1 and 2) occur along the TIPA shear zone 
(Htickenreiner et aL, 2003, and references therein), Htickenreiner et aL 
(2003) have that the U-Pb ages for in the granitic 
rocks (meta-granodiorite 342 ± 1.8; mylonite 328 ± 3 Ma) of the Sierra 
de to the TlPA shear zone, Fig, 1) are consistent with 
the age of the Carboniferous granites and document a Carboniferous 
heating process that affected the whole crust 

Po t-r .... 'Tt' �nh 'I r in vestiga tions were cond ucted on 85 collected 
from these bodies and several smaller 
La Florida pluton and El Salto stock in Sierra de Fiambala and the La 
Chinchilla stock in Sierra de Velasco 1 and 2). Modal data are 
plotted in 3 and reveal a dominant m()fizog:ra 
tr ansi tional syenogr ani te (modal da ta are found in a 

CL)! 1,-" LUK: II L<ll e lectroni c data table), 

3,1, Los Arbole s pI uton 

The Los A.rboles Ratones pluton ofGrissom et aL 
(1998)) is an ellipsoidal intrusive body approximately 70 kmL in area 
and is located in the central Fiambala, The host rocks 
are dominantly overprinted by a mylonitic defor-
mation (Grissom et aL, 1998; Htickenreiner et al, 2003). The contact of 
the lAP with the rocks is and intrusive, 
Metamorphic blocks of meter-scale are found in the intrusive, 

Two main facies have been (I) felsic porphyritic biotite-
<llU1l-'lO.lLJUl<:: granodiorite to found in the western 

of the pluton, which has microcline phenocrysts (3 x 1.8 to 1.5 x 
0.9 and is in colour and (2) leucocratic equigranular 

recognized in the central-northeastern 
(�1 and white in colour. 

Zircon, monazite, allanite and oxides are accessory minerals in 
both igneous facies, although in different Biotite, containing 
unidentified radioactive minerals that are surrounded by black, 

halos, are common in the leucocratic facies, Poorly aligned 
microcline phenocrysts define a poorly developed fabric (interpreted as 
magrr}ac[c in origin) which, where measurable, has an orientation of 
� 340-350Q 

A small pi uton and a stock, La Florida and El Sal to , have 
been recognized in the southern part of the Sierra de Fiambala, The 
Florida pluton is a leucocratic biotite to syenogranite 
with a texture phenocrysts are 3 x 1.5 cm to 
1 x 0.8 The El Salto stock is a leucocratic biotite m()fizog:ra 
an equigranular medium-grained cm) texture and shows no sign 
of deformation, Mineral proportions reveal a dominant monzogranite 
composition, transitional to for the granitic rocks of the 
Sierra de Fiambala (Fig, 3). 

32 TheSan BIas pluton 

The San Bias pluton (SBP) (Baez et aL, 2002; Dahlquist et aL, 2006) 
is a semi-ellipsoidal intrusive body of approximately 100 kmLlocated 
in the northwestern part of Sierra de Velasco 1 and The host 
rocks are Carboniferous Ma) porphyritic of the Asha 
pi uton (Baez et aL, 2004) and mylonitic rocks of the TIP A shear zone 

et aL, 2003). The contact of the SBP with the 
surrounding Famatinian of the TIPA shear zone is 
and marked topographic relief. the SBP houses 
several meter-sized mylonitic xenoliths (Alasino, 2002). Moreover, 
the SBP lacks the penetrative mylonitic deformation of the TIPA shear 
zone, which is widely found in the porphyritic of the Sierra 
de Velasco (regional distribution of mylonites from Acenolaza et aL, 
2000; Htickenreiner et aL, 2003; 1). 

The dominant rock types in the SBP are porphyritic, biotite 
monzograni te to 3) with accessory muscovite, Their 
petrography is characterized by large microcline crystals cm 
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Fig. 2.l.ANDSA T image showing [he Argentina r anges (after Rapela et a l, 2(07) and schematic geologic map showing the studied granitic rocks. The geologic map of the central 
region of the Sierra de Vclasco is modified from Gro SSe et aL (2009), the geologic map of the NW region of the Sierra de Velasco is modified from Dahlquisl: et at (2006), and the 
geologic map of the Sierra de Fiamha La is modified from Gris5<lm et aL (1998), The black lines (e. g. , A-AI, B-B', etcl indicate the approximate locations of [he samples induded in 
Table 1, excepting the small granitic bodies such as the la Florida and the El SaJto pluton, and the la Chinchilla sl:ock. Abbre viations in all the figures are: SF=Sierr a  de Fiamhala, 
SZ= Sierra de Zapata, SV= Sierra de Velasco. 

long) ,  which constitute 6--35% of the mode. The matrix is medium
grained, equigranular, and mainly quartz, microdine, and biotite. 
Miariolitic textures have been observed. Recently, Alba (2008) 
recognized, according to a modal classification, three additional major 
fades: ( 1) feldspar porphyritic felsic granodiorite fades with slight 
alignment of microdine phenocrysts, localiz ed in the rim of the pluton: 
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Fig. 3. Modal QAP diagram (Streckeisen, 1976) for the sl:udied granitic rocks. 
Q=quanz, A=Alkali feldspar. and P= Plagiodase. 

(2) the most common and dominant areal K-f eldspar porphyritic 
monzogranite fades, found in the intermediate region of the pluton: and 
(3) a slightly foliated K -feldspar porphyritic syenogranite fades with a 
fine-grained matrix localized in the central area. Felsic and mafic dyl<es 
cut the granites. Mafic microgranular enclaves have also been 
recognized (Baez et aL, 2002), mainly i n  the northern region of the 
SBP (e.g. Navidad de los Cerros). Recently, a SHRIMP U-Pb zircon age of 
340 Ma was reported for theSam Btas pluton (Dahlquist et aL, 2006). 

33. The Zapatagranitic ump/ex 

The Zapata granitic complex (ZGC) has an areal extent of approx
imately 470 Icm2 (roselli et ai., 1992). Along the studied cross-section 
( Figs. 1 and 2) metamorphic rocks are very scarce, and they were only 
observed as small outcrops emergent in the modem sediments. The 
metamorphic rock is gneiss consisting of plagioclase, quartz, biotite and 
oxide minerals. The gneiss has an 'S' metamorphic fabric oriented 10"/ 
59°E. Numerous intrusive felsic veins were observed. The relationship 
between the metamorphic rocks and the ZGC is unlmown. 

The dominant rocle type in the ZGC is biotite monzogranite with 
zircon, monazite, apatite, oxides, ± amphibole and epidote as accessory 
minerals. The texture is typically porphyritic with large microcline 
crystals (5.0 to 3.6 cm long), in a variable grain-sized matrix mainly 
consisting of quartz, microcline, plagiodase, and biotite. Mineral 
proportions reveal a dominant monzogranite composition, transitional 
to syenogranite (Fig. 3). 



Two main facies have been recognized: (1) pOlphyritic mOIl2O
gramte with large microcline crystals in a coarse-grained matrix and 
(2) mesocratic porphyritic mrlnlOgT.milp with large microcline 
ny,tal, in a tinE'-grained matrix. Both facies are intercalated alorlg 
the cross-section. 

A fabric defined by the alignment of microcline phenocrysts is 
dpvPloppd in the ZGC and mlPfpfPlpd as magmatic in origin. The 
orientation plane of the microcline pherlOcryst, is variable, although 
mJillty constrained between 260"/54"E and 3 30"/64"E The ZGC is 
intruded by aplitic dykes oriented 5"/76T 

3A. The Huaco granitic c omplex 

The Huaco granitl'lflmplt'x (HGC) is an irregular intrusive body 
with an areal extent of approximately 480 km

2 
that outcrops in the 

central-eastern region of the Sierra de Velasco. The host roclcs are 
Famatinian granllolds. mylonitic rocks of the llPA shear zone 
(a,mnlm g to the nomenclature of Hciclcenreiner et ai, 2003) and 
rneramorphic rocks of the La Cebila Formation (Gro,SE' et at 2(]()9). 
Different bands of my lonitic rocks are clearly truncated by the HGC 
The dominant rock types in the HGC are homogenous porphyritic, 
biotite monzogranite to syenogranite with secondary muscovite. 

l.arge microcli ne cryst al<; (5 x 2 cm and 2 x 1 cm) occur in a medium
grJine d matrix c onsisting of quartz, plJgioclJse, and biotite. The 
accessory minerals are apatite, zircon, monazite, and oxide minerals. 
Mineral proportions reveal a dominant monzogranite composition, 
transitional to felsic grarlOdimite and -,yerlogramte (Fig. 3). 

