
Lithos 227 (2015) 255–268

Contents lists available at ScienceDirect

Lithos

j ourna l homepage: www.e lsev ie r .com/ locate / l i thos
Protracted late magmatic stage of the Caleu pluton (central Chile) as a
consequence of heat redistribution by diking: Insights from zircon
data and thermal modeling
Pablo G. Molina a, Miguel A. Parada a, Francisco J. Gutiérrez a,b,⁎, Changqian Ma c, Jianwei Li c, Liu Yuanyuan c,
Martin Reich a, Álvaro Aravena a

a Departamento de Geología, Centro de Excelencia en Geotermia de los Andes (CEGA), Universidad de Chile, Plaza Ercilla 803, Santiago, Chile
b Advanced Mining Technology Center (AMTC), Facultad de Ciencias Físicas y Matemáticas, Universidad de Chile, Santiago 8370451, Chile
c State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences, Wuhan, People's Republic of China
⁎ Corresponding author at: Advanced Mining Technolo
Ciencias Físicas y Matemáticas, Universidad de Chile, Sant

E-mail addresses: pamolina@ing.uchile.cl (P.G. Molina
(M.A. Parada), frgutier@ing.uchile.cl (F.J. Gutiérrez), cqma
jwli@cug.edu.cn (J. Li), geoliuyy@gmail.com (L. Yuanyuan
(M. Reich), a.aravena.ponce@gmail.com (Á. Aravena).

http://dx.doi.org/10.1016/j.lithos.2015.04.008
0024-4937/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 June 2014
Accepted 12 April 2015
Available online 25 April 2015

Keywords:
Caleu pluton
Zircon U–Pb dating
Diking
Thermal modeling
Crystal mush
Zircon U–Pb geochronology and geochemistry are combined with whole-rock composition and thermal model-
ing to decipher the latemagmatic stage of the composite Cretaceous Caleu pluton,which consists of four litholog-
ical zones: Gabbro–Diorite Zone (GDZ), Quartz Monzodiorite Zone (QMDZ), Granodiorite Zone (GZ) and
Monzogranite Zone (MGZ). The four lithological zones include felsic dikes and veins of variable thickness and dis-
tribution. Zircons of four representative samples, each from thementioned zones, were dated and chemically an-
alyzed. The U–Pb ages exhibit sample-scale scatter derived from protracted zircon crystallization. At pluton scale
the ages are substantially overlapped with a subtle decrease of ages frommafic to felsic sample; the latter has a
normal age span distributionwith amean age of 94.68±0.71 (2σ confidence) and aMSWDof 0.95. Zircon grains
from the uppermost zone of the pluton, where the QMDZ is emplaced, have the highest REE and HFSE contents.
Zircon crystallization temperatures oscillate between 680 and 850 °C, regardless of the zircon age and sample
composition. Differences in temperature and age of zircon crystallization of up to 185 °C and 2.6 Myr were iden-
tified at sample scale, respectively. Numerical modeling indicates that the melts from which zircon crystallized
are highly crystalline (mostly higher than 60% crystal) and resembleMGZ in compositions. Time-dependent ther-
mal models were performed to account for preservation of the system above solidus temperature for long time
intervals consistent with those of zircon crystallization. Two non-exclusive scenarios for the late-stage develop-
ment of Caleu pluton were considered: (i) pluton construction by magma pulses assembled incrementally and
(ii) upward transport of residual melts by diking through amush system to yield heat redistribution to the levels
where the samples collected. The first scenario does not preserve residual melts for intervals as long as 2.6 Myr
unless an extremely thickmagma reservoir is considered. The second scenario ismore favorable because it could
provide enough heat that allows preserving residual melts above the solidus temperature depending on: (i) dike
width, (ii)melt transport velocity and (iii) dike intensity (vol.% dike). For a dikewidth of 0.2m and dike intensity
of 10%, consistentwithfield observations, a transport velocity of 300m/yr is required tomaintain the uppermush
zone above 700 °C. The melt transport would have occurred as successive events to allow developing the
protracted late magmatic stage of the Caleu pluton.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the last decade, the time-scale for pluton construction has been
unraveled by U–Pb zircon ages that show highly variable time intervals
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from tens of thousands of years for small intrusions (e.g., Michel et al.,
2008), to more than 106 years for large bodies (e.g., Coleman et al.,
2004; Díaz Alvarado et al., 2013; Glazner et al., 2004; Miller et al.,
2007). The large intervals of pluton construction could have resulted
from the amalgamation of magma increments with distinct ages
(Annen, 2011; Barboni et al., 2013; Bergantz, 2000; Díaz Alvarado
et al., 2013; Glazner et al., 2004; Matzel et al., 2006; Michel et al.,
2008; Miller et al., 2011; Parada et al., 2005b; Paterson and Vernon,
1995; Walker et al., 2007), producing longer magma residence in the
crust than those calculated from thermal modeling of a single body
emplaced instantaneously (e.g., Glazner et al., 2004). The systematic
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zircon U–Pb ages recorded in many plutons have contributed to the
understanding that their anatomy resulted from incrementally
emplaced magma batches that allowed melt preservation at time of a
new injection (Annen et al., 2006; Gelman et al., 2013b; Wiebe and
Collins, 1998) or as a consequence of incremental growth once the
preceding pulse was solidified (Glazner et al., 2004; Michel et al.,
2008). Additionally, many multiple-pulse magma systems could give
rise to a large volume of volcanic products due to rejuvenation
of crystal-rich melts by replenishment of fresh and hot magma
(Burgisser and Bergantz, 2011; Claiborne et al., 2010a, 2010b; Díaz
Alvarado et al., 2013; Gelman et al., 2013a; Huber et al., 2010, 2011;
Miller et al., 2011; Peytcheva et al., 2008).

A more complete late history of a magmatic system could be ad-
dressed through zircon studies, including conditions of crystallization
and geochronology. In fact, zircon has become a clue petrogenetic
phase due to the well-known zircon crystallization (Ferry and Watson,
2007; Watson et al., 2006) and saturation thermometers (Boehnke
et al., 2013; Watson and Harrison, 1983), oxybarometry calibrations
(Ballard et al., 2002; Burnham and Berry, 2012; Trail et al., 2011,
2012), its sluggish intracrystalline diffusion rates (Cherniak and
Watson, 2007; Cherniak et al., 1997a, 1997b), the high closure temper-
ature of the 206Pb–238U isotopic system (Cherniak and Watson, 2001),
the well-known elemental concentrations (Belousova et al., 2002;
Hanchar and van Westrenen, 2007; Hoskin and Schaltegger, 2003)
and zircon/melt partition coefficients (Fujimaki, 1986; Nagasawa,
1970; Sano et al., 2002; Thomas et al., 2002).

We present LA-ICPMS zircon U–Pb ages of the Upper Cretaceous
Caleu pluton of the central Chilean coastal cordillera (Fig. 1a), that
cover a wide time interval of zircon crystallization at sample and pluton
scale. Because a correct interpretation of the U–Pb zircon ages is crucial
to understand the late-stage pluton construction, our efforts will be
Fig. 1. (a) Geological map of the Caleu pluton consisting of four N–S elongated lithological zon
Inset shows the QAP classification diagram, after Streckeisen (1976), of the four lithological zo
(a) Modified from Parada et al. (2005b).
focused on unraveling the conditions of zircon crystallization by com-
bining zircon geochemistry and whole-rock composition. For this pur-
pose, a numerical solution is developed to estimate the composition
and degree of the crystallinity of the zircon crystallizingmelts. The plau-
sible mechanisms that reproduce the wide range of zircon ages and
temperatures observed at the sample-scale were thermally assessed.
Our results lead to a thermal scenario derived from heat transfer by ex-
traction and transportation of melts by diking through a crystal mush
(e.g., Bachmann and Bergantz, 2004; Burgisser and Bergantz, 2011;
Dufek and Bachmann, 2010; Huber et al., 2009; Miller et al., 2007) dur-
ing the late pluton growth.

