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ages (477–470 Ma) of the high-grade metamorphic rocks, 
indicating concomitant magmatism and metamorphism 
during the Famatinian orogeny. The LCP was emplaced 
in the middle crust at a maximum depth of ~14.5  km, 
where attendant fracturing and ductile deformation were 
active. Field evidence shows strong temporal and spatial 
relationships between host rock ductile deformation and 
the emplacement of the pluton such as folding and strike 
deflection of the host rock layering and folded concord-
ant leucocratic sheets with magmatic fabrics. This sug-
gests that material transfer processes like lateral wall rock 
displacement (lateral shortening) was a viable mechanism 
for the emplacement of the LCP. However, cross-sectional 
restoration and field evidence such as wall rock xenoliths 
and intrusive truncations of the host rock foliation and fold 
traces suggest that magmatic stoping was a complementary 
mechanism to create the necessary space for the emplace-
ment of the LCP. This work supports previous studies 
showing that participation of multiple material transfer pro-
cesses are the rule rather than the exception in the emplace-
ment of plutons.

Keywords  Petrogenesis · Emplacement · Ductile 
deformation · Stoping · U–Pb–Th dating · Las Chacritas 
pluton

Introduction

Magma bodies in the crust are gravitationally unstable since 
less-dense low-viscosity material is placed below denser 
higher viscosity material. This energetically unstable situa-
tion leads to magma bodies moving upward until they reach 
gravitational equilibrium or solidify (Hogan et  al. 1998). 
Although magma buoyancy is the driver of pluton ascent, 

Abstract  Field relationships and structural studies com-
bined with in situ U–Th–Pb dating of monazite from Las 
Chacritas pluton (LCP), Sierra de Humaya, provide insight 
into the emplacement of peraluminous magmas triggered 
by lateral shortening of the host rock and magmatic stop-
ing at a mid-crustal level of a retro-arc zone in a conver-
gent orogen. Modal and chemical compositions indicate 
that the LCP is composed of two main igneous units of 
peraluminous granitoids. The predominant two-mica grani-
toids were generated by interaction of crustal rocks with 
mafic or mafic-derived magmas and/or crystal-rich mag-
mas that entrained residual phases, whereas less abundant 
leucocratic granitoids may have been originated by partial 
melting of metasedimentary rocks. The calculated crystal-
lization age of 474 ± 4 Ma is consistent with Ordovician 
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stresses generated by degassing, aureole thermal gradients, 
and tectonic also play an important role (Hogan et al. 1998; 
Paterson and Farris 2008). Magma ascent and emplace-
ment also have been associated to crustal-scale shear zones 
(e.g., Brown and Solar 1998a, b; Weinberg et al. 2004). In 
response to an upward moving magma body, the overly-
ing crust moves upwards, downwards or laterally (Paterson 
and Farris 2008) involving complex physical interactions, 
i.e., material transfer processes (MTPs) (Buddington 1959; 
Paterson et  al. 1996). Petrologic and structural studies of 
Cordilleran plutons conclude that magma emplacement 
in continental crustal sections typically involves multiple 
MTPs which may vary with distance, depth and time (e.g., 
Paterson and Fowler 1993; Miller et al. 2009).

In Ordovician times, widespread magmatism on the 
southwestern continental margin of Gondwana was coeval 
with a regional medium- to high-temperature (T)/low- to 
medium-pressure (P) metamorphism linked to eastward 
subduction of an oceanic plate and substantial crustal 
thickening. This broad magmatic arc in NW Argentina 
is known as the Famatinian orogen (Willner et  al. 1987; 
Pankhurst et  al. 1998, 2000; Lucassen and Franz 2005). 
Currently, the middle-to-upper crustal rock record of 
this tectono-metamorphic and magmatic event is widely 
exposed in the Sierras Pampeanas crystalline basement 
due to erosion-driven long-term exhumation until Carbon-
iferous times and later to exposure by Cenozoic Andean 
tectonic faulting (e.g., Jordan and Allmendinger 1986). 
The extensive batholith-scale Ordovician magmatism was 
interpreted as the Famatinian magmatic-arc zone charac-
terized by I-, S- and transitional I/S-type granitoids and 
minor mafic rocks (Pankhurst et  al. 1998, 2000; Saave-
dra et al. 1998; Otamendi et al. 2009; Grosse et al. 2011). 
In the retro-arc zone to the east, minor isolated granitoid 
plutons that intruded into metasedimentary host rocks 
represent the innermost documentation of the Famatin-
ian magmatism (Toselli et al. 1983; Llambías et al. 1998; 
Pankhurst et al. 2000; Dahlquist et al. 2012). A plethora of 
geochemical, isotopic and geochronologic studies (Knüver 
1983; Reissinger 1983; Toselli et  al. 1983, 1996; Rapela 
et al. 1990; Toselli 1992; Llambías et al. 1998; Pankhurst 
et al. 1998, 2000; Saavedra et al. 1998; Rossi et al. 2002; 
Sato et al. 2003; Cisterna 2003; Cisterna et al. 2004; Dahl-
quist and Galindo 2004; Büttner et  al. 2005; Dahlquist 
et al. 2005, 2007, 2008, 2012, 2013; López de Luchi et al. 
2007; Fernández et  al. 2008; Morosini et  al. 2009; Ota-
mendi et  al. 2009, 2012; Ducea et  al. 2010; Chernicoff 
et  al. 2010; Sola and Becchio 2010; Grosse et  al. 2011; 
Steenken et  al. 2011; Casquet et  al. 2012) attempted to 
unravel the origin and geotectonic evolution of the Fam-
atinian magmatism. The core works focus on the regional 
evolution of granitic batholiths from the main Famatin-
ian magmatic arc (Sierras de Capillitas, Velasco, Chepes, 

Famatina and Valle Fértil), whereas less attention was 
given to the more scattered magmatism located on the 
dominant medium- to high-grade metasedimentary retro-
arc zone (e.g., Sierras de Ambato, Ancasti, Aconquija, 
and Quilmes). The relationship between plutons and high-
grade metamorphic terranes is potentially significant to 
link the generation, segregation, ascent and emplacement 
of the granitic magma. Vertically extensive crustal sections 
are excellent natural laboratories to evaluate the physical 
and chemical properties of magmatic bodies and processes 
acting to form plutons at different crustal levels (Miller 
et al. 2009). This has important implications because melt 
transfer alters the thermal and rheological behavior of the 
crust during orogenesis (Solar and Brown 2001; and refer-
ences therein).

Here, we focus on the Las Chacritas pluton (LCP) and 
its host rocks in the Sierra de Humaya, Sierras Pampeanas, 
NW Argentina. First, to define the petrogenesis of the LCP, 
we report its absolute age, petrography, mineral chemistry, 
and bulk major and trace element composition. Second, we 
present detailed field and structural data to constraint the 
mechanisms and physical conditions of the emplacement of 
the LCP at a mid-crustal level of a retro-arc zone in a con-
vergent orogen.