A fabric defined by the alignment of microcline phenocrysts is 
dpvPlopt'd in the HGC and is ml <'fPfPI pd as magmallc in rmgi n The 
orientation of microcline phenony<;rs is variable, although the values 
are mainly constrained between 280" and 320". The HGC is intruded 
by aplitic d ylces with an o rientation of 3 30"/90". Semi-ell ipsO! dal 
meter -scale felsic equigranular granite enclaves occur within the HGC 

The Chinchilla stoclc (Gro<;se et al., 2009) is an undeformed and 
equigr,l1\ulJr (slightly pOIphyritic towards the center of the stock) 
monzogranite with distinctive accessory minerals, such as beryl and 
fluorite, which was t'mplricpd in the HGC The HGC fabric (dt'lim-'d by 
the o rientation of the microcline ph ermcf)/o;rs;, is cut hy the Chinchilla 
stock. The microcline phenoclyst5 are reoriented at the contact with 
the Chinchilla stock strongly suggesting an almost synchronous 
emplacement for bo th 19nt'flll'i units. 

3.5. Sub-volcanic dykes 

A common feature re cognized in the granirtc rocks (lAP, SBP, and 
HGC) is the presence of relJttvely mafic sub-volcanic dykes «.60% 
Si02) of dominant moderately alkaline composition (syenodiorite o r  
trachyandesite, Fig. 4 and Table 1). These sub-volcanic dykf'� are 
emplaced in the granitic rocks, are dark green or black in colour, and 
are 1 to 5 m wide. locally, lobate contacts have been o bserved 
between the volcanic phase and the host gramllc rocks of the Los 
Arboles pluton which strongly suggests magma mingling with later 
disaggregation of the sub-volcanic rocks. 

4. GeodJronological constraints 

U-Pb zircon ages are available for some of the Carboniferous plumns 
(Fig. 1). Three zircon fractions from the Los Arboles piu ton yielded ages 
between 335 arid 350 Ma (Grissom et al" 1998). The San B ias pluton 
yield ed a SHRIMP age of 340 ± 3 Ma (Dahlq uist et ai, 2006). The Huaco 
pluton was dated at 354 ± 3.9 Ma (lA-ICP-MS) by SOllner et al (2007). 
Grosse et al. (2009) obtained ages of 350±5 Ma and 358 ± 5Ma 
(conventional U-Pb daling of monazite) for the sa me  pluton. The 
Chinchilla stock (which intrudes the Huaco granite) was dated hy Grosse 
et aL (2009) at 344 ±  1.5 Ma (conventional U-Pb monazite dating). For 
the Zapata granitic complex only K -Ar cooling ages on !:iotite are available 
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(323-316 Ma; McBride, 1972; McBride et al" 1976). Other ages ofinterest 
lOr Devonian and Carboniferous plutons in the Sierras Pampeanas are 
summarized in Fig. 1. Carboniferous pll!t()nL�m toole thus place between 
335 and 360 Ma (Fig. 1). Le, in the Mississippian, arid cooled to mica 
blocking temperatures at ca. 3 15 Ma (SOllner et aL 2007). These ages 
match well with those cooling ages obtained from biotite in the meta
granitic rocks near the llPA shear zone in t he Sierra de CopJcab.l!l.1 (mean 
age 300 ± 4  Ma, H6c\cenreineret aL, 2003). These d ata strongly suggest an 
extended Carbmiferous hf'aling process afrpllmg the whole crust 

5. Rode geochemistry 

Major- and trace element compositions for 46 fPprf''ipntal ivf' 
samples fmm the San Bias and Los Arboles plutons, the Zapata and 
Huaco grani tic complexes, the small granitic bo dies (Ll Florida plut on 
and the El Salto and the La Chinchilla stock), and the sub-vo lcanic 
dykes are prp�Plllt'd in Table L The analyl iral methods are described 
in electronic AppE'ndix A. The hlacl{ l ines m Fig. 2 (e.g, A-A', B-B ', NC) 
indic.1te the approximat e location of the s Jmples included in Table 1, 
except the small graml!C bodies such as the La Florida pluton and the 
8 Salto and the la Chinchilla stoclcs. 

5.1. Major element 

The data show that these rocks are felsic or evolved in mmpoo;it!OfI. 
and their Si02 content varies within a restricted range from 6 92 to 
76.4 wt% (representalive data in Table 1 and all data are fo und in a 
supplemental electronic data table). On the alkali s  vs. silica classification 
diagram of Wilson ( 19R9). the rocks plot dominantly at the silica-rich 
end of the field of alkaline grJIlimids (Fig. 4). The sub-volcanic dylces 
emplaced in the granlles have a moderate alkaline composition (F!g. 4). 

The granitic rocks are metaluminous to slightly ppralllminoll� 
(altmlinil!m saturation lndex, ASI-0.98-1J5, fig. 5) and have a 
Id.1tively high agpaitic index (0.64-0.90, average-0.75, Table 1). The 
monzograni.tes are poor in Cao (0.51-1.29 wt.%) and extremely rich in 
fe{)' relative to MgO with high ft'O'.(FeDt+ MgO) ratios (OBR-O.9R). 
They .Jlc .1lso enriched in 1102 relative to MgO (mostly Ti02/MgO> 1) and 
are moderately enriched in total alkalis (7 .81-9.30 wt.%). with relatively 
high K20 content (K20;Na20 -0.85-2.03 wLt). The graml ic rocks 
generally follow the alkali-caldc and ferman trend on the Na20 + K20-
CaD and fe{)t/(FeO[ + MgO) v s. SiO 2 diJgrams of Frost et al. (2001) 
(F!g, 6). 



TabId 
Representative major and trace element whole-rock data for !:he granitic complexes. 

lm Arboles plu[on 

Western Zone 

Facies PG PG 

Eastern Zone 

EG 

UP SVD Zapata Gr ani[ic Co mplex 

PG Ap PG FMPG 

Huaco Gr anitic Complex 

F.MPG PG FMPG PG 

Locality 27"4412'3" 27"44117" 27"44134" 
67"32131' 67"3 V26" 6 7"3 IY ()4" 

27"58150" 27"44132" 27"53156" 27"5313g" 27'53'27" 27'53'17" 27'27155" 2'3"Ogl�" 2g"HY02" 2'3" nl23" 
67"32ISS" 67"32136" 67"22122" 67"221 20" 67'2V27" 67'21115" 67'HY34" 67"00122" 67"C0136" 67'OF45" 

Sample 

wc..%' 
Sin, 
TiO, 
Al,O� 
Fe-,O� 
MnO 
MgO 
Cao 
Na,O 
K,o 
p:,0, 
LO! 
Total 

(ppm) 

FlA-03 

6g,21 
OA(I 

1241 
3,� 
OJ)S 
OA6 
LLA 
3,00 
5m 
0,14 
283 

gK5 

Be 4 
Se 5 
V 18 
Cr 170 
Co 5 
Cu 140 
Zn 60 
U 3,8 
Rb 235 
Sr gl 
Ba 326 
La g3A 
Ce 195 
Pr 20 

Nd 6n 
Srn 121 
Ell U3 
Cd g,76 
Tb L73 
Dy g,7 
Ho L82 
Er 5,2g 
Tm 0,78 
Vb 4,73 
lu OAi8 
U 7A6 
Th 428 
V S42 
Nb 252 
Zr 337 
Hr g, 2 
Ta 237 
Pb 30 
Ga 22 
Mo 18 
Sn 8 
W g5 
Eu/IU* 032 
M L50 
T,,('q 847 

