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Abstract

During the Late Cretaceous Andean orogeny, the compressive deformation associated with the
shallowing of the subducting slab caused the development of the arc-related igneous rocks
known as the Naunauco Belt. This study presents petrographic, mineralogical and anisotropy
of magnetic susceptibility data for the Varvarco Intrusives (the Varvarco Tonalite, Butalon
Tonalite and Radales Aplite), which crop out in the Cordillera del Viento, Neuquén
Province, Argentina. The assembly of plutons was formed by mafic magma episodic injection.
Amphibole and biotite compositions suggest that the Varvarco Tonalite is related to calc-
alkaline, I-type magmas, typical of subduction environments. Different geothermobarometers
based on amphibole and plagioclase compositions for the Varvarco Tonalite suggest shallow
emplacement conditions (~2-3 kbar, equivalent to ~12 km depth). Apatite fission-track analy-
ses give exhumation ages of 67.5 = 8 Ma for the Varvarco Tonalite and 50.3 £ 5.9 Ma for the
Butal6n Tonalite. A calculated continuous fast exhumation rate of at least 330 °C Ma™! is con-
sistent with the shallow emplacement conditions, textural data and geobarometric estimations.
In agreement with the thermal profile, the magmatic system was exhumed by ~12 km within
c. 2.1 Ma implying a geothermal gradient of ~62.5°Ckm™.. The last step of exhumation
occurred between ~65.3 and 56.9 Ma. The magmatic fabrics observed in the studied plutons
reflect mostly magma chamber processes. The Varvarco Intrusives represent satellite calc-alka-
line plutons of the North Patagonian Batholith which were emplaced syn- to post-tectonically
with respect to a major deformation stage of the Southern Central Andes.

1. Introduction

Cordilleran batholiths are large magmatic bodies that result from the accumulation of many
smaller plutons, spatially and chemically associated, which may or may not be temporally related.
Most of these batholiths are composed of granodiorite and tonalite, such as the Sierra Nevada
Batholith (Bateman & Eaton, 1967) and the North Patagonian Batholith (Ramos et al. 1982).
The Patagonian Batholith represents a large granite intrusive complex that extends from 39°
to 56°S, and is mainly composed of tonalites (Ramos et al. 1982). The main peak of intrusion
relates to the development of the North Patagonian Batholith formed in Early Cretaceous time,
between 136 and 127 Ma (Pankhurst et al. 1999; Hervé et al. 2007), slightly before the onset of Late
Cretaceous compression coeval with the Neuquén foreland basin development (Ramos, 1999). In
addition, in Late Cretaceous—Palaeogene times, the magmatic arc was expanded into the retro-arc
region, including the present-day Cordillera del Viento range, by the intrusion of satellite igneous
bodies at 130-150 km east of the present arc trend (Hervé et al. 2007; Fig. 1).

Here, we study the internal structure of some of these satellite igneous bodies, the Varvarco
Intrusives (Varvarco Tonalite, Radales Aplite and Butalén Tonalite) that are exposed in the
Varvarco-Butalon region in the Cordillera del Viento (Neuquén Andes; Figs 1, 2a). We applied
the anisotropy of magnetic susceptibility (AMS) method, combined with petrographic and min-
eral chemistry data to define magmatic structures and, thus, to infer magma emplacement
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Fig. 1. (Colour online) Regional geological map of the Southern Central Andes. Ages for intrusive and volcanic rocks are listed in online Supplementary Material Table S1. Black
rectangle indicates study area (Fig. 2a, b). The Naunauco Belt is marked with a grey dotted line; it comprises both plutonic rocks of Late Cretaceous-Palaeogene age and volcanic
rocks of Paleocene-Eocene age. Numbers indicate ages obtained by different methods, as shown in legend.

mechanisms. The AMS method has been proven to be a very useful
tool to study the internal structure of weakly foliated bodies (e.g.
Archanjo et al. 1995, 2002; de Saint Blanquat & Tikoff, 1997;
Ferré & Améglio, 2000; McNulty et al. 2000; Neves et al. 2003;
74k et al. 2005; D’Eramo et al. 2006; Stevenson, 2009; Somoza
et al. 2015; Nédélec & Bouchez, 2015; Olivier et al. 2016;
Zaffarana et al. 2017). In particular, the AMS method is relevant
for the resolution of magmatic lineations, which are generally hard
to measure in the field. The interpretation of the internal structure of
plutons and their relationship with the country rock may be classi-
fied into three main types: reflecting the internal magma chamber,
regional deformation processes (Paterson et al. 1998), or a combi-
nation of both.

The timing of intrusion with respect to the exhumation of the
Varvarco Tonalite and the Butalon Tonalite was also investigated
by obtaining apatite fission-track ages for these intrusives. Crustal
thickness estimates at the time of magma generation were aided by
geochemical data (mineral chemistry for amphibole, plagioclase
and biotite), with the aim of developing a model for emplacement
and exhumation of the Varvarco Tonalite. Mineral compositions
were used to constrain the magma chamber temperature and depth
through geothermobarometric analysis (Hammarstrom & Zen,
1986; Hollister et al. 1987; Johnson & Rutherford, 1989;
Schmidt, 1992; Holland & Blundy, 1994; Anderson & Smith,
1995; Ridolfi et al. 2010; Ridolfi & Renzulli, 2012; Putirka, 2016;
Molina et al. 2015, 2021). The combination of these methods
allows us to unravel the history of the Varvarco satellite intrusives,

from their emplacement to fast exhumation during the Late
Cretaceous—Palacogene period of the Andean orogeny.

2. Geological and structural framework

The three plutons investigated in this work, the Varvarco Tonalite,
the Butalén Tonalite and the Radales Aplite, are located in the
Varvarco and Butal6n areas (Fig. 2a) and were originally named
by Pesce (1981) as the Varvarco Intrusives. They were later attrib-
uted to the Colipilli Formation (Franchini et al. 2003; Kay et al.
2006; Casé et al. 2008), the intrusive part of the volcanic and plu-
tonic Late Cretaceous Naunauco Belt (Llambias & Malvicini, 1978;
Zamora Valcarce et al. 2011).

Pesce (1981) had originally described the Varvarco pluton as a
granodiorite body, but the average modal composition that we
found in all our sites is more compatible with a tonalitic intrusive.
Therefore, we renamed this pluton the Varvarco Tonalite. In the
same way, the Radales Granite (Zanettini et al. 2001) is renamed
here the Radales Aplite because its general texture is aplitic, typical
of subvolcanic igneous bodies.

The Varvarco Tonalite has a K-Ar cooling age (whole-rock) of
64.7 £ 3.2 Ma (J.I.C.A./M.M.A.]., 2000 in Franchini et al. 2003) and
an Ar-*Ar cooling age for biotite of 69.09 + 0.13 Ma (Kay et al.
2006). A U-Pb SHRIMP zircon age of 67.8 £ 0.8 Ma was thor-
oughly documented by Assis (2019); thus, the crystallization age
of the Varvarco Tonalite coincides with the K-Ar cooling age.
The geochemistry of the Butalon Tonalite was studied by Casé
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Fig. 2. (Colour online) (a) Local and (b) regional maps of the study area. The maps are based on Zanettini et al. (2001), Ramos et al. (2011), Giacosa et al. (2014) and Sagripanti
et al. (2014). Black rectangle indicates the area in Figure 3, and red rectangle indicates the area of Figure 12.

et al. (2008), who indicated that these igneous rocks are meta- to
peraluminous calc-alkaline with low to medium K,O contents,
coincidental with I-type granitoids like other granitoids in the area
(e.g. Cerro Nevazdn; Franchini et al. 2003). The Radales Aplite is a
granophyric granite intruding the Varvarco Tonalite (Zanettini
et al. 2001). The Au-Ag veins that intrude the Radales Aplite
and Permian and Jurassic rocks were dated by the *°Ar->°Ar step-
wise method in adularia and yielded an age of 65.68 +0.22 Ma
(Zappettini et al. 2014). These **Ar-*Ar data indicate that the
break between the emplacement of the Varvarco Tonalite and
the intrusion of the Radales Aplite was short.

