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ABSTRACT

Crystal- melt separation has been invoked as a mechanism that generates compositional variabil-
ities in magma reservoirs hosted within the Earth’s crust. However, the way phase separation occurs 
within such reservoirs is still debated. The San Gabriel pluton of central Chile is a composite pluton 
(12.82 ± 0.19 Ma) with wide textural/compositional variation (52– 67 wt% SiO2) and presents a great 
natural laboratory for studying processes that occur in upper crustal magma reservoirs. Geochemical 
and geochronological data supported by numerical models reveals that shallow magma differentiation 
via crystal- melt separation occurred in magma with intermediate composition and generated high- silica 
magmas and cumulate residues that were redistributed within the reservoir.

The pluton is composed of three units: (1) quartz- monzonites representing the main hosting unit, 
(2) a porphyritic monzogranite located at the lowest exposed levels, and (3) coarse- grained quartz- 
monzodiorites with cumulate textures at the middle level of the intrusive. Calculations of mass balance 
and thermodynamic modeling of major and trace elements indicate that <40 vol% of haplogranitic 
residual melt was extracted from the parental magma to generate quartz- monzonites, and 50– 80 vol% 
was extracted to generate quartz- monzodiorites, which implies that both units represent crystal- rich 
residues. By contrast, the monzogranites are interpreted as a concentration of remobilized residual melts 
that followed 30–70 vol% fractionation from a mush with 0.4–0.55 of crystal fraction. The monzogranites 
represent the upper level of a pulse that stopped under a crystal- rich mush zone, probably leaving a mafic 
cumulate zone beneath the exposed pluton. This case study illustrates the role of the redistribution of 
residual silicic melts within shallow magma reservoirs.

 ■ INTRODUCTION

Magma transport and the evolution of inter-
mediate to felsic crustal magmatism have been 
intensively debated, motivated by questions about 
how crustal magmas are emplaced, feed volcanic 
eruptions, and modulate the compositional differ-
entiation of the continental crust (e.g., Marsh, 1989; 
Petford et al., 2000; Vigneresse, 2006; Miller et al., 

2009; Bachmann and Huber, 2016; Cashman et al., 
2017). Despite the widespread agreement about 
incremental growth of shallow magma reservoirs 
(e.g., Lipman, 2007; Miller, 2008; Žák et al., 2009; 
Farina et al., 2010; Frazer et al., 2014; Gray et al., 
2008), crucial aspects of the internal evolution of 
such reservoirs remain unclear. In particular, the 
plutonic record of silicic magma generation within 
crystal- rich magma reservoirs in the upper crust 
has been addressed by numerous studies (Lee 
et al., 2015; Fiedrich et al., 2017; Bachmann and 

Huber, 2019; Barnes et al., 2016; Schaen et al., 2018). 
However, textural, geochemical, and numerical/
thermodynamical modeling studies, both at a large 
regional scale and applied to single plutons, sug-
gest that most intermediate to silicic plutonic rocks 
represent cumulates that lose significant amounts 
of interstitial melt (e.g., Barnes et al., 2019; Cornet 
et al., 2022).

Some studies carried out on upper crustal plutons 
indicate that the predominantly cold temperatures 
in the upper crust result in rapidly crystallized early 
pulses that inhibit the formation of melt- rich magma 
reservoirs at shallow crustal levels (Glazner et al., 
2004; Matzel et al., 2006), although these works 
ignore the evidence for thermal maturation of the 
shallow crust during the development of shallow 
crustal plutons (see, e.g., Bachmann et al., 2007; de 
Silva and Gregg, 2014). Homogenization of upper 
crustal reservoirs would be limited by the high effec-
tive viscosity of highly crystalline silicic magmas 
under these conditions and the marked rheological 
changes between mafic and felsic magmas (Scaillet 
et al., 1998; Jellinek and Kerr, 1999; Laumonier et 
al., 2014; Putirka et al., 2014). In this interpretation, 
shallow magma reservoirs are pictured as relatively 
static systems with scarce internal dynamics, com-
positional homogenization, and convective stirring. 
The compositional diversity preserved in interme-
diate and felsic plutons would thus not form at the 
emplacement level but be inherited from deeper 
reservoirs, where magma differentiation and the 
production of intermediate- silicic magmas occur 
(McNulty et al., 1996; Coleman et al., 2004, 2012; 
Michel et al., 2008; Žák et al., 2009; Jacob et al., 2015).
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In contrast, other studies provided evidence that 
upper crustal magma reservoirs are more dynamic, 
including episodes of melt extraction (Weinberg, 
2006; Webber et al., 2015; Barnes et al., 2016; Fie-
drich et al., 2017; Hartung et al., 2017; Garibaldi et 
al., 2018; Holness, 2018; Tavazzani et al., 2020) and 
reactivation- rejuvenation of high- crystallinity mag-
mas triggered by hot magma recharges (Mahood, 
1990; Wiebe et al., 2004; Sliwinski et al., 2017; Brahm 
et al., 2018). The internal architecture and magmatic 
structures preserved in plutonic bodies are com-
monly interpreted as evidence of magmatic stirring 
and mingling between basic and acid magmas 
(e.g., Leuthold et al., 2012; Putirka et al., 2014). The 
existence of density instabilities and convective cur-
rents could favor “magmatic recycling” (Paterson et 
al., 2008; Paterson, 2009) and internal rheological 
contrasts affecting the magma reservoir dynam-
ics (Paterson and Miller, 1998; Hawkins and Wiebe, 
2004; Paterson et al., 2012). This interpretation 
supports the idea that shallow magma reservoirs 
are active systems where younger intrusions may 
interact with mushy zones formed by older pulses, 
eroding and reworking the previously emplaced 
material (Bergantz, 2000; Bachmann et al., 2007; 
Walker et al., 2007; Miller et al., 2011; Paterson et 
al., 2016). Those processes may be expressed in the 
internal contacts and complexities between textural 
and compositional domains in plutons (Paterson et 
al., 1998; Bergantz, 2000).

Many observations suggest that internal differ-
entiation processes of shallow magma reservoirs 
can occur in a crystal- rich mush state when resid-
ual silicic melts are extracted (see a review in 
Bachmann and Huber, 2019). Those melts may be 
extracted and transported to upper crustal levels 
or redistributed within the reservoir, giving rise to 
caps of potentially eruptible, crystal- poor magma 
(Lindsay et al., 2001; Bachl et al., 2001; Hildreth 
and Wilson, 2007; Bachmann and Bergantz, 2008; 
de Silva and Gregg, 2014; Aravena et al., 2017; 
Karakas et al., 2017). The identification of crystal 
cumulate zones in upper crustal plutons has been 
supported by whole- rock geochemistry (Bachl et al., 
2001; Deering and Bachmann, 2010; Gelman et al., 
2014; Lee and Morton, 2015; Aravena et al., 2017; 
Schaen et al., 2017) and textural features (Vernon 

and Collins, 2011; Fiedrich et al., 2017; Garibaldi et 
al., 2018; Holness, 2018). Trace element variability in 
plutons has been widely used to reproduce residual 
melt segregation processes and identify the solid- 
rich cumulate from which melts were extracted 
(Deering and Bachmann, 2010; Lee and Bachmann, 
2014). Trace element signatures in felsic cumulates 
are not always easy to interpret, though, because of 
the partition coefficient variations of the phase crys-
tallization sequence (Gelman et al., 2014) and the 
limited melt extraction efficiency due to crystallinity 
and terminal porosity in shallow magma chambers 
(Dufek and Bachmann, 2010; Lee and Morton, 2015).

