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a b s t r a c t

In the Sierra de San Luis, Central Argentina, a belt of small and discontinuous lenses of mafic-ultramafic
rocks intrude a polydeformed basement and are thought to be the cause of a local increase of the
metamorphic grade from amphibolite to granulite facies conditions. This assumption was especially
based on forward modelling of a huge gravity anomaly centered over the Sierra de San Luis, which lead
some workers to think that a vast volume of mafic-ultramafic rocks lay in shallow levels. Here, we
propose an alternative model to explain this anomaly, in which the mafic-ultramafic intrusion is not the
ultimate source. Therefore, there is no need to propose a bigger size than that observed in outcrops for
the mafic-ultramafic bodies. The thermal effect of the emplacement of mafic-ultramafic sills and dikes on
the host rocks was estimated applying a simple analytical solution (error function) for heating of a semi-
infinite half space (the country rocks) in contact with a hotter sheet of finite thickness (the mafic-
ultramafic intrusion). Results indicate that the effect of the intrusion of these hot mafic magmas is
local, because beyond a few hundred meters from the contact zone temperatures never exceed 600 �C,
and a few km from the intrusion they barely increase 50 �C relative to the initial temperature. These
results, together with the preservation of primary igneous characteristics (such as rhythmic layering)
being overprinted by metamorphic textural changes, indicate that the intrusion occurred before regional
deformation. It is suggested that the thermal anomaly in the Pringles Metamorphic Complex could have
been mainly caused by factors inherent to their geodynamic setting.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In the Sierra de San Luis, Central Argentina, the mafic-ultramafic
intrusion known as the Las Aguilas Group (Sims et al., 1997; Fig. 1),
hosted by the polydeformed metamorphic rocks from the Pringles
Metamorphic Complex constitutes an excellent case study of the
relationship between mafic magmas and metamorphism. So far,
the most commonly accepted hypothesis is that the mafic-
ultramafic bodies were intruded during the main metamorphic
event of the region, elevating the local metamorphic grade from
amphibolite to granulite facies (Hauzenberger et al., 2001 and
Steenken et al., 2008 among others).

The volume of the Las Aguilas mafic-ultramafic intrusion has
been considered to be very significant (about 250 km3, Kostadinoff
et al., 1998), although the outcrops are limited to small lenses of
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about 1 � 3 km. This volume was estimated from forward model-
ling of an intense gravity anomaly centered over the Sierra de San
Luis, with an approximated width of 15 km and an amplitude of
300 g.u. In this work we have re-evaluated the volume of this
intrusion, measuring the density of the rocks and performing an
alternative 2,5D modelling. The model was carried out taking into
account the geological constraints, which in this case are: a) the
outcropping extension width of the several metamorphic
complexes outcropping in the area and mafic-ultramafic lenses,
and b) the measured densities. In our model, most of the anomaly
was explained by the lateral contrast between Pringles Meta-
morphic Complex and the surrounding less dense metamorphic
complexes. The maximumvertical gravity gradients of the Sierra de
San Luis correspond very precisely with the boundaries of the
Pringles Metamorphic Complex observed in the surface: to the east,
the Río Guzmán shear zone (which is the contact area with the
Conlara Metamorphic Complex of lower density), and to the west,
the contact area with La Escalerilla granite, hosted by the Nogolí
Complex (Fig. 1). The obtained model fits the anomaly and the
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Fig. 1. Geologic sketch of the Sierra de San Luis based on Ortiz Suárez et al., 1992, Llambías et al., 1998, von Gosen and Prozzi, 1998, Sims et al., 1998, González and Sato, 2000, Sato
et al., 2002, 2003a, Steenken et al., 2004. The small rectangle shows a detail of the study area and also shown is the trace of the gravimetric profile by (Kostadinoff et al., 1998a).
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imposed geological constraints, and it does not require appealing to
near-surface mafic-ultramafic bodies larger than the size observed
in surface outcrops.

In addition, we have used a numerical model to estimate the
thermal effect that the mafic-ultramafic magmas would have
generated in its host rock; to do this it was of crucial importance to
re-evaluate the volume of the mafic-ultramafic intrusion. We found
that the impact that this intrusion would have in the host rock is
negligible, so the linkage between granulite facies metamorphism
of the country rocks and the Las Aguilas mafic-ultramafic intrusion
does not necessarily exist. Petrographic observations made on the
base of 32 thin sections are also presented here to help to sustain
our models.

2. Geological setting

The Sierra de San Luis (located between latitudes 32�e34� S and
longitudes 66�e68� W) belongs to a more extended morphos-
tructural unit called Sierras Pampeanas, which is located east of the
Precordillera in central and northwestern Argentina, and comprise
a series of NeS trending basement domains of Late Proterozoic-
Early Paleozoic metamorphic rocks and Palaeozoic granitoids,
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which are clearly separated by ductile shear zones (Hauzenberger
et al., 2001; Sims et al., 1997). The three main basement units are,
from east to west: the Conlara Metamorphic Complex, the Pringles
Metamorphic Complex and the Nogolí Metamorphic Complex
(Sims et al., 1997). The metamorphism of the three basement units
is mainly of Ordovician age and is attributed to the Famatinian cycle
originated by the collision of the protomargin of Gondwana and the
Cuyania composite terrane (Precordillera terrane of Astini et al.,
1995) derived from Laurentia (Ramos et al., 1986; Astini et al.,
1995; Llambías et al., 1998; Pankhurst et al., 1998; Rapela et al.,
1998; Sims et al., 1998; Delpino et al., 2007; Steenken et al.,
2008). The three complexes are characterized by different meta-
morphic grade varying from amphibolite to granulite facies, with
minor ocurrences of low-grade metamorphic rocks.