The Varvarco Intrusives crop out in the Cordillera del Viento
range in the Neuquén Andes of southwestern Argentina, whichisa
structurally complex area, with convergence of structures devel-
oped during different periods of time. The currently observed
structural features in this region were mainly formed between
Late Cretaceous and Miocene times (Giacosa et al. 2014;
Turienzo et al. 2018; Sanchez et al. 2018), when the main compres-
sive structures were developed (Fig. 2a, b).

The Cordillera del Viento Fault is one of the main compres-
sional structures formed by the inversion of N-S normal faults that
controlled the Late Triassic to Early Jurassic rift sedimentation in
the westernmost part of the Neuquén Basin (Vergani et al. 1995).
During the Andean orogeny, in pre-Eocene times, the inversion of

the extensional system occurred, and the Cordillera del Viento
Fault became a reverse fault that uplifted Palaeozoic rocks to form
the Cordillera del Viento Anticline (Giacosa et al. 2014).

The core of the Cordillera del Viento Anticline (Giacosa et al.
2014) exposes a basement of middle Palaeozoic metamorphic
rocks (Fig. 2a), grouped together in the Guaracé Norte
Formation (Zappettini et al. 1987; Zanettini et al. 2001). These
rocks include quartz-rich metasandstones and laminated quartzite
layers, with slates towards the top of the sequence which are all cut
by numerous quartz and granitic veins (Giacosa et al. 2014). The
sedimentary protolith is characterized by rhythmic alternation of
sandstone and pelite layers showing current ripples (Giacosa et al.
2014). The age of the Guaracé Norte Formation is Late Devonian,
considering a maximum depositional age, based on the youngest
peak of 369 +5 Ma (younger than 374 Ma and older than 326
Ma, U-Pb SHRIMP dating of detrital zircon; Zappettini
et al. 2012).

The Carboniferous sedimentary rocks of the Cordillera del
Viento crop out south of the study area, near the Andacollo locality
(Fig. 2b), and they are grouped into the Andacollo Group
(Digregorio, 1972; Digregorio & Uliana, 1980; Llambias et al.
2007). Volcanic and plutonic facies from the Permo-Triassic
Choiyoi Group (Stipanicic, 1966; Digregorio, 1972) crop out in
the Cordillera del Viento. In the Varvarco area, the Choiyoi
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Fig. 3. (Colour online) ASTER images of the study area: (a) RGB: 4 6 1 and (b) RGB: 7 4 14. VT - Varvarco Tonalite; GN - Guaracé Norte Formation.

Group is composed of two sections, where andesites and rhyolites
predominate in the lower and upper sections, respectively
(Digregorio, 1972; Zanettini et al. 2001).

An extensional deformation period, associated with Gondwana
break-up, is registered for the Cordillera del Viento. This exten-
sional phase initiated N-S-trending and NNE-SSW-trending
faults in the northern part of the Cordillera del Viento to E-W-
trending faults in the southern part, where interbedded shale strata
and ignimbrites with wedge geometry are separated by normal
faults (Giacosa et al. 2014). Magnetic and gravimetric data, com-
bined with field observations, suggest that Late Triassic rifting in
the Cordillera del Viento area would have taken place in a regional
WNW-ESE to NW trend, with minor local NE-trending structures
(Sagripanti et al. 2014). Magnetic data revealed that basement
rocks are segmented by nearly orthogonal structures (Sagripanti
et al. 2014).

Between the Late Triassic and Cenozoic periods, the Neuquén
Basin (Fig. 1) developed between 32° and 40° S (e.g. Howell et al.
2005). During Jurassic and Early Cretaceous times, the Palaeo-
Pacific Ocean transgressions produced marine strata that alter-
nated with the deposition of continental sequences in the back-
arc setting of this basin, which was affected by thermal subsidence

(Legarreta & Uliana, 1991; Vergani et al. 1995; Howell et al. 2005;
Arregui et al. 2011).

On the eastern flank of the Cordillera del Viento, the Lower to
Upper Jurassic syn-rift deposits of the early phase of the Neuquén
Basin crop out, characterized by variable thicknesses and normal
fault associations (Sagripanti et al. 2014). The Pre-Cuyo Group
(Hettangian-Sinemurian) is represented by the Cordillera del
Viento and Milla Michicé formations (Gulisano et al. 1984;
Riccardi & Stipanicic, 2002). The Jurassic Cuyo and Lotena groups
crop out in the northeastern corner of the studied area (Suarez & de
la Cruz, 1997; Leanza et al. 2005; Llambias et al. 2007; Fig. 2).

We discovered that an igneous body, previously assigned to the
Radales Aplite, has an Early Jurassic age (185 + 3 Ma). This aplite is
here referred to by the informal designation Jurassic Host Granites
(Figs 2a, 3a, b). These felsic intrusives are coeval with the Pre-Cuyo
Group. The provisional name highlights that they are a part of the
host rocks for the Late Cretaceous granites studied in this work.

As mentioned in Section 1, the Andean orogeny was mainly
active in the Cordillera del Viento region between Late
Cretaceous and Miocene times. The Andean orogeny reactivated
Late Triassic WNW-ESE to NW and NE-trending normal struc-
tures (Giacosa et al. 2014; Turienzo et al. 2018; Sanchez et al. 2018).
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Sanchez et al. (2018) reported zircon (U-Th)/He thermochrono-
logical ages of from 72.2 + 2.8 Ma to 66.0 + 6.1 Ma, and the apatite
fission-track ages are 51.7 + 3.2 Ma and 56.5 + 10.7 Ma for exhuma-
tion in the Chos Malal fold-and-thrust belt. The WNW-ESE- and
NW-trending structures acted as transfer zones, whereas the NE-
trending ones acted as frontal contractional structures (Sagripanti
et al. 2014). The N-S-trending structures have been interpreted as
the result of Andean deformation, as these contractional structures
are not related to the rifting architecture and cross-cut the depocentres
(Sagripanti et al. 2014; Giacosa et al. 2014). The studies concluded that
Andean crustal shortening caused the formation of the N-S-trending
faults and thrusts, and associated folds, as well as W-E- to WNW-
ESE-trending strike-slip structures. The latter are regarded as lateral
structures that control the N and S propagation of the Andean thrusts.
During the Andean compressive stage in middle Cretaceous
time and slightly after, volcanic rocks of the Cayanta Formation
(Rapela & Llambias, 1985) were extruded, and subvolcanic mag-
matic bodies were emplaced into a satellite position with respect
to the present magmatic arc in Late Cretaceous-Palacogene times
(Llambias & Rapela, 1989; Franchini et al. 2003; Cobbold &
Rossello, 2003; Hervé et al. 2007; Zamora Valcarce, 2007;
Llambias & Aragon, 2011; Spagnuolo et al. 2012; Figs 1, 2a).

3. Analytical methods

Field studies were carried out in the area of the Varvarco, Radales
and Butalon plutons, and their host rocks, resulting in 23 thin-sec-
tions for petrographic studies. The AMS study was performed on
17 sites, of which nine sites belong to the Varvarco Tonalite, three
sites to the Butalon Tonalite, one site to the Radales Aplite, three
sites to the Jurassic Host Granites and one site to the Guaracd
Norte Formation. A portable rock drill for palacomagnetic sam-
pling was used. From each site we collected at least five orientated
cylinders, summing up to a total of 95 specimens (Table 1). The
cylinders were orientated using solar and magnetic compasses.
Sites are presented in Table 1; their distribution is located along
roads and creeks (Fig. 2a).

The high elevation of the Cordillera del Viento region makes it
difficult to map the exact morphology of the Varvarco, Radales and
Butal6n igneous bodies. ASTER level 1B data were used to comple-
ment the mapping of the plutonic bodies (Fig. 3a, b). The studied
geological units at 1:200 000 scale are presented in Figures 2a and
3a, b. Their recognition in ASTER satellite images was possible
through combining two false-colour RGB compositions (RGB: 4
3 1 and RGB: 7 4 14), as shown in Figures 3a and b, respectively.
False-colour RGB composition 7 4 14 is useful to discriminate
rocks with different silica contents. In the map shown in Figure 3b
the orange/yellow regions correspond to felsic litho-units that are
richer in quartz, as shown by the diagnostic SiO-bond spectral
absorption at 10.30-11.70 pm (Clark, 1999; bands 13-14
in ASTER).