Geologic setting

The Famatinian belt

The Famatinian belt is an up to 200  km broad and over 
1,000 km NNW–SSE trending belt mainly represented by 
Ordovician sedimentary-derived metamorphic and grani-
toid rocks, and minor volcanic rocks formed during the 
Famatinian orogeny (Aceñolaza and Toselli 1973) as result 
of a major subduction event along the Cambrian continen-
tal margin of Gondwana (Willner et  al. 1987; Pankhurst 
et  al. 1998). The Famatinian orogeny was defined in the 
Sierras Pampeanas and the Altiplano-Puna region in the 
central and northwestern region of Argentina, but an Ordo-
vician arc extended from the La Pampa Province (ca. 39°S 
latitude; Chernicoff et al. 2010) via the coast of southern 
Peru and the Eastern Cordillera of northern Peru to Vene-
zuela and Colombia (ca. 10°N latitude; Chew et al. 2007), 
suggesting that the entire western part of the Gondwana 
margin was active. From west to east in the eastern Sier-
ras Pampeanas, three main geotectonic domains are found 
in the Famatinian belt: an accretionary wedge zone, an arc 
zone and a retro-arc zone (Otamendi et  al. 2008; Larro-
vere et al. 2011). The accretionary wedge zone is located 
in the west side of the Sierra de Valle Fértil and consists 
of metamorphic rocks with strong isothermal decompres-
sion paths (Vujovich 1994; Baldo et  al. 2001; Otamendi 
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et  al. 2008; Casquet et  al. 2012). The arc zone consists 
of calc-alkaline batholiths composed of I-, S- and tran-
sitional I/S-type granitoids with εNd470 values of ~−4 to 
−5.5, ~−4.5 to −8.5 and ~−4 to −6, respectively (Toselli 
et  al. 1996; Pankhurst et  al. 1998; Saavedra et  al. 1998; 
Dahlquist and Galindo 2004; Grosse et  al. 2011). In the 
westernmost region of the Famatinian arc, mafic mag-
matism with a wide isotopic range (εNd470 ~−5.5 to 4.5) 
has been reported as well as granulite facies migmatites 
(Pankhurst et al. 2000; Otamendi et al. 2008, 2009, 2010; 
Casquet et al. 2012). The retro-arc zone is characterized by 
medium- to high-grade metamorphic rocks and minor scat-
tered plutons (Büttner et  al. 2005; Larrovere et  al. 2011; 
Steenken et  al. 2011). In the Cachi and Quilmes ranges 
(ca. 25°–26°S latitude), the metamorphic evolution and the 
emplacement of plutons took place in an extensional retro-
arc setting linked to the Famatinian subduction (Büttner 
et  al. 2005; Hongn et  al. 2014). The broad high-grade 
metamorphism and the associated coeval magmatism in 
the Famatinian belt are consistent with a widespread high 
thermal regime during Ordovician times (Lucassen and 
Becchio 2003; Lucassen and Franz 2005; Otamendi et al. 
2008; Larrovere et al. 2011). Stacking of the magmatic arc 
occurred during the Ordovician and Silurian resulting in a 
crust with excess thickness similar to the present central 
Andes (Willner et al. 1987; Lucassen and Franz 2005; de 
los Hoyos et al. 2011).

The Sierra de Humaya

The Sierra de Humaya is an igneous–metamorphic base-
ment block located in the northeastern region of the eastern 
Sierras Pampeanas, i.e., in the retro-arc zone of the Fam-
atinian belt (Fig.  1a; for more regional details see Fig.  1 
from Larrovere et  al. 2011). The basement is dominated 
by widespread metasedimentary rock sequences and small 
intrusive igneous bodies (González Bonorino 1950), all 
grouped together as the El Portezuelo metamorphic–igne-
ous complex (Larrovere 2009). Predominant metamorphic 
rocks in the Sierra de Humaya are garnet-bearing migma-
tite and gneiss, cordierite–garnet–K-feldspar–sillimanite 
migmatite, biotite–feldspar gneiss and migmatite, as well 
as two-mica gneiss and schist. The main metamorphic 
foliation (S2 regional foliation, nomenclature of Larro-
vere 2009) strikes NNW–SSE/N–S and dips at intermedi-
ate angles toward the east. In the northern part of the Sierra 
de Humaya, the prograde metamorphism increases across 
strike to the west, from greenschist to granulite facies in 
units showing structural continuity (Fig. 1b, c). The proto-
liths of these rocks were the Late Neoproterozoic—Early 
Cambrian low-grade metamorphic rocks of the Puncovis-
cana Formation that originally belonged to sequences of 
clastic sedimentary rocks mainly composed of graywacke 

and shale (Aceñolaza and Toselli 1973; Willner et al. 1990; 
Adams et  al. 2011; Escayola et  al. 2011; Larrovere et  al. 
2012). The migmatization of the El Portezuelo metamor-
phic–igneous complex took place during the Famatin-
ian orogeny between 477 and 470 Ma (ID-TIMS U–Pb in 
monazite, three dates: 471 ± 1, 470 ± 12 and 477 ± 5 Ma, 
errors 2σ; Larrovere et al. 2011). The thermal peak meta-
morphic conditions were 670–820  °C and 4.5–5.3  kbar, 
consistent with a high-T/medium-P metamorphism devel-
oped at mid-crustal levels (~17–21  km depth). Scattered 
concordant meter- to decameter-scale igneous bodies 
intruded these metamorphic rocks. They consist of tonalite 
and granodiorite, and the LCP represents the largest mag-
matic body (kilometer-scale) in the Sierra de Humaya 
(Fig. 1b).

Analytical methods

The mineral chemical analyses were carried out at the Insti-
tut für Mineralogie und Kristallchemie, Stuttgart Univer-
sity, Germany, using a Cameca SX100 electron microprobe 
with five WDS to determine the concentrations of Na, Mg, 
Al, Si, K, Ca, Ti, Mn, Fe and Ba. Counting times were 20 s 
at the peak and on the background. For a few elements 
(Na, Ti and Mn) longer counting times up to 60  s and a 
large PET and LiF analysator crystal were used. Synthetic 
and natural minerals, glasses and pure oxides were used 
as standards. The applied acceleration voltage and elec-
tric current were 15 kV and 15 nA, respectively. The beam 
diameter was about 5  µm. The PAP correction procedure 
provided by Cameca was applied.

For in situ U–Th–Pb dating of monazite (EPMA geo-
chronology), we used the same microprobe. The measure-
ments were achieved on thin sections coated with a 30-nm 
carbon layer. Analyses were performed with a 15-kV 
acceleration voltage and 30-nA beam current. For each 
full analysis of monazite, the most common rare-earth ele-
ments (REEs) and Pb, U, Th, P, Ca, Si and Y were meas-
ured using the following emission lines and standards: 
Ca-Kα (diopside), U-Mß (U-bearing glass), Th-Mα (Th-
bearing glass), Pb-Mß (PbTe), Ce-Lα (synthetic REE-rich 
glass delivered by P&H Developments, England), La-Lα 
(sythetic REE-rich glass), P-Kα (apatite), Y-Lα (syn-
thetic REE-rich glass), Pr-Lß (synthetic REE-rich glass), 
Nd-Lα (synthetic REE-rich glass), Sm-Lα (synthetic 
REE-rich glass), Gd-Lß (synthetic REE-rich glass) and 
Si-Kα (orthoclase). Oxygen was not measured but calcu-
lated by stoichiometry. For the background measurements 
of REEs, we followed the recommendations of Reed and 
Buckley (1998). The counting times on both peak and 
background for the critical elements Pb, U and Th were 
300 s for Pb-Mß, 150 s for U-Mß and Th-Mα, 600 s for 
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Pb-Mß, and 300  s for U-Mß and Th-Mα. We measured 
U and Th with a normal-sized PET spectrometer crystal, 
while Pb was analyzed using a large PET crystal. Simi-
lar to Scherrer et  al. (2000), a (small) correction of the 
U-Mß peak was applied due to the contribution of the Th-
Mγ line. The counting times for all other elements ranged 
between 200 and 20 s for both peak and background. All 

REEs were measured with LiF (lithium fluoride) spec-
trometer crystals.

The whole-rock chemical composition of four sam-
ples (7932, 7933-A, 7933-D and 7936) was determined 
at the universities of Oviedo (major elements) and 
Huelva (trace elements), Spain. Major elements were 
analyzed by X-ray fluorescence (XRF) with a Phillips 

Fig. 1   a Location of the study area in the northeastern eastern Sierras 
Pampeanas. Ac Sierra de Aconquija, Am Sierra de Ambato, An Sierra 
de Ancasti, Hu Sierra de Humaya. b Geological map and c geological 

cross section of the northern part of the Sierra de Humaya. Estimated 
paleo-depths and structural domains are shown in the cross section
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PW2404 system, using glass beads and yielding a preci-
sion better than ±1.5 %. Trace elements were analyzed 
by inductively coupled plasma mass spectrometry (ICP-
MS) with a HP-4500 system. The Reference Standard 
Material was SARM1 (granite) in the Q&C procedure. 
%  RSD was in the range of 14–20  %. Details on the 
procedures are given in de la Rosa et  al. (2001). Addi-
tionally, geochemical analysis of samples HUM002, 
HUM004, HUM005 and HUM006 were carried out in 
Alex Stewart (Assayers) Argentina S.A. Major and trace 
elements were analyzed by inductively coupled plasma 
optical emission spectrometry (ICP-OES) following 
the procedures of Murray et  al. (2000). Rare-earth ele-
ments (REEs) were analyzed by ICP-MS. Low Zr con-
centrations measured in both laboratories could be 
biased due to low-pressure dissolution used in analytical 
procedures.