2. The Caleu pluton

The Caleu pluton is located in the easternmost and youngest pluton-
ic belt of the Coastal Batholith of central Chile (~33°S), and belongs to
the extensive Early Cretaceous magmatic province of north-central
Chile. It roughly corresponds to a medium-grained dioritic to granitic
body (Parada et al., 2002, 2005a, 2005b), exhibiting ~1400m of vertical
exposures. It is emplaced into a tilted (30–40°E) and thick volcano-
sedimentary succession (Fig. 1a) (Vergara et al., 1995) that includes
the Upper Jurassic volcano-sedimentary Horqueta Formation and the
following Lower Cretaceous formations: Lo Prado, Veta Negra and Las
Chilcas. The western and southwestern margins of the pluton are
delimited by fault contactswith the Lo Prado and Veta Negra formations
and the La Campana stock, an older (Parada and Larrondo, 1999), small
body of medium-grained cumulate gabbro (Molina et al., 2013). The
eastern margin is delimited by an intrusive contact with volcanoclastic
breccias of the coeval Las Chilcas Formation. A remnant of the roof is
preserved in the eastern portion of the pluton, approximately 1200 m
lower than the highest peak of the pluton, located in the central part,
es. Circles indicate the zircon age sampling locations. (b) N–S cross-section of the pluton.
nes of the pluton.



Fig. 1 (continued).
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suggesting dome-shape geometry, which is consistent with the lobe-like
structures definedbymagnetic foliations (Parada et al., 2005b). A depth of
approximately 7 km (~2 kb) was estimated for the late hornblende crys-
tallization of samples of the upper levels of the intrusion (Parada et al.,
2002). Deeper conditions of ≥14 km (≥4 kbar) were estimated from
the early magmatic epidote crystallization (Parada et al., 2002).

The Caleu pluton is formed by four N–S elongated lithological zones,
covering an area of ~240 km2: the Gabbro–Diorite Zone (GDZ), the
Quartz–Monzodiorite Zone (QMDZ), the Granodiorite Zone (GZ) and
the Monzogranite Zone (MGZ) (Fig. 1). The four lithological zones in-
clude felsic dikes of variable thickness (0.1–1.0 m) and thin felsic
veins (b1.0–3.0 cm). The GDZ primarily occupies an eastern position,
totaling ~140 km2, although there are some outcrops below the GZ of
the south-central part of the pluton. The GDZ includes coarse-grained
gabbros, diorites and quartz–monzodiorites (51–62 wt.% SiO2), locally
exhibiting ortho- and meso-cumulate oriented plagioclase and sub-
ophitic pyroxene and interstitial K-feldspar. The color index varies be-
tween 18 and 30. Clinopyroxene, hornblende and biotite are dominant
mafic phases and apatite, magnetite, ilmenite, zircon and magmatic
epidote are accessory phases. Felsic dikes of approximately 0.25 m
thickness are commonly observed (Fig. 3a), as well as centimetric ubiq-
uitous felsic veins (Fig. 3b). The GZ (62–66wt.% SiO2) occupies ~62 km2

of the lower part of the Cerro el Roble (Fig. 1a, b) and consists of fairly
homogeneous biotite, amphibole and minor pyroxene granodiorites.
Apatite, magnetite, zircon, titanite, and magmatic epidote occur as ac-
cessory phases. This lithological zone exhibits a progressive increase
in color index and grain size towards the GDZ. Subspheric and rounded
microdioritic/gabbroic enclaves ranging from5 to 70 cm in diameter are
locally abundant at the upper part of the GZ, close to the subhorizontal
transitional boundary with the QMDZ. Quartz–monzodiorites and
minor Quartz–monzonites compose the QMDZ (56–65 wt.% SiO2),
which covers an area of ~8 km2. Hornblende, biotite and magnetite
commonly occur as crystal clots, and clinopyroxene occurs as cores in
hornblende crystals. Apatite, magnetite, titanite and zircon are accesso-
ry phases. The transition from the GZ to the QMDZ is detailed in a ver-
tical profile below. The MGZ occupies ~30 km2 to the west of the GZ
and consists of hornblende–biotite leucogranodiorites and granites
(69–71 wt.% SiO2). There is an eastward intrusion of a leucogranite sill
from the MGZ into the GZ and GDZ (Fig. 1a, b). The modal mineralogy
includes medium-grained plagioclase and hornblende phenocrysts as
aggregates surrounded by an equigranular intergrowth of fine-grained
quartz, K-feldspar, plagioclase, biotite and minor magnetite. Common
accessory minerals are magnetite, titanite, zircon and allanite.

A U–Pb age in zircon of 94.2–97.3 Ma was previously determined,
concordant with the cooling ages of 94.9 ± 1.8 and 93.2 ± 1.1 Ma
obtained from the 40Ar/39Ar step-heating plateau ages on amphibole, bi-
otite and plagioclase of the four lithological zones (Parada et al., 2005a),
placing the Caleu pluton emplacement and cooling during the transition
from a rifted to a compressional regime of the Early Cretaceous conti-
nental margin of central Chile (Parada et al., 2005a). Unlike the preced-
ing plutons (Mid-Jurassic and Paleozoic granitoids) and volcanic rocks
of the same coastal range segment, the Caleu pluton has themost prim-
itive Sr–Nd isotope composition (εNd between +5.1 and +6.5; Parada
et al., 2002, 2005a), implying aMORB-like dominated source, product of
the progressive removal of the mantle lithosphere as a result of contin-
uous asthenospheric upwelling during extension (Parada et al., 2005a).

3. Sampling preparation, analytical techniques and procedures

A total of 28 samples collected in a 1 km vertical profile along
the Cerro El Roble were crushed and pulverized to at least 95% minus
200 meshes. Subsequently, the samples were mixed with lithium
metaborate/tetraborate combined in an induction furnace, then poured
into a solution of 5% nitric acid containing an internal standard and
mixed continuously until completely dissolved. Major and trace ele-
ment analyses were obtained using ICP-emission spectrometry and
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ICP-MS, respectively, at the Activation Laboratories Lds., Ancaster,
Ontario, Canada; FeO values were determined through titration (using
potassium dichromate as the tritating agent) via a cold acid digestion
of ammonium metavanadate and hydrofluoric acid. Four samples of
the Caleu plutonwere collected for LA-ICP-MS U–Pb zircon geochronol-
ogy and geochemistry (Fig. 1a, b): CR06 (diorite from GDZ), CR09
(granodiorite of the GZ), CR13 (quartz–monzodiorite of the QMDZ),
and CR15 (monzogranite of the MGZ).

The procedures for zircon separation consisted of sample crushing
and grinding followed by zircon concentration via the Wilfley table,
magnetic sorting, heavy liquid, and hand picking at the Laboratory of
Samples Preparation, Department of Geology, University of Chile.
Cathodoluminescence images were acquired for 77 zircon grains, using
aQuanta 400 FEGhigh resolution emissionfield environmental SEMcon-
nected to an Oxford INCA350 EDS and a Gatan Mono CL3+ systemwith
10 kV imaging conditions and 6.7 nm spot size. U–Pb isotopes and trace
elements were simultaneously analyzed at the State Key Laboratory of
Geological Processes and Mineral Resources (GPMR), China University
of Geosciences, Wuhan, using an Agilent 7500a ICP-MS apparatus
coupled with a GeoLas 2005 laser-ablation system with a DUV 193 nm
ArF-excimer laser (MicroLas, Germany). Detailed analytical procedures
and data reduction are available in Liu et al. (2008, 2010) and are briefly
summarized here. A spot size of 32 μmwas used for all analyses. Argon
was used as the make-up gas and mixed with the carrier gas (helium)
via a T-connector before entering the ICP. Nitrogen was added into the
central gas flow (Ar + He) of the Ar plasma to decrease the detection
limit and improve precision, which increases the sensitivity for most el-
ements by a factor of 2 to 3 (Hu et al., 2008). Each analysis incorporated
a background acquisition of 20–30 s (gas blank) followed by 50 s data
acquisition. Zircon 91500 was used as a calibration standard for mass
discrimination and U–Pb isotope fractionation. The time-dependent
drifts of U–Th–Pb isotopic ratios were corrected using a linear
Fig. 2. Vertical whole-rock compositional variations along the N–S cross section shown in
(blue triangles) and QMDZ (black diamonds).
interpolation (with time) for every five analyses according to the varia-
tions of 91500. The preferred U–Th–Pb isotopic ratios used for 91500
are fromWiedenbeck et al. (1995). The reproducibility of the U–Pb dat-
ing with this technique has been evaluated by comparison with the zir-
con secondary standard GJ-1 (see Supplementary material 1; Jackson
et al., 2004). Off-line selection and integration of background and
analyzed signals, time-drift correction and quantitative calibration
for trace element analyses and U–Pb dating, were performed using
ICPMSDataCal (Liu et al., 2008, 2010). The uncertainties of preferred
values for the external standard 91500were propagated into the ultimate
results of the samples. Concordia diagrams and weighted mean calcula-
tions weremade using Isoplot/Ex_ver3 (Ludwig, 2003). Errors associated
with individual analyses are quoted at the 1 σ confidence level.
4. Results

