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Abstract A new LA-ICP-MS crystallization age of 370±
8Ma is presented for monzogranite from the Achala batholith,
the largest Devonian igneous body in the Sierras Pampeanas,
confirming previous U-Pb zircon ages and indicating em-
placement within a relatively short episode. Granitic rocks
from the central area of the batholith display restricted high
SiO2 contents (69.8–74.5 wt.%). Major element plots show
ferroan and alkaline-calcic to calc-alkaline compositions with
an A-type signature. High concentrations of the high field-
strength elements such as Y, Nb, Ga, Ta, U, Th, and flat REE
patterns with significant negative Eu anomalies, are also typ-
ical of A-type granites. The aluminium saturation index
(1.10–1.37) indicates aluminous parent magmas which are
further characterised by high FeO/MgO ratios (2.6–3.3) and
F contents of igneous biotites (0.9–1.5 wt%), as well as
relatively high AlIV (2.39–2.58 a.p.f.u.) in biotites and the
occurrence of primary muscovite. Petrogenetic modelling
supports a source enriched in plagioclase and progressive
fractional crystallization of feldspar. The central area of the

batholith displays small-scale bodies composed predominant-
ly of biotite (80 %), muscovite (10 %) and apatite (10 %),
yielding rock compositions with 2.3–5.4 wt. % P2O5, and 6–
7 wt.% F, together with anomalous contents of U (88–
1,866 ppm), Zr (1081–2,581 ppm), Nb (257–1,395 ppm)
and ΣREE (1,443–4,492 ppm). Previous studies rule out an
origin of these bodies as metasedimentary xenoliths and they
have been interpreted as cumulates from the granitic magma.
An alternative flow segregation process is discussed here.

Introduction

A variety of systematic 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 (i.e., Devonian and Carboniferous) emplaced in the
Eastern Sierras Pampeanas after the metamorphic peak of the
Famatinian Orogeny have received relatively little attention
until recently.

Our understanding of the petrogenesis of the Carboniferous
granite of Sierras Pampeanas has been improved in the last
years (e.g., Dahlquist et al. 2006, 2010, 2013; Alasino et al.
2012 and references therein), but the petrogenesis of the
Middle-Late Devonian magmatism is still not well constrained
(e.g., Siegesmund et al. 2004; López de Luchi et al. 2007).

The largest batholith of Devonian age, the Achala batholith
(Sierras de Córdoba), is considered a typical result of this
magmatism and consistently was termed the Achalian orogen
by Sims et al. (1998). Studies of the Middle-Late Devonian
magmatism have been carried out on granites in the Sierra de
San Luis (e.g., Siegesmund et al. 2004; López de Luchi
et al. 2007). However, there is no consensus about the
petrogenesis of this magmatism, which has been consid-
ered as arc-related with some syncollisional and even a
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within-plate setting for the more evolved granitoids
(López de Luchi et al. 2007).

Although the Achala batholith is one of the largest intrusive
granitic bodies in the Sierras Pampeanas, petrological, geo-
chemical, isotopical, and geochronological data have been
poorly and discontinuously reported. A seminal paper by
Rapela (1982) based on petrological and geochemical data
using major element and some trace elements concluded that
the Achala batholith is a postkinematic peraluminous
calcalkaline body but with ‘alkalic’ characteristics probably
related to the pre-rift uplifting of the area after the Lower
Paleozoic orogenic events.

Subsequently Lira and Kirschbaum (1990) reported petro-
logical and geochemical studies using major and some trace
elements (excluding REE, U, Nb, etc.) in the central area of
the batholith. These authors concluded that the Achala gran-
itoids have geochemical affinities both S-type and within-
plate granites.

Dorais et al. (1997) studied the central Achala batholith area
where the granites bear unusual biotite-apatite bodies (called
‘layered enclaves’ by Dorais et al. 1997, see discussion in
Sections Geology of the Achala batholith and Biotite-apatite
bodies) characterized by 89–93 % biotite with high FeO/MgO
ratios (mean 3.1), 7–11 % apatite and high F contents (mean
3.5 %); they have abundant zircon and monazite together with
scarce oxides as accessory minerals. This modal mineralogy
produces unusual bulk-rock compositions, showing remarkably
high abundances of P2O5, F and some trace elements (P2O5=1 –
8wt.%, F=0.7–1.7 wt.%, U=26–235 ppm, Zr=835–2,800 ppm,
and ΣREE=998–5,275 ppm). Dorais et al. (1997) reported
whole-rock and mineral chemistry for these bodies, but not the
composition of the host granites.

Recently, Rapela et al. (2008a) reported conclusions based on
whole-rock chemistry, Nd isotopes, and geochronological infor-
mation in a short paper, but the data remain unpublished; they
showed that the granitic rocks are peraluminous throughout the
range of silica content, from 60 to 76 %, and show geochemical
signatures typical of peraluminous A-type granites.

The present work is a contribution to the understanding the
Devonian magmatism in the proto-Andean foreland, Sierras
Pampeanas, Argentina.We present major and trace element data
for 25 whole-rock samples, mineral compositions, and Sm-Nd
isotope data for granitic rocks and unusual biotite-apatite bodies
collected from the central region of the Achala batholith. In
addition a new LA-ICP-MS U-Pb zircon crystallization age is
reported here, confirming previous ages for the emplacement of
the granitic rocks. Based on our new petrological, mineral
chemistry, bulk major and trace element, Nd isotopes composi-
tions and geochronological data, together with previous Hf and
Nd isotopes compositions and geochronological data recently
reported byDahlquist et al. (2013), we assess the petrogenesis of
the Achala batholith and discuss the origin of unusual biotite-
apatite bodies. These biotite-apatite bodies have additional

interest because of their economic potential, containing re-
markably high concentrations of uranium and REE.

Geological setting

Using geochronological data and association with major oro-
genic episodes, four main granitoid groups have been recog-
nized in the Eastern Sierras Pampeanas (including main ref-
erences only): Pampean magmatism , 555−515 Ma; Rapela
et al. (1998, 2007), Sims et al. (1998), Schwartz et al. (2008);
Famatinian magmatism , 484−463Ma; Pankhurst et al. (1998,
2000), Rapela et al. (2008b), Dahlquist et al. (2008, 2012),
Ducea et al. (2010), and Casquet et al. (2011); Achalian
magmatism , 393−366; Dorais et al. (1997), Sims et al.
(1998), Stuart-Smith et al. (1999), Siegesmund et al. (2004),
Rapela et al. (2008a); and Early Carboniferous magmatism ,
357−322; Dahlquist et al. (2006), Grosse et al. (2009),
Dahlquist et al. (2010), Alasino et al. (2012).

The ca. 2,500 km2 Achala batholith in the Sierras de
Córdoba (Fig. 1) was emplaced during the Late Devonian:
368±25MaU–Pb zircon (Dorais et al. 1997), 379±4 and 369
±3MaU–Pb SHRIMP zircon (Rapela et al. 2008a), and 366±
6, 369±5, and 372±6 Ma U–Pb LA-ICP-Ms zircon
(Dahlquist et al. 2013). It is the largest of a series of intrusive
granitic bodies in the Sierras Pampeanas that are conspicu-
ously discordant to structures and rocks formed during the
Cambrian (Pampean) and Ordovician (Famatinian) metamor-
phic events (Martino et al. 1995; Rapela et al. 2008b). Achala
batholith has an A-type signature (Rapela et al. 2008a) and
contact aureoles indicate shallow emplacement, usually at less
than 2 kb (e.g., Patiño and Patiño Douce 1987; Baldo 1992;
and Pinotti et al. 2002 data from the Cerro Aspero batholith of
Late Devonian age, Fig. 1).

Sims et al. (1998), Stuart-Smith et al. (1999), and
Siegesmund et al. (2004) considered the voluminous
Devonian intrusive rocks in the Sierras de Córdoba and the
eastern area of the Sierra de San Luis to have been emplaced
during compression associated with Late Devonian low-grade
shear zones, together defining the Achalian orogeny (Middle-
to-Late Devonian). According to this interpretation the
Devonian granites, such as the Achala (Sims et al. 1998) and
Cerro Áspero batholiths in Sierra de Córdoba (e.g., Pinotti et al.
2002, 2006), and the Las Chacras-Potrerillos (Siegesmund
et al., 2004) and Renca (Stuart-Smith et al. 1999) batholiths in
Sierra de San Luis (Fig. 1), are not post-orogenic intrusions of
the Famatinian Orogeny as proposed by Pankhurst and Rapela
(1998), but belong to a distinct tectonomagmatic event.

The tectonic setting of the Late Devonian compressional
event is controversial and has been related to: (i) collision of
the hypothetical Chilenia terrane with the proto-Pacific margin
(Willner et al. 2011 and references therein), (ii) final collision
between the Famatinian magmatic arc and the Pampean
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hinterland (Höckenreiner et al. 2003) and, recently, (iii)
push–pull tectonic switching episodes during Devonian and
Carboniferous time, resulting from flat-slab/roll-back subduc-
tion along the Pacific margin (Alasino et al. 2012). The A-type
geochemical signature of the Achala batholith (Rapela et al.
2008a) strongly suggests intracratonic magmatism in a dom-
inantly extensional regime with Early–Middle Devonian?
lithospheric thinning. This hypothesis is consistent with a
Devonian metallogenetic epoch (~ 390 Ma) developed in an
extensional setting temporally and spatially related to the
Achala magmatism (Franchini et al. 2005). This extensional
regime was followed by Late Devonian compressional event
(Sims et al. 1998) and Early Carboniferous lithospheric
stretching (Dahlquist et al. 2010). Thus, tectonic switching
episodes of roll-back and flat-slab subduction (see Collins

2002) could have led to alternating compression and extension
setting in the proto-Andean foreland (e.g., Alasino et al. 2012;
Dahlquist et al. 2013).