The Pringles Metamorphic Complex is the host rock of the
mafic-ultramafic layered intrusion, and it has different character-
istics from the other two basement units because of its extensive
mylonitization and its higher metamorphic grade (Delpino et al.,
2001; González et al., 2002; Sims et al., 1998; von Gosen, 1998).
Delpino et al. (2007) have proposed for the evolution of the
Pringles Metamorphic Complex a succession of four tectonome-
tamorphic events which developed in association with a counter-
clockwise P-T path.

The synorogenic granitoids (deformed tonalites, granodiorites and
monzogranites) of the Sierra de San Luis were dated around 460 and
490 Ma (Llambías et al., 1998; Sims et al., 1998; López de Luchi et al.,
2007; Steenken et al., 2008). The mafic-ultramafic rocks were dated
as 478 � 6 Ma (U/Pb SHRIMP), which was interpreted as the crys-
tallization age (Sims et al., 1998). The geochemical signature of the
mafic-ultramafic intrusion has been considered typical and charac-
teristic of backarc magmas (González Bonorino, 1961; Sims et al.,
1998; Bjerg and Sabalúa, 1999; Brogioni, 2001a, b; Hauzenberger
et al., 2001; Chernicoff and Ramos, 2003; Ferracutti, 2005; Delpino
et al., 2007). The intrusive history in the area concludes in the
Devonian with the emplacement of voluminous discordant grano-
dioritic and syenogranitic batholiths during the Achalian cycle (Sims
et al., 1997; López de Luchi et al., 2002; Steenken et al., 2008).

3. General characteristics and field appearance of the mafic-
ultramafic bodies

The mafic-ultramafic rocks of Las Aguilas Group are an associ-
ation of gabbro-norites with ultramafic varieties such as dunites,
harzburgites, orthopyroxenites, websterites and other peridotites.
These rocks bear a primary mineralization of spinel minerals, nickel
sulfides and platinum groupminerals (i.e. González Bonorino,1961;
Kilmurray and Villar, 1981; Sabalúa, 1986; Malvicini and Brogioni,
1992; Mogessie et al., 1994, 1995, 1996; Gervilla et al., 1997; Bjerg
et al., 1997; Bjerg and Sabalúa, 1999; Brogioni, 2001a, b;
Hauzenberger et al., 1996, 1997, 1998, 2001). They crop out along
a belt (La Jovita-Las Aguilas Belt, see Fig. 1) of NNE-SSW strike and
of about 100 km long which is concordant with the main structural
trend of the Sierra de San Luis. This belt is composed of a series of
lens-shaped small and fragmented intrusions which are delimited
by ductile shear zones (Fig. 1). Some of these lenses display coarse-
grained ultramafic rocks in the core (Fig. 2a) and finer-grained
mafic rocks in the outer part (Brogioni, 2001b; Cruciani et al., 2008).

The contact of the mafic-ultramafic intrusives with the hosting
Pringles Metamorphic Complex (Fig. 1) in the Virorco area some-
times is by faulting and sometimes is intrusive, as was also
observed by Ferracutti (2005). Intrusive contacts were also found in
minor mafic bodies which are scattered within the surrounding
Pringles Metamorphic Complex (Fig. 2B). These minor bodies are
also part of the Las Aguilas mafic-ultramafic intrusion, but they
cannot be mapped due to their small size.
The mafic-ultramafic rocks of Virorco area (see the squared area
in Fig. 1) have medium to coarse-grained texture and show igneous
rhythmic layering determining a magmatic foliation on a centi-
meteredecimeter scale (Fig. 2C). Igneous layering is mostly man-
ifested in the modal proportions of dark and light minerals, but in
places also results from variations in grain size. Due to this igneous
layering, Ferracutti (2005) described that megacrystic pyroxenites
transitionally grade to gabbros with major pyroxene development,
which in turn transitionally grade to gabbro sensu stricto. In the Las
Aguilas body, Brogioni (1992) showed that the light-coloured bands
are dominated by medium-grained plagioclase (in general
bytownite with variations in their anorthite content from An75 to
An100) and that the dark bands are made up of mafic minerals,
normally orthopyroxene.

4. Petrographic characterization of the mafic-ultramafic
bodies of the Virorco area

A petrographic characterization was performed from Virorco, El
Fierro and from some related smaller mafic-ultramafic bodies
scattered in the area of study (see the small rectangle in Fig. 1). The
studied samples belong to orthopyroxenites, norites, clinopyrox-
enic norites and gabbro-norites. The crystallization sequence of
cumulus minerals is plagioclase and olivine (when present) fol-
lowed mostly by orthopyroxene and sometimes by clinopyroxene
too (Fig. 3A, B). Apatite, sphene and opaque minerals (nickel,
copper and related metal’s sulphides and iron oxides) are common
accessory minerals. In the most evolved norites an association of
early plagioclase and pyroxene was followed by the crystallization
of amphibole (Fig. 3C) and sometimes also by minor amounts of
interstitial quartz, K-feldspar and biotite as accessory minerals.