4.1. Vertical compositional variations of the upper level of the pluton

The ~1000 m of vertical pluton exposure along the Cerro El Roble
(Fig. 1a, b) allowed us to observe the upward lithological and geochem-
ical variations within the pluton (complete whole rock geochemical
analyses in Supplementary material 2). Previous studies have detected
vertical compositional gradients along this profile, although the compo-
sitions of plagioclase and mafic minerals do not substantially vary
(Parada et al., 2002, 2005b). Based on a systematic sampling, spaced
by approximately 40–70 m in the vertical dimension, we here define a
vertical compositional change from the GZ to the QMDZ indicated by
a boundary at ~1650 masl (Fig. 2). This boundary is marked by an up-
ward decrease of SiO2 and Na2O contents together with an increase,
in concentrations and dispersion, of MgO, CaO, Zr, compatible trace ele-
ment contents (e.g., V and Sc) and CaO/(Na2O + K2O) ratios (Fig. 2).
Fig. 1b. Dashed line at ~1650 masl defines the compositional boundary between GZ



Fig. 3. Granitic felsic dikes and veins of variable thickness hosted in: (a) and (b) GDZ,
(c) GZ, and (d) QMDZ.

Fig. 4. Cathodoluminescence (CL) images of the analyzed zircon grains of the four
Caleu pluton samples. Sites of the U–Pb spot age determinations are shown by red circles.
Typological classification according to Pupin (1980) is shown for each zircon sample.
(a) GDZ zircon grains exhibit complex zoning, rounded morphologies and resorption
features. (b) GZ zircon grains exhibit subtle regular oscillatory zoning and equant aspect
ratios. (c) QMDZ zircon grains consist of fairly homogeneous subhedral acicular crystals.
(d) Some MGZ zircon grains show well-developed prismatic forms, homogeneous cores
and subtle oscillatory zoning.
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The exposures of the GZ from 1200 to 1650masl consist of medium-
to coarse-grained biotite–hornblende granodiorites with a color index
of approximately 16. Plagioclase crystals are slightly sericitized and
commonly surrounded by a mosaic-like intergrowth of quartz and
perthitic K-feldspar, and symplectite quartz. Modal content of horn-
blende and partially chloritized biotite is variable, with Bt/Hbl ratios be-
tween 0.5 and 2. These mafic minerals commonly form glomerocrysts
(crystal aggregates) with opaques and minor acicular actinolite.
Clinopyroxene is the less common (2%modal proportion)maficmineral
[Cpx / (Hb + Bt) = 0.01–0.15; average: 0.06] and is commonly
uralitized. Acicular apatite and prismatic zircon are found as accessory
phases. Fine-grained microdioritic mafic enclaves are subspheric and
rounded, reaching 70 cm in diameter, are ubiquitous along this profile
and occur in variable proportions between 4 and 13 enclaves/m2,
reaching their maximum amount at ~1610 masl, close to the composi-
tional boundary with the QMDZ. Granitic dikes and veins of variable
thickness (Fig. 3c) from a few centimeters to 50 cm thick occupy
approximately 5–10 vol.% of the GZ.

The QMDZ crops out from ~1650masl to the top of the Cerro el Roble
(2200 masl), consisting of medium-grained biotite–hornblende quartz–
monzodiorites and quartz–monzonites with a color index similar to the
GZ, andmore variable Bt/Hb ratios (between 0.13 and 9). Modal contents
of up to 8% of the uralitized clinopyroxenes have been detected [Cpx /
(Hb + Bt) = 0.06–1.05; average: 0.3]. Glomeroporphyritic aggregates of
biotite and amphibole, surrounded by an interstitial graphic inter-
growth of perthitic K-feldspar and quartz, are commonly observed.
Apatite, magmatic epidote and zircon are found as accessory phases.
Aplitic and coarse-grained granitic dikes of ~20–40 cm thick are
randomly distributed in the upper part of this zone (Fig. 3d). Elliptic
microdioritic enclaves of up to 40 cm long are widely distributed
(average 5 enclaves/m2) but roughly exhibit an upward increase from
~0.25 to ~10 enclaves/m2. The modal mineralogy of the enclaves pri-
marily consists of abundant plagioclase and minor clinopyroxene and
hornblende.

4.2. Zircon morphology

We use the Pupin (1980) typological classification of zircon grains,
according to their morphologies and aspect ratios (Fig. 4), which could
be attributable to their crystallization conditions and cooling rates
(Corfu et al., 2003). GDZ zircon grains correspond to S7, S8 and S9
shapes (Fig. 4a), showing {100} b {110} prismatic forms and a great va-
riety of pyramidal shapes. Cathodoluminescence images show that the
size of the analyzed GDZ zircons is slightly variable, being the largest
crystals of the studied samples (up to 500 μm) with relatively low as-
pect ratios. The zircon crystals of the GDZ commonly exhibit complex
concentric zoning and rounded shapes, some of them showing disconti-
nuities with internal overgrowths, evidencing multi-stage growth and
resorption events (e.g. Gagnevin et al., 2010; Vavra, 1994). These mor-
phologies are similar to those zircon crystals considered as resulting
from crystallization from highly fractionated interstitial melts (Corfu
et al., 2003). Zircon grains of the GZ samples, classified as S10 and P1
types (Fig. 4b), are the smallest crystals (averaging ~200 μm) found in
all studied zircons of the Caleu pluton, exhibiting relatively equant
shapes and low aspect ratios, implying very low cooling rates (Corfu
et al., 2003). Thin concentric overgrowth rims characterize theGZ zircon
grains that differ from the fairly homogeneous tabular zircon crystals of
the QMDZ sample. QMDZ zircons exhibit well-preserved subhedral to
euhedral shapes with prismatic ({100} b {110}, {100} = {110}) and
pyramidal ({101}N N {211}) faces (P1 types, Fig. 4c). QMDZ zircons
are commonly unzoned and have the highest aspect ratio of all of the



Table 1
Selected U–Pb LA-ICP-MS data.

207Pb/235U 207Pb/235U (1σ) 206Pb/238U 206Pb/238U (1σ) Rho 206Pb/238U age (Ma) 206Pb/238U error (1σ)

GDZ
CR-06-01 0.1087 0.0065 0.0158 0.0002 0.2295 101.2 1.38
CR-06-02 0.1111 0.0086 0.0162 0.0003 0.2277 103.5 1.82
CR-06-03 0.1108 0.0062 0.0161 0.0002 0.2603 102.9 1.49
CR-06-04 0.1054 0.0072 0.0151 0.0002 0.2301 96.4 1.51
CR-06-05 0.1122 0.0074 0.0158 0.0003 0.2404 101.3 1.59
CR-06-06 0.1044 0.0045 0.0158 0.0002 0.3009 100.9 1.31
CR-06-07 0.1089 0.0063 0.0160 0.0003 0.2907 102.2 1.71
CR-06-08 0.1125 0.0051 0.0158 0.0002 0.2708 100.8 1.24
CR-06-09 0.1017 0.0047 0.0155 0.0002 0.2526 99.2 1.15
CR-06-10 0.1114 0.0047 0.0152 0.0002 0.2950 97.0 1.20

GZ
CR-09-01 0.0936 0.0052 0.0148 0.0002 0.1914 94.5 0.99
CR-09-02 0.1015 0.0063 0.0150 0.0002 0.2185 95.8 1.29
CR-09-03 0.1017 0.0058 0.0145 0.0002 0.2382 92.9 1.26
CR-09-04 0.1002 0.0073 0.0148 0.0003 0.2384 94.6 1.64
CR-09-05 0.1028 0.0060 0.0150 0.0002 0.2368 96.0 1.31
CR-09-06 0.1030 0.0063 0.0152 0.0002 0.2543 97.2 1.50
CR-09-07 0.1013 0.0066 0.0154 0.0002 0.2432 98.4 1.56
CR-09-08 0.1028 0.0053 0.0152 0.0002 0.2765 97.2 1.39
CR-09-09 0.1049 0.0049 0.0153 0.0002 0.2699 97.6 1.23
CR-09-10 0.1057 0.0047 0.0152 0.0002 0.3089 97.4 1.34