3.a. Anisotropy of magnetic susceptibility (AMS)

An MFKI1-B Kappabridge susceptibilimeter, located at the IGEBA,
CONICET, Argentina, was used to perform the AMS measure-
ments. A minimum of five specimens per site were used
(Jelinek, 1978, 1981) to obtain the AMS ellipsoids (with principal
axes K1 > K2 > K3) with the programs ANISOFT 4.2 (Chadima &
Jelinek, 2009).

The rock magnetic fabric is defined by the three principal axes
of the AMS ellipsoid (K1 > K2 > K3; Bouchez, 2000). A magnetic

lineation is defined parallel to K1. A magnetic foliation is the plane
containing K1 and K2, with K3 being the pole to foliation. The
magnetic lineation is parallel to the structural lineation (stretching
or flow), and the magnetic foliation is parallel to the structural foli-
ation (flattening or flow; Borradaile & Henry, 1997). However,
sometimes this relationship may be obliterated by fabric overprint-
ing or by the presence of single-domain magnetite (e.g. Rochette
et al. 1992, 1999; Borradaile & Henry, 1997).

The domain state of magnetite was studied using the diagram of
Day et al. (1977), which was constructed with the He, Ms and Mr
(coercive force, saturation magnetization and remanent mag-
netization, respectively) hysteresis parameters, together with
the remanent coercive force Hcr (obtained from the backfield
curve; Bouchez, 2000). Anhysteretic remanence measurements
(Somoza et al. 2015) were also performed in some representative
samples to check the coaxial behaviour of the ferromagnetic and
paramagnetic fabric of the rocks.

The minerals that control the magnetic fabric were investigated
by hysteresis curves, isothermal remanent magnetization and back-
field analyses in six representative samples (four from the Varvarco
Tonalite and two from the Jurassic Host Granites). The anisotropy
of anhysteretic remanent magnetization (AARM; e.g. Somoza et al.
2015) was applied in three sites. Measurements were performed in
the Department of Earth and Environment Sciences, Ludwig-
Maximilians University in Munich, using equipment called a
‘SushiBar’ (Wack & Gilder, 2012).

3.b. Apatite fission-track dating (AFT)

Apatite fission tracks (AFT) from samples VAR5 from the
Varvarco Tonalite and BU4 from the Butal6n Tonalite were ana-
lysed in the LA.TE. ANDES laboratory (https://www.lateandes.
com), Salta, Argentina. Both apatite fractions were obtained by
mechanical separation, magnetic separation (Frantz isodynamic
separator) and heavy liquid treatment (LTS and diiodomethane).
Approximately 100 apatite crystals for each sample were then
mounted in epoxy. In general, the apatite crystals are subhedral
to euhedral, and fractured. The mounted samples were polished
and then leached under nitric acid (HNO3) 5.5 N for 20 seconds
at 20 °C to reveal spontaneous tracks. The samples were then irra-
diated with the External Detector in the RA-3 Reactor (Centro
Atomico Ezeiza, Buenos Aires, Argentina). The irradiation process
took place over 76 hours, with a fluency of 7 X 10'° n cm™2 After
the decay period in the reactor, the batch was sent back to the LA.
TE. ANDES S.A. laboratory for the fission-track measurements.
Overall, ~35 grains were used for measurements with a surface
greater than 600 pm?. Areas with obvious crystallographic disloca-
tions were avoided.

All measurements were made with a Zeiss AXIO Imager Z2m
binocular microscope. The system is equipped with the TrackWorks
Autoscan software, which carried out the counting of the tracks and
determination of other parameters, such as fission-track etch pit
diameter (Dpar). The ages were determined with the { value method
from Hurford & Green (1982, 1983) and Wagner et al. (1992). Data
processing was done using Trackkey software (Dunkl, 2002) that
allowed age calculation. The uncertainty on obtained ages is reported
at the 1-2 o level (Fig. 15a, b).

3.c. Electron microprobe analysis

Electron microprobe analysis of major-element concentrations
was performed at the Technical-Scientific Services of Oviedo
University (Spain) using a Cameca SX-100 electron microprobe

256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281

282

283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310

311

312
313
314


http://www.lateandes.com
http://www.lateandes.com

Table 1. AMS sites of the Varvarco, Radales and Butaldn plutons, Jurassic Host Granites and Guaraco Norte Formation

AQ4 Site  Lithology GPS data N Km Kid K1i Cla Clb K2d K2i C2a C2b K3d K3i C3a C3b K1 K2 K3 Lmean Fmean Pmean Pjmean  Tmean

V1 Varvarco Tonalite 36°48'36.1" S; 5 5.98E-02 143.2 74.5 83 35 337.7 15.1 gk 2.9 246.7 3.7 6.6 4.1 1.087 0.982 0.931 1.107 1.055 1.167 1.170 —0.312
(main facies) 70°40’ 14.6” W

V2 36°48'36.3"S; 5 1.86E-02 137.2 47.8 239 19.5 5.2 31.2 324 20.5 258.6 253 32.7 15.9 1.023 0.997 0.980 1.026 1.017 1.044 1.044 —0.189
70°40' 09.5" W

V3 36°48'36.4" S; 7 1.15E-02 323.2 3.5 20.8 9.9 53.8 8.6 21.0 8.5 211.2 80.7 10.9 7.9 1.019 0.999 0.982 1.019 1.018 1.037 1.037 —0.051
70°40’ 04.3" W

V6 36°48/23.8"S; 6 4.70E-02 68.7 59.2 18.6 6.7 338.0 0.4 BSt5) 8.4 2471.7 30.8 319 6.2 1.050 0.986 0.963 1.065 1.024 1.091 1.094 —0.457
70°40’ 03.2" W

V7 36°48' 15.7" S; 6 1.23E-02 63.7 61.2 11.0 4.9 306.1 14.3 49.5 10.4 209.4 244 49.5 5.1 1.069 0.980 0.951 1.090 1.031 1.124 1.129 —0.478
70°39'55.0” W

V8 36°48'58.7" S; 5 4.20E-02 124.9 53.5 21.6 10.3 283 4.9 21.6 16.4 294.7 36.1 18.9 33 1.049 1.017 0.934 1.031 1.089 1.123 1.128 0.479
70°40’ 20.2" W

V9 36°48' 47.8"S; 7 6.49E-02 135.9 53.3 30.0 13.0 353.4 30.6 34.1 14.7 252.1 18.3 25.6 9.4 1.039 1.004 0.957 1.035 1.049 1.086 1.086 0.154
70°40’ 15.1" W

V17 36°49'11.1" S; 6 4.35E-02 119.1 50.6 40.1 4.9 219.8 8.7 39.5 11.9 316.6 38.1 12.9 10.1 1.035 1.014 0.951 1.020 1.067 1.088 1.093 0.524
70°40’ 26.1” W

Va4 Qtz-dioritic dyke 36°48'35.8” S; 5 4.7T4E-02 119.7 383 12.0 3.8 329.5 47.7 185 3.6 222.1 15.2 10.2 5.6 1.048 1.005 0.946 1.043 1.063 1.108 1.108 0.185
(Varvarco Tonalite) 70°40’ 05.4” W

V14 Butalén Tonalite 36°57'46.0” S; 5 3.7T4E-02 305.5 64.7 6.7 2.8 105.6 24.0 9.0 5.0 199.0 7.6 9.2 4.8 1.037 1.006 0.957 1.031 1.051 1.084 1.084 0.250
70°41' 12.0" W

V15 36°58'16.3" S; 5 4.39E-02 191.5 14.9 46.7 7.2 64.3 66.2 46.7 15.2 286.5 18.1 15.4 7.1 1.013 1.005 0.982 1.008 1.024 1.032 1.034 0.522
70°40’ 57.7" W

V16 36°59'03.2” S; 5 4.94E-02 129.5 65.0 115 2.2 269.2 19.6 15.0 9.2 4.6 14.9 13.5 2.3 1.038 1.005 0.957 1.033 1.050 1.084 1.084 0.202
70°41’24.9" W

V5 Radales Aplite 36°48'36.8” S; 5 2.37E-03 152.7 50.6 20.2 7.1 318.2 385 20.7 10.2 53.9 7.2 12.0 83 1.025 1.004 0.971 1.021 1.033 1.055 1.055 0.220
70°40' 02.3" W

V10 Jurassic Host 36°50'42.1" S; 5 9.53E-04 120.0 335 30.4 12.1 261.7 49.9 46.0 12.7 16.5 19.4 43.6 8.0 1.016 0.998 0.986 1.018 1.013 1.031 1.031 —0.151
Granites 70°40’ 14.0" W