Geology of the Achala batholith

The Achala batholith of the Sierras de Córdoba is largely
dominated by monzogranitic units. Emplaced at 7–10 km
depth (Baldo 1992), the granitic units define a NNE roughly
elliptic body, 105 km long (Figs. 1 and 2).

The granites sharply cut the regional foliation (Martino et al.
1995) of Cambrian gneisses and migmatites related to the 555
−515 Ma Pampean orogeny (Rapela et al. 1998, 2007; Sims
et al. 1998; Schwartz et al. 2008). They also cut N–S

Fig. 1 Simplified geological map of west-central Argentina (Sierras
Pampeanas), central Chile, and the location of the studied region in the
Achala batholith. Main Devonian batholiths in Sierras Pampeanas are
located in the map. Ages from Dahlquist et al. (2012, 2013), Grosse et al.

(2009), Stuart-Smith et al. (1999), Siegesmund et al. (2004), and Rapela
et al. (2008b). Post-Paleozoic cover in yellow. Inset: rectangle shows the
location of Sierras Pampeanas in a regional sketch map of Argentina
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Ordovician mylonite shear zones associated with the
Famatinian orogeny (470−450 Ma, Martino 2003; Simpson
et al. 2003), although these exhibit a low-temperature
reactivation (Bt-Ms-Chl), probably synchronous with the de-
velopment of magmatic shear fabric observed in the Achala
batholith (Martino 2003; Zarco 2006).

Five main rock types (or facies, designated as A, B, C, D,
and E) were recognized in the Achala batholith by Lira and
Kirchbaum (1990) and Dorais et al. (1997) on the basis of
granitic texture and modal composition (Fig. 2). Based on these
previous studies and Zarco (2006), six main granitic facies have
been recently recognized by Rapela et al. (2008a) (Fig. 2):

Facies 1. Medium-grained ± porphyritic monzogranite, lo-
cated in the central sector of the batholith, is the most

abundant, and consists of 1–3 cm Kfs phenocrysts set in a
2–3 mm equigranular matrix of Qtz-Kfs-Pl-Bt-Ms-Ap-Zrn-
Op (mineral abbreviations from Kretz 1983). Facies 2.
Coarse-grained porphyriticmonzogranite located at themar-
gins of the body, the second most abundant facies, probably
formed earlier in the history of the batholith. These coarse
granites show 3–5 cm Kfs megacrysts in a 3–5 mm
equigranular matrix of Qtz-Kfs-Pl-Bt-Ms-Ap-Zrn-Op.

The remaining facies represent about 10–12 % of the
batholith:
Facies 3. Medium-grained equigranular monzogranite,
often leucocratic, includes muscovite and muscovite +
biotite varieties, located at the northern and southern tips
of the body (i.e., Cerro Champaquí, Mesa del Palmar and
La Cumbrecita areas, Fig. 2).

Fig. 2 Geological sketch map of the Late Devonian Achala batholith. The granitic facies are those defined by Rapela et al. (2008b). Inset: rectangle
shows the location of main study area. Studied samples are shown in the figure
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Facies 4. Fine-grained, biotite-rich equigranular
monzogranite, that forms small (up to about 1.5 km) len-
ticular bodies, abundant in the central part of the batholith.
Facies 5. Coarse-grained equigranular granodiorite, with
a Qtz-Pl-Kfs-Bt-Ms-±Hbl-Ap-Zr-Rt-Ttn-Op mineral as-
sociation. This facies is restricted to two units identified
on the eastern side of the body.
Facies 6. Fine-grained tonalite (Pl-Qtz-Bt±Ms-Ap-Ttn-
Zrn-Op), defined in minor intrusive bodies within the
porphyritic Facies 1 and 2.

This nomenclature is followed in the present work.
Avariety of enclaves have been described from the Achala

granites, including diorite and tonalite, mafic microgranular
enclaves and unusual biotite-apatite layered enclaves (Dorais
et al. 1997) or unusual small-scale biotite-apatite bodies in the
porphyritic facies 2. We prefer the term bodies according to
the description carried out in Section “Biotite-apatite bodies”.
Metamorphic xenoliths of the country rocks are ubiquitous.

Mineralization in the batholith was summarized by Lira and
Kirschbaum (1990) and includes: (a) Be-P-Nb-Ta pegmatites,
(b) feldspathic episyenites, which host uranium minerals
(metautunite and metatorbenite) that crystallized from exoge-
nous uraniferous solutions, (c) tungsten deposits occurring as
wolframite-bearing quartz veins intruded into either the granite
or the country rocks, or as scheelite-bearing calc-silicate skarns.
Although fluorite is a rare accessory mineral in the granites,
fluorite veins of economic interest are often located close to the
contacts with the metamorphic envelope. Some of these veins
were formed by hydrothermal circulation of fluids during the
Late Jurassic and Early Cretaceous (Galindo et al. 1997).

Pegmatites and aplites are widely distributed in the batho-
lith and in the metamorphic envelope. Galliski (1994) sug-
gested that they are most likely fractionated of A- (+S-) type
magmatism.

Largely dominated by 70–74 wt % SiO2 monzogranites,
the batholith has however a wider, 60–76 wt % SiO2 range,
within the fields of the calc-alkalic to alkali-calcic series. The
Achala granites have been termed aluminous A-type as they
are all peraluminous, and typically show enrichments in F, Ga,
Nb, high Ga/Al ratios and low K/Rb ratios as does typical A-
type granite (Rapela et al. 2008a).

Recently, Dahlquist et al. (2013) have reported Hf and Nd
isotope data from the Achala granites suggesting that the
magmas were largely derived from the recycling of old crustal
rocks. Consistent with this conclusion are the zircon age
patterns of porphyritic granites reported by Rapela et al.
(2008a), which show inherited components (ca. 660 and
700 Ma) commonly found in the Cambrian metasedimentary
country rocks of the batholith which are therefore a likely
source component. In addition, metamorphic rim with 540Ma
are recognized in these zircons with ages crystallization of
379 Ma.

Based on significantly more negative values of εHft in one
granitic sample of the Achala batholith, and the high concen-
trations of some distinctive elements such as F and P2O5,
Dahlquist et al. (2013) suggested derivation from older crustal
metasediments.

U-Pb zircon crystallization ages from the granitic facies in
the central sector of the Achala batholith range from 366±6 to
379±4 Ma (compilation from Rapela et al. 2008a; Dahlquist
et al. 2013 and references therein) indicating magmatic em-
placement during a relatively short interval in the Late
Devonian. These results are consistent with two U-Pb con-
ventional zircon ages of 368±2 Ma obtained from biotite-
apatite bodies and the hosted porphyritic granites (Facies 2,
see Section Petrology and mineral chemistry of the granitic
rocks and biotite-apatite bodies), respectively (Dorais et al.
1997). These ages should be considered with caution because
inherited zircon has been reported in recent studies (e.g.,
Rapela et al. 2008a). However, the field evidence suggests
synchronous emplacement (see Section Field occurrence and
petrography description) and Nd-isotopes data reveal a com-
mon source for granitic rocks and biotite-apatite rich bodies.
Further precise geochronological studies are still needed to
test if Early Carboniferous rocks are present, for example in
the northern part of the batholith, where Rb-Sr isochrons gave
ages of 358±9 Ma (Rapela et al. 1991) and 337±2 Ma
(Saavedra et al. 1998).

Petrology and mineral chemistry of the granitic rocks
and biotite-apatite bodies

Analytical methods

The Cañada del Puerto area was chosen because it includes
granitic facies associated with the unusual presence of small-
scale biotite-apatite bodies that can be relevant in the under-
standing of the petrogenesis process as discussed in
Section “Petrogenesis of the biotite-apatite bodies: A
discussion”. In addition, U mineralization was noticed by Lira
(1985) in the region studied in this work and thus, the biotite-
apatite bodies can have played a role in the preconcentration ofU.

Numerous samples were collected from the Cañada del
Puerto area, of which 24 were selected for petrographic inves-
tigations. Based on these results and our large field observations,
we chose representative samples for geochemical, chemical
mineral, isotope, and geochronological analysis. Some addition-
al samples with geochemical and geochronological determina-
tion were collected outside the La Cañada del Puerto area in
previous studies and are reported in this work. The rocks are
assigned to the granitic facies described in Table 7.

Major element compositions were determined for three
samples using a ThermoARL sequential X-ray fluorescence
spectrometer, following the procedure described by Johnson
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et al. (1999). Trace element compositions were determined
using ICP-MS, following the procedure described in http://
www.sees.wsu.edu/Geolab/note/icpms.html. For biotite-
apatite samples the high concentration of P2O5 in some cases
lay beyond the upper limit of the calibration, leading to
reduced precision (e.g., P2O5 in NPE-17).