QMDZ
CR-13-01 0.0975 0.0041 0.0155 0.0002 0.2885 99.0 1.19
CR-13-02 0.1083 0.0033 0.0152 0.0001 0.2934 97.5 0.87
CR-13-03 0.1049 0.0050 0.0152 0.0002 0.2268 97.1 1.04
CR-13-04 0.1108 0.0084 0.0155 0.0002 0.2125 99.2 1.58
CR-13-05 0.0985 0.0045 0.0154 0.0002 0.2526 98.8 1.14
CR-13-06 0.1016 0.0037 0.0156 0.0001 0.2589 99.6 0.93
CR-13-07 0.1032 0.0036 0.0150 0.0001 0.2477 95.7 0.83
CR-13-08 0.1029 0.0052 0.0147 0.0002 0.2542 94.1 1.20
CR-13-09 0.1013 0.0034 0.0156 0.0001 0.2895 99.6 0.95
CR-13-10 0.1175 0.0046 0.0148 0.0002 0.3301 95.0 1.21

MGZ
CR-15-01 0.1103 0.0110 0.0151 0.0003 0.2199 96.8 2.10
CR-15-02 0.1059 0.0060 0.0152 0.0002 0.2586 96.9 1.41
CR-15-03 0.1018 0.0055 0.0147 0.0002 0.2381 94.4 1.20
CR-15-04 0.0929 0.0033 0.0146 0.0001 0.2792 93.7 0.93
CR-15-05 0.2507 0.0129 0.0167 0.0003 0.3445 106.7 1.87
CR-15-06 0.1045 0.0067 0.0151 0.0003 0.3234 96.6 2.00
CR-15-07 0.0926 0.0059 0.0146 0.0002 0.2398 93.6 1.43
CR-15-08 0.1068 0.0086 0.0152 0.0003 0.2747 97.0 2.13
CR-15-09 0.1044 0.0073 0.0150 0.0002 0.2310 96.2 1.54
CR-15-10 0.0973 0.0062 0.0149 0.0002 0.2160 95.6 1.31
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studied samples which imply a fast magma cooling (Corfu et al., 2003).
The morphologies of MGZ zircons correspond to P2 and S5 types
(Fig. 4d) and resemble those of the QMDZ zircons but with slightly
lower aspect ratios and poorly developed internal zoning and over-
growths. Irrespective of their morphology, most zircon grains form
part of a late interstitial quartz–feldspar intergrowth, or as inclusions
in late biotite or hornblende.

4.3. Zircon geochronology and geochemistry

206Pb/238Udatingonmagmatic zircon (selecteddata in Table 1; com-
plete data list in Supplementary material 2) rims and cores, excluding
thosediscordantages(lessthan10%concordance),indicatesrelativelyclus-
teredagesontheconcordiadiagram,withoutsignificantevidenceof inher-
itanceofoldergrains(Fig.5a).Theweightedaverageageobtainedfromthe
Gaussian distributed MGZ sample ages (MSWD = 0.95; see Fig. 5a) is
94.68±0.71 (2σ confidence), similar to the youngestQMDZandGZage
clusters, butyounger thanalmost allGDZages (Fig. 5b).
MostofthezirconU–Pbagespresentedhereareconsistentwiththeprevious
single-grain U–Pb zircon dating of 94.2–97.3 Ma (Parada et al., 2005a,
2005b).Almostall spotagesat sampleandplutonscaleare substantiallyo-
verlapped(Fig.5c),evidencingaprotractedzirconcrystallizationwithasub-
tledecreaseof ages frommafic to felsic samplecompositions (Fig. 5c).
Selected chemical compositions of zircons of the studied samples are
listed inTable2(acompletedata list is included inSupplementarymaterial
2).All analyzedzirconsof theCaleuplutonshowthe typicalREEpatternsof
unaltered igneous zircons (HoskinandSchaltegger, 2003), showingan in-
creaseof chondrite-normalizedelement concentrations fromLa toLu, and
positiveCeandnegativeEuanomalies(Fig.6a).ZirconsoftheQMDZsample
havethehighesttotalREEcontents(Fig.6b).Ticontentsofzirconsofthefour
samplesarebracketedbetween4.62and31.59ppm.

Th/U ratios of almost all zircons are higher than 0.5 and have amax-
imumof 1.33 (Table 2), which is indicative of amagmatic origin (Hoskin
and Schaltegger, 2003) because metamorphic zircons commonly have
Th/U ratios b0.07 (Rubatto, 2002). Zr/Hf ratios of all analyzed zircons
of the Caleu pluton are between approximately 36 and 54, and HfO2

wt.% values are in a restricted range of 0.97–1.69, averaging 1.95, 1.26,
1.23 and 1.2, for the GDZ, GZ, QMDZ and MGZ zircons, respectively.
These HfO2 contents and Zr/Hf ratios are thought to be indicative of
late magmatic zircon formation (Wang et al., 2010).

4.4. Zircon crystallization temperatures

To estimate the temperatures of zircon crystallizationwe use the zir-
con crystallization thermometer of Ferry and Watson (2007); a proper
application of this thermometer requires estimations of the aTiO2 and



Fig. 5. (a) Concordia diagramplot for each sample,with their respectiveweighted average and 2σ error. (b) Dates of individual zircon grains of the four lithological zones (error bars at 1σ).
Gray rectangle represents the weighted average age of the MGZ zircon sample, at the 2σ confidence level. (c) Probability density plot showing a large overlap and a slight progression
towards younger ages, from mafic to felsic sample compositions.
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aSiO2of themeltat timeofzirconformation.WeconsideranaSiO2of~1be-
causequartz is a ubiquitous latemagmaticphase in all of the studied sam-
ples. Additionally,we estimate anaTiO2 ~ 1 based on the rutile saturation
thermometerofHaydenandWatson(2007).Theresults(seeSupplementa-
rymaterial3) indicatethatTi-bearingphaseswouldhavesaturatedpriorto
zirconformation(ataslightlyhighertemperature), resulting inanegligible
differencebetweenthezirconcrystallization thermometersofWatsonand
Harrison(1983)andWatsonet al. (2006).

Therefore, to calculate the temperatures of the zircon crystallization
we use the Watson et al. (2006) calibration, given as:

log TiZrnð Þ ¼ 6:01� 0:03ð Þ− 5080�30ð Þ
.

Tcxs Kð Þ
ð1Þ

where TiZrn is the titanium concentration (ppm) in zircon, and
Tcxs(K) the zircon crystallization temperature (uncertainties are quoted
at the 2σ level). Most of these temperatures are clustered in the range of
700–850 °C for GDZ, 720–780 °C for the GZ and QMDZ and 750–850 °C
for the MGZ zircons (Fig. 7). Zircons from the GDZ sample, which
display the widest temperature range of zircon crystallization, exhibit
temperatures N800 °C in cores of complexly zoned crystals.

4.5. Composition of the zircon crystallizing melts: a numerical approach

This approach attempts to reproduce the composition of the residual
liquid at the zircon crystallization temperatures, using equilibrium crys-
tallization from MELTS software (Asimow and Ghiorso, 1998; Ghiorso
and Sack, 1995). This simulation considers the most primitive sample
of each lithological zone as initial melt composition, and conditions of
2 kbar (Parada et al., 2002), QFM + 1 and H2O contents of 0.5, 1.5 and
3.0 wt.% for GDZ, GZ-QMDZ and MGZ, respectively. The Zr (ppm) con-
tent of the residual liquids at the onset of zircon crystallization was
obtained through the Boehnke et al. (2013) equation:

ln DZrð Þ ¼ 10108� 32
Tsat Kð Þ − 1:16� 0:15ð Þ M−1ð Þ− 1:48� 0:09ð Þ ð2Þ



Table 2
Selected zircon REE and HFSE data (ppm).