Orthopyroxene is frequently hypidiomorphic and colourless to
slightly pleochroic between pink and light green, having plagio-
clase, opaque minerals and sphene inclusions. Orthopyroxene
frequently shows minute clinopyroxene exsolutions along cleavage
planes in the centre of the crystals (Fig. 3D). This microstructure is
commonly observed in pigeonite’s inversion to orthopyroxene and
calcic clinopyroxene, which is characteristic of cooling of shallow
mafic-ultramafic intrusions (Walker and Poldervaart, 1949; Deer
et al., 1993; Shelley, 1993). In some norites from El Fierro and
Virorco bodies orthopyroxene forms “oikocrysts” (in the sense of
Meurer and Claeson, 2002 and Claeson et al., 2007), that is, rela-
tively large crystals in optical continuity which have inclusions of
small anhedral plagioclase due to resorption processes (Fig. 3E).
Clinopyroxene is anhedral and colourless and much less abundant
than orthopyroxene (Fig. 3C). Olivine is anhedral, and Fe-oxides are
disposed along its fractures (Fig. 3A). Plagioclase is subhedral to
anhedral and shows polysynthetic twinning and frequent zonality
(Fig. 3B, C).

Large amphibole crystals (of about 3 cm long) that poikilitically
enclose numerous smaller crystals of other minerals can be found
in the western sector of Virorco body and also in the mafic-
ultramafic body located at the west of Virorco body (Figs. 1 and
2D). These large amphibole crystals are pleochroic from light green
to light brown and contain inclusions of olivine, orthopyroxene,
plagioclase and opaque minerals (Fig. 3G, H). They could be regar-
ded as “oikocrysts” in the sense of Meurer and Claeson, (2002) and
Claeson et al. (2007).

Although the dominant rock’s texture in the Virorco body is
magmatic, metamorphic recrystallization to granoblastic and
nematoblastic textures took place in some sectors. Metamorphic
recrystallization to amphibolites was particularly effective in some
parts from the El Fierro body and also in some smaller scattered
mafic bodies which are too small to be mapped. The amphibolites
are black-coloured rocks with nematoblastic texture composed of



Fig. 2. Field exposures of the mafic-ultramafic rocks A) Mafic-ultramafic rocks from the Virorco body with catafilar meteorization due to their homogeneous, coarse grain size B)
Small outcrop of amphibolites within the Pringles Metamorphic Complex C) Igneous layering in the Virorco body, centimetric light bands richer in plagioclase may be seen D) Big
amphibole crystal developed in the eastern margin of the Virorco body E) Garnet and mafic minerals developed in the mafic mylonites F) Mafic mylonites in the southwestern
contact between the Virorco body and the Pringles Metamorphic Complex. Foliation attitude: N25�E, subvertical.
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green amphibole, biotite, plagioclase and remnants of orthopyr-
oxene (Fig. 4A).

It is interesting tomention that pyroxene and an opaquemineral
simplectites were found in the mafic-ultramafic body located at the
west of the Virorco body (Figs. 1 and 4B). The simplectites are
located inside metamorphic amphibole porphyroblasts and also in
the contact between the amphibole porphyroblasts and plagioclase
crystals. These microstructures are similar to the ones described by
Cruciani et al. (2008) in the metagabbros from el Arenal (Sierra de
San Luis). As in the metagabbros from el Arenal, it is seen that
amphibole porphyroblasts grew on relict igneous orthopyroxene,
and when this replacement was complete, the core of the



Fig. 3. Mafic-ultramafic rocks from the Virorco mafic-ultramafic body A) Olivine cumulates in gabbro-norite, sample V12 B) Orthopyroxene and plagioclase crystals with magmatic
texture, norite, sample V15 C) One of the most evolved rocks with magmatic plagioclase, orthopyroxene, clinopyroxene, biotite and amphibole, gabbro, sample V13 D) Ortho-
pyroxene with exsolutions (possibly clinopyroxene), norite, sample V5 E) Orthopyroxene oikocrysts with inclusions of resorbed plagioclase crystals, norite, sample V11 F) The same
as “E” shown under crossed polars; the orthopyroxene oikocryst is shown in extinction G) Anhedral plagioclase inclusion in an amphibole oikocryst, sample V12 H) Amphibole
oikocrysts with orthopyroxene and opaque mineral inclusions, pyroxenite, sample U9. Ol ¼ olivine, Pl ¼ plagioclase, Opx ¼ orthopyroxene, Cpx ¼ clinopyroxene,
Amph ¼ amphibole, Op ¼ opaque minerals.