Additionally, whole-rock major and trace elements were
determined for two representative samples by ICP-OES and
ICP-MS (following the procedure 4-Lithoresearch code), at
Activation Laboratories, Ontario, Canada (ACTLABS).
Following lithium metaborate/tetraborate fusion, samples are
dissolved in a weak nitric acid solution. Major elements, Be,
Sc, V, Sr, Ba, and Zr are determined by Inductively Couple
Plasma –Optical Emission Spectroscopy (ICP-OES). All other
trace elements are determined by Inductively Coupled Plasma –
Mass Spectrometry (ICP-MS). For major elements precision
and accuracy are generally better than 2 % (relative). For trace
elements precision and accuracy are generally better than
+/− 6 % for all elements present at 10 times above background.

LA-ICP-MS analysis of separated zircons from sample ACH-
155 was carried out at the School Earth and Environmental
Sciences (SEES) Washington State University (WSU) (Pullman,
USA), using a NewWave Nd:YAGUV 213-nm laser coupled to
a ThermoFinnigan Element 2 single collector, double-focusing,
magnetic sector ICP-MS. Operating procedures and parameters
are discussed in greater depth by Gaschnig et al. (2010).
Fractionation in the plasma was corrected by normalizing U/Pb
and Pb/Pb ratios of the unknowns to those of zircon standards
(Chang et al. 2006). For this study we used one zircon standard:
Peixe, with an age of 564 Ma (Dickinson and Gehrels 2003).

Sm–Nd analyses of the three representative Bt-Ap rich
bodies were carried out at the Geochronology and Isotope
Geochemistry Centre of the Complutense University,
Madrid, Spain. Whole-rock powders were decomposed in
4 ml HF and 2 ml HNO3 in Teflon digestion bombs heated
for 48 h at 120 °C and finally in 6 M HCl. Sm and Nd were
determined by isotope dilution using spikes enriched in 149Sm
and 150Nd. Ion exchange techniques were used to separate the
elements for isotopic analysis. Sr and REE were separated
using Bio-Rad AG50×12 cation exchange resin. Sm and Nd
were further separated from the REE group using Bio-beads
coated with 10% HDEHP. Isotopic analyses were made on an
automated multicollector VG® SECTOR 54 mass spectrom-
eter. Analytical uncertainties are estimated to be 0.006 % for
143Nd/144Nd and 0.1 % 147Sm/144Nd. Replicate analyses of
the La Jolla Nd-isotope standard yielded an average
143Nd/144Nd ratio of 143Nd/144Nd=0.511848±0.000003 (2σ)
with n =36. Errors are quoted throughout as two standard
deviations from measured or calculated values.

Mineral chemistry was determined on representative rock
samples using two electron microprobes. A JEOL JXA 8500F
Hyperprobe equipped with 5 tuneable wavelength dispersive
spectrometers at the SEES, WSU (Pullman, USA). The beam

current was 15 kV, probe current of 20 nA, and the beam
diameter was 5 mm. A JEOL JXA-8900-M Superprobe
equipped with five crystal spectrometers at the Luis Brú
Electron Microscopy Center, Complutense University,
Madrid, Spain. Absolute abundance for each element was
determined by comparison with standards (Jarosewich et al.
1980; McGuire et al. 1992). Operating conditions were: ac-
celeration voltage of 15 kV, probe current of 20 nA, with a
beam diameter between 1 and 2mm. An on-line ZAF program
or PhieRhoeZ algorithm (Armstrong 1988) was used with the
JEOL JXA 8500F Hyperprobe and an on-line ZAF program
was used with the JEOL JXA-8900-M Superprobe . The data
obtained from each electron microprobe are indicated in the
Tables containing mineral chemical data. Representative min-
eral compositions are reported in Tables 1, 2, 3, 4, 5 and 6,
while complete data (about 150 analyses) are found in
Mineralogy and Petrology Data Repository.

Systematic semi-quantitative analysis using JEOL JXA-
8230 electronmicroprobe equippedwith an ultra-thin window
at Electron Microscopy Laboratory and X-ray Analyses unit
of Cordoba National University (http://www.famaf.unc.edu.
ar/lamarx/lamerx1sem.html) were carried out to identify
accessory minerals in Bt-Ap bodies. Operating conditions
were: acceleration voltage of 15 kVand 20 kV.

Modal proportions were obtained on sample NPE-10 from
combined modal counting and ImageJ software (Rasband
2011). This software discriminates different grey intensities
of the object using JPG images. Five pictures from thin section
were analysed, obtaining the following average: Bt=72.2 %,
Qtz=9.7 %, Ms=9.2 %, and Ap=8.9 %. Later Qtz was
eliminated from the assumed magmatic assemblage (see next

Table 1 Representative composition of alkali feldspar in granitic rocks in
Cañada del Puerto area from electron microprobe

Samples NPE-6 NPE-14 NPE-12
Average n =16 Average n =12 Average n =3

wt. %

SiO2 64.28 64.77 64.37

Al2O3 19.35 18.74 19.05

CaO 0.04 0.04 0.03

Na2O 1.48 1.08 1.20

K2O 14.54 14.85 14.74

Total 99.68 99.28 99.40

Ab 13.83 9.91 11.02

An 0.16 0.20 0.14

Or 86.01 89.89 88.84

In all Tables: Facies 2, porphyritic monzogranite, NPE-6; Facies 1,
monzogranite ± Kfs phenocrysts, NPE-14; Facies 4 monzogranite,
NPE-12, and biotite-apatite body, NPE-10

Ab Albite, An Anortite, Or Orthoclase, bdl below detection limit

*JEOL JXA 8500F Hyperprobe and **JEOL JXA 8900 Superprobe .
Details in Mineralogy and Petrology Data Repository
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Section), yielding a magmatic assemblage (modal %) of Bt=
80 %, Ms=10 % and Ap=10 %.

Field occurrence and petrography description

Our study was carried out on representative rocks of the
Achala batholith in the La Cañada del Puerto area (Fig. 2).

Based on petrological and geochemical data, three main gra-
nitic facies were recognized: facies 1, 2, and 4 of Rapela et al.
(2008a) defined in Section “Geology of the Achala batholith”.
As already stated, facies 1 and 2 are by far the most abundant
in Achala batholith. Additionally, one subordinate rock type
named here as biotite-rich granite was recognized in the area
(composition in Table 7). This forms a tabular small-scale
outcrop emplaced in facies 2; according to Zarco (2006) it
was emplaced in a fracture generated during the development
of magmatic shear. The observed contact between facies is

Table 3 Representative compo-
sition of biotite in granitic rocks
and biotite-apatite bodies in Cañ-
ada del Puerto area from electron
microprobe

Total iron expressed as FeO. bdl
below detection limit

Samples NPE-6 NPE-14 NPE-12 NPE-10
Average n =19 Average n =10 Average n=10 Average n =14

wt. %

SiO2 35.16 35.96 34.01 34.39

TiO2 2.45 2.33 2.55 2.19

Al2O3 18.10 16.95 18.21 17.78

FeO 21.29 21.62 22.77 21.81

MnO 0.48 0.33 0.62 0.38

MgO 6.96 7.54 5.81 7.19

CaO 0.02 0.03 0.03 0.02

Na2O 0.11 0.06 0.12 0.18

K2O 9.48 9.40 9.15 9.37

F 1.50 1.12 0.94 1.69

Total 95.55 95.34 94.21 94.99

F=O 0.63 0.47 0.40 0.71

CTotal 94.92 94.87 93.81 94.28

FeO/MgO 3.06 2.87 3.97 3.04

Structural formulae calculated on basis 22 O

AlIV 2.51 2.39 2.39 2.56

Fe2+/(Fe2++Mg) 0.63 0.62 0.62 0.63

Table 4 Representative composition of apatite in granitic rocks and
biotite-apatite bodies in Cañada del Puerto area from electron microprobe

Samples NPE-6 NPE-14 NPE-12 NPE-10
Average n =4 Average n =7 Average n =8 Average n =9

wt. %

SiO2 bdl bdl 0.05 0.03

TiO2 0.05 bdl 0.03 0.02

Al2O3 0.01 0.01 0.02 0.02

Fe2O3 0.37 0.16 0.26 0.59

MnO 0.97 0.31 0.95 1.51

MgO 0.01 bdl bdl 0.01

CaO 53.94 54.82 54.49 52.90

P2O5 42.33 42.20 42.23 42.04

F 3.61 3.35 3.73 3.71

Total 101.24 100.86 101.69 100.77

F=O 1.52 1.41 1.57 1.56

CTotal 99.72 99.45 100.12 99.21

Total iron as Fe2O3

bdl below detection limit

All data from JEOL JXA 8900 Superprobe

Table 5 Representative composition of oxides in granitic rocks and
biotite-apatite bodies in Cañada del Puerto area from electron microprobe

Samples NPE-6 NPE-14 NPE-12 NPE-10

345 358 Average n =6 Average n =5 Average n =9

wt%

SiO2 0.46 3.28 0.05 bdl 0.38

TiO2 96.91 51.23 50.76 48.56 21.63

Al2O3 0.28 0.25 0.04 0.07 0.16

FeO 0.83 28.76 43.48 36.59 66.21

Fe2O3 0.92 31.95 40.65 73.59

MnO 0.03 9.54 4.37 6.65 0.31

MgO 0.09 0.15 0.02 bdl 0.02

CaO 0.02 0.10 0.03 0.01 0.02

Total 98.71 96.50 98.74 95.94 96.10

In those cases where the Total is low the total iron is expressed as ferric
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sharp, facies 4 form small-scale bodies emplaced in facies 1
and 2 suggesting a late intrusion.