Previous studies of Miocene intermediate– silicic 
Andean plutons have highlighted crystal- melt sep-
aration as a mechanism to explain compositional 
and textural heterogeneities. One example is the La 
Gloria pluton (Mahood and Cornejo, 1992; Cornejo 
and Mahood, 1997; Gutiérrez et al., 2013; Payacán 
et al., 2014; Aravena et al., 2017), a neighboring 
Miocene body located north of the San Gabriel plu-
ton of central Chile. The La Gloria pluton is much 
more homogeneous in texture and composition 
(61– 65 wt% SiO2) and has cryptic internal contacts 
(Cornejo and Mahood, 1997; Aravena et al., 2017). 
On the other hand, the Rico Bayo– Huemul plutonic 
complex (35°S) offers a more complete record of 
a magma reservoir where silicic residual melts 
were redistributed to generate the compositional 
zonation, recording the complementary crystal 
cumulate of the fractionation process (Schaen et 
al., 2017; Garibaldi et al., 2018). These cases proba-
bly provide evidence for the generation of rhyolitic 
magmas in the upper crust.

In this contribution, we present the case of the 
San Gabriel pluton of central Chile, an example of 
an epizonal magma reservoir that displays wide 
compositional and textural variations. A magmatic 
evolution is proposed based on a combination of 
petrographic geochemical (bulk- rock composition) 
data, U-Pb dating, and thermodynamic and trace 
element modeling. Through this case study we 
document a shallow (upper crustal) fossil magma 
reservoir where the compositional variability is 
explained by in situ magma reservoir processes 
controlled by crystal- melt separation from a mush 
with intermediate composition (differing from a 

process sustained over time such as crystal settling). 
The products were redistributed within the reser-
voir as cumulates with intermediate composition 
(crystal- rich residue resulting from the extraction 
of all or part of the haplogranitic interstitial melts) 
or as the accumulation levels of silicic crystal- poor 
magmas that were extracted from mushy magmas, 
generating dacitic to rhyolitic magmas.

 ■ GENERAL BACKGROUND OF THE 
SAN GABRIEL PLUTON

The San Gabriel pluton is an upper Miocene (ca. 
11.5 Ma; Ar- Ar dates; Kurtz et al., 1997) intrusive 
body of ~40 km2 of areal exposure that is located 
in the northern part of the Southern Volcanic Zone 
in the Andes of central Chile (Fig. 1A). It was shal-
lowly emplaced (roof at ~4–5 km depth, similar 
to the neighboring La Gloria pluton; Cornejo and 
Mahood, 1997; Gutiérrez et al., 2018), intruding vol-
canosedimentary rocks (Abanico and Farellones 
Forma tions, Eocene– Oligocene to lower Miocene 
and lower Miocene to middle Miocene, respec-
tively) at the eastern half of an Eocene– Oligocene 
to Miocene intra- arc basin (Thiele, 1980; Charrier 
et al., 2002; Fock, 2005). The evolution of the basin 
was characterized by a period of intense crustal 
deformation and thickening accompanied by vol-
canism that progressively differentiated with time 
and was dominated by dacitic- rhyolitic composi-
tions in the late stage (Nyström et al., 2003). In this 
scenario, the San Gabriel pluton was emplaced as 
part of an ~40- km- wide Miocene subduction- related 
plutonic belt, trending north– south and consisting 
of discrete quartz- monzodioritic plutons (Fig. 1A), 
which tend to be younger on the eastward side 
(Muñoz et al., 2013). These plutons’ emplacement 
was favored by the presence of long- lived crustal 
high- permeability zones associated with the inter-
sections of fault systems oblique to the arc (Piquer 
et al., 2015, 2016), and some of them are related to 
the formation of giant porphyry- type ore depos-
its (Teniente and Río Blanco– Los Bronces districts; 
Deckart et al., 2010; Piquer et al., 2015).

Rapid Tertiary– Quaternary uplift, exhumation, 
and glacial erosion has exposed as much as 
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Figure 1. (A) Geological map shows the 
Miocene plutonic belt, to which the San 
Gabriel pluton belongs. Based on Thiele 
(1980) and Fock (2005). (B) Lithological 
map and cross- sections of the San Ga-
briel pluton show the units defined in 
this study. Color scale indicates the sil-
ica content of each unit (red is the most 
mafic, whereas light pink is the most 
felsic). qMD—quartz- monzodiorite; 
qMz—quartz- monzonite; MG—monzo-
granite. White circles show the locations 
of samples with whole- rock geochem-
istry. Black circles show the locations 
of samples analyzed for petrography, 
whole- rock composition, and U-Pb 
zircon dating (coordinates appear in 
Table S1, see text footnote 1). masl—
meters above sea level.
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1000 m of vertical relief in the pluton, which facil-
itates recognition of borders, interior zones, and 
the roof (Fig. 2; Farías et al., 2008; Muñoz- Gómez 
et al., 2020). The San Gabriel pluton is an elon-
gate laccolith that is 12 km long and 3 km wide 
and situated in a N30°W direction (Fig. 1B), where 
steeply dipping lateral walls and some subhori-
zontal parts of the roof can be observed (Fig. 2A). 
The pluton presents an irregular shape, with some 
apophyses in the contacts, so that the largest ver-
tical section is observed at the northern end (up to 
1000 m), where the roof is exposed. The contact 
between the San Gabriel pluton and its volcanic 
host rocks is mainly sharp with a stepped geom-
etry (Fig. 2). Locally, some decimeter- wide dikes 
invading the host volcanics are observed close 
to the contact, and many isolate some wall- rock 
blocks (Figs. 2D and 2E).

 ■ SAN GABRIEL PLUTON PETROGRAPHIC 
FEATURES

Magmatic Units

Zoning of the San Gabriel pluton consists of 
vertical and concentric variations in mineral modes, 
textures, grain size, and color index (Fig. 1B). The 
San Gabriel pluton is mostly composed of quartz- 
monzonite and quartz- monzodiorite, although 
a wide range of magmatic facies are distin-
guishable, which vary from quartz- diorite up to 
monzogranite (Fig. 3). The main minerals are pla-
gioclase, K-feldspar, quartz, biotite, and hornblende 
(pyroxenes are sparsely present), while titanite, 
apatite, zircon, and Fe-Ti oxides are accessory min-
erals. The rocks that comprise the pluton are mainly 
equigranular and medium- to coarse- grained, 
although fine- grained and porphyritic textures 
are also observed. Three magmatic units are dis-
tinguished by their modal mineralogy: the Los 
Piques quartz- monzonite, the Los Espolones quartz- 
monzodiorite, and the Los Rodados monzogranite. 
There are sharp inter unit contacts, arranged such 
that the Los Piques quartz- monzonite (the main 
one) hosts the Los Espolones quartz- monzodiorite 
and Los Rodados monzogranite (Fig. 1B).

Los Piques Quartz-Monzonite

This unit makes up most of the pluton and 
corresponds to equigranular quartz- monzonite 
with biotite and minor hornblende, which encom-
passes the marginal and inner parts, where some 
quartz- monzodiorite appears. Three subunits are 
distinguished by different grain sizes, which are 
distributed concentrically and vary continuously 
from coarse- grained in the internal zone to fine- 
grained toward the borders and show gradational 
contacts (Figs. 1B and 3).

Los Piques quartz- monzonite, composed of 
euhedral plagioclase (35– 45%), subhedral to anhe-
dral K-feldspar (10– 25%), anhedral quartz (5– 20%), 
and euhedral biotite (10– 15%), generally replaces 
hornblende (5– 12%), which is altered to actino-
lite, and minor clinopyroxene (0– 5%; Fig. 3). Many 
quartz and K-feldspar crystals are interstitial, filling 
the spaces between euhedral plagioclase crystals. 
Hornblende is often present as clusters with biotite 
and Fe-Ti oxides, which are also present as inclu-
sions within hornblende crystals. Seriate texture 
principally appears in plagioclase, especially in the 
marginal fine- grained facies.

Los Espolones Quartz-Monzodiorite

This unit is composed mainly of plagioclase- rich, 
coarse- grained quartz- monzodiorite (even some 
quartz- diorite; Fig. 3E) and is observed in the mid-
dle level of the northern part of the San Gabriel 
pluton. Many centimeter- to decimeter- sized blocks 
from the Los Espolones quartz- monzodiorite are 
enclosed in Los Piques quartz- monzonite (Fig. 4A).