The Las Chacritas pluton: field relationships, 
petrography and mineral chemistry

Field geology: lithology and structure

The igneous rocks

The LCP is an elongated, nearly elliptical body in map 
view exposed in the northern region of the Sierra de 
Humaya, which intruded into the medium-grade metamor-
phic rocks of El Portezuelo metamorphic–igneous com-
plex. The pluton is about 4 ×  1.5 km, with the long axis 
trending NNW (Fig. 2a). The main plutonic unit is a light 
gray, equigranular, medium-grained two-mica granodiorite 
to tonalite (Fig. 3a). NNW-striking pluton wall contacts dip 
25°–66° to the west, except in the NE part of the pluton 
where they dip to the east (Fig. 2b, c). In the north-central 

Fig. 2   a Geological map and b, c cross sections of the LCP with orientations of pluton-host rocks contacts, trends of folds and foliation in the 
host rocks
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part of the pluton, there are discrete ductile shear zones 
(a few tens of meters) with variable strain and character-
ized by the development of incipient S–C structures. These 
shear zones display NNW–SSE strikes that are nearly par-
allel to the schistosity of the metamorphic host rocks. No 

magmatic foliation was observed. On the margin of the 
pluton, a subordinate igneous unit is formed by leucocratic 
equigranular medium- to coarse-grained muscovite-bearing 
syenogranite to granodiorite (Fig. 3b). This unit occurs as 
concordant meter-scale sheets within the host rock or as 

Fig. 3   a Two-mica granodiorite to tonalite of the main plutonic unit. 
b Muscovite-bearing syenogranite to granodiorite of the leucocratic 
unit. c, c′ Outcrop-scale folding of the host rock metamorphic folia-
tion in the border zone. A concordant sheet of the leucocratic unit 
(LU) is also gently folded evidencing syntectonic magmatism. A 
zoom of the sheet is visible in lower left corner of c. d Sharp and 
straight contact between the LCP and the wall rock. e Meso-scale 

sheeted contact characterized by alternation between concordant 
igneous units and metamorphic wall rocks. f Concordant granitic 
bodies of the main igneous unit containing sheeted host rock xeno-
liths. g Concordant leucocratic sheet intruding metasedimentary host 
rocks. h, h′ Discordant contact between the main igneous unit (MU) 
and metasedimentary host rocks. Note disaggregation of the wall rock



571Int J Earth Sci (Geol Rundsch) (2015) 104:565–586	

1 3

parallel to subparallel meter-scale border zones in sharp 
and straight internal contact with the main igneous unit of 
the pluton.

The host rocks

The host rocks are two-mica schist with a metamorphic 
foliation (S2) defined by a differentiated layering that 
strikes NNW–SSE. At map scale, the LCP boundary is 
generally concordant with the host rocks S2 fabric, which 
roughly drapes around the pluton, although in some parts, 
the host rock fabric in map view is truncated by the plu-
ton. At depth, crosscutting relationships between pluton 
and host rock S2 fabric are supposed from downward plu-
ton projections (Fig.  2b, c). The orientations of the host 
rock foliation are shown in Figs. 1, 2, 4. The structural data 
have been divided into two domains: (1) the “LCP domain” 
restricted to the pluton’s host rock aureole (i.e., map area 
of Fig.  2) and (2) the “regional domain” which includes 
the northern region of the Sierra de Humaya, i.e., the map 
area of Fig. 1, outside the LCP domain. In the LCP domain, 
onefold set was mapped, wherein the NNW-striking folia-
tions S2 dip toward the ENE and WSW, suggesting hec-
tometer- to kilometer-scale local folding of the S2 foliation. 
Here, we present (1) On the central-eastern contact zone, 
a NE–SW cross section that shows that the ENE-dipping 
S2 fabric gradually steepens toward the pluton until verti-
cal and then dips WSW, suggesting an F3 close antiform 
(Fig.  2c). Outcrop-scale gentle folding has been observed 
in this WSW-dipping foliation (Fig.  3c, c′). (2) On the 
western contact zone, a synform is defined by the form of 
S2 foliation planes (Fig. 2b, c). Locally, minor folds (cen-
timeter-scale) were observed in this part of the contact with 
fold axis trending NNW–SSE. (3) At the northern end of 
the pluton, an open antiform is inferred because the S2 foli-
ation dips in the opposite direction (Fig. 2b). All inferred 
fold axis trends lie nearly parallel to the strikes of the S2 
foliation. It is important to note that W-dipping and fold-
ing of the S2 foliation in the northern region of Sierra de 
Humaya is restricted to zones near the LCP (i.e., the LCP 
domain). In contrast, the regional domain shows a more 
uniform E-dipping S2 foliation with average strike and 
dip of 0°, 36°E, respectively. The average N–S strike of 
S2 in the regional domain slightly differs from the average 
NNW–SSE strike in the LCP domain.

Contact features and xenoliths

The contacts between the LCP and the wall rock are intru-
sive, i.e., injected type (Fig.  3d). They grade from undis-
turbed host rock passing through a zone defined by an 
increasing number of concordant sheets (from tens of cm 
up to 5  m thick and with compositions of both igneous 

units) to the plutonic rock containing host rock xenoliths 
(Fig.  3e–g). This concordant lithological alternation char-
acterizes a sheeted border zone. Locally, discordant con-
tacts are observed (Fig. 3h, h′). In the central-eastern part 
of the border zone, some concordant sheets show the same 
deflection as the folded host rock foliation (Fig.  3c, c′). 
Some irregular branch-like discordant granitic dykes cross-
cut the S2 foliation through fractures and generate local 
meter-scale gentle folds (Fig. 5a, a′). In this zone, symmet-
ric lens-shaped apparent boudins of leucocratic composi-
tion (see structure definition in Bons et al. 2004) are devel-
oped in the host at high angles with the S2 foliation and the 
pluton–wall rock contact (Fig. 5b, b′).

Xenoliths of wall rock occur within the pluton, mainly 
near the contacts. Larger xenoliths (tens of meters) in the 
central-western part of the LCP were recognized (Fig. 2a, 
c). Some rotated wall rock xenoliths (i.e., where xenolith 
foliation is at high angle to S2 and thus defined as stoped 
blocks) with angular shapes are present in the leucocratic 
sheets (Fig. 5c, c′) and within the pluton near the contact. 
In the granitic sheets, small sheeted xenoliths are parallel to 
the attitude of the intrusive bodies and the wall rock folia-
tion (S2) (Fig. 3f). Disaggregation of the metasedimentary 
rocks is observed in the wall rock and xenoliths (Figs. 3h, 
h′, 4, 5c, c′).