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Zr HfO2

wt.%
Th U Th/U

GDZ
CR-06-01 0.01 14.85 0.04 0.54 1.48 0.24 9.63 3.59 44.19 18.10 91.65 21.55 215.11 44.50 461,679.86 1.31 129.50 210.20 0.62
CR-06-02 0.00 8.31 0.06 1.25 3.03 0.46 18.59 6.11 74.38 27.27 124.93 26.85 256.33 50.33 458,518.27 1.23 90.95 132.27 0.69
CR-6-03 0.01 10.02 0.06 1.09 2.34 0.23 14.23 5.18 63.83 25.19 121.35 27.34 269.55 56.20 461,112.11 1.25 112.43 196.38 0.57
CR-06-04 0.11 23.31 0.19 3.00 6.62 0.93 35.53 11.26 137.72 52.23 238.76 53.11 504.48 98.62 456,841.39 1.22 358.95 346.78 1.04
CR-06-05 0.02 10.92 0.46 6.70 12.03 1.33 46.98 14.06 161.55 57.62 247.86 50.72 452.10 84.13 468,745.53 1.11 227.55 246.96 0.92
CR-06-06 0.00 13.70 0.06 1.79 3.31 0.40 18.58 6.35 79.16 30.53 144.57 32.77 318.65 64.03 462,669.19 1.27 232.69 327.63 0.71
CR-06-07 0.01 7.55 0.15 2.42 4.82 0.54 23.17 6.99 79.92 29.30 131.94 28.13 265.94 52.41 458,383.22 1.04 98.23 148.26 0.66
CR-06-08 0.00 12.18 0.06 1.05 2.74 0.24 15.52 5.29 65.82 25.81 122.25 27.35 264.86 53.74 464,472.36 1.30 167.68 260.84 0.64
CR-06-09 0.00 12.71 0.02 0.69 2.42 0.21 13.27 4.84 64.47 26.02 128.33 29.89 300.27 60.59 458,196.08 1.40 160.23 302.95 0.53
CR-06-10 0.03 11.21 0.03 1.12 1.92 0.15 11.16 3.86 50.24 19.92 95.24 21.95 219.07 43.99 461,239.16 1.34 133.41 233.47 0.57

GZ
CR-09-01 0.01 10.57 0.07 1.35 3.10 0.35 19.16 7.25 92.89 37.76 174.93 38.39 372.19 72.35 8560.89 1.20 164.87 255.98 0.64
CR-09-02 0.00 7.36 0.10 1.74 3.77 0.56 23.16 8.25 101.06 40.59 189.97 41.55 399.27 77.12 7349.24 1.12 109.27 181.54 0.60
CR-09-03 0.00 8.49 0.05 0.82 2.79 0.36 16.78 6.20 78.08 31.37 146.45 32.45 311.82 60.80 6822.45 1.19 110.50 178.46 0.62
CR-09-04 0.03 7.87 0.05 0.47 1.90 0.26 11.57 4.41 58.94 24.16 113.90 25.73 249.20 48.12 6861.88 1.28 83.76 154.15 0.54
CR-09-05 0.01 11.49 0.03 0.87 2.59 0.26 20.97 7.92 102.26 41.59 194.00 42.67 401.54 77.26 9508.87 1.44 149.16 246.21 0.61
CR-09-06 0.00 9.26 0.03 0.70 1.91 0.29 14.32 5.30 67.58 27.85 131.77 28.96 277.21 54.31 7114.37 1.29 99.49 179.66 0.55
CR-09-07 0.02 9.32 0.03 0.81 2.29 0.29 15.43 5.52 72.58 29.20 136.35 30.63 296.20 57.62 7457.10 1.27 107.76 193.19 0.56
CR-09-08 0.00 9.03 0.03 0.58 2.01 0.20 14.50 4.94 67.99 28.18 129.32 28.83 273.90 55.52 3866.00 1.25 101.44 178.50 0.57
CR-09-09 0.00 9.53 0.03 1.02 2.26 0.29 14.75 5.60 73.51 29.92 140.61 31.10 302.44 59.34 7628.96 1.29 147.27 240.17 0.61
CR-09-10 0.38 10.70 0.22 1.75 2.70 0.37 15.86 5.98 76.31 30.82 145.45 32.04 308.34 60.17 7391.04 1.27 119.60 201.77 0.59

QMDZ
CR-13-01 0.10 23.11 0.61 9.25 17.91 2.65 133.14 45.59 556.38 213.41 915.94 179.14 1553.61 294.68 453,788.30 1.07 1037.14 778.29 1.33
CR-13-02 0.02 21.79 0.10 2.12 5.40 0.52 34.21 12.65 157.66 63.52 289.89 61.35 559.86 106.78 461,192.79 1.35 650.64 628.33 1.04
CR-13-03 0.01 20.15 0.20 3.50 8.30 1.12 54.38 19.07 232.85 89.73 399.79 81.35 726.84 137.90 464,593.44 1.14 544.02 483.79 1.12
CR-13-04 0.00 11.51 0.16 3.05 7.78 1.06 45.18 15.47 185.61 71.40 309.72 62.82 558.30 106.63 442,520.84 1.23 243.25 290.16 0.84
CR-13-05 0.00 8.14 0.04 0.84 2.82 0.34 17.45 6.23 82.89 33.16 157.96 34.71 339.59 69.39 458,331.97 1.48 99.05 419.40 0.24
CR-13-06 0.03 21.44 0.30 4.92 11.07 1.27 63.08 22.32 277.83 110.08 490.40 99.57 884.08 167.46 461,804.23 1.23 632.80 599.00 1.06
CR-13-07 0.03 17.94 0.17 3.32 7.73 0.83 44.40 15.97 199.08 78.97 355.24 73.82 667.43 127.18 463,825.74 1.33 495.87 532.77 0.93
CR-13-08 0.02 11.37 0.12 3.15 7.83 0.95 44.45 15.09 180.80 68.25 298.48 60.87 542.96 102.54 464,729.71 1.27 223.79 264.92 0.84
CR-13-09 0.04 24.32 0.44 8.41 17.30 1.76 101.46 34.49 414.51 159.24 688.00 136.70 1202.03 221.33 458,810.59 1.21 766.96 701.38 1.09
CR-13-10 0.00 16.54 0.20 3.63 8.15 0.93 48.62 16.92 208.00 80.36 358.05 73.08 653.67 123.66 462,217.94 1.26 400.88 433.13 0.93