The Los Espolones quartz- monzodiorite is 
exposed as a subhorizontal layer that presents 
sharp contacts with the Los Piques unit. The modal 
mineralogy consists of euhedral plagioclase (42– 
65%), K-feldspar (10– 15%), and anhedral quartz 
(5– 8%), and a higher color index compared to the 
rest, reaching up to 35% mafic minerals, including 
hornblende (7– 13%), biotite (5– 11%), clinopyroxene 
(2– 7%), and Fe-Ti oxides (2– 5%; Fig 3E). Texturally, 
the Los Espolones quartz- monzodiorite presents 
mesocumulate textures in plagioclase, where 

euhedral crystals in contact between them are 
observed, forming a crystal network with intersti-
tial mafic minerals, K-feldspar, and quartz (Fig. 3E). 
Kink folds are occasionally observed in plagioclase 
crystals, which indicates that solid- state deforma-
tion affected the crystal network.

Los Rodados Monzogranite

Los Rodados monzogranite occupies subhori-
zontal bodies (lens shape) in lower levels of the San 
Gabriel pluton (Fig. 1B). It is composed of an amal-
gamation of medium- grained and porphyritic pink 
facies, felsic dikes, and pockets of medium- to fine- 
grained monzogranite that show both sharp and 
diffuse contacts. This unit presents sharp and irreg-
ular contacts, with many porphyritic dikes intruding 
the Los Piques quartz- monzonite (Figs. 4B and 4C), 
which indicates that the Los Rodados monzogranite 
is younger than the host quartz- monzonite.

The modal mineralogy of the Los Rodados 
monzogranite consists of medium to coarse euhe-
dral plagioclase (20– 35%), subhedral to anhedral 
K-feldspar (25– 35%), and quartz (15– 25%). Mafic 
phases are hornblende (6– 9%), biotite (3– 6%), Fe-Ti 
oxides (2– 5%), and minor clinopyroxene (0– 3%). 
The Los Rodados monzogranites generally exhibit 
variable plagioclase phenocryst content (50– 80%) 
surrounded by K-feldspar, quartz, less plagioclase, 
and ferromagnesian minerals (Fig. 3F). Interstitial 
hornblende and K-feldspar appear in some samples.

Magmatic Structures

Aplitic leucogranitic dikes and pockets are pre-
served in the San Gabriel pluton, varying from 
0.5 cm to 10 cm wide, and associated K-feldspar 
pegmatites and some miarolitic cavities are also 
found (Figs. 4C and 4D). Dikes are medium- to fine- 
grained with biotite + hornblende + titanite + Fe-Ti 
oxides, and they occur mainly in the Los Rodados 
monzogranite and sparsely in the upper levels of 
Los Piques quartz- monzonite.

Some concentration bands of ferromagnesian 
minerals are occasionally observed in the San 
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Gabriel pluton, mainly within the coarse facies of 
the quartz- monzonite (Figs. 4E and 4F). Structures 
of this type are characterized by the concentration 
of biotite and amphibole crystals from the quartz- 
monzonitic facies. In general, these mafic mineral 
concentration bands vary in size between a few 
centimeters to decimeters, and are open, asymmet-
rical, and slightly graded in mafic mineral contents 

(Fig. 4F). Both subhorizontal and subvertical 
orientations are observed, resembling schlieren- 
bounded troughs, which are thought to be evidence 
of magmatic flow channels or rheology contrasts 
in the magmatic reservoir that are analogous to 
sedimentary bedforms (Paterson, 2009).

Mafic enclave- rich layers appear at middle levels 
of the San Gabriel pluton and are associated with 

internal contacts between textural units, especially 
above the Los Espolones quartz- monzodiorite; they 
coexist with straight- shaped blocks. The concentra-
tion of mafic enclaves is also observed within the 
Los Piques quartz- monzonite, which is elongated 
and oriented with a NW trend that is parallel to the 
pluton walls. Some zones present a high concen-
tration of mafic enclaves covering more than 60% 
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Figure 3. (A) Ternary plot (Streckeisen, 1974) with the modal mineral content of rocks comprising the San Gabriel pluton (Q—quartz; A—alkaline feldspar; P—plagioclase). (B–F) 
Field photographs of rocks and photomicrographs in cross- polarized light of representative samples of San Gabriel pluton units. Pie charts show the representative modal 
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Figure 4. Field photographs of mag-
matic contacts and structures observed 
in the San Gabriel pluton are shown. 
(A) Enclave of mafic coarse- grained 
Los Espolones quartz- monzodiorite 
surrounded by the medium-grained Los 
Piques quartz- monzonite (qMz), which 
are observed at the intermediate level 
of the San Gabriel pluton. (B) Mag-
matic contact between the Los Piques 
quartz- monzonite and the porphyritic 
Los Rodados monzogranite (MG). Crys-
tals from quartz- monzonite are cut by 
the monzogranite. (C– D) Leucogranitic 
dikes (inferred as coming from the Los 
Rodados monzogranite) intrude the Los 
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monly exhibit pegmatitic K-feldspar 
and biotite plus anhedral quartz. Mi-
arolitic cavities are marked in panel D, 
which contain quartz and K-feldspar 
crystals and are spatially associated 
with leucogranitic dikes. (E) Biotite 
and amphibole concentration zone with 
subhorizontal disposition within the Los 
Piques quartz- monzonite. (F) Mafic min-
eral concentration bands (schlieren- like) 
disposed in a subvertical plane within 
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where a slightly increasing mafic phase 
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of the outcrop. These data are outside the scope of 
this paper, but additional information can be found 
in the Supplemental Material1.

 ■ ANALYTICAL METHODS

Major elemental whole- rock composition anal-
yses were performed on 30 samples by X- ray 
fluorescence (XRF) spectrometry on fused glass- 
beads with a PANalytical Axios XRF spectrometer 
at the ETH Zürich Institute of Geochemistry and 
Petrology. Rocks were crushed in an agate mill. 
The limit of detection was lower than 0.01 wt% for 
each oxide. Standard and rock sample- fused glass 
beads were prepared from rock powder mixed 
with lithium- tetraborate using a Claisse M4 fluxer. 
Trace element whole- rock composition analyses 
were determined by laser ablation– inductively 
coupled plasma– mass spectrometry (LA-ICP-MS) 
at the Institute of Geochemistry and Petrology 
of ETH Zürich, by analyzing the XRF glass beads 
using an ArF excimer laser coupled with an Elan 
6100 DRC PerkinElmer. Three spots with a diam-
eter of 90 µm were measured from each sample. 
NIST SRM 610 was used as standard reference 
material. Data were reduced by using SILLS 
(Guillong et al., 2008), where CaO concentrations 
obtained by XRF measurements were used as the 
internal standard.

U-Pb LA- ICP- MS geochronological analyses of 
zircons were carried out on 20 samples, covering 
all of the magmatic units of the San Gabriel plu-
ton. Zircons were separated by routine procedures 
of mechanical separation methods (Gemini table), 
magnetic separation, and decantation in heavy liq-
uids, both in the sampling and mineral separation 
laboratory of the Geology Department of the Uni-
versity of Chile, Santiago, Chile, and the Institute of 
Geochemistry and Petrology at ETH in Zurich, Swit-
zerland. Zircons were mounted in epoxy resin and 
then polished, with ~60 crystals per sample. Crys-
tals were characterized by cathodoluminescence 

1 Supplemental Material. Table S1: XRF whole- rock geochemistry. Table S2: LA- ICP- MS whole- rock trace elements data. Table S3: LA- ICP- MS results of trace element concentrations. Table S4: Indi-
vidual spot measurements obtained via LA- ICP- MS on zircon crystals. Supplemental text with Table S5, Table S6, Figure S1, Figure S2, Figure S3, Figure S4, Figure S5, and Figure S6. Please visit 
https://doi.org/10.1130/GEOS.S.21893064 to access the supplemental material, and contact editing@geosociety.org with any questions.

imaging obtained using a SEM Quanta 200S 
(10 kV) in the Microscopy Laboratory of the Insti-
tute of Geochemistry and Petrology at ETH Zurich, 
Switzerland.