FlA-22 

72,77 
0,37 

lU3 
-133 
0,05 
0,31 
L23 
2,86 
5,Og 
O,ll 
Ug 

100,14 

6 
5 

14 
70 

3 
10 
50 

�7 
300 

81 
226 

87 
180 
18,6 
6L7 
lL2 

lJ:l8 
g.21 
L66 
g,5 
L83 
5Al 
OBl 
5,14 
0,74 
8B 

50,1 
56,g 
27 

303 
8A 
VS 

LA 
23 
g 

10 
4,7 
O,TI 
U8 

83g 

FlA-17 

74,5 
om 

lU8 
L45 
M2 
om 
OAi4 
3,2g 
4 ,g2 
0,02 
L66 

gK58 

6 
2 

<5 
140 
<1 

<10 
<30 

10,1 
650 

g 
31 
532 

121 
13,7 
5LS 
121 

0,18 
1 24 

286 
19,1 

3,g3 
127 

2,OS 
13,1 

L83 
20,7 
77,1 

130 
6R3 

168 
7A 
7,86 

34 
26 
14 

4 
65 
om 
L46 

7g2 

FlA-LA 

74,% 
OH 

1203 
L86 
OJ)3 
O,ll 
0,77 
2Eg 
482 
OilS 
L76 

gg,S2 

8 
S 

<5 
llO 

<10 
<30 

g,2 
467 

18 
64 
57,6 

137 
15,2 
55,7 
124 

0,32 
122 

275 
17,g 

357 
1 LO 

L72 
10,7 

L4g 
10,1 
3g,g 

ll3 
422 

lS7 
5,6 
6,lg 

27 
21 
12 

3 
1 L5 

OilS 
133 

7g0 

FlA-7 

5K57 
L61 

13Al 
756 
O,ll 
275 
3,g7 
3,08 
322 
OA l 
431 

gg,OO 

6 
14 

136 
SO 
18 
20 
gO 

6B 
2g2 
213 
333 

6n 
137 

15,1 
S3,g 
113 

L7 
10,1 

Lg 
1 L2 

2,18 
6,56 
L02 
6A6 
O,gl 
g,g8 

33,6 
6g,3 
5L3 

255 
n 
5il4 

17 
22 
16 

7 
3,1 
OAg 
201 

ZAP-27 

75,ll 
0,06 

12,31 
Ul 
0,05 
0,05 
0,6g 
3,27 
5A3 
om 
U2 

100,23 

7 
5 
8 

100 
2 

30 
50 
14A 

42'3 

20 
55 

III 
2S1 

27,3 
g 2,3 
17,1 

0,8 2 
13,6 

234 
12,5 
231 
6,54 
0,g4 
5,55 
0,78 
6,g S 

57,8 
68 
34,8 

264 
83 
2g4 

34 
2S 
II 

6 
3,1 
0,17 
138 

833 

ZAP-2'3 

n46 
0,13 

1232 
U3 
OJ)4 
0,1 
O,SS 
-118 
5,18 
Oil4 
L66 

g8,8g 

8 
3 
6 

160 

10 
40 
123 

Sll 
3 2  

116 
5g,6 

143 
16,8 
645 
15,1 
05 

13g 
2,77 

17,0 
3,33 

10,5 
L7S 

lL2 
L62 

12,1 
53 

125 
3g,3 

183 
63 
5,g2 

41 
25 
18 
12 
3,0 
O,ll 
L42 

7g7 

ZAP-32 

7S,S7 
0,14 

1 L66 
201 
0,03 
oJ)g 
0,82 
2g1 
5il3 
0,03 
L66 

gg,gS 

7 
4 
6 

160 
1 

10 
3 0  
1 4  

470 
27 
81 
8g 

198 
2L4 
7L5 
14,3 

OA2 
lL3 

2D 
125 

2,3g 
7,36 
Ll2 
B2 
L04 

1 Lg 
70,1 
8Ll 
40,6 

192 
6E 
SAg 

35 
22 
16 
12 

7,8 
0,1 
138 

803 

ZAP-TI 

7L86 
0,25 

131 
241 
Oil4 
O,lg 
L06 
3,06 
5,7 
om 
L73 

ggA7 

7 
5 
8 

50 
2 

<10 
40 
lL5 

372 
74 

335 
5-14 

ll8 
132 
463 

g,71 
LOl 
R65 
L7g 

10,6 
Lgg 
5,85 
O,gl 
5,72 
OB4 
7,17 

22A 
57,g 
34,g 

LA8 
6,g 
43 

32 
21 
6 
g 
L7 
034 
lA5 

821 

ZAP-36 

n34 
0,12 

1218 
2,04 
om 
0,07 
Oll8 
3,29 
4EB 
om 
L84 

g�7g 

7 
4 

<5 
60 
<1 

<10 
30 
12 

556 
25 
88 
g g,8 

231 
25,g 
8g,1 
19,5 

OA8 
16,2 

3,LA 
20 
3Jl6 

lL7 
L86 

lL6 
L63 

128 
7R6 

ll8 
6L7 

188 
7A 
gm 

37 
24 

8 
8 
7,7 
0,08 
lA3 

7g8 

HUA-Ol 

7lJ:l5 
0,23 

13g8 
2,3 
OJ)4 
0,27 
L04 
3,12 
5,51 
0,2 
L54 

gg,22 

12 
4 
g 

80 
2 

<10 
60 
LAE 

408 
73 

267 
4L5 
%,7 
113 
4L6 

8Ai2 
LOS 
7,21 
lA 
n4 
Ll6 
-100 
OA 
2,25 
03 
7Jl3 

2B 
355 
25,2 

195 
5,1 
3,27 

35 
21 
8 

II 
-13 
OAl 
136 

B06 

HUA-07 

7262 
O,lg 

12,g3 
203 
0,03 
0.22 
0,6 
2,81 
5,7 
0,13 
L5g 

g8,85 

7 
3 

II 
120 

2 
20 
60 
US 

420 
4g 

184 
4U 

102 
lL8 
4 -16 

g,75 
0,66 
8,17 
L5g 
g,14 
L53 
4,12 
0,57 
332 
OA5 
6,gJ 

2Rl 
533 
20,2 

lLA 
3,7 
205 

33 
22 
12 
7 
5,6 
0.23 
131 

771 

HU A-12 

73,3 
O,lg 

133g 
227 
om 
0,15 
OB4 
3,18 
5,lg 
0,14 
L63 

100,TI 

8 
4 

<5 
170 

1 
)fj 
60 
3L7 

450 
60 

251 
5L6 

120 
13A 
4g,1 
10,5 

Ug 
R05 
L62 
g,5g 
L74 
5,lg 
0,82 
5.23 
0,74 
6.2 

30,1 
54.2 
33,1 

19l 
5,6 
4E3 

30 
LA 
16 
16 

4,7 
OA 
U2 

B07 

Major element oxides and trace elements Were analysed by AffiABS Canada (analytical details are found in eledronic Appendix A), Total iron as Fe:p�; major element oxides in wt 
%, trace elements in ppm Abbreviations: PG: Porphyritic granite; EG: Equigranulargranite; UP: la Florida pluton ;  SYD: Sub-volcanic dyke; FMPG= Fine matrix porphyritic granite; 
Ap: Aplite; CMPG: Coarse-grained matrix porphyri[ic granite, lFB = lachlan Fold Belt (Australia), KR= Kokshaal Range (Kyrgyzstan), n = average samples, m= not reported, 
TJJ: = 12,gOO j 12,g5 + 0,85 M + In( 4%, 000 jZr m.k) 1 where &,."''''''1'''''''= (4%,000 jZr"",, ), is the ratio of Zr con centrations (ppm) in zircon [0 !:hat in the saturated mel� M is a 
compositionalfador!:ha[ accounts for dependence of zircon solubility on Sin, and peraluminosi[y of !:he melt I(Na + K + 2· Ca)jAl· Si), all in cation fradion! The geothermometer is 
calibrated for M=O,g to L7, Equation and Zr concentratlOTlS (ppm) in zircon (=4%,OOO ppm) fmm Miller et aL (2003), 