Biotite-apatite bodies are also hosted in facies 2, exhibit
sharp contacts, and occur as elongated, tabular or drop-like
bodies ranging from few to tens of metres in length with
thicknesses of up to 1 metre.

Petrography and chemistry are considered in the next sec-
tions for each facies separately; data for muscovite in the three
facies and biotite-apatite bodies are considered later in
Section “Origin of the muscovite in the granitic rocks”.

Facies 1: Medium-grained ± porphyritic monzogranite

Facies 1 is widespread in the studied area (Fig. 2). It is a massive
equigranular medium-grained (ca. 0.5 cm), mica-rich
monzogranite (Fig. 3c) with erratic presence of alkali feldspar
phenocrysts. Contact with facies 2 is irregular and sharp.
Petrography studies reveal that the modal magmatic assemblage
is Pl (27 %), Kfs (24 %), Qtz (34 %), Bt (7 %), Ms (6 %) with
scarce apatite and oxides as accessory minerals.

Alkali feldspar is microcline with medium-grained, rang-
ing from 3.5×3mm to 2×1mm, and forms tabular subhedral–
anhedral crystals, generally with perthitic texture. The repre-
sentative composition of microcline ranges from Or86.9 to
Or92.7 and the complete composition can be observed in
Table 1.

The plagioclase is medium-grained, ranging from 3×
1.3 mm to 2×0.7 mm, forming tabular and anhedral crystals
with polysynthetic twinning. Its composition ranges from oli-
goclase An15.9 in the core to albite An6.6 in the rim (Table 2).

Biotite is medium-grained (1.5×0.8 mm) evenly distribut-
ed throughout the rock. It occurs as light to dark brown

subhedral plates or irregular sections, with inclusions of Ap
and Zrn. In terms of AlIV vs. Fe2+/(Fe2++Mg) the biotites
show relatively high siderophyllite–eastonite (average AlIV=
2.39 atom/formula unit, Table 3) together with high F contents
(average F=1.12, n =10 Table 3). Fluorapatite (ca. 0.5 %, with
F=3.35, n =7, Table 4) is euhedral to subhedral with dominant
hexagonal and short prismatic forms. It is variably fine-
grained, 0.2 to 0.4 mm, and is commonly observed as an
inclusion in biotite or muscovite. This rock contains Qtz and
ilmenite (ca. 0.4 %) is the oxide mineral (Table 5). Systematic
analysis using the electron microprobe (determining Zr and
LREE data) reveals the presence of two radioactive minerals,
zircon and monazite.

Facies 2: Coarse-grained porphyriticmonzogranite

In the studied area, the dominant granitic rock type is porphy-
ritic monzogranite, where alkali feldspar phenocrysts (mostly
1.0−1.5×0.6−1.0 cm) are enclosed in a medium- to coarse-
grained (0.5 – 0.8 cm) matrix of biotite, alkali feldspar, quartz
and plagioclase (Fig. 3a).

A fabric defined by the alignment of alkali feldspar pheno-
crysts is developed in some rocks of this facies and is
interpreted as magmatic in origin. The orientation of pheno-
crysts is variable, but mainly between 50° and 325°. In some
locations, the granite is intruded by (i) equigranular fine-
grained (< 1 cm) biotite monzogranite dykes (1.0–1.5 m in
thickness) with an orientation of 30°/60°E and (ii) a foliated
biotite-rich granite type (NPE-5) commonly occurring in
NNW-SSE elongate tabular bodies (Figs. 2 and 3b).

Petrography studies from porphyritic monzogranite reveal
that the modal magmatic assemblage is Pl (33 %), Kfs (32 %),

Table 6 Representative compo-
sition of muscovite in granitic
rocks and biotite-apatite bodies in
Cañada del Puerto area from
electron microprobe

Total iron expressed as FeO. bdl
below detection limit

Samples NPE-6 NPE-14 NPE-12 NPE-10
Average n =10 Average n =9 Average n =8 Average n =14

wt. %

SiO2 45.57 45.61 44.62 44.99

TiO2 0.97 0.97 0.82 0.80

Al2O3 32.93 32.16 33.35 32.39

FeO 2.75 3.94 2.72 3.52

MnO 0.03 0.03 bdl 0.04

MgO 0.90 1.01 0.76 1.06

CaO 0.02 0.02 0.09 0.02

Na2O 0.44 0.46 0.50 0.61

K2O 10.32 10.34 10.39 10.23

F 0.55 0.47 0.36 0.55

Total 94.48 94.99 93.53 94.18

F=O 0.23 0.20 0.15 0.23

CTotal 94.25 94.79 93.38 93.95

Structural formulae calculated on basis 22 O

Fe2+/(Fe2++Mg) 0.63 0.69 0.67 0.65
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Qtz (25 %), Bt (7 %), Ms (3 %) with apatite and oxides as
accessoryminerals. Alkali feldspar is microcline. In thin section
this mineral has typical medium to coarse grain-size (ranging
from 3.3×2.2 mm to 6.5×4 mm), and forms tabular subhedral–
anhedral crystals, generally with perthitic texture and inclusions
of plagioclase and minor quartz and muscovite. The represen-
tative composition of microcline ranges from Or81.7 to Or90.4,
and the complete composition is reported in Table 1.

Two main varieties of plagioclase were recognized: (a)
medium-grained (Pla, 2.2×1.0 mm, 1.5×1.0 mm), tabular and
anhedral crystals and (b) fine-grained (Plb, 1.0×0.3 mm), tabu-
lar, subhedral crystals with polysynthetic twinning. Pla is scarce
whereas Plb occurs in the matrix or as inclusion in microcline.
Both plagioclases have uniform oligoclase compositions of
An17.1 for Pla and An12.6 for Plb. Complete compositional data
is reported in Table 2.

Biotite is the only mafic mineral. It is medium-grained,
ranging from 1.8×1.4 mm to 1.4×0.4 mm. All biotites

form subhedral laths or irregular sections and exhibit
pleochroism from light to dark brown. Ap and Zrn occur
as inclusions in biotite, the Zrn producing strong pleochro-
ic halos. In terms of AlIV vs. Fe2+/(Fe2++Mg) the biotites
show high siderophyllite–eastonite contents (Table 3).
They have relatively high AlIV (average 2.51 atom/
formula unit) together with very high and distinctive F
contents (average F=1.50 %, Table 3). Biotites with high
AlIV (> 2.50 approximately) seem to be characteristic of
peraluminous magma (e.g., Dahlquist et al. 2005a, 2007;
Clarke et al. 2005 and references therein).

These porphyritic monzogranites contain quartz, a low
content of apatite and oxides (ca. 0.3 %). The apatite is fine-
grained, ranging from 0.1 to 0.7 mm in diameter and is
fluorapatite in composition (F=3.61 %, n=4 Table 4).
Oxides are ilmenite and rutile (Table 5). Electron microprobe
analysis (including Zr and LREE data) indicates the presence
of two radioactive minerals, zircon and monazite.

Fig. 3 Field characteristics of the granitic rocks and biotite-apatite bodies
in the Cañada del Puerto area.Granitic rocks : (a) Facies 1, equigranular
± porphyritic monzogranite, (b) biotite-rich monzogranite emplaced in
facies 2. The discontinuous red line indicates body boundary. Foliation:
20°/85°E, (c) Facies 2, porphyritic monzogranite, and (d) Facies 4,
equigranular monozogranite. The dominant morphology of biotite-apa-
tite bodies housed in porphyritic monzogranite: (e) tabular form (150 m
× 1.5 m approximately, sample NPE-10) and (f) drop-like bodies (ca.
1.8 m diameter, sample NPE-17). Representative texture of biotite-apatite
bodies in inset of Fig. 3e. The biotite-apatite bodies are housed in
porphyritic monzogranite with sharp and lobule contacts (see inset in
Fig. 3f, g). g Unusual disrupted biotite-apatite body (sample CON-2A,
2B). Also are observed mafic microgranular enclaves (light grey) that are
identified in the photograph with MME. h Lenses inclusions of quartz
and vein of Kfs in sample NPE-10 (wide 1 cm). Photographs (i) and (j)

from rectangles in photograph (g). (i) and (j) Phenocrysts of K-feldspar
in biotite-apatite bodies: (i ) unorientated alkali feldspar phenocrysts
transferred from the hosted porphyritic granitic rocks. Arrows indicate
K-feldspar phenocrysts (samples CON-2A, 2B). j Oriented K-feldspar
phenocrysts transferred from the hosted porphyritic granitic rocks (left).
Red arrows indicate K-feldspar phenocrysts orientation. Vein of Kfs are
also observed. Sample LNE-9 is a drop-like body. Inset in (j ) is a
demolished block from LNE-9. k Repetitive layering formed by biotite
and granitic material. l biotite-apatite bodies forming dykes with K-
feldspar phenocrsyst transferred from the host granite which are concen-
trated in the centre of dyke increasing its size. K-feldspar phenocryst are
oriented on the wall of the dyke (see inset). m Photomicrographs of
typical minerals of the biotite-apatite bodies in the Cañada del Puerto area
(NPE-10). Biotite, apatite, and zircon define the magmatic minerals
assemblage that forms this unusual rock
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Facies 4: fine-grained equigranular biotite-rich
monzogranite

This granitic rock type is equigranular medium-grained
(ca. 0.3 cm) and massive, with K-feldspar phenocrysts
absent (Fig. 3d). This facies forms small-scale bodies
with sharp contacts, defining elongated and tabular bod-
ies with thicknesses ranging from 0.5 m to 20 metres
emplaced in facies 1 and 2, respectively (Fig. 2).
Petrographic investigations reveal a modal magmatic
assemblage of Pl (30 %), Kfs (29 %), Qtz (30 %), Bt
(6 %), Ms (5 %) and oxides and low modal proportion
of Ap as accessory minerals.