Zircon dating was performed in the Isotope Geo-
chemistry and Cosmochemistry Laboratory at ETH 
Zurich. An ASI (Resonetics) RESOlution S115 laser 
ablation system was used with 193 nm of wave-
length and ~2 J/cm2 fluence. The ablation duration 
was 40 s, with a repetition rate of 5 Hz and a gas 
carrier compound comprising 100% He with 0.7 l/
min flows. The laser system was connected to a 
Thermo Scientific Element XR single collector ICP- 
MS (1400– 1550 W). Zircon data were obtained from 
~60 spots per sample, with a size of 30 µm and 
~16 µm depth (0.08 s each pulse). Standardization 
and drift- corrections for zircon dates were applied 
with the GJ-1 and 91500 standards, whereas the 
NIST SRM 610 standard was utilized for zircon 
composition. Data reduction and drift- correction 
were carried out using Iolite V2.5 (Paton et al., 2011). 
Ages and error calculations were carried out with 
Isoplot 4.15 (Ludwig, 2008) by using a weighted 
mean based on the uncertainty (2σ). Spots with 
clear Pb loss were disregarded. The method utilized 
in this study allows uncertainties of up to 1% 2σ to 
be obtained on weighted mean dates (Guillong et 
al., 2016; Sliwinski et al., 2017), which represents 
an approach to determine cooling patterns within 
10 Ma plutons, if differences are lower than 200 ka 
(Gutiérrez et al., 2018).

 ■ WHOLE-ROCK GEOCHEMISTRY

Major Elements

The San Gabriel pluton has a wide and contin-
uous compositional range, from 52 wt% to 68 wt% 
SiO2 on an anhydrous basis, except for three leu-
cogranitic dikes with ~75 wt% SiO2 (Figs. 5A and 5B; 
data set is presented in Table S1, see footnote 1). 
Variations in the Pearce element ratio based on 

the feldspar stoichiometry indicate that the mag-
matic units were controlled mainly by feldspar 
fractionation (Ni was used as a conservative 
element because of the small amount, if any, of 
olivine as cumulates; Fig. 6). The Los Espolones 
quartz- monzodiorites are the most basic rocks with 
52– 55 wt% SiO2. The Los Piques quartz- monzonites 
have 56– 64 wt% SiO2, whereas the Los Rodados 
monzogranites have 64– 68 wt% SiO2. Al2O3, TiO2, 
FeOt, MgO, CaO, and P2O5 concentrations tend to 
decrease linearly with silica content, whereas K2O 
content increases linearly with silica abundance. 
Na2O behavior varies according to the magmatic 
unit: it tends to increase with silica content for the 
quartz- monzodiorites and quartz- monzonites and 
decreases for the monzogranites and leucogranitic 
dikes, exhibiting an inflection point at around 
63 wt% SiO2 (Fig. 5B).

Trace Elements

Rocks from the San Gabriel pluton show well- 
defined patterns in whole- rock trace element 
content (Fig. 7; Tables S1 and S2, see footnote 1). Sr 
and Sc content decreases as SiO2 content increases, 
whereas Rb increases with SiO2 concentration 
(Fig. 7). Other trace elements, such as Ba, Y, La, 
and Zr show variations from an increasing trend for 
quartz- monzodiorites and some quartz- monzonite 
samples to decreasing trends for samples with 
more than 60 wt% SiO2, exhibiting an inflec-
tion close to the most siliceous samples from 
Los Piques quartz- monzodiorite (Fig. 7). However, 
two samples with SiO2 around 65 wt% (part of the 
Los Rodados monzogranite) are enriched in those 
elements and show concentrations consistent 
with the compositional trends of the less siliceous 
samples. Interestingly, an inflection around 61 wt% 
SiO2 is observed in the Rb concentration, coincident 
with the transition from quartz- monzodiorites and 
quartz- monzonites (steep trend) to monzogranites 
and leucogranites (smoother trend; Fig. 7).
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 ■ U-Pb ZIRCON GEOCHRONOLOGY

Zircon dates of all samples give a weighted 
mean age of 12.82 ± 0.19 Ma, exhibiting a Gaussian 
distribution (N = 1743) and a significant dispersion 
with a mean square of weighted deviates (MSWD) 
= 4.3. Weighted ages of individual samples vary 
between 12.41 ± 0.20 Ma and 13.57 ± 0.23 Ma (Figs. 8 
and S2; see footnote 1), and no important Pb loss 

was recognized. All spots show ages younger than 
30 Ma (see Tables S3 and S4, footnote 1).

Zircon dates of individual samples mostly show 
variable dispersions, with MSWD values between 
1.01 and 3.8. Sample SG0104, which belongs to Los 
Piques quartz- monzonite and presents the coarser 
zircon crystals, has an MSWD of 5.4 (Fig. 8). The 
difference between the maximum and minimum 
ages, considering the major and lower 2σ limit 

of confidence, indicates a maximum lifetime of 
1.56 Ma for magma reservoir crystallization. The 
weighted ages are similar for all the samples, and 
most of them overlap with the global mean and con-
fidence interval (12.82 ± 0.19 Ma). Samples SG0702, 
SG2504, and SG2601 are exceptions. These samples, 
with ages older than that of the global mean, are 
located at the eastern side of the pluton and are 
interpreted to represent early stages of magmatism.
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 ■ GEOCHEMICAL MODELING: 
METHODOLOGY

To further explore the cumulate and residual 
silicic melt signatures of each magmatic San Gabriel 
pluton unit, geochemical simulations of major and 
trace elements were carried out. Through these 
simulations, we quantified the volume fraction of 
trapped silicic melt within each unit, showing that 
the compositional variation of the pluton can be 
generated via crystal- melt separation and redis-
tribution. In this model, each composition was 
chemically reproduced by a combination of resid-
ual liquids and solid- phase compositions in different 
proportions. This does not mean that a unit came 
entirely from another unit through a unique differ-
entiation event, but rather that each unit was formed 
from a single crystallization sequence arising from 
a common parental magma from which liquids and 
crystals were reorganized in different proportions 

(with crystals or interstitial melts removed from 
both). This can occur either in situ in the reservoir 
or by different pulses arising from a common source 
from deeper levels of the reservoir (or the crust). 
However, the relatively high solid contents required 
in this mass balance, and the content of euhedral 
crystals in the quartz- monzodiorites, indicate that 
mafic magmas were crystal- rich, which prevented 
magma flow through the system because of the 
high effective viscosity. This, in combination with 
the superposition of different units’ ages, supports 
our assertion that separation and remobilization 
processes at the emplacement level are more rea-
sonable than a completely pulse- dominated model.

Geochemical simulations include three steps. 
First, the crystallization sequence and the phase 
compositions (solid and melts) were modeled from 
cooling of the parental magma. Second, the parti-
tion of trace elements (Rb, Sr, and Zr) is simulated 
to evaluate their distribution in the cumulate and 
residual melts by using the phase equilibria. Third, a 
mass balance between the simulated compositions 
of solid phases and residual melts is carried out to 
reproduce the major element concentrations of each 
San Gabriel pluton sample. This step allowed us to 
quantify the amount of melt that was removed in the 
case of cumulates, or crystals that were fractionated 
in the case of samples that are interpreted as con-
centrations of silicic melts. Details of the simulation 
steps are explained in the following sections.