• The LFB average was taken from Chappcll and White (lgg2), 
b The KR average was calculated ll5ing the data shown in Table 1 fmm KonopclkG etaL (lO07), using samples of the Uch-Koshkon lelsic granite, 

51 Trace element 

The concentration ranges for the High Field Strength Elements 
(HSFE), such as Y, Nb, Ga, Ta, U, Th etc, are comparable to those 

reported in anorogenic granitic complexes such as the A-type granites 
of the Lachlan Fold Belt in Australia (data in Table 1 from (happell and 
White, 1992) or the Hercynian A-type granites of the Kokshaal range 
in Kyrgyzstan (data in Table 1 from Konopellco et al, 2007). The 
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0.03 
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granitoids also plot in the field of A-type grJnites on the discrimina

tion diagrams of Whalen et aL (1987) (Fig. 7). Primitive mantle

normalized spider diJglams show marked negative Ba, Nb, Sr, P (with 

the eX(epllOn of the Huaco graniu( complex which only shows a 
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moderate negative anomaly), Eu and Ti anomalies and significant 

enrichment in Rb, Th, U, and Pb (Fig. 8). Rare earth element (REE) 

abundances vary from 116 to 554 ppm. The REE patterns are flat or 

slightly light REE enriched (LREE) with significant negative Eu 
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Fig. 5. Alumina saturation index (ASI ) in the studied granitic rocks. Most of the samples 
are constrained [0 ASI = 1 .0-1 .1 .  with high values for the agpaitic index. ASI =1  from 
Sha.nd ( 1927) .  ASI =1 . 1  from Chappen and White (1992 ) .  

8 )  These patterns a r e  similar t o  those for 

Scheepers, 2000;  Konopelko et al.. 200 7 ) .  

6.  Biotite dll�m'istl-y 

The stud ies of Abd el Rahman (1994) d emonstrate that the 

compositions of igneous biotites reflect the nature of their parental 

host m agmas. Biotites crystallized from Early- to Mid -Ord ovician calc-

alkaline m agmas (Famatinian Orogen) are 

d ifferent from those biotites crystallized from the Carboniferous 

granitic m agmas (representative d ata in Table 2 and all d ata are found 

in a supplemental electronic d ata table, analytical m ethod s are 

d escribed in electronic A ppendix A).  

Biotites from the calc-alkaline suite of the Famatinian Orogen are 

mod erately enriched in MgO with FeOt/MgO = ] .72-].76 and occupy 

a narrow fi eld in 9a. Biotites from Ordovician peraluminous rocks, 

such as the Tuani Granite unit, plot below the trend of the 

Ord ovician m etaluminous calc-alkaline biorites and have 

MgO = 1.64. Biorires from the A-type p lutons have very 

FeO relative to MgO. with FeOt/MgO = 8.46-59.52 and mostly 

plot in the fi eld of alkaline granites (Fig. 

Fluorine d ata is not available for the whole-rock However 

the d istinctive biotites ( together with very [Fe
2+/(Fe

2+ + 
Mg)] ratios>0.8, d ata in Tabl e 2 and an d ata can be 

found in a supplemental electronic data table and 9b) strongly 

suggest that the magmas had relatively high HF/H20 ratios. The 

more complete d ata for the San Etas p luton ind icate a progressive 

F-enrichment with magmatic d ifferentiation (Fig. 9b). the 

biotites from the more evolved granitic fades of the Los Arboles pluton 

(biotite leucocratic contain the highest values of F 

tative data in Table 2 and all d ata can be found in a supplemental 

electronic d ata table and Fig. 9b). The biotites from the Huaco and 

Zapata complex rocks also have relatively high values of F 

9b). The F-rich character of the magma is further confirmed by the 

presence of REE-rich fluorcarbonates in the San Etas pluton (unpub

lished d ata) and fluorite (up to ] % mod al )  in the La Chinchilla stock 

(Grosse et aL, 2009 ) .  

Munoz (1984, 199 2 )  and Icenhower a n d  Land o n  (1997 ) have 

presented models for the F and Cl contents of aqueous and 

melt phases co-existing with biotite. H ere we are interested in the F 

and Cl content of the magma. Representative calculated F and Cl 
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Fig. 6. Studied granites plotted on the classification diagrams of Frost et al. (2001 ): 
(a) Na20 + K20 - CaD vs. Si02. wt.% and (b) FeO{/(FeO{ + MgO) vs. Si02. wt.% (b). The 
A-type granite field is after Frost et al. (2001 ) .  A granitic Famatinian cale-alkaline suite 
is also plotted in this diagram (See text for discussion). Abbreviation: SCh = Sierra de 
Chepes. Di-Tn = diorites and tonalites. G =granodiorites. PG = porphyritic granodiorites. 
Mz = monzogranites (data from Dahlquist et al. 200Sb). 
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concentrations for magma at 800 DC (using the equations of Munoz. 

1992 ) are reported in Table 2 (all d ata can be found in a supplemental 

electronic d ata Table) and shown on 9c. We d id the 

same calculations using the model of Icenhower and London (] 997).  

For this mod el the calculated Cl melt concentrations are '--J_''--'''U''''''Y 

Fig. 8. Primitive mantle-normalized (Sun and McDonough. 1989)  spider diagrams and chondrite-normalized (Nakamura. 1974: Boynton. 198 4 )  REE plots. The granitic bodies have 
similar compositions to those reported for other A-type granites (e.g .. Scheepers. 2000: Konopelko et al.. 2007 ). Sub-voleanic dikes: (a) F1A-7. (b) CHI- 1 9. (c)  SBP-12 .  



� 
C (Il 
2 
<!l 
� 
E 
& 
:;;; Q 0 
er: 

.!lI 
C <I'l 
!i 
<I> :5 'E 
c\: 
E 0 
/r 

.!lI 
C' (1) 
::;;; 
<I> � 'E '<: 

0. 
E 0 
t:r: 

,1 

,1 

100 

10 

,1 

Ba U K Ce Pr P Zr Eu 

Rb Th Nb La Pb Sr Nd Srn Tl Y Lu 

.. Los Artloles and Lal 
AIIIIIJA Florida pllJfons and SF 

E I Salt 0 stock 

A Zapata 9 ranlllc jsz 
VcomplelC 

<I'l 
$ '<: TI C 0 .r. 
0 
:x 0 0 
er: 

'" 
jll ·c -n c 0 .c 
0 
t1 
& 

Key 

\ i 
\1 
0 .... Aplite 

SBP 

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 

• Huaco granitic complex 

I • la Chinchilla stock SV 
D San Bias pluton 

� ISlJb,VOlcaniC dyke 



Table 2 
Representatiw com positions ofbiotites from the Ordovician (Famatinian Orogen) calcalkaline I and S type granitic rocks of the Sierras Pampeanas, Argentina and for biotites in the 

Carboniferous granites. 

Rock typ e 

5am pie 

Lithology 

wt.% 

5i02 

Ti02 

A12o, 
FeO 
MnO 

1'.1gO 
CaO 

Na20 
K,o 

F 
Cl 

Total 
O_UJ 

CTotal 
FeOl/MgO 

TCC) 

Fm,'. (ppm) 
Clm,'. (ppm) 

Sam pie 

wt.% 

Si02 

Ti02 

AI, 0, 

FeO 
MnO 

1'.1gO 
CaO 

Na20 

K20 
F 

Cl 

Total 

O_U:I 
CTotal 
FeO'/MgO 

T (0e) 
Fm,j{ (ppm) 

Clm", (ppm) 

Sam pie 

wt.% 

Si02 

Tio, 
Al,O, 
FeO 

MnO 

1'.1gO 
CaO 

Na20 
K20 
F 

Cl 

Total 

OJCI 

CTotal 
FeO'iMgO 

Tee) 
Fm,', l Ppm) 

Clm," (ppm) 