Alkali feldspar is microcline. This mineral has medium-
grained (Mca, 2.5×2 mm), and forms tabular subhedral–
anhedral crystals, generally with perthitic texture. The repre-
sentative composition of microcline (ranging from Or81.7 to
Or90.4) is shown in Table 1.

The plagioclase is fine-grained, ranging from 0.3×0.7 mm
to 0.5×0.8 mm, forming tabular and anhedral crystals with
polysynthetic twinning, and is confined to the matrix. Its
composition ranges from An14.9 in the core to An7.2 in the
rim (oligoclase to albite, Table 2).

Biotite is the only mafic mineral. Grain-size is variable,
ranging from 0.3×0.8 mm to 0.8×1.4 mm. Biotite forms
subhedral laths or irregular sections and exhibit pleochroism

Fig. 3 (continued)
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from light to dark brown. Ap and Zrn are common inclusions.
In terms of AlIV vs. Fe2+/(Fe2++Mg) the biotites show high
siderophyllite–eastonite (average AlIV=2.59 atom/formula
unit, Table 3) together with high F contents (average F=
0.94, n =10 Table 3).

This rock contains quartz, low percentages of fluorapatite
(ca. 0.1%, with F=3.73, n =8, Table 4), and oxides (ca. 0.2%).
Fluorapatite is euhedral to subhedral with dominant hexagonal
and short prismatic forms. It is variably fine-grained, ranging
from 0.2 to 0.5 mm in diameter and is commonly observed as
inclusions in biotite. Ilmenite is the oxide in this rock (Table 5).
Systematic analysis using the electron microprobe (including
Zr and LREE data) reveals the presence of two radioactive
minerals, dominant zircon and monazite.

Biotite-apatite bodies

In the Cañada del Puerto area the small-scale biotite-apatite
bodies are hosted in the porphyritic monzogranites (facies 2),
with sharp and lobed contacts, defining elongated, tabular or
drop-like bodies ranging from a few to dozens of metres in
length with thicknesses of up to 1 metre (Fig. 3e, f). NPE-10 is
from an elongated tabular body, NPE-9 and LNE-9 define
drop-like bodies, and CON-2A, B form unusual disrupted
body (Fig. 3e, f, g; sample location in Fig. 2). These bodies
can be cut by centimetric lenses, veins or inclusions of quartz
or K-feldspar (Fig. 3h). Remarkably, biotite-apatite bodies are
included in granitic facies 2 and display a distinctive response
in the scintillometer (between 1,000 – 5,000 counts/second).

Repetitive layering formed by biotite and granitic material
is another magmatic structure commonly observed (Fig. 3k).

The field evidence shows that alkali feldspar phenocrysts
were transferred from the host porphyritic granitic rocks
(Fig. 3i, j). In particular, the dyke-like biotite-apatite bodies
show K-feldspar phenocrysts transferred from the host granite
which are concentrated in the centre of dyke and increasing in
size (Fig. 3l).

Petrography of these mafic bodies reveals igneous textures,
with a magmatic assemblage of biotite (80 %), muscovite
(10 %), and apatite (10 %) with zircon, monazite, and scarce
oxides as accessory minerals (Fig. 3m).

Biotite is far the most abundant mineral, varying from
coarse-grained (Bta, 5×1.2 mm, the dominant type) to
medium-grained (Btb, 2.0×0.2 mm). All biotite forms
subhedral tabular or irregular sections, and has light to dark
brown pleochroism. Commonly, biotite forms large clusters,
where apatite, zircon, monazite and oxides occur as inclu-
sions. Zircon and monazite produce strong pleochroic halos.
In terms of AlIV vs. Fe2+/(Fe2++Mg) the biotites show high
siderophyllite–eastonite (average AlIV=2.56 atom/formula
unit, Table 3)contents, together with high F (average F=
1.69). Compositionally, they show similarities with the biotite
in facies 1, 2, and 4 (see Table 3).

Fluorapatite is also an abundant mineral, euhedral to
subhedral with dominantly hexagonal and short prismatic
forms. It has variable size, ranging from medium- (1.2 mm of
diameter) to fine-grained (0.2 mm of diameter), and is com-
monly observed as an inclusion in biotite. These apatites have
relatively high F contents (F=3.74 % and CaO=52.76 %;
average from 9 samples, Table 4).

Quartz was also observed in the rock, commonly medium-
grained (2.0–2.5 mm in diameter), but sometimes fine-grained
(0.2 mm in diameter). Veins formed by coarse-grained quartz
strongly suggest a later origin, filling interstices or fractures.

Systematic analysis using the electron microprobe (deter-
mining Zr and LREE data) indicate the presence of two radio-
active minerals, zircon and monazite; magnetite and ilmenite
are the oxides in this rock (Table 5). In addition, systematic
semi-quantitative analysis reveals very high modal proportion
of monazite. A single xenotime crystal was founded.

Origin of the muscovite in the granitic rocks

Muscovite is the other sheet silicate present in all studied rocks,
with an averagemodal proportion (%) of 2.8, 6.4, 5.1, and 10 for
facies 1, 2, 4, and biotite-apatite bodies respectively. Care was
taken to determine whether it is of primary or secondary origin,
since primary white mica is widely held to be an indicator of
peraluminous magmas (Speer 1984). Miller et al. (1981) de-
scribe petrographic criteria for determining whether white mica
is primary or secondary, including (1) coarse grain size, compa-
rable to other primary magmatic phases, (2) subhedral or
euhedral form, (3) enclosure by any mineral from which the
mica may have formed through alteration, and (4) presence in a
rock with clean, unaltered, igneous texture. Our observations
using these criteria suggest that both types are present in these
rocks. The inferred primary muscovites form individual
unaltered coarse grain-size and are dominantly subhedral.

Chemical data for muscovite are taken to represent a robust
discriminant and have been used by several authors to clarify
its origin (e.g., Dahlquist et al. 2005a and references therein).
Chemical analyses (Table 6) from assumed primarymuscovite
in the three granitic facies and biotite-apatite bodies fall in the
primary muscovite field of the Mg–Ti–Na diagram (Fig. 4) as
established by Miller et al. (1981) and strongly suggest a
magmatic origin for muscovite. This is consistent with previ-
ous conclusions reported by Dorais et al. (1997).

Whole-rock geochemistry of the granitic rocks
and biotite-apatite bodies

Major- and trace-element compositions of 19 representative
samples from the Cañada del Puerto area were collected. In
addition, six whole-rock analyses of the central part of the
Achala batholith, assignable to the granitic facies previously
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described in Section “Petrology and mineral chemistry of the
granitic rocks and biotite-apatite bodies”, were also included
to give a wider whole-rock geochemistry data base (sample
locations, lithology, and geochemical data are detailed in
Table 7 and Fig. 2).

Major elements

The data show that the granitic rocks are monzogranites, and
their SiO2 content varies within a restricted range from 69.8 to
74.5 wt.% (Table 7). Facies 4 has the highest SiO2 content
(72.1–74.5 %).

On the alkalis vs. silica classification diagram of Wilson
(1989), the rocks plot dominantly at the silica-rich end of the
field of alkaline granites, with transition to the subalkaline
granites (monzogranite) field (Fig. 5).

The granitic rocks are peraluminous (aluminium saturation
index, ASI=1.10–1.40) and have a relatively high agpaitic
index (AI=0.65–0.78, average=0.72) (Fig. 6 and Table 7).
The monzogranites are poor in CaO (0.46–1.53, average=
0.88 wt.%) and extremely rich in FeOt, with high FeOt/
(FeOt+MgO) ratios (0.78–0.88, average=0.82).

They are also enriched in MgO relative to TiO2 (MgO/TiO2

> 1) and are moderately enriched in total alkalis (7.20–
8.90 wt.%), with relatively high K2O contents (K2O/Na2O=
1.20–2.21). The granitic rocks generally follow the alkali-calcic
and ferroan trend on the Na2O+K2O–CaO and FeOt/(FeOt+
MgO) vs. SiO2 diagrams of Frost et al. (2001) (Fig. 7a, b).

Biotite-apatite bodies samples were collected trying to ex-
clude the presence of quartz and K-feldspar considering the
assumed magmatic assemblage (see Facies 2: Porphyritic
monzogranite Section). In agreement with their mineral assem-
blage the biotite-apatite bodies have an unusual geochemistry

composition, distinguished by very low SiO2 contents, ranging
from 32.83 to 50.26 SiO2 wt.%, low Na2O, high TiO2, FeO

t,
MnO, MgO, CaO, K2O and very high P2O5 contents (Table 7).
The summed analyses are low, ranging from 92.71 to
95.52 wt.%. The referred low total could be explained by the
highmodal proportion of biotite (80% of biotite with H2O ~ 3 –
4 wt%, F=1.70 %, Table 3) plus muscovite (10 % of muscovite
with H2O ~ 4 wt%, with F=0.55 wt%, Table 6), and apatite
(10 % of apatite with F=3.71 wt%, Table 4).