Petrography and mineral chemistry

The two-mica granodiorite to tonalite of the main plutonic 
unit has an allotriomorphic inequigranular texture (Fig. 6a) 
and consists of plagioclase (31–49 %); quartz (30–46 %); 
microcline (0–14  %); muscovite (6–12  %); biotite (5–
11 %); and <2 % apatite, monazite, zircon and epidote as 
accessories (modal proportions for 5 samples). Representa-
tive compositions of minerals are presented in tables in the 
Electronic Supplementary Material. Plagioclase occurs as 
anhedral to subhedral crystals, with polysynthetic twin-
ning and often altered to sericite and muscovite. Twinning 
in plagioclase controls the muscovite2 direction growth 
(Fig.  6b). Some crystals exhibit sericite-altered cores and 
fresh border zones (Fig.  6c). Plagioclase shows concen-
tric extinction of compositional zoning (oscillatory zon-
ing) (Fig. 6b, c). In all cases, An contents range from 20 to 
30 mol% (n = 14). Quartz occurs as anhedral crystals, with 
typical undulatory extinction and slight subgrain develop-
ment. Microcline (Or90−94) is interstitial and exhibits myr-
mekite development at plagioclase contacts. Muscovite is 
observed in two main forms: (1) as larger, primary subhe-
dral laths (muscovite1) forming part of the matrix (Fig. 6a) 
and (2) as smaller euhedral to subhedral secondary laths 
(muscovite2) associated with plagioclase (Fig. 6b, c). Low 
MgO (avg. 0.72 wt%) and SiO2 (avg. 44.53 wt%) contents 
in muscovite1 support its primary magmatic origin (Fig. 7; 
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Miller et al. 1981). Biotite occurs as subhedral to anhedral 
crystals, and the main accessory phases (apatite, monazite, 
zircon and epidote) are commonly associated with it. Bio-
tite has an XMg of 0.34–0.36 and Ti contents ranging from 

0.36 to 0.42 per double formula unit (d.f.u.). Microscopi-
cally, subsolidus deformation related to ductile shearing is 
evidenced by a weakly spaced anastomosing foliation char-
acterized by rough-to-smooth mica-rich cleavage domains 

Fig. 4   Equal area projections 
on the lower hemisphere show 
poles of the S2 metamorphic 
foliations as separated by 
structural domains. Density 
stereograms are also displayed

Fig. 5   a, a′ Irregular discordant granitic dykes crosscutting the S2 
foliation by fractures and generating meter-scale local gentle folds. 
MU main igneous unit, QV quartz vein. Red arrows indicate opening 
direction of the fracture and local shortening direction over the host 
rock. b, b′ Symmetric lens-shaped apparent boudins of leucocratic 

composition showing high angle orientation with the S2 foliation. A 
reference layer (LGSL) is highlighted in (b′); LGSL light gray schist 
layer. c, c′ Rotated xenoliths with angular shapes hosted in leuco-
cratic sheets. Red arrow indicates the rotation sense. Note disaggrega-
tion of the xenoliths
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and microlithons composed mostly of quartz, plagioclase 
and microcline (Fig. 6d). All minerals are elongated in the 
same direction and often display undulatory extinction, and 
some muscovite and plagioclase crystals are lensoidal.

The leucocratic muscovite-bearing granitoids (i.e., the 
leucocratic igneous unit) have an allotriomorphic inequi-
granular texture and consist of microcline (13–37  %), 
plagioclase (18–33  %), quartz (26–43  %), muscovite 
(13–25 %) and biotite (<1 % modal proportions, n = 4), 
with tourmaline, garnet, oxides and apatite as accessories 
(Fig. 6e). Microcline occurs as anhedral crystals with tar-
tan twinning and sometimes shows irregular and patchy 
microperthites. Inclusions of plagioclase, apatite, musco-
vite and quartz are observed occasionally. Plagioclase is 
anhedral to subhedral and slightly altered to kaolinite and 
sericite, with scarce inclusions of apatite and muscovite. 

Quartz is anhedral, with undulatory extinction and slight 
subgrain development. Muscovite occurs as subhedral 
grains and tiny needle-shaped crystals, assumed to be of 
primary origin. Biotite is scarce and occurs as anhedral 
crystals. Garnet is euhedral and poikilitic with inclusions 
of quartz, and tends to amalgamate in garnet clusters 
(Fig. 6f).

Whole‑rock chemical composition

Major elements

Representative samples of the main igneous unit of the 
LCP are felsic or evolved in composition (SiO2 from 71 to 
74 wt%, n = 6) (Fig. 8; Table 1). They are enriched in CaO 
(1.6–3 wt%) and Na2O (3.2–3.8 wt%, with a K2O/Na2O 
ratio <1). The granitoids are rich in FeOtot (2.1–2.9 wt%) 
relative to MgO with high FeOtot/(FeOtot  +  MgO) ratios 
(0.78–0.83). Following the classification scheme of Frost 
et al. (2001), the compositions plot in the magnesian field 
but close to the limit with the ferroan field (Fig. 9a), and 
some samples fall in the latter. In the modified alkali-lime 
index, these samples are dominantly calcic (Fig. 9b). They 
are slightly peraluminous with an alumina saturation index 
(ASI) of 1.07–1.19. On Harker variation diagrams, the 
main igneous facies show a decrease in TiO2, FeOtot, MgO 
and CaO, and an increase in of SiO2, whereas K2O and 
Na2O have gently positive correlations (Fig. 8).

Fig. 6   From a to d photomicrographs of the main igneous unit. a 
Texture and mineralogy of a two-mica granodiorite. Large subhedral 
laths of muscovite1 are shown in the center of the photomicrograph. 
b Compositional zoning in plagioclase crystal. Direction growth of 
muscovite2 is controlled by twinning in plagioclase. c Altered cores 

and fresh borders in zoned plagioclase. d Deformed granitoid show-
ing a weak spaced foliation characterized by minerals elongated in 
the same direction. e, f Photomicrographs of the leucocratic unit. e 
Magmatic texture and mineralogy of a monzogranite. f Poikilitic gar-
net forming garnet-clusters in a monzogranite. Scale bars 1 mm

Fig. 7   Plotted compositions of white micas texturally interpreted to 
be of primary origin on the Mg–Ti–Na diagram. The limits between 
secondary and primary muscovite are from Miller et al. (1981)
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The leucocratic igneous unit is also felsic (SiO2  ≈  73 
wt%, n =  2) but moderately peraluminous (ASI =  1.24–
1.30). They are depleted in CaO (<1 wt%) but enriched in 
alkalis (≈8, with a K2O/Na2O ratio  ≥1). They plot with 
magnesian and alkali-calcic granitoids (Fig.  9a, b). On 
Harker variation diagrams, they exhibit a widespread deple-
tion in the major oxides (excluding alkalis and P2O5) devi-
ating from the main igneous trend (Fig. 8). On the A–B dia-
gram after Villaseca et al. (1998), the main igneous unit is 
distinguished as low-to-moderately peraluminous, whereas 
the leucocratic unit is felsic and peraluminous (Fig. 10).

Trace elements

A trace element bulk earth-normalized plot is shown in 
Fig.  11a. The granitoids of the main igneous unit exhibit 
high contents of large ion lithophile elements (Cs, Rb, Ba 
and K), incompatible elements (Th, La, Ce and Nd) and 
even relatively high Y and Yb. In contrast, the leucocratic 
granitoids have a strong depletion of most of the elements 
with the exception of Cs, Rb and K (all of these hosted in 

K-feldspar). The leucocratic granitoids show lower Y con-
tent than the granitoids of the main igneous unit.

Chondrite-normalized REE patterns show that the main 
igneous unit has relatively high LREE and low HREE val-
ues [(La/Yb)N = 7.62–14.41], with moderately negative Eu 
anomalies (Eu/Eu*  =  0.56–0.70) (Fig.  11b). Leucocratic 
igneous samples are depleted in REE (Fig. 11b; Table 1), 
with a flat pattern [(La/Yb)N  =  1.71–1.88] and variable 
negative Eu-anomalies (Eu/Eu* = 0.26–0.70).