HA17/2 

36.02 

2.09 

18.90 

27.55 
0.35 

0.72 
0.00 

0.13 

9,46 
1.15 

0.39 

96.8, 

057 

96.24 
38.26 

800 

4430 
1050 

HUA12/10 

34,47 

2.10 

19.03 
26.35 

0.57 

2.28 
0.00 

0.08 
958 
0.60 

0.07 

95.12 

0.27 

94.85 
,1.56 

800 

56,0 

650 

I-type 

ASP- ,20 

Hbl-Bt Gde 

35.53 

2.83 
16.38 

18.68 
0.35 

10.52 

om 
0.14 

9.1 

0.16 
0.04 

94.36 

0.08 

94.28 
1.78 

800 

12 

156 

F IA17/5 

36.18 
1.57 

19.63 

27.83 
0.38 

0.71 

0.06 

0.13 

9.33 
1.29 

0,40 

9752 
0.63 

96.89 
39.20 

800 

3860 

960 

HUA12/9 

36.13 

2,40 

18.93 
25.31 

0.71 

257 
0.01 

0.10 
9.75 
1 .07 

0.02 

97 .00 

0,46 

9654 
9.85 

800 

1880 
90 

FlA17/6 

35,45 
1,47 

20.32 

27.36 
0.32 

0.65 

0.03 

0.13 

9.34 
1.05 

0.40 

9652 

053 

95.99 
42.09 

800 

2860 

120 

SBP2/1 

34.66 

2.08 

18.26 
29.39 

0.61 

0.63 

0.09 

0.09 
9.02 

1,43 
0.25 

96.51 

0.66 

95.85 
46.65 

800 

4440 

830 

l-lYP<" 

ASP-120/1 

Hbl-Bt  Gde 

35.68 

2.78 

16.31 

19.2 
0.32 

10.2 

0.02 

0.09 

10.05 
0.01 
0.05 

94.71 

0.02 

94.69 
1.88 

800 

166 

95 

SBP2/3 

33.85 

253 
18.21 
30.12 

052 

0,49 
0.15 

0.12 
9.16 

0.98 

0.31 

96,44 

0,48 

95.96 
61,47 

800 

4750 

840 

ZAP33/46 

34,41 

3.09 
15.01 

29.24 
0,49 

3.34 
0.01 

0.08 

9.37 
0.25 

0.25 

9556 

0.16 

95,40 
8.75 

800 
590 

520 

SBP3/3 

35.03 
2.10 

18.97 
27.69 

0.65 

0.77 

0.07 

0.13 
9.16 

1.25 

0.30 

96.12 
059 

9553 
35.96 

800 

4860 

740 

ZAP33/49 

34.35 

2.95 

15.87 

27.75 
0.35 

3.21 
0.00 

0.06 

9,42 
0.24 

0.21 

94,40 
0.15 

94.25 
8.64 

800 

910 

630 

TUY12/2 

34.90 

3.08 

18.79 
27.16 

052 

2.56 
0.00 

0.12 
9.77 

0,49 
0.10 

97,49 
0.23 

97.26 
10.61 

800 

360 

800 

S-type 

32-JEOL-00 

Crd- Qtz-rich Gtoid 

3559 

2,49 

19.99 

17.12 
058 

9.8 
0.02 

0.22 

9.52 

0.23 
0.04 

95.65 
0.1 1 

9554 
1.75 

800 

468 

o 

ZAP33/51 

34,40 
3.11 

14.94 
28.54 

0,44 

3.68 
0.00 

0.06 

9.38 
0,47 
0.28 

95.29 
0.26 

95.03 
7.76 

800 

1180 

730 

TU Yl 2/3 

34.03 

2.93 
18.99 
26.88 

0.39 

2.55 

0.09 
0.10 
9.04 

0.14 
0.15 

95.29 

0.09 

95.2 
1054 

800 
350 

260 

Total iron measured as  FeO. Abbreviations: Gde: Granodiorite, Gtoid: Granitoid. Mineral abbreviations from Kretz (1983). Data  from Dahlquist e[ al. (2005a,b) and Alasino (2007) .  
Calculaced F and (J following Mu noz (1984, 19(J2 ). Structural formulae for biocites and calculated Fm,', and Clm,', are found in the supp lememal eleccronic Table. 

identical to those of the Mufioz ( 1992) model, but for F there is a 

significant divergence in the calculated values which increase with 
decreasing mg# (increasi ng Fe con ten t of the biotite). For eXJmple. for 

sample SBP-2/ 1 the Mufioz ( 1992) model gives a calculated F value of 

5800 ppm while the icenhower and London ( 1997) model gives a 

calculated F value of 42,200 ppm. It should be noted that the 
lcenhower and London ( 1997) model was not calibrated for low 

mg# (high Fe) biotites and values derived from this model for very 
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Fig. 9. Mineral chemistry for biotites aystaliized from ca1c-alkaiine metaluminous and peraluminous granites of Early Ordovician age and biotites oystaiiized from the studied 
granites. (a) FeO vs. MgO bioti[e discriminant diagramaf[er Abde1 Rahman (lgg4): bio[i[e in anorogenic alkaline s suites (A field), biotite in peraluminous granites (5-type granites, 
empty triangles) (P field), and biotite in metaluminous ca1c-alkaline granites suite (l-type granites, empty diamonds) (C field). (b) F Vs. Fe"+ l(FeH + Mg) diagram for biotites. 
Bio[ite in anorogenic alkaline suites (Afield) have Fe"+ I(FeH + Mg) ·0.8 and higher F contenL (c) Plot ofmg#vs. caiculated F and Cl using the equations ofMuiioz (1984, 1992). The 
ca1culatedmagma F and C i content (together with themg#) fOT these A-typegranitoids (F = 580-5600 ppmand 0 =90-1180 ppm, see Section 6) is genera1iy higi1er than that for 
caic-alkaiine granites (F =0-470 ppm and 0 = 0-250 ppm). SBP: core samples and TUY: rim samples from the San BIas pIu ton (data in Table 2 and supplemental electronic data 
table). 

iron-rich biotites range up to 1 0  wt.% F in the melt, an unreallstlcally 

high-F content. The calculated F values rp(1orif'd here are based on the 

Munoz (1992) modeL 
A component of the definition of A-type gramtes is that the melt 

contains relatively high F, but this is rarf'ly quantified. In this paperwe 
present one of the first attempts to provide qllant![d.[ivE' data on 
magma F (.:md Cl) content. Biotites in the EJ.rly Ordovici,)Il grani[ic 
rocks with cale-allealine signature (formed dunng the Famalinian 

orogen, NW Argentma, Dahlquist et aL, 200 5a, 2008) have mg# � 50 
and the magmas are characterized by both low F (0 to 470 ppm) and 

Cl (0 to 2 50 ppm). For the A-type graniroids, biotite mg#s vary from 
19 to 2, and for each pluton or complex there is a restricted range in 
the mg# of the biotites and the magma F and Cl content (Table 2 and 
sl![lple rnenral electronic data table, and Fig. 9c). The Los Arboles 
(F-38 50 to 4 900 ppm, CI-860 to 1 0 50 ppm) and San Bias 
(F = 3400 to 5600 P pm, CI-640 to 8 50 ppm) pt ulans have the 



Table la 
Rb-Sr composition of re-prese-ntative- s amples from the- studied granitic rocks. 