Vil 36°50'42.1" S; 5 3.16E-02 19.3 40.2 3.0 1.0 154.7 40.1 16.5 2.7 267.0 24.2 16.5 1.4 1.066 0.983 0.951 1.084 1.034 1.121 1.125 —0.420
70°40’ 14.0" W

V12 36°50'46.3" S; 5 2.80E-02 135.5 30.2 221 4.1 4.2 48.7 21.8 6.4 241.5 25.4 113 3.2 1.015 1.006 0.979 1.009 1.029 1.037 1.039 0.533
70°39’ 45.3" W

V13 Guaracé Norte Fm 36°50' 48.5” S; 5 4.40E-04 92.4 63.6 55.2 6.2 331.2 14.5 55.4 10.6 2353 21.6 15.1 6.0 1.008 1.005 0.987 1.003 1.018 1.021 1.023 0.681
70°39’ 54.5" W

GPS data is given in latitude and longitude. N is the number of samples used in statistics. Km = (K1 + K2 + K3)/3 is the mean magnetic susceptibility (Sl units). L is the magnetic lineation (K1/K3); F is the magnetic foliation (K2/K3); P is the degree of anisotropy (Jelinek, 1981);
T =(InF — InL)/(InF + InL) is the Jelinek’s parameter (Jelinek, 1981). K1, K2 and K3 are mean AMS eigenvectors, which represent the maximum, intermediate and minimum susceptibility intensities, respectively. Dec - declination in degrees; Inc - inclination in degrees; Cla
and C1b are the semiangles of the major and minor axes of the 95 % confidence ellipse, respectively, calculated by the bootstrap method.
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Emplacement and exhumation of the Cordillera del Viento plutons

with a voltage of 15KV, current of 15 nA and acquisition time of
10 s per element, in WDS mode. Silicates and oxides were used
for calibration. The standards of the Bureau de Recherches
Geologiques et Miniéres (BRGM) were used to refine the results.
The obtained mineral compositions are presented in Table 2.

4. Results
4.a. ASTER data, field observations and petrography

As stated earlier in the text, the Varvarco Intrusives are composed
of the Varvarco Tonalite, Radales Aplite and Butalén Tonalite. The
Varvarco Tonalite and Radales Aplite are a part of a composite
intrusion of ~10 km diameter. The Varvarco Tonalite is located
in the outer region; the Radales Aplite forms a small stock along
the Chacay creek (Fig. 3a, b). These units intrude the rocks of
the Guaracé Norte Formation and the Jurassic Host Granites.
ASTER data suggest that the shape of the Varvarco pluton is
broadly circular, with a typical normal zoning pattern, more felsic
towards the centre of the intrusion, if we consider that the Radales
Aplite is located towards the centre of the Varvarco Tonalite.

The shape of the Butalon Tonalite is more irregular; the body
has a length of 8 km and is elongated in an E-W direction (Fig. 3a,
b). The similar response of pink colours in RGB composition 4 3 1
(Fig. 3a) and yellow (Fig. 3b) in RGB composition 7 4 14 of the
Butalén Tonalite to the Varvarco Tonalite reflects the same com-
position. The results of the petrographic analysis are shown in the
QAP diagram (Fig. 4) and a detailed description of the outcrops
visited in the field is presented below.

4.a.1. Guaracé Norte Formation

The Guarac6 Norte Formation, representing the host rock of the
Varvarco Tonalite and Radales Aplite, was investigated along
the Chacay, Matancilla, Manzano and Guaracé Norte creeks
(Figs 2a, 3a, b, 5a). This formation comprises quartzites affected
by low-grade metamorphism. Generally, the metamorphic foli-
ation has a NE-SW to N-S strike and steep dip (80°); steep incli-
nations were also measured close to the contact with the Varvarco
Tonalite. In the Guarac6 Norte creek, shales and phyllites strike N-
S and have a low dip (22°) towards the east. The pelitic rocks and
sandstones of this formation are affected by hornblende-hornfels
metamorphism that led to the development of andalusite, biotite,
diopside and hornblende. This has been related to the intrusion of
the Late Cretaceous Varvarco Tonalite (Giacosa et al. 2014).

4.a.2. Jurassic Host Granites

Along the Manzano and Guaracé Norte creeks we discovered a
new unit at site V12 (Figs 2a, 3a, b, 5b—e), which we tentatively
name the Jurassic Host Granites because it has a 185+ 3 Ma
U-Pb age that was obtained by laser ablation multi-collector
inductively coupled plasma mass spectrometry on 12 magmatic
zircon crystals (unpub. data). This unit was previously described
by Zanettini et al. (2001) as part of the Radales Aplite (formerly
considered the Radales Granite, see Section 4.a.5). The U-Pb geo-
chronology data of the Jurassic Host Granites are part of a work in
progress.

The Jurassic Host Granites enclose xenoliths derived from the
Guaracé Norte Formation (Fig. 5d). Dykes of granitic composition
that intrude the Guarac6 Norte Formation in the Manzano creek
(36°50"42.1”S; 70°40' 14.0” W; site V10 in Table 1) can be
assigned to the Jurassic Host Granites as well (Fig. 5c). The
Jurassic Host Granites have the same syenogranitic composition

(Fig. 4) and graphic texture (Fig. 5e) as the Radales Aplite, making
it difficult to differentiate them in the field.

4.a.3. Varvarco Tonalite

Along the Matancilla and Chacay creeks, the Varvarco Tonalite
can be observed in excellent exposures (Figs 2a, 5a, 6a-d), which
include the contact relationships with the Guaracé Norte
Formation host rock and with the intruding Radales Aplite
(Fig. 5a). The Varvarco Tonalite is represented by medium- to
fine-grained, equigranular to porphyritic tonalites, in which mafic
minerals appear concentrated in blocks (Fig. 6a, b). The Varvarco
Tonalite also hosts microgranular enclaves of dioritic composition
(Fig. 6b-d). They have a fine-grained, equigranular texture and are
composed of amphibole, biotite, plagioclase, quartz and opaque
minerals. The mafic magma was mixed and partially hybridized,
as the enclaves show transitional contacts with the host rock
(Fig. 6¢). Enclave swarms that grade into disintegrated mafic dykes
with different hybridization degrees were also observed (Fig. 6d).

The average modal composition of the Varvarco Tonalite is pla-
gioclase (50 %), quartz (30 %), orthoclase (4 %), amphibole (10 %),
biotite (5 %), and titanomagnetite, titanite, apatite and zircon (1
%). Plagioclase crystals are subhedral with complex zoning pat-
terns (Fig. 7a). Incipient sericitic alteration of plagioclase is
observed in concentric areas. The observed orthoclase phenocrysts
have an oikocrystic texture with amphibole and plagioclase inclu-
sions (Fig. 7b). Amphibole is present as subhedral poikilitic mega-
crysts of nearly 2 cm length that contain plagioclase inclusions. In
some areas these large amphibole crystals give the rocks a porphy-
ritic appearance. Subhedral biotite is pleochroic from light to dark
brown, and mostly fresh (Fig. 7¢, d). Quartz is interstitial and con-
tains inclusions of amphibole. Apatite is frequently acicular. All
observed textures are magmatic; grain boundaries are straight,
especially between plagioclase and orthoclase (Fig. 7b). Locally,
polygonal contacts between quartz grains are observed, suggesting
that static recrystallization has occurred.

Late aplitic veins of granitic composition (Fig. 6a) intrude the
Varvarco Tonalite in the Chacay creek area (orientations: 285°/75°
ENE, 320°/65°ENE). Disintegrated porphyritic quartz-dioritic
dykes also cross-cut the Varvarco Tonalite in the Chacay creek area
(Fig. 8a). The dykes have poikilitic amphibole and plagioclase phe-
nocrysts in a granular groundmass that is composed of plagioclase,
amphibole, biotite, quartz and opaque minerals (Fig. 8b).
Amphibole has inclusions of plagioclase and rounded quartz
(Fig. 8c). Quartz ‘ocelli’ with reaction rims of amphibole and
opaque minerals were occasionally observed (Fig. 8d).