Z. Claudia et al. / Journal of South American Earth Sciences 32 (2011) 183e195 187
amphibole porphyroblasts shows oriented trails of opaqueminerals
from the previous pyroxene (Fig. 4B). The formation of this
microstructure obviously predates the extensive metamorphic
amphibolitization of the rocks, as was mentioned by Cruciani
et al. (2008).
Subsolid tectonic deformation usually concentrates in the
margins and also along thin bands (cm to m scale) within the
bodies. In the analyzed samples, this deformation is usually evi-
denced by comb twinning and undulatory extinction in plagioclase
and by small plagioclase and amphibole subgrains formed by



Fig. 4. Superimposed processes on the mafic-ultramafic rocks A) Nematoblastic amphibolite, El Fierro body, sample F13 B) Metamorphic replacement of former pyroxene by
amphibole evidenced by oriented trails of opaque minerals and by relict pyroxene and opaque minerals symplectites, sample U7 from the M-UM body of the west, see Fig. 1C) Mild
low-temperature subsolid deformation in a small mafic body, given by undulose extinction and comb twinning in plagioclase and plagioclase and amphibole subgrains, sample G9
D) Relict hornblende altered to tremolite-actinolite, sample taken in the vicinity of Virorco Mine (VM, see Fig. 1). Pl ¼ plagioclase, Amph ¼ amphibole, Px ¼ pyroxene, Op ¼ opaque
minerals, Hbl ¼ hornblende, Trm-Act ¼ tremolite-actinolite.
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bulging recrystallization (Passchier and Trouw, 2005, Fig. 4C).When
tectonic deformation of the mafic-ultramafic rock increases,
plagioclase and amphibole tend to form porphyroclasts and
recrystallization occurs at porphyroclast borders (Delpino et al.,
2007). In the western margin of the Virorco body a medium to
fine-grained mafic mylonite stripe crops out (Lat: 33� 050 380 S,
Long: 66� 070 W, Fig. 2F). This mylonitic stripe has a width of 7 m
and foliation planes have subvertical N10�e15� E attitude, which is
concordant with the country rock foliation planes. The mafic
mylonites have large garnet porphyroclasts immersed in a matrix
composed of smaller oriented grains of pyroxene, plagioclase,
amphibole, biotite and quartz (see also Ferracutti, 2005 and
Delpino et al., 2007, Fig. 2E). Mylonitization also produced remo-
bilization of sulfides and platinum group elements from the mafic-
ultramafic rocks, as they form part of foliation planes of mafic and
basement mylonites (Delpino et al., 2007).

Localized hydrothermal processes are important, in particular
next to Virorco and El Fierro Mine (Figs. 1 and 4D) where remobi-
lized copper and iron sulphides crystallized filling veinlets
(Zaffarana, 2006; Zaffarana et al., 2006).

5. Modelling of the gravimetric anomaly of the sierra de san
luis

A large gravity anomaly was reported (Kostadinoff et al., 1998a),
in an east-west transect through the Sierra de San Luis at the
Virorco - Las Aguilas latitude (see Fig. 1). The anomaly is approxi-
mately 15 km wide, has maximum amplitude about 300 g.u., and
shows very steep gradients at both flanks (Fig. 5). The high density
of ultramafic intrusions has been pointed out as the main respon-
sible for this anomaly. Mogessie et al. (2000) reported densities as
high as 2950, 3020 and 3050 kg/m3 for Las Águilas, Virorco and El
Fierro intrusives, respectively. These values contrast against lower
values for the surrounding gneisses and phyllites, for which a bulk
value of 2710 (min 2630, max 2750) was reported by Kostadinoff
et al. (1998a). The model based on this density contrast produced
a large-sized (20 � 8 � 5 km) mafic-ultramafic body buried at
shallow levels in the crust. The shallowness of the source is an
important condition to explain the steep gradient of the anomaly.
However, an outcropping mafic-ultramafic body bigger than
1 � 3 km in size was never found.

An average density was used by Kostadinoff et al. (1998a) to
account for a homogeneous metamorphic country rock, although
the gravity profile crossed through several complexes with varying
metamorphic grade. A major characteristic of metamorphic rocks is
that they are interlayered on scales ranging from a centimetre to
hundreds of meters, and only average properties of a heteroge-
neous sequence will be sensed by a geophysical technique
(Smithson, 1971). However, gravity anomalies caused by density
differences between granite gneiss, mica schists and amphibolites
in structures 1 km across are easily resolved (Woodfill, 1970). It is
well known that metamorphic grade increases density of minerals
and rocks as the mineralogy changes from hydrous to less-hydrous
mineral assemblages (Best, 2003); this assertion can be quantified
at places where petrophysical databases are available, as in Finland,
where metapelites show an increment from 2715 kg/m3 for low-
grade rocks, to 2785 kg/m3 for garnet- bearing, high-grade meta-
morphic rocks (Puranen et al., 1978; Elo, 1997).