Samples Si 02 (wt.X) Rb Sr 86Rbf7s( 

t = 3 23 Ma 
ZAP-26 72.70 43 8.1 53 . 1  24.1347 0.820759 
ZAP-27 75. 1 1  506.8 1 9.3 78 .4302 1 .038146 
ZAP-33 71 .86 378.9 73.1 1 5. 1 039 0.780833 
ZAP-3S 73.37 3137 44.1 20.7779 0.005605 

t=354 Ma 
HUA-4 74.61 380.6 64.2 1 7.2930 0.791567 
HUA-6 72.79 390.6 57.0 20.0153 0.805095 
HUA-13 72.39 3 92.8 3 0.5 3 7.8985 0.882489 
HUA-14 70.86 365.0 66.4 1 6.0275 0.786958 

The- de-cay constants use-d in the- calculations are- xl 0- 1 1  

(8 7 Sr /a6Sr)t 

0.709805 
0.677500 
0.71 1396 
0.710083 

0.704417 
0.704225 
0.691495 
0.706185 

6.54x l O- 1 2 ye-ar - 1  re-comme-nded by the- lUGS Sub- commission for Ge-ochronology 
(Ste-ige-r and J age-r, 1 977) . Epsilon-Sr value-s we-re- calculate-d re-Iative 
to a uniform re-se-rvoir prese-nt day: = 0.0827: (87Sr/26Sr lW�'1I = 
0.7045. Nd (�) values we-re- c alculated re-Iative- to a chondrite- pre-se-nt day: 

according 
to De- Paolo e-t at ( 1 991 ) .  
The- ages are-: HA- 1 7  (335 Ma, Grissom e- t  aI. , 1 998 ) ,  HUA-4 (354 Ma. Snl1ne-r e- t  aI . ,  
2007) , SBP- 1 5  (340 Ma, Dahlqulst e-t aI. , 2006), ZAP (323 Ma, McBride-, 1972: McBride
e-t al , 1 976) . 

highest calculated magma F and Cl contents, The Huaco granitic 
(F = 1 700 to 3 100 ppm, Cl = 90 to 220 ppm) has 

calculated magma F content and lower calculated magma Cl content 
than the Zapata granitic complex (F = 5 8 0  to 1 1 80 ppm, Cl = 5 1 0 to 
740 ppm), It should be noted that while the calculated magma F and 
Cl content for these A-type is higher than that for 
cale-alkaline the values are not high, Le" water is 
still a significant part of the volatile component of the magmas, 

7. Sr and Nd 

7. 1 ,  Rb-Sr isotope s  

Initial 87Srj86Sr ratios of ca, 0,708 8 (for a U-Pb SHRIMP zircon 
Y .> LCll11L<1L1UU age of 3 40 ± 3 Ma) were by Dahlquist et at. 

( 2006) for the San Bias pluton, This isotopic ratio is indistinguishable 

Table lb 
Sm-Nd composition of r e-pre-se-ntative- s am pIes from th e- studied gr anitic rocks. 

from the initial 87Sr j86Sr ratio (0,708 6) of the del Monte 
in the Sierra de Cordoba (Fig, 1 ), which is also Early 

Carboniferous ( Rb-Sr isochron age of 337 Ma: Saavedra et aL, 
1 998 ), This sim ila ri ty suggests tha t the magmas for thes e two pl u tons 
came from an isotopically similar source, 

New whole-rock Rb-Sr isotope data for the Zapata and Huaco 
granitic are reported in Table 3a, Analytical details are 
found in electronic A. For the Zapata 
initial ratios at the reference age of 323 Ma range from 0.7098 to 
0,7 1 1 4, A fourth (ZAP-2 7 )  yielded an anomalous value of 
0,6776,  Because the reference age is a «-Ar cooling age the initial Sr 
isotope ratios of the Zapata magmas were probably lower than the 
values given above, For the Huaco complex, initial ratios at a 
reference age o f3 54 Ma for three of the samples range from 0.7044 to 
0,7062,  Again, a fourth sample ( H UA- 13 )  an anomalous initial 
ratio of 0,691 5 ,  The two anomalous also show lower Sr 
contents, probably of the Rb-Sr 
after crystallization by an alteration event Isochron plots for both sets 
of yield errorchrons, In Sollner et aL ( 2007) 

an alter ation event in the Huaco at 3 1 5  ± 42 Ma, 
Well  constrained Sr isotope initial ratios for the Carboniferous 
granites are highly variable from 0,7044 to 0,7086, 

7 ,2" Srn-Nd isotopes 

Nineteen from the Los Arboles (n = 5) and the San Bias 
(n =4) plutons, and the Huaco (n = 5 )  and the Zapata (n = 5) granitic 
complexes were for their Nd isotopic composition, 
details are found in electronic A Nd values (GNdt) 
were calculated for the inferred crystallization age (Table 3 b), 

All samples have roughly similar 147Sml44Nd (0, 1090-0, 1 6 1 6) 
and 143Ndj1 44Nd (0,5 1 2 23 4-0,5 1 2 53 7 )  ratios, Ranges of GNdt values 
are: Los Arboles 0,8 to - 2 ,6, at 335 Ma), San Bias pluton 

0.6 to - 4,8 :  at 3 40 Ma), Huaco gr ani tic complex 2.4 to - 3 A: 
at 354 Ma), Zapata 2 ,6  to - 3,9 :  at 3 2 3  Ma) 
(Table Except for one sample from the San Bias pluton 
GNdt = + 0.6, Table all the GNdtS are negative and vary between 
- 0.8 and - 4,8, Nd model ages calculated according to De Paolo et ai, 
( 1 991 ) are between 0,96 and 1 ,7 2  Ca, Le" Pro terozoic , with a 
between 1 .00 and 1 AO Ca (Ta ble 3b), 

Samples Si02 (wtX) Age- (Ma) Sm Nd 147Sm/44Nd (143Nd/44Nd) t ENd! r;M(Ga) 
HA-3 69.21 335 1 2 . 1  67.1 0. 1 090 0.51 2351 0.51 2 1 1 2  -1 .8  1 . 03  
HA-8 70.51 335 1 1 .9 64.0 0. 1 1 24 0.51 2320 0.51 2073 - 2.6 1 . 1 0  
HA- 1 7  74.50 335 1 2 . 1  5 1 .5 0.1420 0.51 2434 0.51 2 1 23 - 1 .6 1 .29 
HA- 1 8  75.30 3 35 125 52.0 0.1453 0.51 2458 0.51 2139 - 1 .3 1 .30 
HA-22 72.77 335 1 1 . 2  6 1 .7 0. 1 097 0.51 2406 0.512165 - 0.8 0.96 
HUA-4 74.61 354 4.58 20. 1 0  0.1377 0.51 2338 0.512019 - 3 .2 1 .40 
HUA-6 72.79 354 1 0. 2  46.5 0. 1326 0.51 2365 0.51 2058 - 2.4 12 8 
HUA-7 72.62 354 9 .75 43.6 0.1352 0.51 2335 0.512022 - 3 . 1  1 .37 
HUA- 1 2  73.30 354 1 0. 5  49.1 0 . 1293 0.51 2352 0.51 2052 - 2.5 125 
HUA-13 72.39 354 9 .24 44.8 0.1 247 0.51 231 8 0.51 2029 - 3 .0 125 
SBP-6 75.49 340 17 .0 82 . 1  0 . 1252 0.51 2234 0.51 1 955 - 4.8 1 .38 
SBP-9 71 .83 340 9 .58 47.5 0 .1219 0.51 2395 0.51 21 24 - 1 .5 1 .09 
SBP- l O  76.01 340 16 .8  73.9 0 1374 0.51 2537 0.512231 0.6 1 . 04 
SBP- 1 5  73.92 340 1 1 . 1 0  59.50 0.1 128 0.51 2365 0.51 2 1 1 4  - 1 .7 1 . 04  
ZAP-26 72.70 3 23 17 . 1 0  92.30 0.1 120 0.51 2258 0.51 2021 - 3 .9 1 1 9 
ZAP-27 75. 1 1  3 23 18 .60 69.60 0.1616 0.51 2430 0.512088 - 2.6 1 .72 
ZAP-29 73.46 3 23 15 . 1 0  64.50 0.1415 0.51 2366 0.512067 - 3 .0 1 .41 
ZAP-33 7186 3 23 9.71 46.30 0 .1268 0.51 2306 0.512038 - 3 .6 1 .29 
ZAP-35 73.37 323 6.60 33.80 0.1 180 0.51 2297 0.51 2047 - 3 .4 1 .2.0 

The- de-cay constants used in the- c al culations are- X27Rb = 142 X l 0-11 and A 147Sm = 6 . 54x 1 0- 12 ye-ar- 1 re-comme-nded by the- lUGS Sub-commission for Ge-ochronology (Ste-ige-r 
and Jage-r, 1977 ) .  Epsilon-Sr (ESt) value-s we-re- calculated re-lative- to a uniform r ese-rvoir pre-se-nt day: (26 RbPSr)lY� = 0.0827: (27Sr/a6Sr)W� = 0.7045. Epsilon Nd (£Nd) values 
we-re- calculate-d re-1ative- to a chondrite- prese-nt day: ('43Nd/44Nd)�= 0.51 263a: ('43Sm/44Nd)��JYR = 0. 1 967. 
t= time- use-d for the- calculation of the- isotopic initial ratios. r;M= calculated according to De- Paolo e-t al. ( 1 991 ) .  
The- ages are-: FJA- 1 7  (335 Ma, Grissom e- t  al , 1998) , HUA-4 (354 Ma, Snllne-r e- t  aI. , 2007).  SBP- 1 5  (340 Ma, Dahlquist e- t  aI. , 2006), ZAP (323 Ma, McBride-, 1972; McBrlde -e- t al,  1 976 ) .  