4.0.4. Butaldn Tonalite

This intrusive body crops out in the Butalén Norte area, ~15 km to
the south of the Varvarco locality (Figs 2a, 3a, b). In the RGB com-
positions of Figure 3, the Butalén Tonalite is well distinguished
from the hosting Permo-Triassic Choiyoi Group. Many granitic
dykes and veins of steep to moderate dips and NW to NE strike
cross-cut the Butalén Tonalite. They have highly variable widths
of between 5 and 50 cm (Fig. 9a). The Butalon Tonalite is classified
as a fine-grained tonalitic rock with an average composition of pla-
gioclase (63 %), quartz (23 %), amphibole, biotite (12 %), ortho-
clase (2%) and minor euhedral opaque minerals and acicular
apatite (Fig. 4). Mafic microgranular enclaves of dioritic composi-
tion are present in this facies as well (Fig. 9b). Amphibole (horn-
blende determined optically) tends to form poikilitic phenocrysts
with plagioclase and biotite inclusions (Fig. 9¢). Plagioclase has
complex zoning and many plagioclase cores are altered to sericite.
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Table 2a. Plagioclase compositions analysed by electron microprobe in the Varvarco Tonalite

Mneal P P PL Pl Pl P P P P P P P P P P P P P P P P P P P P P P P P P Pl
Analysis 9 10 21 22 25 26 27 28 31 32 33 34 35 36 37 38 38 40 4 4 43 44 45 46 59 6 6 6 71 73 714
Texture rim centre rim centre centre centre fim  rim  fim  centre centre centre centre centre centre centre rim centre centre centre centre centre centre centre centre rim centre  fim  rim  rim  centre
SiO, 59.32 56.99 60.05 5444 5257 52.87 5291 58.91 57.07 55.46 55.95 5599 54.18 53.53 55.05 54.34 59.03 56.32 5201 5535 54.76 55.80 55.41 56.54 5325 56.55 47.90 56.36 56.42 55.68 53.65
Tio,  bdl 002 002 bdl 003 bdl bdl bdl bdl 001 003 003 bdl bdl bdl 00l bdl bdlL bdlL bdl 002 001 bdlL bdlL 00l 002 002 002 bdl bdl 003
Al,O3 2473 26.62 2448 28.08 2931 29.15 29.19 25.68 26.79 2812 27.38 27.07 28.09 28.75 28.65 28.61 25.19 26.68 30.20 27.75 28.02 27.68 2794 27.01 29.05 26.85 32.50 27.74 27.07 27.07 26.99
Cr0;  bdl bdl bdlL bdl bdl bdl bdl bdl 005 bdlL 003 bdlL 001 005 bdlL 001 bdl bdl bdl 001 001 001 002 bdl bdl 001 bdl 001 bdl bdl bdl
NiO bdl 006 bdl 004 002 bdl bdl bdl bdl bdl bdlL bdl 00l bdl bdl bdlL bdl 002 bdl bdl bdl bdl bdl bdl 00l bdl 004 bdl 004 007 004
FeO, 021 014 026 039 014 017 019 016 018 018 018 017 017 014 015 021 016 016 015 011 016 017 017 021 021 031 017 026 022 019 0.5
MnO 001 001 bdl 005 bdl 001 001 001 00l 00l bdl bdl bdl 002 bdl 004 bdl bdl bdl 001 bdl 002 bdl 002 bdl bdl 002 002 bdl bdlL bdl
MgO 0.02 bd.l bdl bdl b.d.l b.d.l. 0.01 b.d.l.  0.02 0.01 b.d.l. b.d.l. b.d.l. 0.01 0.01 0.02 0.01 b.d.l. b.d.l. b.d.l. 0.01 0.01 b.d.l 0.01 0.01 0.01 0.01 b.d.l. 0.01 0.01 0.01
Cao 7.11 9.11 6.35 11.03 1246 1240 12.24 7.69 8.68 10.42 9.84 9.73 1095 1135 11.10 11.19 7.63 948 1350 10.55 10.74 10.36 10.25 9.50 11.93 9.06 16.01 9.39 9.45 9.31 10.57
Na,O 7.53 6.45 7.90 5.38 4.57 4.74 4.66 7.24 6.58 5.78 5.90 5.99 5.39 511 5.39 5.17 7.33 6.12 3.88 5.54 5.57 591 5.79 6.14 4.88 6.48 241 6.17 6.11 6.10 5.18
K:0 036 026 044 020 015 015 016 032 023 024 033 029 026 022 022 018 024 027 013 02 022 024 019 025 017 023 008 018 026 019 021
TOTAL 9937 9978 9950 9978 99.32 9962 99.48 10006 99.66 10031 9970 9931 9917 9923 10062 99.93 99.68 99.16 9999 99.62 9958 10032 99.84 9977 9957 9957 9926 10016 99.65 9871 96.89
XAN 3361 4318 3001 5248 5960 5862 5865 3633 4161 4924 4705 4652 5210 5443 5256 5387 3602 4540 6533 50.63 5094 4855 4889 4545 5690 4305 7823 4523 4540 4526 5234

b.d.l. - below detection level



Table 2b. Amphibole compositions analysed by electron microprobe in the Varvarco Tonalite

Mineral Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp
Analysis 2 T 4 T 6 13 14 16 47 48 T 50 54 55 56 T 7 63 65 68 70
Texture rim centre centre centre rim centre centre centre rim rim rim centre centre centre centre centre centre centre rim
Si0, 50.36 48.50 49.33 51.13 49.59 50.77 52.85 53.83 43.37 43.64 51.08 53.53 45.54 44.51 43.84 48.09 48.40 44.60 48.34 44.61 46.33
Tio, 0.40 0.65 0.43 0.33 0.36 0.22 0.16 0.12 161 1.69 0.16 0.09 0.66 112 1.65 0.96 1.03 1.64 116 1.66 0.65
Al,05 3.85 5.30 4.42 3.69 4.12 3.65 1.80 1.26 8.45 8.39 2.55 1.20 6.61 1.74 8.17 6.15 6.20 8.36 6.23 8.63 6.56
Cr,0; 0.02 0.01 0.02 0.03 0.01 b.d.L 0.04 0.03 b.d.L b.d.l. 0.04 0.03 b.d.l. b.d.l 0.04 0.03 0.03 b.d.L 0.03 b.d.L b.d.l
NiO b.d.l 0.04 b.d.l 0.06 b.d.l b.d.l b.d.l b.d.l b.d.l 0.05 0.02 0.06 0.06 b.d.l b.d.l 0.04 0.01 b.d.l b.d.l b.d.l b.d.l
FeO¢ 17.38 17.63 17.96 16.01 15.43 16.30 14.41 12.60 17.62 17.66 16.07 11.97 18.34 17.84 17.37 14.50 14.10 15.15 14.04 17.51 18.11
MnO 1.66 157 215 i) 1.34 1.68 1.62 137 1.02 0.95 167 1.34 1.24 1.04 0.94 0.69 0.73 0.69 0.79 0.89 1.06
MgOo 13.46 12.42 12.72 13.77 13.23 1351 15.01 15.66 10.33 10.44 14.10 15.99 10.53 10.26 10.60 13.76 14.04 12.33 14.06 10.95 10.97
Ca0 10.21 10.64 9.45 10.98 11.93 11.29 11.17 12.05 11.27 11.36 10.67 11.46 11.29 11.24 11.33 11.42 11.08 10.80 11.10 11.24 11.46
Na,0 0.55 0.75 0.58 0.48 0.42 0.40 0.20 0.18 119 1.04 0.33 0.13 0.77 0.95 0.99 0.93 1.06 1.44 0.83 122 0.79
K20 0.28 0.42 0.29 0.25 0.25 0.24 0.08 0.06 0.76 0.72 0.13 0.06 0.63 0.86 0.73 0.42 0.35 0.48 0.41 0.64 0.54
TOTAL 98.26 97.97 97.39 98.52 96.79 98.10 97.45 97.21 95.64 96.03 96.87 95.92 95.79 95.59 95.73 97.08 97.14 95.60 97.08 97.47 96.52
Geothermometers (°C)

Ridolfi et al. (2010) - Eqn. 1 773 800 750 752 717 742 703 672 841 837 837 734 774 808 831 772 769 836 779 835 771
Ridolfi & Renzulli (2012) - 343 459 313 470 774 515 449 550 876 851 414 464 821 830 850 782 807 872 808 860 787
Eqn. 2