Monazite EPMA geochronology

Sample HUM002 was analyzed for in situ U–Th–Pb dating 
of monazite. The data set for this sample includes 28 spots 
measured in 16 monazite grains. Electron microprobe data 
for analyzed monazites and calculated ages are reported in 
Table 2. Monazite occurs as euhedral and subhedral grains, 
prismatic or equant, and is typically less than 70  µm long. 
Some anhedral grains were also observed. Monazite crys-
tals appear mainly as inclusions in biotite, muscovite, quartz, 

Fig. 8   Harker variation diagrams for the studied granitoids. ASI versus SiO2 diagram is also shown
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Table 1   Whole-rock major and trace element geochemistry of the Las Chacritas pluton

Unit Main plutonic unit Leucocratic unit

Rock Tonalite Granodiorite Tonalite Granodiorite Granodiorite Granodiorite Monzogran-
ite

Granodiorite

Sample 
number

7933-A 7933-D HUM002a HUM004a HUM005a HUM006a Average SD 7932 7936 Average SD

Major oxides (wt%)

SiO2 73.44 73.31 71.01 73.35 74.20 71.30 72.77 1.30 72.81 72.64 72.73 0.12

Al2O3 13.83 14.51 13.33 13.48 13.67 14.12 13.82 0.43 14.64 14.51 14.58 0.09

Fe2O3 (T) 2.31 2.47 3.20 2.54 2.74 3.19 2.74 0.38 1.41 1.26 1.33 0.10

MnO 0.06 0.05 0.05 0.04 0.05 0.05 0.05 0.00 0.05 0.09 0.07 0.03

MgO 0.59 0.50 0.62 0.49 0.49 0.81 0.58 0.12 0.26 nd 0.26 nd

CaO 1.58 1.67 2.05 1.94 1.69 2.99 1.99 0.52 0.81 0.44 0.63 0.26

Na2O 3.78 3.79 3.19 3.24 3.34 3.59 3.49 0.27 3.21 4.21 3.71 0.71

K2O 2.67 3.39 2.70 3.23 3.14 2.24 2.90 0.43 4.76 4.26 4.51 0.35

TiO2 0.23 0.26 0.37 0.29 0.29 0.48 0.32 0.09 0.09 0.03 0.06 0.04

P2O5 0.16 0.20 0.19 0.18 0.20 0.23 0.19 0.03 0.29 0.26 0.27 0.02

LOI 0.67 0.59 1.05 0.65 0.65 1.02 0.77 0.21 0.83 0.73 0.78 0.07

Total 99.31 100.74 97.75 99.43 100.49 100.02 99.62 1.08 99.14 98.44 98.79 0.50

Trace elements (ppm)

Li 42 51 40 49 73 34 48 14 25 21 23 3

Sc 4.8 3.4 5.9 5.2 4.8 5.4 4.9 0.9 2.9 1.2 2.0 1.2

Be 4 3 nd nd nd nd 4 1 3 5 4 1

V 18 16 25 19 19 42 23 10 4 4 4 0

Cr 28 16 7 5 6 12 12 9 21 21 21 0

Co 4 2 4 3 2 5 3 1 1 1 1 0

Ni 18 10 6 4 5 13 9 6 10 11 10 1

Cu 19 10 17 17 17 15 16 3 10 13 12 2

Zn 61 57 54 49 47 55 54 5 32 48 40 12

Ga 25 24 16 16 15 18 19 4 16 16 16 0

As 2 1 bdl bdl bdl bdl 1 1 1 1 1 0

Rb 88 94 nd nd nd nd 91 4 112 144 128 23

Sr 108 85 129 113 103 166 117 28 37 6 22 22

Y 24.2 18.6 27.2 26.4 23.0 24.1 23.9 3.0 8.1 3.6 5.9 3.1

Zr 51 34 27 21 26 27 31 11 19 19 19 1

Nb 10 9 7 7 7 7 8 1 11 14 12 2

Mo 5 4 4 3 4 2 4 1 4 3 4 0

Cs 9 8 nd nd nd nd 9 1 4 8 6 2

Ba 250 278 517 529 425 322 387 121 79 13 46 46

La 30.7 22.5 38.5 34.0 31.4 46.8 34.0 8.2 3.0 1.2 2.1 1.2

Ce 67.5 47.0 88.3 72.3 63.7 93.1 72.0 16.9 6.9 3.0 5.0 2.8

Pr 8.2 5.8 9.6 8.1 7.3 11.1 8.3 1.8 0.8 0.4 0.6 0.3

Nd 29.5 22.7 38.0 31.6 28.9 42.9 32.3 7.2 3.1 1.3 2.2 1.2

Sm 5.8 4.6 7.0 6.6 6.3 8.1 6.4 1.2 0.9 0.5 0.7 0.3

Eu 1.0 1.0 1.6 1.5 1.3 1.8 1.3 0.3 0.2 0.0 0.1 0.1

Gd 5.2 4.5 7.1 6.3 5.4 8.4 6.1 1.4 1.1 0.6 0.8 0.3

Tb 0.8 0.7 1.2 1.1 0.9 1.2 1.0 0.2 0.2 0.1 0.2 0.1

Dy 4.7 3.9 5.1 5.4 4.2 5.1 4.8 0.6 1.5 0.8 1.1 0.5

Ho 1.0 0.8 0.9 1.0 0.6 0.9 0.9 0.1 0.3 0.1 0.2 0.1

Er 2.7 2.1 3.5 3.0 2.4 2.9 2.8 0.5 0.9 0.4 0.6 0.4
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K-feldspar and plagioclase. Backscatter electron images show 
compositional zoning in some monazite crystals (Fig.  12a). 
Monazite domains with high brightness in BSE images are 
consistent with lower Y contents (Fig. 12b). All grains show 
significant variations in U contents and Th/U ratios.

Calculated dates spread from 522 to 461  Ma. Top-
down approach monazite analysis strategy (Williams 
et al. 2006) based on the age histogram method (Montel 

Table 1   continued

Unit Main plutonic unit Leucocratic unit

Rock Tonalite Granodiorite Tonalite Granodiorite Granodiorite Granodiorite Monzogran-
ite

Granodiorite

Sample 
number

7933-A 7933-D HUM002a HUM004a HUM005a HUM006a Average SD 7932 7936 Average SD

Tm 0.4 0.3 0.3 0.4 0.3 0.3 0.3 0.1 0.2 0.1 0.1 0.1

Yb 2.7 1.8 2.4 2.7 2.1 2.2 2.3 0.3 1.1 0.5 0.8 0.4

Lu 0.4 0.3 0.3 0.4 0.2 0.3 0.3 0.1 0.2 0.1 0.1 0.1

Ta 1.2 1.3 bdl bdl bdl bdl 1.2 0.1 1.5 2.9 2.2 1.0

Pb 25 19 14 20 22 24 21 4 27 14 21 9

Th 15 11 14 bdl bdl 14 14 2 1 1 1 0

U 3.0 1.3 bdl bdl bdl bdl 2.1 1.2 1.3 1.0 1.2 0.2

REE totals 160.6 117.9 203.7 174.3 155.0 255.1 177.8 47.0 20.4 9.1 14.8 8.0

FeOtot 2.08 2.22 2.88 2.28 2.46 2.87 2.46 0.34 1.26 1.13 1.20 0.09

ASI 1.19 1.17 1.17 1.13 1.19 1.07 1.15 0.05 1.30 1.24 1.27 0.05

LOI loss on ignition, nd not determined, bdl below detection limit, ASI aluminum saturation index, FeOtot ferrous oxide
a  Analysis carried out in Alex Stewart Argentina S.A

Fig. 9   Studied granitoids plotted on the classification diagrams of 
Frost et al. (2001): a FeOtot/(FeOtot + MgO) versus SiO2, (wt %) and 
b Na2O + K2O–CaO versus SiO2, (wt%)

Fig. 10   a A–B diagram of Debon and Le Fort (1983) modified from 
Grosse et  al. (2011) for the studied granitoids. Granitoid composi-
tional fields are from Villaseca et  al. (1998). Solid orange arrow is 
the hypothetical trend defined by the main plutonic unit. Solid green 
arrows are the trends of natural series: SCh, I-type granitoids of the 
Sierra de Chepes (Dahlquist et  al. 2005); SV-1, I-type granitoids 
and SV-2, transitional I/S-type granitoids of the Sierra de Velasco 
(Grosse et al. 2011). Dashed blue arrows are trends of experimental 
melts from different protoliths: 1 = pelite-derived melt (Vielzeuf and 
Holloway 1988); 2 = graywacke-derived melt (Conrad et  al. 1988); 
3 = amphibolite-derived melt (Beard and Lofgren 1991)
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et  al. 1996, 2000) yielded two main date clusters with 
weighted means of 474.1  ±  4.3  Ma (2σ; n  =  21) and 
502.7 ± 10 Ma (2σ; n = 7) (Fig. 13). The first date cluster 

is considered the best estimate for the magma crystalliza-
tion. The age span of 25 Ma, from 486 to 461 Ma, of this 
coherent group could be attributed to partial inheritance 