Thermodynamical Modeling of the 
Crystallization Sequence of the Parental 
Magma

To reproduce San Gabriel pluton compositions, 
we assume that parental magma is recorded in the 
Los Piques quartz- monzonites, supported by the fact 
that it hosts the rest of the units and lacks cumulate 
textures as compared to the Los Espolones quartz- 
monzodiorites. For modeling purposes, we consider 
the parental magma composition to be equivalent 
to that of sample SG0702, which corresponds to 
a coarse- grained quartz- monzonite of hornblende 
(8%) and biotite (6%; Fig. 3B), with 59.74 wt% SiO2 
content (Table S5; see footnote 1). SG0702, one of 

the oldest samples from the Los Piques unit (Fig. 8), 
is located close to the eastern pluton border, which 
suggests it could represent the early magmas 
during the construction of the reservoir.

The modal crystallization sequence and residual 
melt composition were constrained via thermody-
namical simulations of isobaric batch crystallization 
by using the rhyolite- MELTS version 1.0.2 software 
package (Gualda et al., 2012). Simulations consid-
ered a pressure of 1.5 kbar (consistent with the 
thickness of the overlying host rock), QFM+2 as 
oxygen buffer, and a water content of 4 wt%. All 
of these conditions are similar to those recorded 
in the neighboring Miocene La Gloria pluton (Guti-
érrez et al., 2013). We tested whether changes in 
pressure and water contents (1 kbar, 1.5 kbar, and 
2 kbar and 1 wt% H2O, 2 wt% H2O, and 4 wt% H2O) 
have minor effects on the results (see Supplemental 
Material, footnote 1). Additionally, we determined 
that changes in physical condition do not signifi-
cantly affect the simulated crystallinities and the 
calculated melt and solid compositions.

Modeling the Partitioning of Trace Elements 

We analyzed Rb and Sr content variations in 
the San Gabriel pluton. These elements are highly 
sensitive to the crystallization of plagioclase, the 
most abundant mineral phase that seems to control 
the pluton crystallization sequence. The Sr and Rb 
contents in the San Gabriel pluton show a steep 
pattern in a Rb versus Sr diagram for samples with 
less than 61– 63 wt% of SiO2, whereas the more 
silicic Los Rodados monzogranite and leucogranitic 
dikes present a smoother pattern (Fig. 9A). Based 
on the study carried out by Gelman et al. (2014), 
the geochemical inflection observed at Rb/Sr = 
0.5 could be interpreted as the change between a 
cumulate trend (steep) and an extracted residual 
melt trend (less steep), where plagioclase, horn-
blende, and biotite were fractionated. This study 
aims to show a suitable case where the calculated 
differences in trace elements between cumulate 
and extracted residual silicic melts are consistent 
with the first- order compositional observations and 
textural features of the pluton.
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To assess the Rb and Sr behavior during the 
segregation of residual melts and the associated 
cumulate, we assumed that the San Gabriel plu-
ton was a closed system (scripts are available 
in the supplemental material of Gelman et al., 
2014). We formulated a generalized quantitative 
model for trace element distribution in a mushy 
magma reservoir, including equations for the par-
titioning of trace elements in the extracted melts 
and cumulates, the bulk partition coefficients’ 

crystallinity dependence, and the efficiency of the 
melt extraction. Other elements, such as rare earth 
elements (REE), were not considered in this analy-
sis because their compatibility depends on minor 
phases that induce uncertainties.

With the scripts provided by Gelman et al. (2014), 
we calculated the bulk partition coefficients (Di

bulk) 
of the element i from the simulated crystallization 
sequence, crystallinity, and volume fraction of each 
phase (Fig. 9B), through the expression:

 D x Ki
bulk

j

N

j d i

j

1
∑ ( )= ⋅

=

where N is the total number of crystallized phases, 
Xj is the j phase molar fraction, and Kd i

j( )  is the 
partition coefficient of element i in the j phase. 
The values of ( )Kd i

j
 that we use were obtained 

from the literature and are presented in Table S6 
(see footnote 1). The bulk partition coefficients 
vary between 1 and 8 for Sr and 0– 0.2 for Rb, with 
increasing trends regarding magma crystallinity 
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Figure 7. Binary plots of trace element variations 
versus silica content of the San Gabriel pluton 
units and associated rocks (mafic enclaves and 
leucocratic dikes) were obtained through X- ray 
fluorescence spectrometry and laser ablation– 
inductively coupled plasma– mass spectrometry.
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(Fig. 9C). However, the bulk partition coefficients 
for both elements present a narrow interval within 
the optimal crystallinity window for the extraction 
of interstitial melts (~60%; Dufek and Bachmann, 
2010). Mean values of =D 0.15Rb

bulk  and =D 6.0Sr
bulk  for 

Rb and Sr were obtained (Fig. 9C).
The algorithm was set to model the distribu-

tion of the elements in equilibrium crystallization, 
and a Gaussian probability curve of residual melt 
extraction with a peak at the 60% of crystallinity 
(Dufek and Bachmann, 2010). For simplicity, we 
use the aforementioned values of Rb and Sr bulk 
partition coefficients. Extracted melt fractions 
of 0.1, 0.25, 0.5, and 0.8 were chosen to evalu-
ate the phases’ composition. Assimilation was 

neglected because its effect has not been recorded 
in the pluton.

The Zr partitioning is also modeled calculating 
the concentration in the residual melt at each tem-
perature step (CZr), assuming the system remains 
zircon- undersaturated and Zr is ideally incompati-
ble (red line in Fig. 10). The Zr concentration in the 
residual melt was calculated as:

 =C
mass of Zr in the initial sample

mass of residual melt
           

     Zr .

The Zr content to reach the melt saturation in 
zircon was calculated based on the M parameter of 
the simulated melt composition (M = [Na+K+2Ca]/
[Al × Si]) and the zircon saturation models (Watson 

et al., 2006; Lee and Bachmann, 2014; orange dot-
ted line in Fig. 10). The intersection between the Zr 
content in evolved melts and the saturation curve 
represents the zircon saturation point, from which 
the melt is saturated in zircon and further fraction-
ation processes will produce Zr- depleted magmas.

 ■ GEOCHEMICAL MODELING RESULTS

Parental Magma Crystallization Sequence

Thermodynamical simulations predict the early 
crystallization of pyroxene and accessory phases like 
magnetite, followed by plagioclase crystallization 
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cence images of the zircon crystals analyzed. Circles show the laser spots for U-Pb dating. (B) Rank- ordered 206Pb/238U zircon spot dates (2σ bars) with sample weighted 
means (2σ uncertainty). Samples from coarse-, medium-, and fine- grained facies of the Los Piques quartz- monzonite are grouped (c, m, and f, respectively). The histogram 
with the individual spot age frequency is shown on the right with vertical disposition. MSWD—mean square of weighted deviates; qMD—quartz-mozodiorite; qMz—
quartz-monzonite; MG—monzogranite.
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when the magma reaches a crystal content of 10% 
(Fig. 9B). Biotite starts to crystallize at 30% crystallin-
ity, while amphibole crystallization is subordinated, 
probably because pyroxene would be generated by 
rhyolite- MELTS as the equivalent phase (Gualda et 
al., 2012). Once 60% crystallinity was reached, late 
crystallization of quartz and K-feldspar took place 
in low modal concentrations, consistent with the 
quartz- monzodioritic to quartz- monzonitic mineral 
compositions of the Los Piques unit. See Supple-
mental Material (footnote 1) for simulations with 
diverse initial conditions of pressure and water con-
tent. Most major element contents show a linear 
trend with silica content, reproduced by unmixing 
processes, where the compositions of the calculated 
solids and residual melts are consistent with those 
registered in the San Gabriel pluton. The exception 
is the Na2O trend that shows a peak close to 60 wt% 
SiO2 (Figs. 6 and 11A). The composition of the sam-
ples lies in the tie- lines between the compositions of 
cumulate solids and the corresponding interstitial 
melt composition at different crystallinity stages 
(Fig. 11A; see Supplemental Material). However, we 
focus on the Na2O content, which allows us to better 
constrain the composition of the interstitial melt 
and cumulate solids to reproduce the compositions 
recorded in the San Gabriel pluton because of the 
inflection observed in the concentrations.