The lack of a petrophysical database for the Sierra de San Luis
prevents the precise constraining of the density for the several
metamorphic complexes. We addressed this problem by choosing
a few representative locations in the Pringles and Conlara Meta-
morphic Complexes, and in the San Luis Formation., where we
sampled outcropping rocks to perform measures of density. The



Fig. 5. Modelling of the gravimetric profile of Kostadinoff et al. (1998a). The lower panel shows the outcropping geology simplified from Sims et al. (1997). Numbers in the modelled
bodies are density contrasts, considering a background value of 2670 kg/m3. The background area (white) is occupied by either the San Luis Fm. or by the Nogolí Metamorphic
Complex, characterized by mean density of 2670 kg/m3. Geomodel (Cooper, 2000) was used for modelling.
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Pringles Metamorphic Complex was sampled in Virorco and Las
Águilas, in the surrounding areas of the mafic-ultramafic rocks,
which were also sampled; samples of the San Luis Fm. were
obtained in the Santo Domingo area, to the northwest of the Virorco
area, while the Conlara Metamorphic Complex was sampled near
Los Cóndores mine (see location in Fig. 1). We sampled rocks with
variable compositions, in a tenth of sites on each unit. Small rock
cylinders as the ones commonly used for paleomagnetic purposes
(w2.4 cm in diameter and w2.2 cm in height) were obtained at
each site, and the pycnometer method was applied on them.
Although it is not the most precise method to determine density
(Smithson, 1971), it is also true that slight compositional changes
cause much greater variation in the density of samples, than the
unaccuracy provided by the method. Therefore we focused on
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measuring many samples accounting for these compositional
changes instead of measuring few samples with extremely high
accuracy. The results (Table 1) confirmed the expected positive
correlation between density and metamorphic grade; the differ-
ence in density observed between amphibolite- and granulite-
grade metamorphites is about 130 kg/m3, quite coincident with
the difference of 90e160 kg/m3 determined by Smithson (1971) on
samples from seven metamorphic terrains around the world.

To perform the modelling, we established the value of 2670 kg/
m3 as the background density, and contrasted the measured
densities against it. The San Luis Fm., Conlara Metamorphic
Complex and Pringles Metamorphic Complex were characterised
by constrasts of 0, þ60 and þ190 kg/m3, respectively, according to
their increasing metamorphic grade. Mafic-ultramafic bodies
showed the highest contrast of about þ400 kg/m3. The density for
synorogenic granitoids intruding the metamorphic basement was
estimated from modal mineralogy provided by Morosini et al.
(2009), in 2630 kg/m3, i.e. a contrast of �40 kg/m3.

It is well known that modelling of potential fields is ambiguous;
the ambiguity can only be reduced by adding geological constraints.
We used the following available constraints to attempt a new
model for the San Luis gravity anomaly: a) the outcroppingwidth of
the several metamorphic complexes and mafic-ultramafic lenses,
and b) the measured densities. We performed a 2.5D modelling by
using Geomodel software (Cooper, 2000), using a conservative
contrast of 150 kg/m3 for the Pringles Metamorphic Complex. The
extension along strike of the three metamorphic complexes was
established as about 100 km, in agreement with the approximate
length of the Sierra de San Luis. The mafic-ultramafic rocks were
incorporated into the model with thickness of 1e2 km and an
extension along strike of 20 km.

The obtained model (Fig. 5) is basically similar to that proposed
by Kostadinoff et al. (1998a) in geometry (see Fig. 1 in Kostadinoff
et al., 1998a), however it differs in the geological explanation for
the modelled bodies. We replaced the large-sized, near-surface
ultramafic body with an equal sized block of Pringles Metamorphic
Complex, actually outcropping in place. Most of the anomaly was
then explained by the lateral contrast between the Pringles Meta-
morphic Complex and the surrounding metamorphic complexes.
The maximum vertical gravity gradients of the Sierra de San Luis
coincide quite precisely with the boundaries of the Pringles
Metamorphic Complex observed at surface: to the east and west,
the contacts with the San Luis Fm. and with the La Escalerilla
granite, respectively, both of lower density (Fig. 1). The outcropping
nature of the boundaries provides a good explanation for the
steepness of the associated gravity anomaly.

The area of La Escalerilla granite can be well approximated as an
alternation of granite and metamorphic rock slices. Even though
the mafic-ultramafic bodies (such as Virorco, Las Águilas, etc) have
a significant density contrast with their host rocks, they would only
contribute to define local anomalies inside the major anomaly of
the Sierra de San Luis, because they do not have an important
regional extension.
Table 1
Measured densities (in kg/m3) for themain lithological units of the Sierra de San Luis
involved in geological modelling of the geophysical anomaly. St.Dev.: standard
deviation.

Unit Main lithology n Mean Max Min St Dev

San Luis Fm. Phyllites 18 2660 2930 2450 110
Conlara Met.

Complex
Schists 7 2730 2880 2650 120

Pringles Met.
Complex

Gneisses, schists,
migmatites

18 2850 3230 2550 190

Las Aguilas Gr. Mafic-ultramafic rocks 12 3100 3330 2940 130
The relatively low gravity values observed in thewestern branch
of the profile were attributed to the effect of the sedimentary infill
of the Beazley basin, which might reach up to 1500 m at this lati-
tude (Criado Roque et al., 1980). The high regional values of gravity
to the east can be explained by the presence of the relatively denser
Conlara Metamorphic Complex.

The model shown in Fig. 5 fits the anomaly and the imposed
geological constraints, and it did not require the inclusion of
ultramafic bodies larger than the size observed in surface outcrops.
Some modelled geological bodies are strongly dependant on small
variations in the input parameters, and can be changed with little
effect in on the resulting model; this is true for the depth extension
of the La Escalerilla granite, and the shape and extension of the
Conlara Metamorphic Complex. On the other hand, the sharp
boundaries of the Pringles Metamorphic Complex to the east and
west are confidently established as they are needed to account for
the high gradients of the central gravity anomaly.