MGZ
CR-15-01 0.00 5.72 0.03 0.63 1.46 0.24 9.98 3.61 48.23 19.41 92.36 20.88 206.82 40.33 465,907.44 1.21 40.18 76.76 0.52
CR-15-02 0.00 8.68 0.33 5.63 9.88 1.06 47.60 15.05 174.45 63.70 272.86 55.17 486.40 88.04 466,275.96 1.08 149.48 164.36 0.91
CR-15-03 0.04 9.38 0.37 6.31 10.80 1.24 53.96 18.01 212.84 79.95 344.65 68.60 603.07 110.87 462,507.83 1.06 205.73 220.64 0.93
CR-15-04 0.05 16.92 0.38 6.65 12.56 1.20 72.24 24.74 299.42 115.65 498.93 99.75 872.60 160.60 460,868.67 1.17 550.45 529.52 1.04
CR-15-05 0.00 7.21 0.10 2.26 5.92 0.88 32.69 10.62 121.05 45.18 193.19 40.02 366.56 67.75 464,247.65 1.15 92.32 110.47 0.84
CR-15-06 0.00 7.16 0.02 0.70 1.61 0.26 12.64 4.78 62.67 25.23 118.25 26.31 249.75 48.21 463,317.28 1.24 60.63 99.35 0.61
CR-15-07 0.05 7.86 0.41 5.99 9.89 1.15 44.69 13.95 162.76 59.93 257.37 51.13 448.63 82.96 464,361.58 1.07 131.38 166.48 0.79
CR-15-08 0.00 5.29 0.03 0.76 2.21 0.35 14.30 5.13 62.32 23.86 108.96 23.23 218.47 41.65 465,611.03 1.21 45.08 71.67 0.63
CR-15-09 0.03 8.84 0.25 4.51 8.22 0.80 38.82 12.16 138.76 50.44 216.70 43.83 396.14 72.59 464,206.71 1.17 110.08 137.04 0.80
CR-15-10 0.03 11.37 0.19 4.14 9.88 0.82 47.55 15.31 175.65 63.79 273.35 54.55 475.51 85.91 462,634.24 1.23 175.19 218.39 0.80
CR-15-11 0.01 11.54 0.04 0.86 2.69 0.15 17.64 6.64 83.76 32.46 148.73 31.98 302.91 56.61 460,505.21 1.36 128.26 223.89 0.57
CR-15-12 0.04 7.46 0.16 2.94 6.92 1.02 38.54 12.81 152.16 57.00 249.54 51.12 455.44 84.76 462,612.00 1.11 142.69 159.32 0.90
CR-15-13 0.02 7.18 0.03 0.29 1.58 0.16 9.43 3.66 47.55 19.73 93.83 20.48 199.05 38.56 464,123.88 1.30 54.83 104.89 0.52
CR-15-14 0.00 7.33 0.06 2.13 5.22 0.78 28.97 9.45 107.75 39.51 171.21 35.70 321.96 59.82 465,585.11 1.15 94.15 103.91 0.91
CR-15-15 0.00 6.18 0.03 0.28 1.09 0.23 7.66 2.68 36.74 14.96 72.64 16.48 167.30 34.29 457,797.85 1.22 47.09 83.29 0.57
CR-15-16 0.00 7.52 0.02 0.62 1.31 0.22 10.60 4.00 51.52 21.39 99.03 21.74 211.52 40.97 466,195.20 1.32 60.84 118.74 0.51
CR-15-17 0.00 6.81 0.03 0.81 1.99 0.31 14.02 4.83 60.49 23.61 106.98 23.02 217.94 42.20 465,056.90 1.18 56.07 90.86 0.62
CR-15-18 0.00 5.34 0.01 0.54 1.31 0.23 8.31 2.96 38.61 15.87 76.21 17.19 169.84 33.44 466,452.21 1.16 39.75 74.17 0.54
CR-15-19 0.00 13.61 0.04 0.57 2.04 0.09 13.27 5.39 73.89 30.64 152.75 35.03 340.09 67.27 458,920.67 1.69 192.85 420.82 0.46
CR-15-20 0.02 5.75 0.05 0.96 3.08 0.36 14.99 5.11 62.69 23.91 108.18 23.91 227.34 44.08 465,610.54 1.08 55.35 86.45 0.64
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where DZr is the distribution coefficient of Zr between zircon and
melt, Tsat (K) the zircon saturation temperature of the melt, M =
(Na + K + 2Ca)/(Al ∗ Si) is a parameter inversely correlated with
peraluminosity and SiO2 content of themelt. TheM values were obtain-
ed directly from the MELTS simulation, and Zr concentration in the
residual melt is obtained from Eq. (2), assuming that the Tsat corre-
sponds to the maximum temperatures of zircon crystallization (Tcxs)
of the studied samples.

Once the changes inmajor element composition,mineral phases and
crystallinity that undergone the residual melts up to the onset of zircon
formation were obtained, the Zr distribution between melt and major
crystallizing silicates was iteratively calculated from amass distribution
approach. The Zr concentration in the residual melt, at any moment of
the magmatic evolution can be obtained by:

CZr
melt

� �
nþ1

¼
mZr

melt

� �
n−
XN

i¼1
KdZri � CZr

melt

� �
n
� δGið Þn

MASSmeltð Þnþ1
ð3Þ

where (Cmelt
Zr )n + 1 is the Zr concentration in the melt at the n + 1

temperature step, (mmelt
Zr )n is the mass of Zr in the melt at the n step,

∑i = 1
N Kdi

Zr × (Cmelt
Zr )n × (δGi)n gives the total Zr mass incorporated in

the solid phase, and (MASSmelt)n + 1 is the total mass of the residual



Fig. 6. (a) Chondrite-normalized REE composition of zircons of the Caleu pluton. (b) Average enrichment of REE content of the GZ, QMDZ andMGZ zircons normalized to the average REE
content of GDZ zircons. Note that QMDZ zircons have the highest REE contents of the analyzed zircons.

Fig. 7. Frequency histogram of the Ti content of zircons of each sample. Temperatures of
zircon crystallization at the corresponding Ti content are indicated as vertical dashed line.
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melt (see Appendix A for details). A summary of the results obtained at
the onset of zircon crystallization is given in Table 3.

The GDZ, GZ and QMDZ zircons would have been derived from a
melt compositionally similar to theMGZ (Fig. 8). The onset of these zir-
con crystallization takes place after a high crystallinity is reached (Fig. 8)
even if high initial H2O content of themagma is considered. In fact, sim-
ulations provided here indicate that the initial H2O content does not
substantially affect themagma crystallinity at the temperature of zircon
crystallization (see Supplementary material 4). For example, a crystal-
linity of N60% is obtained for the GDZ sample with initial H2O content
as high as 3 wt.% (Fig. 9). MGZ zircons would have crystallized from a
more Zr-depleted magma with up 30% crystallinity (Fig. 8), probably
as a consequence of crystallization of Zr-bearing silicates (amphibole
and/or titanite; Bea et al., 2006).
4.6. Origin of the studied zircons: a discussion

The presence of zircons with zoned and partially resorbed cores
could indicate an antecrystic origin by for example, multiple stages of
crystallization and/or entrainment of zircons formed in deeper levels
Table 3
Zircon crystallization conditions of each sample.

GDZ GZ QMDZ MGZ

Crystallization temperature (°C) 803 °C 811 °C 782 °C 826 °C
Crystallinity 89% 66% 71% 32%
SiO2 (wt.%) 69% 71% 70% 75%
Zr (ppm) 332 356 271 270
M value 1.55 1.55 1.54 1.2
Initial H2O (wt.%) 0.5 1.5 1.5 2
of the magmatic system (e.g. Schoene et al., 2012). Considering that
an efficient transportation of zircons could have been impeded to
some extent by the high crystallinity of the hosting magmas (see
Fig. 8 and Supplementary material 4), some of the zircons could form
in situ, particularly those exhibiting homogeneous and well-developed
prismatic forms (e.g. MGZ zircons). Whichever the place where zircons
formed they result from crystallization residual melts of similar compo-
sition (Fig. 6). The Hf–Ti trend of zircons is used here as amonitor of dif-
ferentiation, because Hf concentrates in the residual melt (Claiborne
et al., 2010b) and Ti is a temperature proxy (Watson et al., 2006). The
similar and overlapped Hf–Ti compositional trends (Fig. 10a), observed
in zircons of samples of the different zones, indicate that theywere prob-
ably formed from liquid batches (MGZ-type residual melts) at different
evolving stages of the pluton (e.g. Wotzlaw et al., 2013). Consequently,
the absence of relationships between zircon composition and age
(Fig. 10b) is also indicative of zircon crystallization from non-
homogenized batches.

The favorable thermal scenarios that account for the studied zircon
crystallization are discussed below.
Fig. 8. Calculated composition of the zircon crystallizing melts obtained from the equilib-
rium crystallization for each lithological unit (see text and Appendix A). Ellipses enclose
the whole-rock composition of GZ, QMDZ and MGZ defined at 2σ from the average
value of SiO2 and Zr contents of the respective zone. Numbers above tick marks on the
calculated residual liquid line represent the fraction of the remaining melt.
Data from Parada et al. (2002) and this study.



Fig. 9.Variation of crystallinitywith temperature upon cooling of an initialmelt (equivalent to the composition ofmost primitive sample of GDZ)with different initial H2O contents. Curves
were obtained by MELTS and the band of crystallinity for the optimal extraction melt is defined according to the proposal of Dufek and Bachmann (2010). Vertical dashed line represents
the maximum zircon crystallization temperature recorded for GDZ zircons.
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5. Time-dependent thermal modeling for the protracted late stage
zircon crystallization

Considering that the capacity of preserving residualmelts strongly de-
pends on the mechanism of reservoir construction (e.g., Annen, 2011;
Costa, 2008; Gelman et al., 2013b; Glazner et al., 2004; Gutiérrez et al.,
2013; Tappa et al., 2011), the large range of zircon crystallization tem-
peratures and ages recorded in each sample (Fig. 11) impose the ques-
tion about the processes that allow preserving zircon crystallizing melt
temperatures for long time intervals. We develop finite element-based
Fig. 10. (a) Ti–Hf plot of zircons of the selected samples showing similar and overlapped
trends. Arrows roughly indicate the predicted direction of zircon composition upon differ-
entiation. (b) Scattered Hf-age plot of the studied zircons. The degree of differentiation of
the zircon-crystallizing melt appears to be uncoupled with age (see text).
simulations using COMSOL Multiphysics® to assess two thermal sce-
narios derived from: i) a reservoir formed by pulses assembled incre-
mentally and ii) an upward heat transportation of residual melts by
successive diking through a crystalline mush. The two scenarios were
tested by considering the largest interval of temperature of crystalliza-
tion and the smallest time range of spot U–Pb ages of zircons at sample
scale (GDZ sample: 185 °C, 1.3 Myr; GZ sample: 180 °C, 2.6 Myr and
QMDZ sample: 100 °C, 1.6 Myr.; see inset in Fig. 11). The MGZ sample
was excluded because its zircon ages are fully overlapped.