Fig. 11   a Bulk earth-normal-
ized trace element patterns 
for selected samples (normal-
izing values from Hickey et al. 
1986). b Chondrite-normalized 
patterns for selected samples 
(normalizing values from Naka-
mura 1974)

Table 2   Monazite composition and geochronologic data for sample HUM002

Weighted mean age from first date cluster (I): 474.1 ± 4.3 Ma (2 sigma) (n = 21)

Weighted mean age from second date cluster (II): 502.7 ± 10 Ma (2 sigma) (n = 7)

P1, P2, P3 and P4 are spots in monazite grain 14 (see Fig. 12)

Analysis number Date cluster Y2O3 (wt%) PbO (wt%) ThO2 (wt%) UO2 (wt%) Th/U Date (Ma) 1 sigma (Ma)

HUM2Mz1 I 1.42 0.105 5.09 0.05 103.85 470.4 8.9

HUM2Mz2 II 3.47 0.119 5.07 0.13 38.75 510.3 9.8

HUM2Mz3c I 1.11 0.098 4.60 0.06 79.85 484.0 9.1

HUM2Mz3r II 1.44 0.115 5.25 0.05 98.04 499.9 9.2

HUM2Mz3r I 1.86 0.145 4.86 0.74 6.57 468.6 8.9

HUM2Mz4 I 2.19 0.118 4.93 0.26 18.99 481.7 9.2

HUM2Mz5 I 1.33 0.090 4.34 0.05 90.82 471.9 8.7

HUM2Mz6c II 1.66 0.104 4.71 0.08 61.81 494.2 9.2

HUM2Mz6r I 1.33 0.102 4.89 0.05 107.28 478.0 9.1

HUM2Mz7c I 2.69 0.124 5.03 0.32 15.51 480.8 8.9

HUM2Mz7r I 1.50 0.098 4.80 0.06 75.91 462.9 8.7

HUM2Mz8c II 2.45 0.111 5.05 0.10 50.32 488.5 9.2

HUM2Mz8r I 2.05 0.111 5.09 0.09 54.64 485.8 8.9

HUM2Mz9 II 3.74 0.132 5.64 0.17 33.09 501.8 9.4

HUM2Mz10 II 2.83 0.127 4.99 0.22 22.49 521.7 10.2

HUM2Mz11c I 1.60 0.101 4.75 0.06 82.13 482.5 8.8

HUM2Mz11r I 1.77 0.094 4.44 0.10 44.65 465.9 8.7

HUM2Mz12 I 2.09 0.104 4.85 0.09 55.22 476.4 9.1

HUM2Mz13 I 1.53 0.101 5.00 0.05 94.43 461.2 8.7

HUM2Mz14c (P2) I 1.65 0.106 5.06 0.06 82.22 473.5 9.2

HUM2Mz14r (P4) I 1.72 0.109 4.73 0.26 18.47 461.3 8.7

HUM2Mz14c (P1) I 1.50 0.100 4.81 0.06 82.12 473.0 9.0

HUM2Mz14r (P3) II 2.33 0.108 4.61 0.17 27.68 495.0 9.3

HUM2Mz15 I 1.80 0.134 4.05 0.83 4.87 466.6 9.0

HUM2Mz16c I 1.04 0.086 4.26 0.04 105.77 462.6 8.7

HUM2Mz16r I 1.48 0.100 4.79 0.07 71.75 473.5 8.8

HUM2Mz16r I 1.24 0.092 4.37 0.05 89.72 481.8 8.8

HUM2Mz16r I 1.56 0.136 4.39 0.74 5.97 472.0 8.9
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of older monazite, although this age range is within the 2σ 
analytical uncertainty of the individual results. The sec-
ond date cluster is interpreted to be due to the existence of 
inherited crystals (xenocrysts or inherited cores). Impor-
tantly, Y content in the three oldest grains is high (>2.8 %; 
mean of cluster “n =  7” ~2.6  %) and consistent with Y 
content in grains from the high-grade metamorphic base-
ment (~2.5  % “n =  43,” unpublished work in progress). 
Detailed analyses of individual crystals in BSE images 
(similar method to the bottom-up approach of Williams 
et al. 2006) show several domains in monazite, with dif-
ferences in age and chemical composition. Grain 14 
exhibits concentric zoning from one of the sides, display-
ing three domains characterized by distinct Y and U con-
tent (Fig. 12). The inner domain (D114) displays an irreg-
ular shape and has higher Y and U contents (~2.33 wt% 
Y2O3, ~0.17 wt% UO2) than the intermediate subhedral 
domain (D214;~1.57 wt% Y2O3, ~0.06 wt% UO2 “n = 2”). 
The outer euhedral domain D314 has Y content of 1.72 % 
and the highest U content of 0.26  %. The domain D114 
yields a date of 495 ±  9  Ma (1σ) which—together with 
the high Y content—represents the older date cluster 
(~502  Ma). Nearby dates (regarding analytical uncer-
tainty) and similar Y content allow to group domains D214 
(474 ±  9 Ma) and D314 (461 ±  9 Ma) into the younger 
date cluster (~474  Ma). Our data indicate that at least 
two monazite growth episodes are recorded in the LCP 
(i.e., the two main date clusters), which in turn, linked to 
U–Th-total Pb ages provide a detailed record of the geo-
logic history of its host rock (Williams et al. 2007).

Discussion

Petrogenesis of the Las Chacritas pluton

Field observations, petrography, mineral chemistry and 
whole-rock compositions of the LCP suggest participation 
of the surrounding metasedimentary basement rocks in the 
genesis of the two distinct groups of silicic igneous rocks 
of the LCP, i.e., the main unit and the leucocratic unit. At 
first, the presence of disaggregated metasedimentary xeno-
liths directly indicates crustal contamination during magma 
emplacement. The main unit samples have concentrations 
of silica, alumina, and alkalis compatible with experimen-
tal melts produced by incongruent dehydration-melting of 

Fig. 12   a Backscattered electron images showing compositional zon-
ing in a monazite crystal (grain 14). b Illustration of monazite growth 
(grain 14). Three domains are interpreted on the basis of composi-
tional and age differences. Dn domain number, Pn analyzed spot. The 
numbers in brackets are Yttrium values (wt%)

◂
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mica +  quartz (e.g., Patiño Douce 1999). This interpreta-
tion is consistent with the presence of primary muscovite 
in them (Fig.  7), which is an indicator of peraluminous 
magmas (Speer 1984). In fact, the generally accepted 
intersection of the granite solidus curve with the experi-
mental curves for the reaction Ms + Qtz = Kfs + Al-sili-
cates + H2O at approximately 3–4 kbar (Pattison and Tracy 
1991) is consistent with the emplacement level of this plu-
ton (~3.8 kbar; see below). Further, inherited monazite with 
higher Y contents of metamorphic origin (monazite date 
cluster II) supports the link between the LCP and its source 
terrains. However, the calcium content in the main unit of 
the LCP is too high. The fact that these calcic granitoids 
plot in the boundary between ferroan and magnesian gran-
itoids is rare since ferroan calcic granitoids are unknown 
(Frost et  al. 2001). On the A–B diagram, the samples of 
the main unit plot in the low and moderately peraluminous 
fields without a clear trend (Fig. 10). They fall between the 
trends of experimental melts and natural series (e.g., tran-
sitional I/S-type granitoids, Fig. 10), suggesting that more 
than one source of melt and/or processes were involved 
in the origin and evolution of the main unit of the LCP. 
In concordance, on major element diagrams from Patiño 
Douce et al. (1999), these samples plot in a restricted zone 
between the fields of metagraywacke- and amphibolite-
derived melts (Fig. 14).