Trace elements and REE

The granitoids have concentrations of high-field-strength ele-
ments (HSFE: Y, Nb, Ga, Ta, U, Th, LREE, etc.) comparable to
those reported for anorogenic granitic complexes, such as the A-
type granites of the Lachlan Fold Belt in Australia, the
Hercynian A-type granites of the Kokshaal range in
Kyrgyzstan (Table 7), or other A-type granites in the Sierras
Pampeanas of Argentina (see data in Table 1 from Dahlquist
et al. 2010). Primitive-mantle-normalized spider diagrams show
marked negative Ba, Nb, Sr, P, Eu and Ti anomalies and
significant enrichment in Rb, Th, U, and Pb (Fig. 8). Rare earth
element (REE) abundances vary from 60 to 452 ppm with light
REE (LREE) enrichment, significant negative Eu anomalies and
negatively sloping HREE patterns (Fig. 8). These patterns are
similar to those of some A-type granites reported by Scheepers
(2000) and Konopelko et al. (2007, Fig. 7b). Granitic facies 4 is
impoverished in REE compared to facies 1 and 2.

The apatite-biotite bodies are strongly enriched in REE
(ranging from 1,443 to 4,492 ppm) and HSFE, but with
REE patterns very similar to those of the granitic rocks
(Fig. 8). Primitive-mantle-normalized spider diagrams are also
similar to those of the granitic rocks, with exception of Ba, K,
and Sr, due to the absence of feldspar in the magmatic assem-
blage (Fig. 8). The apatite-biotite bodies are strongly enriched
in trace elements that are clearly attributed to the high modal
proportions of accessory minerals such as apatite, zircon and
monazite, the latter being by far the most abundant.

Geochronological data and isotope geochemistry
of the Achala batholith

In order to corroborate the previous ages (see summary in
Geological Setting) obtained from Achala granitic rocks, one
U-Pb LA-ICPM zircon age is reported here from sample
ACH-155 (sample location and chemical composition in
Fig. 2 and Table 7, geochronological data in Table 8). The
zircons from ACH-155 are mostly elongate grains with
subhedral to euhedral-terminations. The SEM-CL images re-
veal a complex internal structure, mostly with highly lumines-
cent cores (sometimes with a small non-luminescent, possibly
xenocrystic centre), surrounded by low-luminescence rims. The

Fig. 4 Projected composition of white micas in the triangular diagram
Mg–Ti–Na (data in Table 6). The limit between fields for secondary and
primary micas is from Miller et al. (1981)
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luminescent zoned cores are interpreted as a totally inherited
older component.

The majority of the zircon ages are again concentrated at
about 364 Ma and the age range of older inherited zircon is
showed in Table 8. Five data points yield a Tera-Wasserburg
Concordia age (Ludwig 2003) of 370±8Ma (95% confidence
limits, again allowing for the uncertainty in U/Pb calibration).
This is considered the best estimate for the crystallization of
the host monzogranite (Fig. 9).

Fig. 5 SiO2 vs. Na2O+K2O %
variation diagram for the Achala
batholith samples. The dyke and
pale green field represents 46
Carboniferous granitic samples
associated with the TIPA shear
zone in the Sierras Pampeanas
(Dahlquist et al. 2010). The star
symbols are averages of A-type
granitoids elsewhere from
Konopelko et al. (2007) and
Chappell and White (1992)

Fig. 6 Alumina saturation index (ASI) in the studied granitic rocks. Most
of the samples are restricted to ASI=1.10–1.38, with relatively high
values for the agpaitic index (> 0.65). ASI=1 from Shand (1927),
ASI=1.1 from Chappell and White (1992)

Fig. 7 Studied granites plotted in the classification diagrams of Frost
et al. (2001): (a ) Na2O+K2O−CaO vs. SiO2, wt.% and (b ) FeOt/
(FeOt+MgO) vs. SiO2, wt.%. The A-type granite field is after Frost
et al. (2001). A granitic Famatinian calc-alkaline suite is also plotted in
this diagram (see text for discussion). Discontinuous line = Sierra de
Chepes suite. Abbreviations: Di–Tn = diorites and tonalites, G = grano-
diorites, PG = porphyritic granodiorites, Mz = monzogranites (data from
Dahlquist et al. 2005b)
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A large isotopic database including in situ U–Pb and Hf
isotope data from magmatic zircon and whole-rock Sm-Nd
isotopes was recently reported by Dahlquist et al. (2013) for

the granitoids of Achala batholith. Epsilon Nd values (εNdt)
and Hf values (εHft) were recalculated for the crystallization
age of 369 Ma (average from ages of Achala batholith

Fig. 8 a . Primitive-mantle normalized (Sun and McDonough 1989)
spider diagrams. The granitic rocks have similar compositions to those
reported for Carboniferous A-type granites of the Sierras Pampeanas
(Dahlquist et al. 2010). b Chondrite-normalized (Nakamura 1974;
Boynton 1984) REE plots. The rocks of the Achala batholith have REE

patterns similar to those reported for Carboniferous A-type granites
(Dahlquist et al. 2010), although the granitic rocks are impoverished in
HREE. b Chondrite-normalized REE plots for biotite-apatite bodies,
porphyritic granite, andmonzogranite. Discussion of this Figure is carried
out in Section Petrogenesis of the granitoid magmas
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reported by Dahlquist et al. 2013). εHft and εNdt values are
negative and vary between −3.6 to −5.8 (average=−4.4) and
−4.0 to −6.5 (average=−4.8), respectively. Average TDM Hf
and TDM Nd values range from 1.5–1.6 Ga and 1.4–1.6 Ga,
respectively. More negative εHft values (ranging from −10.7 to
−17.6) were observed in one sample only (ACH-140,
Supplementary Table 2 from Dahlquist et al. 2013).

Sample NPE-10, a typical biotite-apatite body, has a εNdt=
−5.7 and average εHft=−3.6 (data from Dahlquist et al. 2013),

which fall within the ranges for the analysed granitic rocks.
Three further samples were analysed for their Nd isotopic
composition (Table 9), yielding similar εNdt and TDM Nd
values of -4.4 to -5.6 and 1.5 to 1.6 Ga, respectively. These
isotopic data indicate an old continental lithosphere source.

Petrogenesis of the Achala batholith and biotite-apatite
bodies

The whole-rock geochemical signatures and the biotite chem-
istry indicate that these Late Devonian granitic rocks are
aluminous, F-rich, A-type granites. According to Eby (1990,
1992), A-type granites can be formed in a variety of ways: (i)
fractionation of mantle-derived magma, (ii) reaction of
mantle-derived magma with crustal rocks, (iii) partial melting
of continental crust (metasomatized or not) (Abdel Rahman
2006; Konopelko et al. 2007). A petrogenetic model including
(ii) has been invoked to explain the origin of Carboniferous A-
type felsic melts in Sierras Pampeanas (see Dahlquist et al.
2010, 2013, Alasino et al. 2012 and references therein).

Biotite chemistry as indicator of their parental magmas

The studies of Abdel Rahman (1994) and Dahlquist et al.
(2010 and references therein) demonstrate that the composi-
tions of igneous biotites reflect the nature of their parental host
magmas. In particular, Dahlquist et al. (2010) show that
biotites crystallized from Early- to Mid-Ordovician calc-
alkaline granitic magmas of the Famatinian orogen are

Table 8 LA-ICP-MS zircon results for the monzogranite ACH-155 (facies 1) of the Achala Batholith

Grain 238U 1σ 207Pb 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235Pb 1σ
spot 206Pb 206Pb age age age

ACH-155 (P)

ACH_155_2a 16.978 0.936 0.0594 0.0016 369 20 583 58 400 24

ACH_155_3a* 18.188 1.007 0.0538 0.0015 345 19 364 60 348 22

ACH_155_6a 4.979 0.276 0.0782 0.0021 1180 60 1153 53 1171 51

ACH_155_7a 16.584 0.912 0.0646 0.0017 377 20 760 56 437 26

ACH_155_8a 20.223 1.127 0.0569 0.0015 311 17 487 58 333 21

ACH_155_9a 11.156 0.629 0.0654 0.0018 553 30 788 56 602 34

ACH_155_12a* 16.350 0.897 0.0536 0.0011 383 20 354 44 379 20

ACH_155_13a 17.172 0.953 0.0622 0.0013 365 20 680 45 411 22

ACH_155_14a* 16.807 0.922 0.0541 0.0011 373 20 376 44 373 20

ACH_155_16a* 16.743 0.915 0.0537 0.0010 374 20 357 43 372 20

ACH_155_17a* 16.550 0.902 0.0540 0.0011 378 20 372 44 377 20

ACH_155_19a 18.815 1.054 0.0773 0.0015 334 18 1129 39 456 24

238U/206 Pb ratio corrected for static fractionation using Peixe (P)

Measurement errors represent within-run uncertainty only
207 Pb/206 Pb ratios corrected for static fractionation using Peixe (P)

Asterisk (*) indicates data points used for Concordia age calculation

Fig. 9 U–Pb LA-ICP-MS zircon dating of monzogranite ACH-155
(facies 2) from the Achala batholith. The main Tera-Wasserburg plot
shows most analyses plotting between 354 and 376 Ma and the inset
shows a Concordia age of 370±8 Ma. The older ages are thought to
represent retained inheritance and are reported in Table 8 only
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significantly different from those biotites from the A-type Early
Carboniferous granitic magmas of the Sierras Pampeanas.
Biotites crystallized in Ordovician calc-alkaline, Early
Carboniferous A-type, and Middle-Late Devonian Achalian
granites have distinctive FeO/MgO ratios and F content. Thus,
FeO/MgO ratios together with F contents of igneous biotites
seem to reflect the nature of their parental host magmas andmay
be useful in identifying kinship (e.g., Dahlquist et al. 2010).