Amph-only: Putirka (2016) - 666.26 699.34 668.48 668.90 682.23 663.59 639.80 642.81 791.41 785.93 645.44 641.23 716.56 753.23 781.33 749.50 755.59 813.07 752.52 791.86 716.61
Eqn. 5

Geobarometers (kbar)

Ridolfi et al. (2010) - Eqn. 4 0.5 0.7 0.6 0.5 0.5 0.5 0.3. 0.2 17 17 0.3 invalid 11 14 16 9 9 16 9 17 10
Ridolfi & Renzulli (2012) - 11 14 73 1 0.7 0.9 0.6 0.4 2 17 0.7 0.4 13 16 1.6 0.9 11 1.8 1 1.9 11

average between Eqn. 1a and
Eqgn. 1b

b.d.l. - below detection level

suon)d 03UBIA J3p DI3JJIPI0D BYI JO UOLDWNYXS pUD JUBWAIDIdWT
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Table 2c. Biotite compositions analysed by electron microprobe in the Varvarco Tonalite

Mineral Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt Bt
Analysis 1 8 12 17 20 23 30 52 58 58 64 69 72 75
Texture centre centre centre centre centre centre centre centre centre * * centre * *
Sio, 35.95 36.51 35.98 36.07 36.10 36.28 35.87 36.03 34.11 36.36 35.94 35.93 35.34 36.15
Tio, 3.62 3.83 352 2.67 321 3.77 4.00 3.36 4.66 4.06 4.09 3.46 3.84 3.99
Al,0, 13.62 14.55 14.01 14.12 14.01 13.82 13.87 13.62 13.21 13.82 1885 13.84 13.48 13.60
Cr,05 0.04 0.03 0.02 0.04 b.d.L 0.03 0.01 b.d.l 0.02 b.d.L b.d.l b.d.L. b.d.L b.d.l
NiO 0.02 0.01 b.d.L b.d.L 0.03 0.08 b.d.L 0.02 b.d.l 0.03 0.01 0.01 0.09 b.d.l
FeOy 19.65 18.70 19.63 19.64 20.27 19.68 20.77 20.56 20.66 18.62 17.84 20.60 20.49 17.88
MnO 0.81 0.81 0.69 0.82 0.70 0.72 0.72 0.60 0.58 0.31 0.38 0.63 0.50 0.29
MgO 11.33 11.40 11.50 12.00 11.44 11.48 10.65 11.23 9.96 12.29 12.35 11.07 10.90 12.76
Ca0 0.04 0.06 0.01 0.04 0.02 0.03 0.08 0.02 1.16 0.03 0.04 b.d.L 0.02 0.04
Na,0 0.08 0.09 0.08 0.10 0.09 0.08 0.08 0.10 0.09 0.15 0.14 0.11 0.11 0.19
K;0 9.43 9.64 9.65 9.63 9.52 9.47 9.24 9.43 8.63 9.50 9.20 9.61 9.57 9.05
P,0s b.d.l b.d.l b.d.L 0.02 b.d.L b.d.l 0.01 0.01 0.03 b.d.L b.d.L b.d.L b.d.L b.d.l
TOTAL 94.59 95.63 95.09 95.15 95.39 95.43 95.29 94.97 93.11 95.18 93.33 95.25 94.34 93.95
T(°C) (Henry 728.14 733.13 72356 689.18 709.61 73241 73347 715.09 74445 74637 75334 71722 73173 751.74

et al. 2005)

*Small crystal included in amphibole. b.d.l. - below detection levelTemperatures are calculated with the geothermometer of Henry et al. (2005).
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GUARACO NORTE FORMATION, JURASSIC HOST GRANITES AND VARVARCO INTRUSIVES

= Guaraco Norte
* Formation -

cLeuc

e e

craticivein of-thel

Jurassic Host Granites!

Orthoclase is interstitial. Opaque minerals, amphibole and biotite
are concentrated in blocks (Fig. 9d).

4.0.5. Radales Aplite
The Radales Aplite crops out only along the Chacay creek (Figs 2a,
5a, 8e). In the satellite image of Figure 3b, the Radales Aplite is
shown in yellow owing to its high silica content. The quartz-rich
composition of the Guaracé Norte Formation is shown with a very
similar colour, making these two units, which were relatively easy
to distinguish in the field (red line in Fig. 5a), not clearly separated
in terms of composition (Fig. 3b). Therefore, the boundary was
highlighted by a dotted line with question marks (Fig. 3a, b).
The contact between the Radales Aplite and the Guaracé Norte
Formation is distinctive (Fig. 8¢). The Radales Aplite has a fine-
grained to aplitic texture and a syenogranitic composition
(Fig. 4). Plagioclase phenocrysts (12 %) are immersed in a grano-
phyric matrix formed of quartz (43 %) and orthoclase (40 %)
(Fig. 8f). The Radales Aplite is considered a late stage of the
Varvarco Intrusives because late leucocratic veins intrude the
Varvarco Tonalite (Fig. 6a) and the Butalon Tonalite (Fig. 9a),
and these veins could correlate with the small stock cropping
out along the Chacay creek (Fig. 5a).

-

Fig. 5. (Colour online) Outcrops of the Guaraco
Norte Formation, Jurassic Host Granites and
Varvarco Intrusives. (a) View towards the SE from
Puesto Hernandez, Chacay creek area, with the
outcrops of the Varvarco Tonalite, Radales
Aplite and the Guaracd Norte Formation. (b)
Outcrops of the Jurassic Host Granites in the
Manzano creek area. (c) Leucocratic dyke
assigned to the Radales Aplite in the Manzano
creek area. (d) Xenolith of Guarac6 Norte
Formation in the Jurassic Host Granites.
Length of hammer for scale is XX cm. (e)
Plagioclase phenocrysts in granophyric matrix
for the Jurassic Host Granites (cross-polarized
light).

4.b. Plagioclase, amphibole and biotite compositions for the
Varvarco Tonalite

Electron microprobe analyses of plagioclase, amphibole and biotite
from the Varvarco Tonalite are presented in Table 2.

Plagioclase compositions were calculated based on a 32 oxygen
formula unit (Table 2a). Plagioclases are labradorite-andesine or
andesine (Fig. 10a—c; Table 2a). They show oscillatory zoning with
a decreasing anorthite component (Angg 39) from core to rim
(Fig. 10a). In some profiles, plagioclase shows a slight increase
in Anys_s; from the core to more external zones and a labradoritic
spike of Angs separating an external rim of Anys_ 3o (Fig. 10b).
These compositional spikes correspond to the inner rings observed
in many crystals of the Varvarco Tonalite (Fig. 7a). In plagioclases
included in amphibole, cores with an anorthite content of up to
An,g were found.

Amphibole structural formulae were calculated based on a 23
oxygen formula unit and with all Ca in the M4 site (Dale et al. 2005;
Table 2b). Calcic amphibole compositions were obtained, with Fe,/
(Fe, + Mg) in the 0.30-0.49 range, and low to moderate TiO, contents
(0.09 to 1.69 wt %, and 0.01 to 0.19 atoms per formula unit (apfu),
respectively). Amphibole cores are mostly magnesiohornblende,
whereas amphibole rims are magnesiohornblende to actinolite
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Fig. 6. (Colour online) Outcrop images of the
Varvarco Tonalite. (a) Thin leucocratic vein
intruding the Varvarco Tonalite in the Chacay

(b) Mafic microgranular enclave. (c) Partially dis-
solved (corroded) enclave in a hybrid magma of
the Varvarco Tonalite. (d) Disintegrated quartz-
dioritic dykes in the Varvarco Tonalite, where dif-
ferent degrees of hybridization are observed.

Fig. 7. (Colour online) Petrographic images of
the Varvarco Tonalite in cross-polarized light.
(a) Plagioclase (Pl) with cores of more calcic
composition and lighter rims of more sodic com-
position. (b) Euhedral plagioclase crystals
included in anhedral K-feldspar (Kfs; orthoclase)
crystals. (c) Euhedral plagioclase and subhedral
amphibole (Amp) and biotite (Bt). (d) Biotite,
amphibole and titanomagnetite (Ti-mag) con-
centrated in blocks in the Varvarco Tonalite.
Other mineral abbreviations: Qtz - quartz.