Zr, Rb, and Sr Partitioning between Solid and 
Melt Phases

Simulations of Rb and Sr distribution between 
melt and solid phases during fractionation (Fig. 9B) 
indicate that the patterns observed in most of the 
San Gabriel pluton samples represent different 
mixing proportions between cumulate solids and 
extracted melt equivalent to the composition of 
the Los Piques quartz- monzonite. According to 
our simulations, the Rb/Sr ratio in the cumulate 
tends to decrease as the extracted melt fraction 
increases because of the compatibility behavior 
of Sr. Our results indicate that extraction of up to 
~50 vol% of interstitial melts is necessary to repro-
duce San Gabriel pluton compositions (Fig. 9D). 
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Figure 9. Geochemical modeling of San Gabriel pluton compositional variation. (A) Rb versus Sr content 
of the San Gabriel pluton. (B) Simulated volume fraction of the phases in equilibrium during San Gabriel 
pluton parental magma crystallization (SG0702), obtained via rhyolite- MELTS simulation (Pl—plagioclase; 
Kfs—K-feldspar; Qz—quartz; Px—pyroxene; Amp—amphibole; Bt—biotite; Acc—accessory phases as ilmenite 
and magnetite). (C) Variation of the bulk partition coefficient of Sr and Rb regarding the crystal volume frac-
tion. The optimal extraction crystallinity window according to Dufek and Bachmann (2010) is highlighted in 
gray (0.5– 0.7). (D) Rb and Sr partition modeling results following the formulation of Gelman et al. (2014) to 
track the trace element in the phases in a crystallizing magma. Black squares represent the starting points 
of intermediate (SG0702, ~60 wt% SiO2) and basaltic magma (SG2310, ~52 wt% SiO2) of the San Gabriel 
pluton. The compositions of simulated interstitial melt (orange) and the cumulate rocks (residual solids + 
trapped interstitial melts in blue) are presented, where percentages represent the total fraction of available 
interstitial melt that was extracted. qMD—quartz-mozodiorite; qMz—quartz-monzonite; MG—monzogranite.
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Figure 10. Plots show Zr concentration in 
the modeled liquid line of descent (red 
line), considering a parental magma with 
intermediate composition, equivalent to 
sample SG0702 (quartz- monzonite), and 
Zr concentration required for zircon sat-
uration of the simulated melts at each 
composition (orange dotted line). Zr 
content in the residual melts was calcu-
lated assuming a perfect incompatibility, 
according to the formulation of Lee and 
Bachmann (2014). The zircon saturation 
curve was calculated according to the for-
mulation of Watson et al. (2006). Magma 
crystallinity appears as percentages along 
the melt composition curves.
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The composition of the Los Rodados monzogranites 
and leucogranitic dikes can also be reproduced by 
even higher amounts of extracted interstitial melts 
(up to 80 vol%) mixed with inherited crystals.

Zr saturation modeling results support the 
crystal- melt separation from an intermediate 
magma to explain the compositional variability 
of the San Gabriel pluton. Simulations show that 
the quartz- monzodiorites may be reproduced as 
cumulates that are generated after extraction of 
zircon undersaturated residual melts and before a 
50% crystallinity is reached (Fig. 10). Some zircon- 
saturated melts could be trapped in the interstices, 
though, explaining the zircon occurrence in quartz- 
monzodiorites. The Zr- rich felsic monzogranites and 
leucocratic dike would represent Zr-undersaturated 
melts that were extracted from the parental magma. 
On the other hand, the Zr-poor monzogranites and 

some quartz- monzonites would correspond to dif-
ferent proportions of residual melts, extracted 
after zircon saturation, with between 50% and 
70% crystals (even 40% of 2 kbar and 4 wt% H2O; 
Fig. 10). Leucogranitic dikes represent late segre-
gated melts that formed when the magma had a 
crystallinity of 70%.

Mass Balance and Determination of the 
Amount of Removed Residual Melts

The compositions of the San Gabriel pluton 
coincide with the mixing lines between the solid- 
melt pairs in equilibrium at different crystallinity 
states of the parental magma (Fig. 11A). A mass 
balance was carried out to calculate the volume 
fractions of removed melts or fractionated crystals 

from parental magma to reproduce each sample 
composition. This analysis assumes that the crys-
tallizing magma contains solids and residual melts 
in equilibrium, which are almost instantly sepa-
rated (partially or totally) at a certain crystallinity 
value (Dufek and Bachmann, 2010; Bachmann and 
Huber, 2019).

The procedure for each sample composition 
starts with determining the solids- melt pair whose 
mixing line can be used to reproduce the compo-
sition, minimizing the sum of the least squares of 
the major element concentrations of each single 
sample with the tie- line (Fig. 11B). The crystallinity 
of the initial magma when the sample composi-
tions are reached is denoted as “critical crystallinity,” 
which represents the crystal fraction of the parental 
magma when the crystal- melt separation occurs 
(Fig. 11B). Once critical crystallinity is determined, a 
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mass balance is carried out to calculate the volume 
fraction of removed residual melt (in the case of 
melt- depleted samples that represent cumulates) or 
the volume fraction of fractionated crystals (in case 
of compositions associated with the accumulation 
of residual melts).

Calculation of critical crystallinities indicates 
that: (1) the Los Espolones quartz- monzodiorites 
represent crystal- rich magmas that were generated 
by extracting between 60% and 80% of the total 
volume of haplogranitic residual melts (>67 wt% 
SiO2) when the magma reached crystallinities 
of between 10% and 40%, resulting in a strong- 
cumulate signature (Fig. 11C); (2) the Los Piques 
quartz- monzonites would represent cumulates with 
lesser amounts of extracted interstitial melts (<50%) 
and formed in a wide spectrum of critical crystal-
linity (Fig. 11C); (3) the Los Rodados monzogranite 
represents residual melts (crystal- depleted) derived 
from extraction of the 30– 70% of the available vol-
ume of melts from a mush with crystallinities of 
40– 55%; (4) leucogranitic dikes represent the total-
ity of the melt extracted from a mush with 60% of 
crystallinity (Fig. 11C).

 ■ DISCUSSION

Crystal Residues and Interstitial Melts 
Segregation from Intermediate Magmas in 
Upper Crustal Plutons

Geochemical trends in Harker diagrams indicate 
that the magmatic units of the San Gabriel pluton 
were generated via fractionation processes. For 
instance, Sc content indicates the accumulation 
of amphibole, pyroxene, and magnetite, consis-
tent with the higher MgO contents and modal 
abundance of these minerals in the Los Espolones 
quartz- monzodiorites (Fig. 7). The decreasing Sr con-
tent and increasing Rb content suggest plagioclase 
fractionation. However, the general increase in Ba 
and K2O suggests that K-feldspar and biotite are late- 
crystallizing minerals (except in two leucogranitic 
dikes) that crystallized in late silicic melts. Some 
trace elements, such as Y, La, and Zr exhibit an 
increasing pattern as SiO2 content increases up to 

60 wt%. On the contrary, in samples with >60 wt% 
SiO2, these elements’ concentrations decrease, 
except for two monzogranite samples and one leu-
cogranitic dike (Fig. 7). This pattern represents the 
well- known inflection due to zircon saturation.

The coarse- grained texture and polygonal 
crystal shapes observed in the quartz- monzonites, 
together with the decreased abundance of euhedral 
crystals compared to quartz- monzodiorites, suggest 
that those samples record the most representative 
composition of the parental magma where phases 
crystallized in equilibrium with limited segregation. 
Those features, together with the geochemical pat-
tern exhibited by Rb and Sr concentrations, support 
the consideration of the sample SG0702 (~60 wt% 
of SiO2) as a potential parental magma. Magma 
diversification from an intermediate composition 
has been proposed for other well- studied intrusives 
such as the Searchlight pluton (Nevada, USA; Gel-
man et al., 2014; Eddy et al., 2022), and La Gloria 
pluton (Mahood and Cornejo, 1992; Gutiérrez et al., 
2013; Aravena et al., 2017) and Huemul- Risco Bayo 
pluton, both of which are in central Chile (Schaen 
et al., 2017; Garibaldi et al., 2018).