Harker diagrams of the leucocratic granitoids of the 
LCP presented above show that these diverge from the 
trend of the main igneous unit. Also their REE patterns 
are strongly LREE-depleted. According to their mineral-
ogy (muscovite ± tourmaline ± garnet) and major element 
composition, they may correspond to pure crustal melts as 
a result of dehydration melting of muscovite-rich metasedi-
ments, i.e., the peraluminous leucogranites of Patiño Douce 
(1999) (Fig. 14). LREE-depleted patterns in the leucocratic 

granitoids are consistent with disequilibrium melting, 
where monazite and perhaps other accessory minerals did 
not partake in the muscovite dehydration-melting reactions 
that produced LREE-depleted melts (Nabelek and Glas-
cock 1995). Low Y contents in leucocratic granitoids sug-
gest incomplete monazite and/or xenotime participation in 
the generation of the leucogranites.

In summary, the origin and evolution of the LCP 
involved multiple melt sources. The main unit may be 
linked either with interaction of crustal rocks with mafic 
magmas or crystal-rich magmas that entrained residual 
phases (Patiño Douce 1999). We suggest that during gen-
eration, ascent and emplacement of the main unit, crustal 
components could have been supplied from different pro-
cesses/sources: (1) initial melting of older low-crustal 
rocks; (2) feeding from syntectonic partially molten high-
grade rocks (i.e., migmatites at middle crustal levels) and 
subsequent hybridization, including mixing with leuco-
cratic pure crustal melts; and (3) assimilation of wall rock 
xenoliths at different crustal levels (see discussion below). 
Moreover, mafic components involved basic melts from 
the lower crust/lithospheric mantle and/or mixing with 
I-type magmas, as has been consistently argued for most 
of the Famatinian granitoids (e.g., Pankhurst et  al. 2000; 
Grosse et al. 2011; Dahlquist et al. 2013). The lack of mafic 
enclaves and/or basic dykes in the LCP rejects interaction 
with mafic material at higher crustal levels. Conversely, 
leucocratic granitoids were derived exclusively from meta-
sedimentary sources by local anatexis of the migmatitic 
basement underlying the emplacement level.

Constraints on emplacement conditions and timing

According to the classic conceptual model of Budding-
ton (1959), the styles of pluton emplacement, associated 

Fig. 13   Probability density 
plots with histograms for 
monazite EPMA age data and 
weighted average age plots from 
date cluster I and II
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metamorphism and fabric development in intrusions may 
vary substantially with depth (Miller et  al. 2009). There-
fore, based on field relationships between metamorphic 
rocks from the northern part of the Sierra de Humaya and 
barometric calculations on migmatites of the El Porte-
zuelo metamorphic–igneous complex from nearby areas, 
a rough estimation of the emplacement level for the LCP 
is deduced. Because the LCP is intruded into two-mica 
schists, no direct barometric estimations are possible 
(pluton and host rock) due to the lack of suitable mineral 
assemblages. However, structural continuity of the meta-
morphic foliation from two-mica schists into cordierite–
garnet–K-feldspar–sillimanite migmatites in the Sierra de 
Humaya crustal block allows us to estimate depth levels. 
The highest calculated regional pressures of ~5  kbar in 
migmatites of the Sierra de Graciana and Sierra de Potre-
rillo (Larrovere et  al. 2011) are consistent with metamor-
phism at about ~19 km depth (taking into account an aver-
age density of 2,700–2,800 kg/m3, 1 kbar = 3.80–3.85 km). 
Assuming this depth level for migmatites of the Sierra de 
Humaya, lower pressures (depth) would correspond for the 
two-mica schist levels. Supposing similar vertical pressure 
gradients (perpendicular to the strike as maximum pressure 
values), the measured crustal width between two points 
with parallel metamorphic foliation in migmatites and 
schists is 4.5 km (Fig. 1). This means the current exposure 
of the LCP represents a maximum emplacement depth of 

~14.5 km (~3.8 kbar). Regarding average continental crust 
thickness and divisions (0–12  km upper crust, 12–23  km 
middle crust, 23–40  km lower crust; Rudnick and Gao 
2003), the maximum estimated emplacement depth is con-
sistent with the upper part of the middle crust.

Brittle and ductile deformation mechanisms in the wall 
rock were active during pluton emplacement at this depth, 
as evidenced by the following field observations: (1) irregu-
lar branch-like discordant granitic dykes filling fractures, 
linked to meter-scale local folds in the wall rock; (2) appar-
ent boudins of leucocratic dykes and associated wall rock 
deflections; (3) both angular and sheet-like composition-
ally identical wall rock xenoliths; (4) wall rock foliation 
roughly draped around the pluton but also locally truncated 
by the intrusion; (5) major wall rock folds; and (6) the 
sheeted nature of the contacts. As an alternative to brittle 
fracturing, ductile fracturing has been proposed as a mech-
anism for ductile environments (Weinberg and Regenauer-
Lieb 2010), supporting the possibility of concomitant frac-
turing and ductile deformation at this emplacement level.

The calculated crystallization age for the LCP indicates 
contemporaneous magmatism, metamorphism and defor-
mation at the orogen scale. The newly obtained age of 
474.1 ± 4.3 Ma is consistent with Ordovician ages (477–
470  Ma) of the high-grade metamorphic rocks of the El 
Portezuelo metamorphic–igneous complex (Larrovere et al. 
2011). At the pluton scale, field and structural data which 

Fig. 14   Studied granitoids plotted on major element diagrams of Patiño Douce (1999). Fields are compositions of melts produced by experi-
mental dehydration-melting, except the field of peraluminous leucogranites that correspond to natural granites of Patiño Douce (1999)



581Int J Earth Sci (Geol Rundsch) (2015) 104:565–586	

1 3

support emplacement and related host rock folding include 
the parallel to subparallel trends in the strike of the wall 
rock foliation, the fold axial traces, the host rock-pluton 
contacts, and the long dimension of the intrusion. At the 
outcrop scale, evidence such as folded concordant leuco-
cratic sheets with magmatic fabrics support the idea of syn-
folding magmatism for the LCP. Localization of late mag-
matic intrusions (i.e., leucocratic sheets) and xenoliths on 
the eastern and western pluton-host rock contact suggests 
that these sectors are the lateral wall zones of the LCP. 
Intrusions associated with structures formed in the aureole 
(i.e., folded sheets) suggest that ductile deformation in the 
aureole formed prior to final solidification of the chamber 
(e.g., Paterson and Farris 2008).

Emplacement mechanisms

Although fabrics within plutons provide important infor-
mation about emplacement in field-based structural stud-
ies, it is believed that the main clues for MTPs come from 
examining the host rock around the plutons, i.e., the struc-
tural aureoles (Buddington 1959; Paterson and Fowler 
1993). Because the S2 metamorphic foliation is a struc-
ture that slightly predates the emplacement of the LCP, 
several documented changes in the attitude of host rock 
markers around the LCP (but not recorded from regional 
orientations) indicate a strong relationship between host 
rock ductile deformation and pluton emplacement. Exam-
ples include (1) local folding of the host rock layering, 
(2) draping of the S2 foliation around the pluton and (3) 
minor strike deflection of S2 (NNW–SSE in LCP struc-
tural domain and N–S in regional domain). The most obvi-
ous evidence of the emplacement of the LCP is the duc-
tile deformation observed in the structural aureole, i.e., 
rim folds. Viable emplacement mechanisms that link host 
rock folding with magma intrusion are (1) regional fold-
ing (e.g., Miller et  al. 2009); (2) return flow (e.g., Pater-
son et al. 1991; He et al. 2009); (3) gravitationally driven 
roof/wall rotation and collapse (e.g., Paterson and Farris 
2008); and (4) lateral shortening (e.g., Paterson et al. 1991; 
Marko and Yoshinobu 2011). Material transfer process like 
regional folding is inconsistent with the lack of appreci-
able folding in the regional domain. Because growth of 
folds is slow compared to magma transport rates (e.g., Pat-
erson and Tobisch 1992) the genetic link between regional 
folding and emplacement has been related to the effects 
of the stress field (Miller et  al. 2009). The regional prin-
cipal shortening direction linked to an E–W compressive 
regime during the Famatinian orogeny (e.g., Willner et al. 
1987; Le Core and Rosello 1994) in Las Chacritas zone 
could support this assumption; however, host rock ductile 
deformation concentrated exclusively in the LCP structural 
domain implies that magma forces played an active role in 