(Fig. 10c—e). All amphiboles balance the Al tetrahedral site occupancy
by both tschermakitic and edenitic substitutions (Fig. 10f).
Compositions of fresh biotite are shown in Figure 10d. In order
to calculate the biotite formula, we used the method of Li et al.
(2020). Most biotites are eastonites close to the boundary with
phlogopites, with only one biotite (sample 53) falling into the side-
rophyllite field (Fig. 11a). Fe,/(Fe, + Mg) ratios vary between 0.44

0S Assis et al.

P, |

-
5

and 0.58, and aluminium contents vary between 13.21 and 14.55
wt % Al,O3 (Table 2¢). In the diagram of Foster (1960) and in
the trioctahedral Tischendorf et al. (1997) diagram, the analysed
grains are classified as Mg-biotites (Fig. 11b, c), with biotite from
sample 53 falling into the Fe-biotite field (Fig. 11c). In the ternary
diagram of Nachit et al. (2005), the compositions are compatible
with primary and re-equilibrated primary biotites (Fig. 11d).

482
483
484
485
486
487
488



489
490
491
492
493
494

495

496
497
498
499
500
501
502
503
504
505

Emplacement and exhumation of the Cordillera del Viento plutons

QTZ-DIORITIC DIKES IN VARVARCO TONALITE

s‘ 'rl
7 : =
\ A

13

100 pm
—

Given that biotite is prone to secondary alteration, Ti was proposed
to act as a discriminator, with Ti content <0.55 Ti per 22 oxygen
formula unit indicative of fresh magmatic biotite (e.g. Li et al.
2017). Varvarco biotites contain 2.6-4.66 wt % TiO,, which con-
verts to 0.31-0.56 Ti pfu. Only one biotite grain (sample 53) is
above 0.55 Ti pfu, supporting their magmatic origin.

4.c. Anisotropy of magnetic susceptibility (AMS)

As was stated in the introduction, AMS studies are used here to
evaluate the timing and possible emplacement mechanisms of
the Varvarco Intrusives in relation to regional deformation affect-
ing the Cordillera del Viento range. At all investigated sites, the
petrofabric was magmatic, with most minerals of euhedral shape,
and no evidence of late solid-state deformation. The AMS ellip-
soids for the individual sites obtained for each lithology are pre-
sented in online Supplementary Material Figure Sla-e. As a
usual practice in AMS studies, mineral and magnetic fabrics are
assumed to be parallel. This could only be accomplished for site

Fig. 8. (Colour online) Quartz-dioritic dykes
intruding the Varvarco Tonalite and Radales
Aplite. (a) Fine-grained texture of a quartz-dio-
ritic dykes. Width of hammer head for scale is
XX cm. (b) Plagioclase phenocrysts in a fine-
grained matrix mainly composed of plagioclase.
(c) Amphibole phenocryst with inclusions of pla-
gioclase and opaque minerals. (d) Rounded
quartz xenocryst rimmed by amphibole and
opaque minerals (quartz ocelli). (e) Contact
between the Radales Aplite and the hosting
Guaraco Norte Formation. Length of pencil for
scale is XX cm. (f) Xenolith of Guaracd Norte
Formation in the Radales Aplite. Mineral abbre-
viations as in Figure 7.

V38, the only site where we could measure the magmatic foliation
in the field, whereas sampling in the other sites was carried out in
isotropic rocks.

The corrected anisotropy degree Pj value and the shape param-
eter T (Jelinek, 1981) can be used to describe the geometry of the
magnetic ellipsoid. The general positive correlation between Km
and Pj shows that titanomagnetite controls the anisotropy in the
three analysed plutonic rocks, at both sample and site scale (online
Supplementary Material Figure Sla—f). Most values of the shape
parameter T at the site scale lie between —0.5 and 0.5 (online
Supplementary Material Figure S1f; Table 1). Thus, the magnetic
ellipsoids are predominantly triaxial, with good determinations of
K1 and K3 axes corresponding, respectively, to magnetic lineations
and poles of foliation planes.

The structural mapping of the Varvarco Intrusives was con-
structed with the AMS data for each sampling site (magnetic foli-
ation and lineation maps; Fig. 12a, b). The orientation of the
metamorphic foliation of the Guaracé Norte Formation taken
from Giacosa et al. (2014) was also added to complete the
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Fig. 9. (Colour online) Outcrops and petro-
graphic images of the Butalon Tonalite in
cross-polarized light. (a) Felsic aplitic vein intrud-

scale is XX cm. (b) Mafic microgranular enclaves.

Amphibole megacryst with inclusions of plagio-
clase and biotite. (d) Mafic minerals. Mineral
abbreviations as in Figure 7 and Op - opaque
minerals.

structural map of the host rock in the Varvarco area (Fig. 12a). In
this area, the strike of the magnetic foliation planes of the Varvarco
Tonalite oscillates between NNW-SSE and NNE-SSW, and they
systematically dip steeply to moderately towards the east (online
Supplementary Material Fig. Sla; Fig. 12a). In turn, the magnetic
foliation of the Radales Aplite and Jurassic Host Granites is steeply
dipping as in the Varvarco Tonalite, but the strike of the magnetic
foliation of the Jurassic Host Granites is more variable, especially in
the Manzano creek area (online Supplementary Material Fig. Slc,
d; Fig. 12a). The Guaracd Norte Formation in the area between the
Chacay and Matancilla creeks shows steeply dipping metamorphic
foliations in a N-S§ strike direction, changing to a NW-SE strike
(Giacosa et al. 2014; Fig. 12a). The foliation obtained for site
V13 in the Manzano creek has a steeply dipping NNW-SSE strike
(online Supplementary Material Fig. Sle; Fig. 12a).

The average lineations of the Varvarco Tonalite plunge moder-
ately to steeply towards the SE (online Supplementary Material Fig.
Sla; Fig. 12b); with one site (V3) with a shallowly plunging line-
ation trending towards the NW (online Supplementary Material
Fig. Sla; Fig. 12b). The lineations of the Radales Aplite and
Jurassic Host Granites are more diverse: they plunge moderately
towards the SE, but lineations plunging to the NE were also found
(online Supplementary Material Fig. Slc, d; Fig. 12b). The lineation
found in the Guaracé Norte Formation at site V13 is shallow dip-
ping (online Supplementary Material Fig. Sle; Fig. 12b).

The quartz-dioritic dyke at site V4, belonging to the Varvarco
Tonalite, has a steeply dipping NW-SE magnetic foliation plane,
parallel to dyke strike (online Supplementary Material Fig. S1a).
Magnetic lineation plunges moderately to the SE (online
Supplementary Material Fig. Sla).

In the area of Butalon Norte, the Butalon Tonalite has steeply
dipping magmatic foliation planes with different attitudes; two
sites have an E-W strike (V14 and V16), whereas the remaining
site (V15) has a N-S strike (online Supplementary Material

0S Assis et al.
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—

Fig. S1b). The magnetic lineation is subhorizontal in the case of 559

site V15, and sub-vertical in the case of sites V14 and V16 (online
Supplementary Material Fig. S1b).

4.d. Mean susceptibility and minerals responsible for the AMS
ellipsoids

The simple exploration of the nominal value of bulk magnetic suscep-
tibility indicates which are the main minerals controlling the magnetic
fabric of rocks (Bouchez, 2000). The mean magnetic susceptibilities
(Km) of the Varvarco Tonalite and the Butalén Tonalite are
38.56 x 107 SI and 43.57 x 107> SI, respectively. These values are sig-
nificantly higher than those for the Radales Aplite of 2.37 X 10~ SI
and the Jurassic Host Granites of 20.18 x 1072 SI (averages were taken
using the data of Table 1). The Guaracé Norte Formation has an even
lower Km of 0.44 X 1072 SI (Table 1). These high bulk susceptibility
values, higher than 4 X 10™* SI in most of the samples of the Varvarco
and Butalon plutons, suggest that the AMS signal is dominated by
magnetite (following the method of Bouchez, 2000; online
Supplementary Material Fig. S2a, b). This is consistent with the min-
eralogy of the studied granitoids.