6. Numerical modelling of the thermal effects of the mafic-
ultramafic intrusion

The thermal effect due to the emplacement of mafic sills and
dikes on the host rocks will be evaluated so as to assess the possible
genetic linkage with granulite facies metamorphism of the Pringles
Metamorphic Complex. We consider instantaneous emplacement
of sheet-like bodies of magma, and heat diffusion into the wall
rocks. Because mafic rock primary mineralogy is essentially anhy-
drous, fluid mobility related to the mafic intrusion, which could
advect heat into the wall rocks, is not expected to be important.

Numerical modelling was implemented using a simple analytical
solution (error function) for heating of a semi-infinite half space (the
country rocks) in contact with a hotter sheet of finite thickness (the
dike). This solution for heatingof the country rock in contactwith the
intruding dike was specified by Carslaw and Jaeger (1959), and
subsequently simplified by Philpotts (1990). The country rock
temperature is calculated as a function of distance from the intrusion
fordifferent times after emplacement. Latent heat of crystallization is
ignored, so that calculated country rock temperatures should be
considered minimum temperatures, but it is believed that the first
order conclusions are not affected by this simplification. Thermal
diffusivity is assumed to be constant and equal to 10�6 m2 s�1,
intrusion temperature 1200 �C and background (country rock)
temperature 400 �C. The latter temperature is justified on the basis
that the magma was intruded into a thick sedimentary sequence
which was probably undergoing processes ranging from diagenesis
to low-grade metamorphism. The thickness of the hot sheet was
taken to be about 1 km, because even though the mafic-ultramafic
bodies’ dimensions are variable, the largest one is the Virorco body,
with a maximum thickness of about 1e2 km by 3 km’s length.
Distance is measured from the center of the mafic sill, so that
a distance of 500mcorresponds to the contactwith the country rock.

The evolution of the temperature field is shown in Fig. 6. The top
panel shows temperature profiles at constant times after the
intrusion, given by powers of ten (years) superimposed on the
curves. The bottom panel shows temperature as a function of time
at constant distance from the contact, given by the numbers
superimposed on the curves (in km). As can be seen, beyond a few
hundred meters from the contact temperatures never exceed
600 �C, and a few km from the intrusion they barely increase by
about 50 �C relative to the initial temperature.

7. Discussion

The mafic-ultramafic rocks had three different amphibole
formation processes, as could be inferred from textural and field



Fig. 6. Evolution of the temperature field according to numerical modelling based
onCarslaw and Jaeger, (1959) and Philpotts, (1990); see text for further explanations.
The top panel shows temperature profiles at constant times after the intrusion, given
by powers of ten (years) superimposed on the curves. The bottom panel shows
temperature as a function of time at constant distance from the contact, given by the
numbers superimposed on the curves (in km).
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observations: 1) cumulus interstitial granular amphibole crystal-
lized from the mafic magma in the more evolved rocks (Fig. 3C); 2)
poikilitic oikocrystic amphibole formed due to a postcumulus
process affecting the previously formed cumulus pile of crystals
plus the remaining liquid (following Meurer and Claeson, 2002);
note that these amphibole crystals do not show any specific
orientation (Figs. 2D and 3G, H); 3) nematoblastic amphibole
formed from previous pyroxene crystals during regional meta-
morphism (Fig. 4A, B) like the rocks described by Cruciani et al.
(2008). Textural evidence shows that the mafic-ultramafic rocks
crystallized from a mafic-ultramafic parent magma and suffered
metamorphic textural changes (reequilibration in amphibolite to
granulite facies conditions, see Hauzenberger et al., 2001) after
their consolidation. Metamorphic recrystallization was complete
within the smaller mafic-ultramafic bodies, which were almost
thoroughly converted to amphibolites, and also took place at the
margins of the larger bodies, but towards the interior of the larger
mafic-ultramafic bodies recrystallization can be incomplete and the
original mineralogy and textures (such as igneous layering) still
persist.

With respect to the emplacement mechanism of the mafic-
ultramafic magma, the importance of the preservation of the
igneous layering in the mafic-ultramafic rocks must be considered.
Although much debate exists regarding the origin and interpreta-
tion of igneous layering, all theories agree in discarding tectonic
deformation as a realistic process for its formation. On the contrary,
classical explanations consider it a consequence of static evolution
within a magma chamber (McBirney and Nicolas, 1997) in exten-
sional tectonic settings (Philpotts, 1990). Accordingly to the known
evidence, the actual disrupted shape of the mafic-ultramafic bodies
and their preserved igneous layering are characteristics which
indicate that they derive from a passive intrusion of mafic sills
during extensional conditions. Moreover, their geochemical signa-
ture similar to layered igneous complexes (Hauzenberger et al.,
1997, 1998; Mogessie et al., 1996, 1998a,b, 2000) and the presence
of intrusive contacts with their host rocks does not allow them to be
considered as alpine peridotites.