driving lateral wall rock displacements. Also, assuming that 
dips of contacts do not change when projecting upward, 
we observed in the cross section B–B′ (Fig.  2c) that the 
pluton largely cuts folds because the width of the pluton 
is larger than wavelength of folds. On the other hand, the 
lack of asymmetrical tight folds, steeply plunging linea-
tions and monoclinal fabrics in wall rocks, rule out return 
flow (e.g., He et  al. 2009), at least at the current expo-
sure level. Predominance of outward-facing stratigraphy 
and rim synclines/anticlines attached to walls instead of 
inward-facing stratigraphy and monoclines/anticlines rela-
tionships, respectively (e.g., Paterson and Farris 2008), pre-
clude gravitationally driven roof/wall collapse. Lastly, the 
lateral and upward deflections of the beds, synclines/anti-
clines associations, major and minor folds with subhori-
zontal fold axes trending parallel to the general pluton-host 
rock contact, and subvertical fold axial planes in the struc-
tural aureole indicate that host rocks were displaced later-
ally with respect to the pluton. We suggest these structural 
features are consistent with a lateral shortening mechanism 
as a result of magma emplacement (Fig.  15). This lateral 
shortening also implies vertical movement of host rock 
associated with fold formation. Lateral transport around 
rising/expanding magma chambers requires compensating 
vertical transport, and ductile downward host rock transport 
relative to pluton roofs is a common process during the rise 
of magma (Paterson and Farris 2008). Therefore, at levels 
below the present exposure, downward ductile flow along 
pluton walls could have compensated the vertical host rock 
displacements during emplacement of the LCP.

Because it has been widely argued that magma emplace-
ment in the crust involves multiple MTPs (Buddington 
1959; Paterson and Fowler 1993; Paterson et  al. 1996; 
Miller et  al. 2009), even for a single pluton, we cannot 
exclude that additional emplacement mechanisms may 
have contributed to create sufficient room for the emplace-
ment of the LCP. In order to evaluate the amount of dis-
placed host rock material by lateral shortening, longitudi-
nal strain has been estimated for the central contact aureole 
(cross section B–B′; Fig.  2c) following the methodology 
used by Marko and Yoshinobu (2011). Although for the 
structural restoration some assumptions are done regard-
ing continuity of beds at depth, fold geometry, downward 
pluton shape, pre-emplacement stratigraphy and strain (it 
assumes plane strain in the cross-sectional area and does 
not account for heterogeneous strain and/or volume loss 
in the cross-sectional plane), estimations given below 
(minimum values) are an acceptable approximation for 
the intended purpose. The extension (e) values in the cross 
section B–B′ are −0.43 (43 %) on the east side and −0.22 
(22 %) on the west side. Thus, total shortening by folding 
in the structural aureole is 65 %. This total aureole shorten-
ing accommodates ~40 % of the width of the pluton in the 
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central part, evidencing that additional MTPs are necessary 
to generate the remaining amount of room for the emplace-
ment of the pluton.

Preserved wall rock xenoliths in the contact zone, partial 
local truncations of the host rock metamorphic foliation and 
fold traces, and inferred cutting relationships between plu-
ton and folds from upward pluton projections are consistent 
with magmatic stoping. Because aureole ductile strains are 
insufficient (~40 %) to accommodate the magma emplaced, 
we suggest that stoping could be a complementary mecha-
nism to create the necessary space for the emplacement of 
the LCP (Fig. 15). Most of the missing host rock material 
from the space now occupied by part of the pluton must 
have been transported downward to levels below the pre-
sent exposure, as it has been postulated by several stud-
ies (e.g., Yoshinobu et al. 2003; Paterson and Farris 2008; 
Miller et al. 2009). Further, whole-rock geochemistry sup-
port assimilation of crustal material during magma evolu-
tion. Processes of disaggregation and mixing of metasedi-
mentary stoped blocks have been demonstrated in previous 
works (e.g., Clarke et al. 1998). Although P–T conditions at 
the structural level where the LCP was emplaced are com-
patible with dominant ductile deformation mechanisms, it 
has been recognized that magmatic stoping, which has his-
torically been considered a shallow-level mechanism, may 
occur at all crustal levels (Miller et al. 2009). This assump-
tion agrees with the observed structures described above 
that support concomitant fracturing and ductile deforma-
tion at this emplacement level. Even if field observations 
suggest that stoping was a relatively late process with 

respect to aureole ductile deformation, we cannot rule out 
the idea that stoping have operated from early stages of the 
magma intrusion.

Conclusions

From the physicochemical behavior of a magmatic body in 
the Sierra de Humaya, NW Argentina, named the LCP at a 
mid-crustal level, we derive the following conclusions:

1.	 LCP is a composite pluton formed by peraluminous 
two-mica granitoids and minor muscovite  ±  tourma-
line  ±  garnet leucocratic granitoids. The former are 
hybrid granitoids generated by interaction of crustal 
rocks with mafic magmas and/or crystal-rich magmas 
that entrained residual phases, whereas the leucocratic 
granitoids are pure crustal melts originated by anatexis 
of metasedimentary rocks.

2.	 The pluton was emplaced in the upper middle crust 
at a depth of ~14.5 km, where major host rock struc-
tures synchronous with emplacement are ductile. How-
ever, concomitant fracturing was active during pluton 
emplacement at this depth.

3.	 The emplacement of the LCP was coeval with regional 
Ordovician Famatinian metamorphism, with a mag-
matic crystallization age of 474.1  ±  4.3  Ma. Syn-
folding magmatism is supported by structural features 
at outcrop and pluton scale such as folded concordant 
leucocratic sheets with magmatic fabrics.

Fig. 15   Schematic emplacement model for the LCP. Pluton shape is 
also schematic. Stages 1 and 2: ascent and early pluton emplacement 
dominated by initial upward and lateral host rock deflections. Pluton 
intrudes the host rocks cutting in high angle the preexisting meta-
morphic foliation generating an incipient structural aureole. Stage 

3: increasing host rock displacement by lateral shortening and initial 
downward host rock transport driven by stoping. Stage 4: late pluton 
emplacement dominated by multiple material transfer processes, i.e., 
advanced lateral shortening and stoping. The structural aureole is rep-
resented by dominant rim folds
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4.	 Several changes in the attitude of host rock markers 
around the LCP, not recorded by regional orientations, 
indicate a strong relationship between host rock duc-
tile deformation and pluton emplacement. Therefore, 
aureole rim folds and strike deflections of host rocks 
occurred as a result of magma intrusion.

5.	 Aureole shortening by folding accommodated ~40  % 
of the width of the pluton, indicating that additional 
MTPs were necessary to generate the remaining 
amount of room for growth of the pluton.

6.	 For the emplacement of the LCP, we infer a concomi-
tant interplay between lateral shortening and magmatic 
stoping as the dominant processes for magma chamber 
construction. However, we cannot exclude that addi-
tional MTPs may have contributed to the emplacement 
of the LCP, especially at different crustal levels not 
currently exposed.

7.	 Magmatic stoping supports, at least partially, the crus-
tal geochemical character of the LCP, and evidence 
that the origin and evolution of plutons involve com-
plex physicochemical interactions.

8.	 The example presented in this paper shows that mul-
tiple MTPs are a common feature in the emplace-
ment of plutons, as has lately been proposed by other 
authors.
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