Despite all of the key information that such 
trace element models can provide, such modeling 
must be interpreted with caution, and consider-
ing some limitations. Using Rb and Sr to analyze 
their partition between solids and melts in a crys-
tallizing magma is useful when plagioclase is the 
major fractionating phase as indicated by major ele-
ment concentrations and the mineralogical record. 
Gelman et al. (2014) show that variable partition 
coefficients throughout the magma crystallization 
require that ratios of extracted melt and the crys-
tallinity window of extraction must be carefully 
chosen, because Sr becomes compatible once 
plagioclase and K-feldspar crystallize, generat-
ing differences in the melt signatures if they are 
extracted before or during/after the crystallization 
of those phases (but showing cryptic differences 
in the cumulate signatures). In the case of the San 
Gabriel pluton, we chose the peak of melt extraction 
after the crystallization of plagioclase and during 
the crystallization of K-feldspar around 60% of crys-
tallinity (Fig. 9B). However, our results show that 
high amounts of interstitial melt had to be removed 

from the parental magma to reproduce the felsic 
compositions (consistent with our results of mass 
balance analysis of the major elements), whereas 
most of the samples represent cumulates, which 
implies that changes in the variables of the trace 
element partition modeling should have limited 
impact on the results (Gelman et al., 2014). In addi-
tion, another limitation of the formulation is that the 
Rb mobility, especially in the presence of volatiles, 
may alter the initial pattern of the rocks. However, 
the well- defined variation of Rb and Sr concentra-
tions with respect to the SiO2 content suggests little 
mobility of those elements during the evolution of 
the San Gabriel pluton (Fig. 7).

Recognizing the parental magma composi-
tion in felsic intrusions through the whole- rock 
compositions has limitations, since the original 
composition can be obscured by the trapped resid-
ual melts within intermediate- silicic cumulates. The 
magma evolution in plutonic rocks usually deviates 
from the liquid descendent line, adding to the pos-
sibility that multiple liquid lines of descent can take 
place in a single magma reservoir (Barnes et al., 
2016; Gelman et al., 2014). However, in this case, 
we show that first- order variations of San Gabriel 
pluton compositions can be generated from an 
intermediate parental magma that is equivalent 
to the quartz- monzonite because: (1) in general, the 
trace element patterns show an inflection point near 
that composition, suggesting the initiation of signif-
icant fractionation, and (2) textures indicate that the 
quartz- monzonite crystallized almost in equilibrium 
and without cumulate textures. This is also sup-
ported by numerical simulations of the Rb and Sr 
partition between the interstitial melt and cumulate 
phases. We carried out models that consider the 
composition of the parental magma equivalent to 
the sample SG2310, which corresponds to a quartz- 
monzodiorite of clinopyroxene and biotite collected 
from a mafic layer from the Los Espolones unit 
(Figs. 3E and 4A), with the same physical condi-
tions as models with sample SG0702 (H2O content, 
pressure, and fO2 buffer). Results show that the 
extracted interstitial melts from mafic magma crys-
tallization have compositions that differ from the 
compositions recorded in the San Gabriel pluton. 
The simulated melts are clearly depleted in Rb 
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compared to the quartz- monzonites and monzo-
granites (Fig. 9D), which supports that the mafic 
samples of the San Gabriel pluton do not represent 
late injections of mafic magma but instead are crys-
talline cumulates that formed after the removal of 
interstitial silicic melts.

The models of crystal- melt separation in 
magma reservoirs invoke a specific crystallinity 
window where the segregation occurs, which is 
typically associated with the rheological locking 
of the magma between 50% and 70% (Dufek and 
Bachmann, 2010). Some experimental studies also 
propose that the rheological locking of plagioclase- 
bearing magma reaches around 30– 50% of crystal 
content because of the crystals’ elongate shape 
(summary in Bachmann and Huber, 2019). The 
optimal crystallinity for melt extraction value also 
depends on the physical mechanism that controls 
the crystal- melt separation, such as compaction 
of the crystalline mush yield by gravitational col-
lapse, crystal repacking, porous media transport, 

or channelization along dike- like structures. The 
physical mechanism of crystal- melt separation is 
out of the scope of this study; however, it is interest-
ing to note that the critical crystallinities obtained 
from the mass balance are between 0.15 and 0.6 in 
crystal volume fractions, with the highest amounts 
of removed melts between 0.3 and 0.6 (Fig. 11C), 
which is consistent with other studies. It is also 
interesting to note that a critical crystallinity of 
60%, similar to the optimal crystallinity value pro-
posed by Dufek and Bachmann (2010), is needed 
to explain the leucogranitic dike melt segregation.

Magmatic Evolution of the San Gabriel 
Pluton: From the Field and Compositional 
Observations

Based on field and geochemical evidence pre-
sented here, we interpret that the San Gabriel 
pluton represents a magma reservoir where 

significant magma differentiation took place at the 
emplacement level accompanied by silicic melt 
redistribution into the reservoir during the forma-
tion of the Los Rodados monzogranite (Fig. 12). The 
textural and compositional variability in the San 
Gabriel pluton could be interpreted as in situ crystal-
lization and subsequent mass redistribution giving 
rise to cumulate compositional signatures and the 
observed magmatic structures, which are preserved 
because of limited compositional homogenization 
of the reservoir after magma differentiation.

Field evidence, such as the contact relationships, 
allows us to infer a relative temporal succession of 
events during San Gabriel pluton assembly. These 
events are grouped in two stages (Fig. 12). Because 
of the overlapping ages and the lack of sharp inter-
nal contacts in the Los Piques quartz- monzonites 
(the main intrusive rocks hosting the rest of the 
units), we suggest this unit was constructed form-
ing a homogeneous reservoir with composition 
equivalent to that of the parental magma (~60 wt% 
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Figure 12. Conceptual model proposed for San Gabriel pluton construction is shown (lighter colors represent more silicic compositions, according to the symbology of previ-
ous figures). I. Early pluton construction stage via initial injections of magma with intermediate composition with mafic melt drops (mafic enclaves). II. Homogenization and 
stirring, where the magma reservoir is built with probable whole- scale convection, homogenization, and poor residual melt extraction (Los Piques quartz- monzonite). Mafic 
enclaves were predominantly preserved in the reservoir’s borders. III. Formation of a mushy reservoir with intermediate crystallinities, decreasing the magmatic convection 
and favoring the occurrence of crystal- melt separation. Interstitial silicic melts were probably extracted because of the gravitational mush compaction or crystal repacking. 
Silicic melts formed tabular channels that migrate upward because of the lower density than that of the crystalline mush. IV. Final San Gabriel pluton assemblage, where 
concentration of crystal- poor silicic melts generated the Los Rodados monzogranites as a silicic cap. A crystal- rich cumulate zone was probably formed in lower, unexposed 
pluton levels. Almost simultaneously, in the upper part of the reservoir, melt extraction gave rise to the cumulate Los Espolones quartz- monzodiorite. Residual melts were 
transported upward and accumulated as leucogranitic dikes preserved in the upper part of the pluton and host rocks.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/19/2/348/5804782/ges02535.1.pdf
by ETH Zürich user
on 23 March 2023

http://geosphere.gsapubs.org


365Payacán et al. | Differentiation of an upper crustal magma reservoir via crystal-melt separationGEOSPHERE | Volume 19 | Number 2

Research Paper

SiO2; early stage in Fig. 12) and representing the 
oldest rocks, similar to the proposed magmatic 
evolution in other intrusives like the Spirit Moun-
tain pluton (Walker et al., 2007). Because the mafic 
enclaves are mainly preserved in the pluton bor-
ders, they should be part of the initial injections as 
immiscible melts with the parental magma, rep-
resenting mafic melt drops within the convective 
felsic magma (see Barbarin, 2005).