The emplacement of the mafic-ultramafic bodies during an
extensional period prior to the compressional Famatinian regime
was proposed by Delpino et al. (2001, 2007). The mafic-ultramafic
rocks had been dated to 478 � 6 Ma by the U-Pb SHRIMP method
(Sims et al., 1998), but this age was calculated on an acid segrega-
tion that might have been generated during regional meta-
morphism. Amore suitable age for themafic-ultramafic rocks could
be approximated by the Sm-Nd isochron age of 506 � 19 Ma
calculated frommafic-ultramafic rocks within the western realm of
the Pringles Metamorphic Complex by Steenken et al. (2008). This
older age could reflect the crystallization age of the mafic-
ultramafic rocks, because the analyzed rocks preserve magmatic
structures (Steenken et al., 2008). Later (following Delpino et al.,
2007), the main compressional regime (T2eM2) followed by the
mylonitic event (T3eM3) were superimposed, affecting the
assemblage of the mafic-ultramafic intrusion and their host rocks.
The metamorphic peak of Pringles and Nogolí metamorphic
complexes is around 480 Ma, and the end of the granulite facies
metamorphism is constrained between 470 and 452 Ma by
conventional and SHRIMP U-Pb monazite dating (Sims et al., 1998;
González et al., 2002; Sato et al., 2003b).

The Las Águilas Group outcrops as small elongated bodies
(approximately 1e2 � 3 km in size) disposed along a belt in the
Pringles Metamorphic Complex. Although a much wider extension
in depth based in gravimetric modelling has been previously
suggested (Kostadinoff et al., 1998a, 1998b), we have demon-
strated that such dimensions are not needed to explain the
observed anomaly. An anomalous gravity field as observed over
the Sierra de San Luis can be easily explained by the contrasting
density between the Pringles Metamorphic Complex and the
complexes situated to the east and west, with lower metamorphic
grade. The same explanation can be applied to the prolongation of
the anomaly to the south, in Sierra del Padre, del Tala and Varela,
where ultramafic rocks at depth were previously suggested
(Kostadinoff et al., 2001, 2002).

Kostadinoff et al. (1998a) also obtained the magnetic anomaly
over the Sierra de San Luis. It is more complex in shape than the
gravity anomaly, as it is inherently conditioned by the precise
orientation of the cross section, remanence effects, etc. These
sources of complexity, not completely constrained, prevented us to
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attempt for its modeling; however it can be noticed that the
magnetic anomaly is also huge (see Sims et al., 1997; Kostadinoff
et al., 1998a) and its extents roughly coincide with those of the
gravity anomaly at the Virorco latitude. Its dimensions make it
clearly distinguishable in the aeromagnetic map (Sims et al., 1997),
where it was interpreted as due to the response of the magnetic
gneisses of Pringles Metamorphic Complex. Sims et al. (1997)
pointed that the magnetic response of the mafic bodies, although
high, was not able to be distinguished from that of the enclosing
gneisses. The reason for that is, the magnetic mineral of the ultra-
mafic rocks is mainly pyrrhotite, much less magnetic than
magnetite present in the gneisses (Geuna et al., 2004), On the other
side, the surrounding metamorphic complexes (Nogolí and Con-
lara) are non-magnetic (Hungerford et al., 1996; Sims et al., 1997),
which again places the highest physical contrast in the lateral
contacts of the Pringles Complex.

Therefore the geophysical data can be reconciled with the
outcropping rocks, with no need to assume that mafic-ultramafic
bodies have a size, in terms of depth, which is different to the
size seen in outcrops, i.e., maximum 2 � 5 km. Steenken et al.
(2005) relied on the geophysical interpretation of Kostadinoff
(1998a) to base their thermal modelling of the mafic-ultramafic
rocks of the Las Aguilas intrusion. The suggested dimensions for
the body (about 20 � 8 � 5 km) were found as a satisfactory near-
surface seated heat source to explain the observed granulite facies
metamorphism. This was considered in turn as supportive of the
geophysical model.

The new temperature calculation results agree with previous
studies of the thermal effects of intrusion of hot mafic magmas (e.g,
Ghiorso, 1991; Jaeger, 1968; Spear, 1993), according to which the
effect of the intrusion is local, a result also noted by Steenken et al.
(2005). Even large bodies of mafic rocks such as the Mafic Complex
of the Ivrea zone (Southern Alps, Northern Italy) produce only
a local metamorphic aureole of w2 km (Barboza et al., 1999;
Peressini et al., 2007) and the big Noril’sk-Talnakh world class Ni-
Cu-Platinum Group Minerals intrusion has an aureola of meta-
morphic and metasomatic influence of only 400 m (Schulz et al.,
2010). Also, the mafic-ultramafic layered gabbros of the Tecka
Formation caused a centimetric- to decimetric- scale aureole of
contact metamorphism in their sedimentary host rocks (Poma,
1986). This is in part because mafic-ultramafic intrusions are rela-
tively dry, and fluid circulation is restricted to a small area around
the igneous bodies.

Even assuming a 10 km thick intrusion, however, thermal
modelling predicts that temperatures corresponding to granulite
facies conditions (w800 �C) are restricted to within 500 m of the
contact zone. The one possible way to reach granulite facies
conditions with the observed thickness would be if there were
multiple intrusions of closely-spaced sills (Tyrrell, 1978), but no
evidence for this are seen in the exposed sequence, as the Las
Águilas Group is restricted to a narrow belt within the Pringles
Metamorphic Complex. So, the intrusion of the mafic-ultramafic
bodies could have generated a contact aureole, but not a regional
increase in the geothermal gradient. Thus, emplacement of these
mafic-ultramafic magmas is not likely to have been the ultimate
cause of a thermal input responsible for granulite facies meta-
morphism and migmatization.