Biotites from the calc-alkaline suite of the Famatinian orogen
are moderately enriched in MgO with FeOt/MgO=1.72–1.76
and occupy a narrow field in the MgO vs. FeOt diagram
(Fig. 10a). Biotites from Ordovician peraluminous rocks, such
as the Tuaní granite, plot below the general trend of the
Ordovician metaluminous calc-alkaline biotites (Fig. 10a) and
have FeOt/MgO=1.64. Biotites in the Carboniferous A-type
plutons have very high FeO relative to MgO, with FeOt/
MgO=8.46–59.52 and mostly plot in the field of anorogenic
alkaline granites (Fig. 10a). In contrast, studied biotites from the
Achala batholith have high FeOt/MgO (3.03 – 3.95) and plot in
the peraluminous granite field (Fig. 10a).

Distinctive Fe2+/(Fe2++Mg) ratios and F content are ob-
served for the Ordovician, Devonian and Carboniferous gran-
itoids rocks of Sierras Pampeanas (Table 3, Fig. 10b). Achala
biotites have remarkably high F contents (F=0.89–2.32 %)
compared with those in Ordovician granitoids (F=0 to 0.37,
Dahlquist et al. 2010) but similar to those in the A-type
Carboniferous granites. However, F content of biotites in facies
2 and the biotite-apatite-rich bodies are extremely high (1.21 to
2.32%). In general, the biotites composition inAchala batholith
strongly suggests high F content in the magma.

Petrogenesis of the granitoid magmas

Zircon saturation thermometry of Watson and Harrison (1983)
provides a simple and robust means of estimating magma
temperatures for both metaluminous and peraluminos rocks
(Miller et al. 2003). Given that these are peraluminous granites,
the zircon geothermometer of Watson and Harrison (1983) can

be used to estimate magmatic temperatures. Miller et al. (2003)
conclude that this geothermometer can be used for either
inheritance-rich or inheritance-poor granitoids. The calculated
results for M values between 0.9 and 1.7 (the calibration range
for the geothermometer) are: facies 1, equigranular
monzogranites with scarce Kfs phenocrystals=843±29 °C;
facies 2, porphyritic monzogranites=809±17 °C; and facies
4, equigranular monzogranites=729±26 °C (Table 7). These
temperatures values are consistent with those obtained from
granitic rocks.

A crude correlation between the calculated temperature and
the Eu anomaly and SiO2 is observed for each granitic facies.
Consistently, the temperature decreases as the Eu anomaly
becomes more negative and the SiO2 content increases
(Table 7), giving confidence to the values obtained using the
zircon geothermometer. NPE-7 sample (facies 4) represents a
late granitic dyke emplaced in facies 1 and 2, and yields the
lowest temperature, 683 °C.

Chondrite-normalized REE plots and primitive mantle-
normalized spider diagrams (Fig. 8) show several distinctive
features. (1) REE patterns tend to be flat to slightly LREE
enriched and have significant negative Eu anomalies indicat-
ing that feldspar fractionation or residual feldspar in the source
region played a role in the petrogenesis of the magmas
(Fig. 8). (2) Significant negative Ba and Sr anomalies in the
spider diagrams similarly support the important role of feld-
spar (Fig. 8). (3) Significant negative Ti and positive P anom-
alies indicate that Ti oxides, apatite, and monazite also played
a role. (4) LIL elements are significantly enriched with respect
to primitive mantle.

Logarithmic plots of Eu versus Ba and Sr concentrations
show linear trends for the granitic rocks of the central area of
the Achala batholith (Fig. 11). Both Ba and Sr decrease with
decreasing Eu (Fig. 11), showing the role of feldspar fraction-
ation in the evolution of these magmas. In the case of perfect
fractional crystallization for a particular pluton or complex,
the samples will form a linear trend that shows the relative
proportions of K-feldspar and plagioclase fractionating from

Table 9 Whole-rock Nd isotopes for biotite-apatite from Cañada del Puerto area, Achala batholith

Sm (ppm) Nd (ppm) 147Sm/144Nd (143Nd/144Nd)today (143Nd/144Nd)t (143Nd/144Nd)t CHUR εNd(t) TDM
2TDM

Sample 1CA(t) (Ga) (Ga)

CON-2B 369 60.6 306 0.1980 0.1196 0.511937 0.512163 −4.4 1.3 1.5

CON-2A 369 52.6 257 0.2050 0.1236 0.511925 0.512163 −4.6 1.4 1.5

NPE-17 369 156 706 0.2210 0.1336 0.511876 0.512163 −5.6 1.6 1.6

Average 369 −4.9 1.4 1.5

The decay constants used in the calculations are the values λ 147 Sm=6.54×10−12 year−1 recommended by the IUGS Subcommision for Geochronology
(Steiger and Jäger 1977). Epsilon-Nd (εNd)t values were calculated relative to a chondrite present day: (143Nd/144 Nd)today CHUR=0.512638;
(143 Sm/144 Nd)today CHUR=0.1967. t = time used for the calculation of the isotopic initial ratios
1CA Crystallization age
2 TDM calculated according to De Paolo et al. (1991). Epsilon Nd values (εNdt) calculated for the crystallization age t = 369 Ma (average from ages of
Achala batholiths reported by Dahlquist et al. 2013)
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the magma. If this proportion changes as the magma evolves
the trend will be curved. Linear trends for a number of the
suites indicate that K-feldspar and plagioclase fractionated in
an approximately equal proportions (Fig. 11). Therefore, both
fractional crystallization (including feldspar) and residual
feldspar in the source region are both invoked for the gener-
ation of these A-type granites. However, some scattering of
the data beyond analytical error suggests that the system was
not entirely closed and that there was some interaction with
the surrounding rocks during the emplacement of the magma.

Significant positive P anomalies referred above is distinctive
of peraluminous A-type Achala granites. Early Carboniferous
A-type granites in the Sierras Pampeanas have negative P
anomalies (Dahlquist et al. 2010). These A-type granites repre-
sent variable mixtures of asthenospheric mantle and continental
crust (Dahlquist et al. 2010), while isotopic data indicate that
Achala granites were derived from a continental source
(Dahlquist et al. 2013 and this work). The positive P anomaly
in Achala granites (and previous geochemical data such as high
ASI, etc.) is consistent with a continental source, mainly
metasedimentary since P (together with volatile elements such
as F) is a common element in sedimentary rocks (Taylor and
McLennan 1985; Nelson 1992).

The highGa/Al ratio is a distinctive or typical characteristic
of the A-type granites, and plots of these ratios against major
and trace element data readily distinguish these granites from

Fig. 11 a Ba vs. Eu and bSr vs. Eu. Linear trends for a number of the
suites indicate that K-feldspar (Kfs) and plagioclase (Pl) crystallize in an
approximately 50:50 ratio. The partition coefficient data for minerals in
equilibrium with granitic liquids are from Icenhower and London (1996),
Ewart and Griffin 1994, Nash and Crecraft (1985), and Philpotts and
Schnetzler (1970). The crystallization percentage for Kfs and Pl is indi-
cated in the figure. Co = Initial concentration, F = weight fraction of
remaining melt

Fig. 10 a . Mineral chemistry for biotites in calc-alkaline metaluminous
and peraluminous granites of Early Ordovician age and in the studied
granites (biotites from facies 1, 2, 4, and biotite-apatite body). FeO vs.
MgO biotite discriminant diagram after Abdel Rahman (1994): biotite in
anorogenic alkaline suites (A field), biotite in peraluminous granites (P
field), and biotite in metaluminous calc-alkaline granite suites (C field). b .
The F content in biotite range from 0 to 0.37 %, 0.25 to 1.43 %, and 0.81 to
2.32 % for Ordovician metaluminous calc-alkaline and peraluminous gran-
ites, Early Carboniferous A-type granites, and Achala granites, respectively
(the data from biotites crystallized inOrdovician andCarboniferous granites
are of Dahlquist et al. 2010). Abbreviations: ZGC = Zapata Granitic
Complex, SBPr = San Blas pluton rim zone, SBPc = San Blas Pluton core
zone, HGC = Huaco Granitic Complex, LAP = Los Árboles Pluton
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I-type (calc-alkaline) and S-type granites (Whalen et al. 1987).
Thus, using the Ga vs. Ga/Al diagram, A-type granites of the
Achala batholith are distinguished from the calc-alkaline gran-
ites from the Famatinian orogen (Ordovician) and strongly
support the A-type designation for these granites (Fig. 12a, b).
According toWhalen et al. (1987), Ga is enriched relative to Al
because the latter is preferentially trapped in residual plagio-
clase, while Ga is stabilized in the melt in GaF6

-3 structures
during melting of an F-enriched source.

Our database of chemical analysis of biotite from calc-
alkaline magmas (I- and S-type) and A-type granites in the
proto-Andean margin indicates that biotite composition de-
pends largely upon the nature of the magma, as was originally
suggested by Abdel Rahman (1994).