In a later stage, when magmatic convection 
started to slow down in response to the high 
crystal content of the magma, crystal- melt sepa-
ration occurred as melt extraction in mushes at 
intermediate crystallinities (likely via gravitational 
compaction or crystal repacking; see Bachmann 
and Huber, 2019, and references therein). This sce-
nario allowed the generation of the cumulate Los 
Espolones quartz- monzodiorites (representing melt- 
depleted magmas) and the generation of the Los 
Rodados monzogranites (representing extracted 
and redistributed silicic melts that intruded the 
hosting Los Piques quartz- monzonites, which was 
in solid- state; late stage in Fig. 12). We interpret that 
cumulate formation and silicic melt canalization 
started to occur roughly contemporaneously with 
the last convective flows in the core of the reser-
voir, which explains the presence of some enclaves 
from the Los Espolones quartz- monzodiorite con-
tained in Los Piques quartz- monzonites (Fig. 4A). 
We rule out the idea that the Los Rodados mon-
zogranites were extracted directly from the Los 
Espolones quartz- monzodiorites, because the rel-
atively low density of the silicic melts would favor 
an upward transport, hindering the feeding of the 
felsic unit located in the lower parts of the pluton. 
This could be understood if the Los Rodados mon-
zogranites had been formed by the amalgamation 
of residual melts extracted and transported upward 
from deeper levels of the San Gabriel pluton res-
ervoir, probably leaving behind an unexposed 
mafic cumulate zone (Fig. 12). Almost simultane-
ously (according to the overlapping ages), the Los 
Espolones quartz- monzodiorites were generated, 
which are testimonies to a cumulate counterpart of 
upward- extracted residual melts recorded as leu-
cogranitic dikes preserved in the roof of the pluton, 
which formed during late stages.

The U-Pb dates in zircon suggest that the San 
Gabriel pluton has a longevity of ca. 1.1 Ma, with the 
youngest and oldest ages being 12.41 ± 0.08 Ma and 
13.57 ± 0.08 Ma, respectively (Fig. 8 and Table S3, 
see footnote 1). Most of the samples present cooling 
ages that overlap the weighted San Gabriel plu-
ton mean, though, with no significant differences 
between the three magmatic units. This implies that 
the interval time for the crystal- melt separation and 
the late intrusion of the monzogranite assembly 
lasted up to 500 k.y. (from the error span of the dat-
ing method), which indicates that the San Gabriel 
pluton was constructed through short- lived magma 
pulses. This scenario is also supported by the sharp 
contacts between the different magmatic domains 
of the pluton (Fig. 4). In this sense, we emphasize 
that higher- precision U-Pb zircon methods should 
be applied to better quantify the timespan between 
the initial emplacement and the different events of 
late silicic melt- rich magma redistribution to gen-
erate the quartz- monzodiorites and monzogranites.

In the model we propose here, each unit is repro-
duced by the combination of the compositions of 
the interstitial melt and solid phases in equilibrium 
from a single crystallization sequence. We reiter-
ate that the proposed model does not imply that 
each unit is the counterpart of another due to a 
unique differentiation event (for instance, Los 
Piques monzo granites could have been extracted 
from a deeper level and leave a residue analogous 
to Los Espolones quartz- monzodiorite). However, 
given the rheological rigidity resulting from the high 
mineral load required to generate some units, the 
overlap of cooling ages, and the magmatic inter-
action contacts between units, we emphasize that 
the differentiation processes must have occurred 
mainly within the reservoir.

Upper crustal intermediate- felsic magma res-
ervoirs are considered to be potential sources of 
rhyolitic magmas that feed explosive eruptions, 
connecting silicic volcanism with granitic intru-
sions (Smith, 1960; Hildreth, 1981; Lipman, 1984; 
Metcalf, 2004; Bachmann et al., 2007; Schaen et al., 
2017; Tavazzani et al., 2020; Du et al., 2022). This 
has been proposed, for example, in volcanic sys-
tems with large magma reservoirs (Druitt and Bacon, 
1989; Brown et al., 1998; de Silva et al., 2006; Hildreth 

and Wilson, 2007; Deering et al., 2011b; Folkes et al., 
2011; Lipman and Bachmann, 2015). Although mag-
matic differentiation via crystal- melt separation in 
the upper crustal levels may represent a significant 
process to generate dacitic to rhyolitic volcanism 
(Vazquez and Reid, 2002; Clemens, 2003; Deering 
et al., 2011a; Lee and Morton, 2015; Bachmann and 
Huber, 2019; Cornet et al., 2022), in the case of the 
San Gabriel pluton, concentration and an upward 
transportation of residual magma able to supply 
more than 500 km3 of vigorous felsic eruptions is not 
likely. This is supported by the nearly eutectic and 
H2O- saturated crystallization (evidenced by the pres-
ence of miarolitic cavities) of the high- silica magma 
and the fact that, according to the mass balance 
presented in this work, a higher volume of cumu-
lates should be preserved in the pluton (which is 
difficult considering that the San Gabriel pluton has 
only 40 km2 of areal exposure). The inability to sup-
ply rhyolitic volcanic eruptions was also proposed 
from numerical simulations and field data for the La 
Gloria pluton (Aravena et al., 2017), an intrusion that 
is spatiotemporally related to the San Gabriel plu-
ton. The volume of silicic magma removed could be 
quantified by determining the volume of preserved 
cumulates in the reservoir in the San Gabriel pluton 
(which is made difficult by the limited exposition 
of the Los Espolones quartz- monzodiorite and is 
outside of the scope of this study), because the 
silicic melt record is incomplete due to the erosion. 
However, leucocratic dikes and breccias preserved 
within the host rock indicate that some felsic mate-
rial removed was advected out of the reservoir.

 ■ CONCLUSIONS

Through a combination of field observations, 
petrography, whole- rock geochemistry, U-Pb zircon 
geochronology, and geochemical modeling, this 
study documents the San Gabriel pluton, a com-
posite upper crustal intrusive that represents the 
final product of the evolution of a single magma 
reservoir. The pluton is composed of three mag-
matic units with a wide compositional spectrum 
(52– 75 wt% SiO2), and quartz- monzonites that host 
quartz- monzodiorites with cumulate textures are 
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disposed in the middle part of the pluton, and mon-
zogranites are preserved in the lower part.

Geochemical data and geochemical modeling 
of trace element partitioning between solid phases 
and interstitial silicic melts suggest that the reservoir 
underwent magma differentiation via crystal- melt 
separation at the emplacement level from interme-
diate magmas equivalent to the quartz- monzonites. 
The mass balance of major element concentrations 
indicates that quartz- monzodiorites represent accu-
mulated melt- depleted magmas after 50– 80% of 
the available haplogranitic interstitial melts were 
extracted. On the other hand, the felsic rocks that 
form part of the monzogranites and leucogranitic 
dikes represent remobilized silicic melts that were 
concentrated in the lower exposure level of the plu-
ton, which were transported upward from lower parts 
of the reservoir formed by the early crystallized mag-
mas. Mass- balance results suggest that those melts 
were extracted when the intermediate magma had 
crystallinities of between 40% and 55%. According 
to U-Pb zircon geochronology, the magma reservoir 
had a lifetime of ca. 1.1 Ma and showed almost coeval 
crystallization of the whole system (since sample 
ages overlap the global weighted mean).

This study illustrates that the mechanism of 
crystal- melt separation from magmas with interme-
diate composition may explain the compositional 
variability in composite plutons and advocates for 
the role of upper crustal magma reservoirs in gen-
erating dacitic and rhyolitic magmas.
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