It makes necessary then to discuss the possible origin of the high
geothermal gradient under which the mylonites of the Pringles
Metamorphic Complex were developed (Delpino et al., 2007). From
a regional point of view, the existence of widespread high
geothermal gradients during the metamorphic peak stage is one of
the most significant regional-scale geological features of the
Famatinian arc crust (Otamendi et al., 2008). It is widely accepted
that the Pringles Metamorphic Complex represents a backarc basin
in the Famatinian subduction system (Ramos, 1988; Sims et al.,
1998; Hauzenberger et al., 2001; Delpino et al., 2007; Otamendi
et al., 2008). It has been proposed that the origin of the orogenic
heat in most continental or terrane collision zones is inherited from
a preexisting hot, weak backarc (Hyndman et al., 2005). High
temperatures in backarcs are likely due to rapid upward convective
heat transfer beneath thin lithospheres (e.g. Hasebe et al., 1970).
Most continental backarcs (not just those with active extension or
rifting such as the Basin and Range and extensional northwest
Pacific backarc basins) have thin and hot lithospheres (Hyndman
et al., 2005). This vigorous convection beneath backarc litho-
spheres is caused by the lowering of the mantle viscosity by
incorporation of large quantities of water expelled from the
underlying subducting oceanic plate (Peacock, 1993; Honda and
Saito, 2003; Dixon et al., 2004). If the backarc region was experi-
encing extension as well, its thermal effect is added to the thermal
input of the convective heat transport in the underlying shallow
astenosphere (Hyndman et al., 2005). Thus, the high heat flow that
provoked granulite facies conditions in the Pringles Metamorphic
Complex may have been inherited from the backarc stage previous
to the collisional event, and was not exclusively provoked by the
intrusion of the mafic-ultramafic bodies (even though they may
have contributed at a local scale as well). The same backarc heating
mechanism was invoked by Larrovere et al. (2011) to explain the
high-temperature, relatively low-medium pressure metamorphic
conditions and retrograde cooling ages existing throughout the
Famatinian belt. Besides, since dehydration of the subducting
oceanic slab occurs at w60e105 km depth (Arcay et al., 2005),
Larrovere et al. (2011) suggest that a relatively shallow-dipping slab
was required to cause the continental ward wide zone of partial
melting of the Famatinian middle crust, thus supporting the
previous shallow-dipping subduction hypothesis of Willner et al.
(1987).

Alternatively, the pronounced crustal signatures of both mafic
and felsic rocks in the Pringles Metamorphic Complex led
Steenken et al. (2011) to think that the deeper exposed crustal
levels of this unit may represent the roots of the Famatinian
arc. Large magmatic fluxes associated with the formation of
a magmatic arc (De Yoreo et al., 1991) may account for the heat
required for the granulite facies conditions in the Pringles Meta-
morphic Complex, together with the intrusion of mafic-ultramafic
magmas and felsic synorogenic magmas (Llambías et al., 1998;
Sims et al., 1998; López de Luchi et al., 2007; Steenken et al.,
2008). However, this hypothesis would require that mafic-
ultramafic bodies were roughly coetaneous with metamorphism,
which does not seem supported by the available radiometric and
petrographic data.

8. Conclusions

The mafic-ultramafic rocks of Las Aguilas Group represent
dismembered remains of a layered igneous intrusion which were
emplaced before regional Famatinian metamorphism during
extensional conditions, probably in a backarc ensialic basin. This is
assumed because of a) the general occurrence of mafic-ultramafic
rocks as small lenses, b) the preservation of igneous layering, c)
textural evidence of metamorphism superimposed on previous
igneous minerals and d) numerical modelling results indicating
that the thermal effect of the small mafic-ultramafic bodies was
local.

The large geophysical anomaly centred in the Sierra de San Luis
is not necessarily produced by the mafic-ultramafic bodies of Las
Aguilas Group; and that it may be better explained as being due to
lateral contrast in physical properties of the different metamorphic
complexes.
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These intrusions alone could not have caused a thermal input
responsible for the increase of the metamorphic grade from
amphibolite to granulite conditions. It is suggested that the one
suitable cause for the thermal input in the metamorphic gradient
could have been the inheritance from a hot, weak backarc. The
same backarc heating mechanism was invoked by Larrovere et al.
(2011) to explain the high-temperature, relatively low-medium
pressure metamorphic conditions and retrograde cooling ages
existing throughout the Famatinian belt. Alternatively, the Pringles
Metamorphic Complex could represent the roots of the Famatinian
arc (Steenken et al., 2011) and so this tectonic setting could provide
the necessary heat for the granulite facies conditions and for the
genesis of mafic-ultramafic roughly coetaneous with synorogenic
felsic magmas. However, this hypothesis does not seem to be
supported by the available radiometric and petrographic data.

In any case, previous tectonic interpretations relying on the big
size of the mafic-ultramafic bodies (Hauzenberger et al., 2001;
Steenken et al., 2008; Delpino et al., 2007, among others) deserve
to be reconsidered.
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