As was referred in Section “Biotite chemistry as indicator of
their parental magmas”, the biotites in the Achala granites
(Table 3 and Fig. 10b) have distinctively high F content (0.89–
2.32%), strongly suggesting that themagmas had relatively high
HF/H2O ratios. This high F content together with relatively high
[Fe2+/(Fe2++Mg)] ratios in biotite (0.62 to 0.69) is a typical
feature of A-type granites (Dahlquist et al. 2010 and references
therein). Thus, FeO/MgO ratios together with F content of
igneous biotites seem to reflect the nature of their A-type parental
host magmas. However, the relatively high AlIV (2.39 to 2.58
a.p.f.u) and the occurrence of primarymuscovite indicate that the
micas crystallized from aluminous magma, as noticed by Lira
and Kirschbaum (1990) and Rapela et al. (2008a).

Based on discrimination diagrams using Yand Rb vs. SiO2

(Pearce et al. 1984) and invoking the dominant peraluminous
composition of granitic rocks studied from the Achala batho-
lith Lira and Kirschbaum (1990) conclude that these granites
have S-type affinities and are consistent with within-plate
tectonic setting. However, Y vs. Nb, Ta vs. Yb or Y vs. SiO2

plot (Figure not included) of Pearce et al. (1984), intended as a
granite discrimination plot, the Achala samples scatter be-
tween the fields for volcanic-arc/syncollisional granites and
within-plate granites. There is large overlap in Y and Yb
concentrations between the granitic rocks, and the diagrams
do not help to determine the tectonic setting. As noticed in
previous papers, these diagrams do not work satisfactorily.
Twist and Harmer (1987) studied granites and felsites using a
large database and noted that the trace-element signatures of
these rocks do not identify their tectonic setting per se.

Source of the granitoid magmas of Achala batholith

Based on large isotopic database for the granitoids of Achala
batholith, Dahlquist et al. (2013) concluded that the generation
of Devonian magmas dominantly involved crustal reworking
and stabilization rather than the formation of new continental
crust by juvenile material accretion.

Petrogenetic models for A-type granites commonly invoke
igneous source rocks (e.g., Collins et al. 1982; Creaser et al.
1991; Frost and Frost 1997) and peraluminous A-type granites
are uncommon. Fayalite granite is a member of the most
reduced A-type granites, commonly thought to have been
primarily sourced from tholeiitic rocks. Huang et al. (2011)
have reported fayalite-bearing A-type granite produced by
high temperaturemelting of granulitic metasedimentary rocks.
Dahlquist et al. (2010) concluded that A-type granites repre-
sent variable mixtures of asthenospheric mantle and continen-
tal crust and that different mixtures lead to different (and
numerous) subtypes (illustrating the lack of consensus about
A-type magma origin, Bonin 2007). King et al. (1997) sug-
gested that A-type granites in the Lachlan Fold Belt of SW
Australia were derived from the partial melting of an
infracrustal felsic source, leading to the formation of

Fig. 12 a Ce+Nb+Zr+Y vs. 10,000×Ga/Al granite discrimination dia-
gram (Whalen et al. 1987). b Al2O3, CaO, and Ga diagrams showing the
compositions of the studied granites of the Achala batholith, the Early
Carboniferous A-type granites (orange field) and the Famatinian calc-
alkaline granitoids (green field). For the Famatinian calc-alkaline granit-
oids the SiO2 content ranges from tonalites (SiO2=60 wt.%) to
monzogranites (SiO2=75 wt.%). Chemical data for the Famatinian gran-
itoids are from Dahlquist et al. (2005b, 2008) and for the Early Carbon-
iferous A-type granites from Dahlquist et al. (2010). The 10,000*Ga/Al
discrimination limit for A-type granites is from Whalen et al. (1987). Ai
and Aii are A-type average compositions from Konopelko et al. (2007)
and Chappell and White (1992), respectively
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‘aluminous’ (metaluminous and weakly peraluminous) A-
type granites. Alternatively, the Achala batholith could repre-
sent a subtype of A-type granite derived from a crustal source
with a dominant metasedimentary component, as indicated by
our whole-rock and mineral chemistry and the Nd isotope data
(see Section Geochronological data and isotope geochemistry
of the Achala batholith, Biotite chemistry as indicator of their
parental magmas, and Petrogenesis of the granitoid magmas).

Petrogenesis of the biotite-apatite bodies: A discussion

Although the data presented here are not fully conclusive with
regard to the origin of the unusual biotite-apatite bodies, new
studies are being conducted to elucidate their petrogenesis
because they represent concentrations of uranium and REE
with economic potential.

Dorais et al. (1997) concluded that the identical age of the
biotite-apatite bodies (which they termed enclaves) and the
host granites (368±2 Ma), coupled with textural, mineralogi-
cal, and bulk-rock characteristics of the apatite bodies, indicat-
ed that they are magmatic segregations, i.e., cumulates formed
by fractional crystallization in a closed system, without signif-
icant contamination of the magma during its evolution. This is
supported by the indistinguishable εNdt values of the granitic
rocks and biotite-apatite-rich bodies (data from Dahlquist et al.
2013 and this work). However, this model has some relevant
unresolved problems if we consider the classical definition of
cumulates (Wager 1963): ‘homogeneous nucleation and
growth produces primary precipitates (or primocrysts ) that
reach coarse sizes before being deposited as “cumulus” crys-
tals’. The cumulate model supports subsequent sinking of the
cumulate to the bottom of the magma chamber. This model is
assumed by Dorais et al. (1997) to explain the origin of the
biotite-apatite bodies, as shown in the Fig. 13 of the referred
paper. However, sheet silicate, zircon and monazite have very
different densities (zircon=4.7, monazite=5.1, biotite=3.1,
and muscovite=2.8 gr/cm3) and accumulation and subsequent
sinking of all these minerals together is unrealistic.

Alternatively, we suggest that accessory minerals crystallized
early and that biotite and muscovite then nucleated on these
seeds (or alternatively grew synchronously). Subsequently, the
micas were then accumulated, probably by flow segregation.
Thus, we have accumulation of biotite and muscovite plus the
accessoryminerals in themica crystals. In this model the density
of the minerals is not a factor as it is not gravity settling.

Evidence of differential laminar flow is clearly shown in
some dyke-like biotite-apatite bodies, where K-feldspar phe-
nocrysts are transferred from the host granite (Fig. 3l) and
concentrated in the centre of dyke while increasing in size
(e.g., Komar 1972; Ross 1986; Philpotts and Ague 2009).

Other observed structures such as repetitive layering (Fig. 3k)
strongly suggest an origin by compacting piles of crystal mush,
where different minerals previously crystallized are expelled

leading to the development of “inch-scale” layering (Boudreau
1995). Field and petrographic observation shows that K-feldspar
phenocrysts and quartz were transferred from the granite (see
Section Field occurrence and petrography description). The
referred structures are compatible with flow segregation of
crystals (e.g., Paterson 2009).

Paterson (2009) concluded that diverse magmatic struc-
tures such as pipes, tubes pipes, troughs, diapirs, and plume
heads are formed by local magma flow through crystal-mush
host magmas, being often related with the formation of
schlieren-rich in accessory and mafic minerals, and are asso-
ciated with filter pressing and accumulation of crystals with
diverse magma histories and ages.

Our main conclusion is that the enrichments of these trace
elements (including U) did not occur during the differentiation
of the melt but was effected during earlier flow segregation.
Thus, the high concentrations of accessory minerals (plus
biotite and muscovite) lead to the formation of Bt-Ap bodies
with economic interest. These bodies are not cumulates sensu
stricto i.e., solid rocks early formed and sinking from a paren-
tal magma. The high trace elements concentration in Bt-Ap
bodies (representing earlier-crystallized) strongly suggest a
parental magma derived of a continental source that is sup-
ported by the isotopic data (see Dahlquist et al. 2013 and this
work) while the high Al2O3, P, U, and F contents strongly
suggest the presence of a metasedimentary source.

Conclusions

The main conclusions of this study are:

1) The precise U-Pb LA-ICP-MS zircon age from ACH-155
confirm that the Achala batholith was emplaced in Late
Devonian time.

2) The geological setting for the Achala batholith is complex.
Our whole-rock data reveal that the granitic rocks are Al-
rich throughout the narrow range of silica content (69.8 to
74.5 %), and show dominant geochemical signatures typ-
ical of A-type granites but strongly enriched in Al. Thus,
the whole-rocks composition strongly suggests crystalliza-
tion from ‘peralumious A-type magma’.

3) Our petrogenetic model supports progressive fractional crys-
tallization, dominant of feldspar, explaining the distinctive
negative Eu anomalies typically observed inA-type granites.

4) Igneousmuscovite and distinctive biotite compositions with
high FeO/MgO ratios, AlIV and F, indicate crystallization
from ‘F-rich peraluminous A-type parental magma’.

5) The similar isotope compositions for granites and biotite-
apatite bodies here studied indicate a common continental
source.

6) Biotite and muscovite nucleated on seeds or earlier-
crystallized accessory minerals (or alternatively grew
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synchronously with them). Subsequently, the micas were
then physically accumulated, probably by flow segrega-
tion. Thus, Bt-Ap bodies preserve an earlier record of the
petrogenesis of the Achala batholiths. The high Al2O3, P,
U, and F contents indicate metasediments in the source.
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