8. Peltrogelletic discussion 

The whole-rod< geochemical signatures (Figs. 4, 6, 7. 8)  and the biotite 

chemistry 9) indicate that these Carboniferous granitoids are 

A-type granitoids. As suggested by Eby (1 990. 1 A-type can 

be formed in of ways. to determine which of the 

possible petrogenetic models to a particular occurrence. The 

proposed models are (i) fractionation of mantle-derived 

magma, reaction of mantle-derived magma with crustal rocks, 

melting of deep continental crust, and ( iv) partial melting of 

continental crust ( metasomatized or not) (Abdel Rahman, 2006; 

Konopelko et al., 2007) .  In particular, a petrogenetic model has 

been invoked to the of A-type felsic melts Abdel 

Rahman. 2006 and references therein). 

8. 1 .  Source of the granitoid magmas - discrim ination diagrams and 

isotop ic data 

On the tectonic  discriminant of  Pea rce et al. ( 1 984), the 

rocks in the field of within-plate granite (WPG, 1 0a).  

Eby ( 1 990, 1 992 ) subdivided the A-type into two groups: A l  

a n d  A2. both emplaced in settings. It was suggested that 

the Al group was mantle-d erived while the A2 group was derived 

from melting of  continental crust with or without a mantle in put. On 

the Y-Nb-3 xGa 1 0b)  d iscriminant diagram of Eby ( 1 990) the 

granites plot in the A2 field which is compatible with a dominantly 

crustal 

The data for the Early Carboniferous (negative 

GNdt values and comparatively moderate to high Sr isotope initial 

ratios) strongly suggest the involvement of crus tal sources in the 

generation of the magmas that contained Nd extracted from the 

mantle in the 1 .0 and 1 .4 (Table 3 b). 

Significant participation of Ordovician meta-granitoids in the source 

of the Huaco complex was also Grosse et aL 

(2009). Consistently, there are A-type that postdate spatially 

associated calc-alkaline rocks and that have and trace 

element compositions that suggest derivation from these calc-alkaline 

precursors North America, Anderson. 1 98 3 ;  Egypt. Abdel 

Rahman, 2006; Kyrgyzstan. Konopelko et al, 2007 ). 

Most of  the Early Ordovician show T DM ages between 1 .5 

and 1 .7 Ga and Nd values between - 5 and 

- 6 at the time of  crystallization between 490 and 468 Ma ) (Dahlquist 
et aL, 2008, and references therein).  However. GNdtS are less negative 

a 

1 000 

..Cl 
Z 

1 00 

1 0  

y 

Table 4 
Two-component mixtures using equation 9.1 from Fame ( 1 986. page 141 ) .  

( 1 )  XM =fA (XA -Xs) + XB 
XM - XB =fA (XA - XB) 
XM - XS /(XA - Xs) =fA 

(4) fA = O.63 or 63%. 

XA = Isotopic composition of as then ospheric man tie.  1 43Nd/44N d = 0.5 1 2203 ; 
Xs = Isotopic compositions of potential crusta I that outcrop i n  the Sierras 
Pampeanas: 1- and S-type Ordovician granites. XM = Isotopic 
assumed mixed composition. represented by Carboniferous A-type granites. 143Nd/ 
144Nd = 0.512078. fA = Asthenospheric mantle fraction in the mi xture. 143Nd/ 44Nd 
con1polsitions for XA. Xs. and XM. are recalculated to t = 338 Ma. the average of the 

arbl)niferolJs crystallization ages (Table 3b). Data used in the calculation are available 
in the isotopic supplemental electronic data table. 

0.6 to - 4.8 at 323 to 354 Ma) compared to values of Famatinian 

at the same time (- 4.8 to - 8.5 ) (Table 3b and in a 

supplemental electronic data table) .  The GNdt values for the Early 

Carboniferous granitoids (Table 3b and supplemental electronic data 

are displaced towards GNdt typical of  the 

mantle. Thus, the participation of an asthenospheric component 

( together with the old lithosphere is required to satisfy 

the GNdt values calculated for the Early Carboniferous granitoids. A 

simple mixing calculation using equation 9.1  of Faure page 

1 4 1 ) and a Nd isotopic asthenospheric mantle signature (CHUR) and 

Nd isotopic Ordovician ( potential crustal protoliths) data at 

the time of  crystallization of  the Carboniferous A-type granites 

(t = 338 Ma ) indicates a dominant asthenospheric participation 

(63% and 37% of asthenospheric mantle and continental lithosphere, 

resoe,ctn/el'v: calculation in Table 4 and isotopic data can be found in a 

supplemental electronic data table) .  In fact our interpretation is that 

the primary magma source was an asthenospheric mantle with 

subsequent crustal contamination, a hypothesis that is in accord with 

other works (e.g .. Konopelko et aL, 2 007 ; Bonin. 2007 ) .  In agreement 

with Bonin (2007) .  the original concept of loiselle 

and Wones (1 contrasts sharply with the general philosophy of 

the overall where 1-, S-, and M-type are 

derived from igneous. sedimentary and mantle source, respectively. 

A-type granites were defined as that occur in rift 

zones and stable continental blocks, without mentioning a particular 

source. the most important point from the abstract of loiselle 

and Wones ( 1 979)  was that A-type granites have a wide range of 

compositions (initial 87Sr/86Sr ratios from 0.703 to 

0.7 1 2) .  d ifferent mixing proportions of asthenospheric 

b 

3*Ga 

Fig. 1 0. (a) Tectonic discriminant diagram (Pearce et at.. 1984) for the studied granites. The granites plot in the within-plate granite field. (b) Studied granites plotted on the 
triangular Y -Nb-3xGa diagram of Eby ( 1992 ) used to distinguish between different source rocks for A-type magmas. AI field is mantle-derived granites. A2 field is crustal-derived 
granites. 



mantle and crustal sources. Thus, our main conclusion is that the 
A-type represent variable mixtures of asthenospheric mantle 

and continental crust, and different mixing ratios lead to the different 

subtypes of A-type ( i llustrating the lack of consensus about 

A-type magma origin, Bonin, 2007 ) .  The shear zones (see Section 8 . 3 )  

play a n  role. suitable conduits for asc:enowlg 

asthenospheric material and heat flux into the crust, a hypothesis that 

is in accord with the work of loiselle and Wones and other 

recent work about A-ty pe Abdel Rahman, 2006; 

KorlOpE:llm et aL, 2007).  

8.2. Petrogenesis of the arnrn itniri magmas 

Given that these are metaluminous to peraluminous granitoids, 

the zircon geothermometer of  Watson and Harrison ( 1 98 3 )  can be 

used to estimate 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 

are: Los Arboles Pluton = 831 ± 27 (range =749 

± 34 736 to Huaco 

779 ± 37 (range = 683 to 835 ) .  la Chinchilla 

stock = 746 ± 18 (range = 720 to and Zapata granitic com

plex = 803 ± 1 5  ( range = 790 to 833) .  These are maximum tempera

tures because the presence of  inherited zircon, as identified in the 

Huaco complex et aL, 2007 ). will result in higher 

calculated temperatures. A crude correlation between the calculated 

temperature and the Eu anomaly is observed for each pluton or 

granitic complex. Consistently. the temperature decreases as the Eu 

anomaly becomes more negative (Table 1 )  giving confidence to the 

values obtained the zircon gel)ttlerm(}[netE�r. 