5.1. Basis and initial conditions

The simulations provided here take into account the main factors
controlling the thermal evolution of a magma system such as the initial
temperature of the magma, latent heat of the crystallizing phases,
within-reservoir convection, depth of emplacement, thermal gradient
before intrusion and nature of the country rocks (Annen et al., 2006;
Annen, 2011; Gelman et al., 2013b; see Supplementary material 5). A
Fig. 11. Temperature of zircon crystallization versus the respective zircon spot age (most
data as faded colors). Error bars represent the 2σ confidence intervals. Discontinuous
lines represent the minimum U–Pb spot age interval (numbers above each line) between
the oldest age and the youngest zircon age (enlightened colors) for each sample, within
errors. Inset shows the maximum zircon crystallization temperature interval in each
sample versus the minimum age interval.



Fig. 12. Thermal model for melt transport by diking: (a) temperatures obtained versus
dike intensity, considering a dike width of 0.5 m. (b) Temperature versus transport veloc-
ity, considering a dike intensity of 10%. Discontinuous black line indicates the 700 °C
isotherm, representing the solidus temperature. Note that reheating above the solidus
temperature is strongly favored by high transport velocities regardless of the dike width
and intensity.
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simple conductive thermalmodel approach is considered because of the
lack of constrains of magma flux inputs in the Caleu pluton and a de-
tailed geometry of the reservoir. The modeled Caleu pluton reservoir
has a cylindrical shape where each lithological zone was represented
as a geochemically distinct body (see Supplementary material 5). The
simulations are constrained by the time and temperature intervals pro-
vided by zircons and consider the sample location with respect to the
margins of the modeled pluton (ca. 1000 m, 830 m, 0 m and 730 m
below the roof; for the GDZ, GZ, QMDZ andMGZ samples, respectively),
because cooling at theproximity of the reservoir borders is faster than at
the interior.

A reservoir thickness of approximately 7 kmwas estimated from the
pressure conditions of late hornblende (~2 kbar) and early magmatic
epidote (~4 kbar) crystallization (Parada et al., 2002). Heat transfer in
a flowing magma that includes latent heat of the crystallizing phases
is obtained from Gutiérrez and Parada (2010):

ρCp
∂T
∂t þ ρCp u

* �∇T ¼ ∇ k∇Tð Þ þ ρL
∂X
∂T

∂T
∂t ð4Þ

where ρ is the density, Cp is the heat capacity, T is the temperature, t is
the time, u is the magma velocity, L is the latent heat, k is the heat con-
ductivity andX is the exsolved phase fraction. Density, heat capacity and
the phase fraction were calibrated with temperature by using MELTS
software (Ghiorso and Sack, 1995). Initial compositions equivalent
to the whole-rock geochemistry of the sample with the lowest silica
content of each lithological zone (Supplementary material 5) were se-
lected. An initial reservoir temperature of 1174 °C, which corresponds
to the liquidus temperature of the GDZ given by MELTS, was assumed.
Oxygen fugacity conditions of the QFM+ 1 buffer were considered.

Temperature-dependent heat conductivity is considered following
the thermal diffusivity ofWhittington et al. (2009).We use a high latent
heat of the cooling magma consistent with the observed high modal
abundance (10 vol.%) of magnetite, which has a latent heat as high as
650 kJ/kg (see Supplementarymaterial 5 for details). Themagma veloc-
ity u! is obtained by using the incompressible Navier–Stokes formula-
tion:

ρm
∂ u!
∂t þ u!�∇

� �
u!

 !
¼ ∇ � μ ∇ u!þ∇ u!0� �� �

−∇p−ρm g! ð5Þ

∇ u!¼ 0 ð6Þ

where ρm is themagmadensity, g!is the gravity acceleration vector, u!is
the liquid velocity, p is the pressure, and μ is the dynamic viscosity
(density and viscosity were calibrated by MELTS software).

5.2. Conductive thermal model for magma pulses assembled incrementally

Because the cooling rate of themagmabody strongly depends on the
thermal conditions of the host rocks before or during pluton construc-
tion, the previously estimated geothermal gradient of 45 °C/km prior
to the Caleu pluton emplacement (Aguirre et al., 1989) can be substan-
tially increased if incremental emplacement of magma batches takes
place, resulting in exceptionally high temperatures of the surrounding
country rocks (e.g. Annen et al., 2006; Gelman et al., 2013b). For that
reason we performed thermal simulations that consider the reservoir
construction by successive sill emplacement (considering sills of
200 m thick emplaced by the downdropping/sill insertion procedure;
Gelman et al., 2013b) at different injection rates. A 2D axisymmetric cy-
lindrical geometry of a 10 km thick reservoir with a 10 km radius and a
roof depth of 5 km (i.e., similar to the estimated volume of the Caleu
pluton) is considered. Because as the emplacement rate increases the
time of emplacement decreases and the cooling interval increases,
we perform two simulations using low and high emplacement rates of
3.18 × 10−3 km3/yr and 1.57 × 10−2 km3/yr, equivalent to a sill accretion
velocity (e.g. Annen, 2009) of 1.01×10−2m/yr and 4.99×10−2m/yr, re-
spectively. A low emplacement rate of 3.18 × 10−3 km3/yr was selected
because it represents the minimum conditions that allow preserving a
very small amount of melt at the time of the next injection (see Supple-
mentary material 5 for details).

5.2.1. Results
The high and lowmagma injection rates considered herewould lead

to a completion of theCaleu reservoir between0.2 and1.0Myr. The sim-
ulations indicate that the maximum time interval achieved to preserve
the melt above the solidus at the sample sites was ~0.9 and 0.1 Ma,
for the high and lowmagma emplacement rates, respectively. Consider-
ing the lowest emplacement rate (3.18 × 10−3 km3/yr), the minimum
thermal condition to preserve melts for the observed 2.6 Myr (just
above 0% melt fraction) is numerically reproduced only if an extremely
thickmagma reservoir is considered (N25 km thick; see Supplementary
material 5).

5.3. Thermal model of upward heat redistribution by diking in a mush
system

Despite magma pulses assembled incrementally gave maximum in-
tervals for preserving residual melts shorter than the interval of zircon
crystallization in geologically reasonable conditions, it cannot be ruled
out if it acts together with upward heat transfer by diking. Dufek
and Bachmann (2010) numerically demonstrated that residual silicic
melts have a high probability to be extracted from a mush of crystal-
linity between ~50 and 70 vol.%. Thus, if zircons of the GDZ, GZ and
QMDZ crystallized from magmas with a crystallinity higher than
60 vol.%, even considering high water content (Fig. 9; Supplementary
material 4), efficient melt extraction operates. The exception would be
the MGZ zircons that would have crystallized from convective melts.



Fig. 13. Conceptual model of the development of the late-magmatic stage of the Caleu
pluton. Inset shows the micro-scale mineral development and reheating influence due
to transported liquids through veins and dikes. Note that in this conceptual cartoon,
dikes and veins transport and redistribute liquids and heat; some dikes could coalesce
at the MGZ while others could form part of the volcano-clastic counterpart (Las Chilcas
Formation) of the Caleu pluton. Dike width and zircon size are not for scale.
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A simple scenario of continuous upward heat and residual melt redistri-
bution by diking through 2 km thick crystalline mush up to the upper
levels of the pluton is thermallymodeled. Thementioned upper two kilo-
meters of the system corresponds to the sectionwhere a short time inter-
val of residual melt preservation is expected and the samples collected. A
longer melt transport from deeper levels of themushwould not substan-
tially affect the simulated heat redistribution (see Supplementarymateri-
al 5) because the heat of the magma system dissipates roofward. The
scenario of residual melt transportation is strongly supported by the
abundance of felsic dikes and thin veins hosted in the pluton (Fig. 3)
and could explain why the QMDZ (the uppermost lithological zone) ex-
hibits a large dispersion of thewhole-rock composition (Fig. 2) and anom-
alously high incompatible trace element content of zircons (Fig. 6b) with
respect to the underlying, more felsic GZ unit.