Chondrite-normalized REE plots and primitive mantle-normalized 

spider (Fig. 8) show several distinctive features. REE 

patterns tend to be flat to slightly lREE enriched and have significant 

negative E u  anomalies indicating that feldspar fractionation or 

residual feldspar in the source region played a role in the pet:rO:f:?:erleS1S 

of the magmas. Significant Ba and Sr anomalies on the 

spider diagrams similarly support the important role of feldspar 

1 1  ) .  Signi fican t P and Ti anomalies indicate, 

respectively, that and Fe-Ti oxides also played a role. L1l 

elements are significantly enriched with respect to primi tive mantle. 

(5) For the element - Zr IHf and Nb/Ta, Hf is enriched 

with respect to Zr and Ta is  relatively enriched with respect to Nb. This 
leads to lower Zr/Hf and Nb/Ta ratios. compared to primitive mantle. 

and values that fall in the range that there 

is a crustal component in the melts. There is also a 

significant variation in the ratios which suggests that there has been 

some post-intrusion mobility. 

plots of Eu versus Ba and S r  concentrations show 

linear trends for the Los Arboles pIu ton, San Bias pIu ton, and Zapata 

and Huaco granitic (Fig. 1 1  ). The la Chinchilla stock occurs as 

small granite bod y in the Huaco granitic complex 2) and 

represents a late magmatic with a restricted range in 

composition 1 1 ) . For this reason it is  not considered in this 

analysis. Both Ba and Sr decrease with Eu 1 1 )  S!lC}Wllni! 

the role of feldspar fractionation in the evolution of these magmas. In 

the case of fractional for a particular pluton or 

complex, the samples will form a linear trend that shows the relative 

proportions of K-feldspar and from the 

magma. If this proportion as the magma evolves the trend 

will be curved. linear trends for a number of the suites indicate that 

K-IPI(JST1clf and fractionated in an 5 0 : 5 0  

ratio (Fig. 1 1  ). However, scattering 0 f the data beyond error 

suggests that the system was not entirely closed and that there was 

some interaction with the crust. For the Huaco complex the 

samples plot in a field that fractional crystallization was not 

important in this case, but that there was residual feldspar in the 

1 000 
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... 
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. 01  . 1  

::: 0.4 
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1 1 0  1 00 
Eu 

Fig. 1 1 .  ( a )  Ba vs. Eu and (b)  Sr vs. Eu. Linear trends for a number of the suites indicate 
that K-feldspar ( K fs )  and plagioclase (PI) crystallize in an approximately 50:50 ratio. 
The partition coefficient data for minerals in equilibrium with granitic liquids are from 
Rollinson ( 199 4, Table 4.3.) and and Schnetzler ( 197 1 ) . The crystallization 
percentage for Kfs and PI is in the figure. Co = Initial concentration, 
F = weight fraction o f  remaining melt. 

source Note that for all of  the all including 

the more mafic dikes, show negative E u  anomalies 8) which 

supports the inference that the magmas were initially in equilibrium 

with a feldspar-containing source region. 

The Gal Al ratio is a d istinctive or typical characteristic of  the 

metaluminous A-type and plots of these ratios 

and trace element data readily d istinguish these granites from I-type 

(calc-alkaline) and S-type (Whalen et al., 1 987) .  Thus, using 

the Ga vs. Gal Al metaluminous A-type of Early 

Carboniferous age are distinguished from the calc-alkaline 

crystallized in the Famatinian Orogen of  Argentina (O rdovician) and 

su pport the A-type for the studied 

1 2 ) .  Experimental result by Patino Douce ( 1 997, 1 998 ) indicate 

that the proportion of  Ca-rich formed by 

incongruent melting in low pressure conditions (4 kbar) explains 

the low CaO relative to Ah03 1 2) of  the metaluminous A-type 

granites (as well as their Eu depletion) and, because plagiodase 

excludes Ga relative to Ah03 and Drake. 1 987) .  also rise 

to the distinctively high Gal Al ratios of  the metaluminous A-type 

granites. Therefore, fractional crystallization (with feldspar fraction

ation) as well as residual feldspar in the source is the main 

process invoked for the generation of  these A-type granites. 

Our data bank chemical of biotite minerals 

from cale-alkaline magmas (1- and S-type) and granites of A-type 

signature in the indicates that biotite compo

sition depends largely upon the nature of magma as was originally 
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graniIDiils are from Dahlqu;st el WOO). 10.000 xGa/ Al discrimination 

limit for A-type gram!es is from Whalen et aL (19S7). Ai and Ai, are A-type average 

rnmposition from J(onopelko etaL (2007) and Chappell and Whire (1992), respectively. 

su ggested by Abdel Rahman ( 1 994) ,  Biotite minerals define three 
(omposlt1onal ly distinct fields in the MgO vs. FeO 
diagram of Abdel Rahman ( 1 994). Biotites in the A-type 
studied are iron-rich while biotites in cale-alkaline rocks 
type gramles) are moderately enriched in MgO 

The calculated magma F and Cl content 
f or these A -type grani toids (F - 580-5600 ppm 
1 1 80 ppm. see Section 5) is genel ally than that for calc-
alkaline granites (F - 0-470 p pm and 0 - 0-250 ppm) the 
values are not p)(cp<;<;i vply high. Le, water is still a part of 
the volatile component of the magmas. Thus. F and 0 content of 
igneous biotites seem to reflect the nature of their host 
magmas and are potential chemical elements to 
discriminant diagrams. 

83_ The thermal SOllrCE for c ontinental lirhosplu:rc anatexis 

As poimed out by Brown {1994}. the heat necessary for crustal 
anatexis may be the result of internal heat in 
over-thickened crust. mtraplalmg/wldt'rplatlng of mantle-<lerived 
magma. an enhanced flux from the mantle. or some combination of 
these mechanisms. Moreover. Black et a L  ( 1 984) showed that 
faults play a majm role during the empla.cemem of alkaline felsic 
magmas. as do transform faults whose may well have been 

determined by older lineaments in the continents. The role intra
continental shear zones and fault systems in the generation. ascent 
and emplacement of granitic magmas has also been t=U'I-" .d.:>l"<:·U 
Brown ( 1 994;' and Abdel Rahman The 
granitic pIu tons considered here are related to the 
shear zone that underwent heatmg coeval Carboniferous 
magmatism_ Although the history of this shear zone deserves further 
research. and normal and reverse sense of movement have been 
proposed (Grissom et  aI., 1 998; HOckenreiner et aL, 2003), we infer 
that the llPA shear zone was active in the Carboniferous and 
could have controlled the of Mplling of 

rn<TGT'n>r1 by mantle-derived magmas 

as inferred from evidence gIVen previously.Subsequent ascent 

of magma was focused along the llPA shear zone. Heat 
advected to the upper crust by rising magmas favoured ductile 
deformation and reClystall iZJt ioll (- 342-328 Ma) within the shear 
zone. contmued long after pluton emplacemenl (-300 Ma). 

9. Conclusions 

The whole-rock chemical and geoclironological data allow us lo 
determine unequivocally that these plutons aft' A-typl" granItt's 

durin g the Early Carboniferous in the pmto-Andeall margin 

of Gondwana. The main conclusions of this st udy. which could be 

to other A-type gramtes. are: 

1 )  magmas represent variable mixtures of a"thello,<;pheric 

mantle and continental crust. and variations in the 
ratios lead to different subtypes of A-type granite. In our study 
the magma source was primarlly (and dominantly) mantle 
with !iub!leql1�[\[ crustal contamination. 
Shear zones (in our s[Udy the TIPA shea r zone) pl .ly an impoltant 
role. p roviding suitable conduits for ascendmg asthen05phenc 
material and heat flux into the crust. a hypothesis that is in accord 
with other recent work about A-type granites. 

Biotites have distinctive compositions with high FeO/MgO 
ratios. F. and CL Thus, FeOjMgO ratios together with F and Cl 
content of biotites seem to reflect the nature of their 

host magmas and may be useful in identifying A-type 

model supports fractional crys-
tallization with dominant fractionation of feld!;par and a source 
mineral enriched in pla giodase. explaining the 

Eu anomalies observed in A-type gramtes. 
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