The influence of the following parameters was evaluated: (i) dike
width, (ii) transport velocity and (iii) dike intensity (in the sense of
Walker, 1986) expressed in vol.% of dikes and assuming a regularly-
spaced distribution. The changing properties of the transported magma
(temperature, density and viscosity) were derived from the differentia-
tion of the most primitive GDZ sample using MELTS software. The simu-
lations consider a temperature of 850 °C for the initialmush, and an initial
geothermal gradient of 45 °C/km and were performed with dike widths
between 20 cm and 1 m, melt transport velocities between 1 m/yr and
1000 m/yr and dike intensities between 2% and 10%. The dike intensity
and width of the dikes were inferred from field observations (Fig. 3). Be-
cause the dike intensity and thickness are only locally recorded in the
field and there is no data of the velocity of dike melt transport, our simu-
lations allowed estimating themelt velocity (see Eqs. (5) and (6)) and its
effect on heat redistribution at the upper levels of the Caleumush system.
The results provide the minimum reheating conditions because they do
not account for the melt distribution (extraction/injection) between
dike and the hosting mush.
5.3.1. Results and discussion
The simulations indicate that higher dike intensities substantially

contribute to reheat the mush zone between dikes. For example at
1 km below the top of the pluton, a dike system of 50 cm thick with
dike intensities of 2%, 5% and 10%, aminimummagma transport velocity
of approximately 700, 300 and 100 m/yr is required, respectively, to
maintain themush temperature higher than 700 °C (Fig. 12a). The ther-
mal effect of the melt transport velocity is also relevant: thin dikes re-
quire higher melt transport velocities than thick dikes. For example,
for a dike intensity of 10% at 1 km below the roof, a dike system of 20,
50 and 100 cm thick is able to maintain the mush temperature above
700 °C if the transport melt velocities are higher than 300, 100 and
20 m/yr, respectively (Fig. 12b). On the other hand, the amount of
melt transferred by diking with respect to the volume of the Caleu plu-
ton strongly depends on melt transport velocity. For example, for dike
intensities of 2%, 5% and 10%, and a velocity of 100 m/yr, the amount
of redistributed melt during 1 Myr of continuous transport is high, ex-
ceeding the volume of the pluton (see Supplementary material 5).
Based on the fact that the MGZ sample zircons have fully overlapped
spot ages and the assumption that they would have crystallized from
a low-crystallinity melt (Fig. 8; Table 3, Supplementary material 4), an
origin of theMGZ as a result of the accumulation of transported residual
melts is speculated. Because the volume of the MGZ exposures is about
1/8 of the total volume of the pluton and is substantially smaller than
the calculated volume of melts under continuous transport, a scenario
of melt transportation by diking of successive batches is suggested. Fi-
nally, we advocate that the transportedmelts could come from a rejuve-
natedmush during the incremental pluton growth (as discussed above)
providing melt input from below and explaining small scale heteroge-
neities (e.g. Burgisser and Bergantz, 2011). Consistent with this are
the variable temperatures and ages of zircon crystallization recorded
at sample scale (Figs. 7 and 11).
6. Conclusions

Geochronology and geochemistry data of zircons from four samples
of the Caleu pluton indicate a large and similar age and temperature in-
terval of zircon crystallization from silicic residual melts, irrespective of
the whole-rock composition. A numerical approach indicates that the
calculated SiO2 and Zr (ppm) contents of the zircon crystallizing melts
of the GDZ, GZ and QMDZ resemble those of the whole-rock composi-
tion of the MGZ. Conductive thermal modeling indicates that the
protracted zircon crystallization of up to 2.6 Myr cannot be solely ex-
plained bymagma pulses assembled incrementally. Upward heat redis-
tribution bymelts extracted and transported by dikes through amush is
an efficient mechanism to preserve the magma system above solidus
temperature for a long time (Fig. 13). This scenario is supported by
the abundance of felsic dikes hosted in the pluton and is consistent
with the anomalously high incompatible trace element content of zir-
cons of the uppermost sample, and with the large variability of whole-
rock composition exhibited by the QMDZ in the upper part of the plu-
ton. The model of melts transported by diking presented here needs
geological explanations to account for the fate of the displaced melts.
The MGZ could be a testimony of accumulation of dike-transported
silicic melts, and the volcanoclastic breccias (felsic and intermediate
composition) of Las Chilcas Formation, deposited coevally with the
Caleupluton emplacement,would represent the removal of the volcanic
counterpart of the Caleu pluton. In fact, Las Chilcas Formation is thought
to represent a syntectonic molasse derived from the rapid exhumation
of the Caleu pluton that started nearly coeval with its emplacement
(Parada et al., 2005a). It is interesting to note that a large U–Pb zircon
spot age dispersion at the sample scale does not necessary derive from
analytical uncertainties, but may indicate a geological process of
prolonged events of zircon crystallization as it is recognized in the
Caleu pluton.
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Appendix A

To obtain the zirconium content in the residual melt that lead to
zircon crystallization, a numerical iterative approach is presented. The
mass distribution between major silicates and the residual melt in the
whole range of modeled temperatures were obtained as follows:

The zirconium concentration Ci
Zr in any i crystalline phase is:

CZr
i ¼ mZr

i

MASSi
ðA1Þ

beingmi
Zr the mass of zirconium contained, andMASSi the total mass of

the phase i.
The total zirconium mass on the solid phase is:

MASSZrsolid ¼
XN

i¼1
mZr

i ðA2Þ

and the partition coefficient Kd between the melt and a phase i:

KdZri ¼ CZr
i

CZr
melt

: ðA3Þ

From Eq. (A3) and replacing Ci
Zr as shown in Eq. (A1), we obtain the

total zirconium mass in i:

cð Þ→KdZri � CZr
melt ¼ CZr

i →
að Þ
KdZri � CZr

melt �MASSi ¼ mZr
i : ðA4Þ

The total zirconiummass on the solid phase is expressed as function
of the partition coefficients KdiZr, the concentration of zirconium in the
melt Cmelt

Zr , and the total mass of each crystallizing mineral MASSi, as:

MASSZrsolid ¼
XN

i¼1
KdZri � CZr

melt �MASSi: ðA5Þ

The mass matrix G(n × N) is obtained through MELTS software, being
n the number of modeled temperature steps and N the quantity of solid
phases in equilibriumwith themelt. Similarly δG((n− 1) × N) corresponds
to the amount of mass entrained in each mineral phase as temperature
decrease.

G n �Nð Þ ¼
MASS11 ⋯ MASS1N

⋮ ⋱ ⋮
MASSn1 ⋯ MASSnN

2
4

3
5→

δG n−1ð Þ�Nð Þ ¼
δMASS11 ⋯ δMASS1N

⋮ ⋱ ⋮
δMASSn−1

1 ⋯ δMASSn−1
N

2
4

3
5

ðA6Þ

Using Eqs. (A5) and (A6), the total zirconium mass entrained in the
solid phase, in each step n:

δ MASSZrsolid
� �

n
¼
XN

i¼1
KdZri � CZr

melt

� �
n
� δGið Þn: ðA7Þ

Therefore, changes in the zirconium concentration in the residual
melt (Eq. (A3)), as the zirconium mass in the melt (mmelt

Zr )n minus the
total mass of zirconium entrained in solids − δ(Msolid

Zr )n, divided by the
total mass of melt after crystallization (MASSmelt)n + 1:

CZr
melt

� �
nþ1

¼
mZr

melt

� �
n−δ MZr

solid

� �
n

MASSmeltð Þnþ1
→
gð Þ mZr

melt

� �
n−
XN

i¼1
KdZri � CZr

melt

� �
n
� δGið Þn

MASSmeltð Þnþ1
:

ðA8Þ

Finally, once the starting zirconium concentration in the melt is cal-
culated through Boehnke's et al. (2013) zircon solubility model (Eq. (2)
in the main text), iterating Eqs. (A7) and (A8) (using the MATLAB
R2010a software) derives in obtaining the whole range of zirconium

concentration CZr
melt

���!
1� nð Þ in every n temperature step.

Appendix B. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2015.04.008.
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