Rock magnetic studies can be used to further constrain which
minerals dominate the magnetic anisotropy of the rocks. In par-
ticular, it is important to determine the domain state of the mag-
netite, which is essential for the correct interpretation of the
magnetic ellipsoids (Grégoire et al. 1995; Borradaile & Jackson,
2010). Therefore, hysteresis loops, the anisotropy of isothermal
remanence (AIRM) and backfield curves were performed on the
Varvarco Tonalite (online Supplementary Material Fig. S2a) and
the Jurassic Host Granites (online Supplementary Material Fig.
S2b), all in agreement with the presence of magnetite. Magnetite
is mostly of pseudo-single-domain (PSD) type, as is suggested
by the diagram of Day et al. (1977) (Fig. 13). However, two samples
from the Varvarco Tonalite have a fine-grained, single-domain (SD)
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A+ Fet3 +2Ti+ ‘A’ graph (Kawakatsu &
Yamaguchi, 1987) shows that nearly all amphib-
oles have a good 1:1 fit between vertical and
horizontal axes. This suggests that charge com-
pensation due to the introduction of Al"Y was
accomplished by both the edenitic and tscher-

¢ Castro et al. (2011) A Zaffarana et al. (2014)

591 magnetite signature (samples from sites V7 and V8; Fig. 13).
592 Consequently, for these AMS sites, anisotropy of the anhysteretic
593 remanence ellipsoids (AARM) was determined. The coincidence of
594 the AARM and AMS ellipsoids (Fig. 14) further supports that mag-
595 netite controls the AMS signal and no axis inversion is necessary

makitic substitutions.

owing to the presence of SD magnetite. It can be concluded that
the interpretation of the AMS fabric in all sites is direct, as the mag-
netic lineation coincides with the K1 axis and the pole of the magnetic
foliation corresponds to the K3 axis, with the K1 and K3 directions
taken from the AMS ellipsoids.
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BIOTITE COMPOSITIONS
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Fig. 11. (Colouronline) Biotite compositional classification. (a) Biotite classification (A" as a function of its Fe/(Fe + Mg) ratio; Deer et al. 2013). (b) Biotite discrimination diagram
after Foster (1960). (c) Trioctahedrical classification diagram after Tischendorf et al. (1997). (d) Ternary diagram for discriminating between primary magmatic biotites and re-

equilibrated and secondary biotites after Nachit et al. (2005).

4.e. Apatite fission tracks (AFT) results

Samples VAR5 (36° 48 58.7" S; 70° 40’ 20.2” W) from the Varvarco
Tonalite and BU4 (36° 59’ 03.2” S; 70° 41’ 24.9” W) from the Butalén
Tonalite were analysed by AFT. For sample VAR5, AFT results were
obtained for 21 apatite crystals. In the radial plot, the mean age
obtained is 67.5 + 8.0 Ma (Late Cretaceous; Fig. 15a; Table 3), with
low dispersion of ages from individual crystals. This sample passed
the chi-square test suggesting that there is a sole age distribution
(P(x») = 90.72 % > 5 %; Galbraith, 1981; Green, 1981). From sample
BU4, 13 apatite crystals were measured. The mean age in the radial
plot is 50.3 + 5.9 Ma (early Eocene), with low age dispersion for indi-
vidual grains (Fig. 15b; Table 3). The sample also passed the chi-
square test (44.37 %), suggesting that the single grain ages have a sole
age distribution (P(y%) = 44.37 % > 5 %).

5. Discussion

5.a. Magma hybridization processes in the I-type Varvarco
and Butalédn intrusive bodies

According to the field and petrographic observations presented
above, we interpreted that the Varvarco and Butalén tonalites

are hybridized igneous bodies that have experienced magma min-
gling-mixing at their sources. In the area, the more mafic part is
represented by the quartz-dioritic dykes, which are intermediate
in composition, whereas the more felsic products are represented
by the Radales Aplite. The intermediate composition of the quartz-
dioritic dykes indicates that the hybridization process was strong in
the area.

The presence of enclaves with different degrees of hybridization
such as enclaves with distinct contacts with the host tonalite (Fig. 5¢)
or enclaves partially absorbed (corroded) and rimmed by a new
hybrid magma (Fig. 5d), and the varied degree of hybridization
observed in enclave swarms (Fig. 5e), suggest that the mingling proc-
ess would have started before the emplacement (i.e. at the source).
Magmatic flow had possibly favoured the incorporation of hetero-
geneous enclaves such as those shown in Figure 5c-e (eg
Bateman, 1995). At higher temperatures, mixing processes are likely
to have taken place in the magma chamber. A schematic hybridization
trend is shown in Figure 16, based on Barbarin’s (2005) model.

Increasing crystallization stages of the intermediate host
magma (given mainly by the more voluminous tonalite), would
produce the magma hybridization textures that are observed,
which range from early to late mingling features. Scattered mafic
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Fig. 12. (Colour online) (a) Map showing magnetic foliation planes (K1-K2 planes), defined as the plane perpendicular to K3 in the Varvarco Tonalite. Inset shows K3 distribution
of the magmatic foliations. (b) Map showing magnetic lineation (K1 direction) in the Varvarco Tonalite. Inset shows K1 distribution of the magmatic fabrics. The stereonets
represent contoured Kamb equal-area lower-hemisphere stereographic projections made with the software Stereonet 9.9.5 (Allmendinger et al. 2012; Cardozo &

Allmendinger, 2013). The scale represents Kamb contours in standard deviation.
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Fig. 13. (Colour online) Domain state of the magnetite of the Varvarco Tonalite and
Jurassic Host Granites. Diagram of Day et al. (1977). Hc - coercive force; Hr - remanent
coercive force; Ms - saturation magnetization; Mr - remanent magnetization; SD - sin-
gle-domain; PSD - pseudo-single-domain; MD - multidomain.

magmatic enclaves from the Varvarco and Butalén plutons
represent early mingling textures (Fig. 16a, b), whereas the pres-
ence of needle-like apatite in these enclaves points to early mafic
magma quenching (Wyllie et al. 1962). The lack of chilled margins
shown by most of the enclaves suggests that local mixing was

caused by partial dissolution of the originally chilled borders
(Barbarin, 2005). The presence of outer zones of calcic plagioclase
(labradoritic spikes) in more sodic plagioclase of the Varvarco
Tonalite (Fig. 10b) has also been interpreted as a result of mixing
processes involving coeval acid and mafic magmas (fig. 7b in
Hibbard, 1981), and can be due to quenching related to magma
hybridization (Mollo et al. 2011; Molina et al. 2012).

The enclave swarms present in the Varvarco Tonalite represent
magma channels that were used by new pulses of magma arriving
to the chamber (e.g. Bateman, 1995; Tobisch et al. 1997). The dis-
rupted quartz-dioritic dykes (Fig. 16c) suggest that mafic magma
intruded through early fractures in the increasingly more crystal-
lized Varvarco Tonalite (Barbarin, 2005).

The presence of K-feldspar and amphibole oikocrysts with
inclusions of early formed minerals is evidence of mafic magma
undercooling and thermal adjustment (Castro et al. 1991).
Separate plagioclase crystals constitute chadocrysts included in rel-
atively larger, late amphibole oikocrysts. Chadocrysts remain rep-
resentatives of an earlier textural development stage (Higgins &
Roberge, 2003).

Rounded quartz phenocrysts rimmed by amphibole (‘quartz
ocelli’; Fig. 8d; Vernon, 1990; Hibbard, 1991) are observed in the dio-
ritic to quartz-dioritic dykes and are assigned to the liquid-dominated
hybridization stage (compare Fig. 16a). For quartz ocelli, the parental
magma of the quartz-dioritic dykes would have already mixed-
mingled by the time it intruded the solidified host rock, suggesting
that the hybridization process had been achieved in several stages.

No solid-state recrystallization textures were observed in the
Varvarco Intrusives. The only modification of grain boundaries
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270

Fig. 14. (Colour online) Comparison of AMS and of AARM
ellipsoids showing that magnetite and paramagnetic miner-
als have fabrics with the same orientations. Equal-area pro-
jection in geographic coordinate system.

that was locally observed is some polygonization of quartz grains.
This suggests that the rocks underwent some degree of static
recrystallization (textural coarsening: Higgins, 2011). The
Radales Aplite sample from site V5 sampled for this study has a
granophyric texture suggesting that it cooled under shallow sub-
volcanic conditions (Vernon, 2010).

The affinity of the Varvarco Intrusives with calc-alkaline I-type
magmas (Franchini ef al. 2003; Casé et al. 2008) and the predomi-
nance of intermediate compositions in the suite, with hornblende
as the main mafic mineral, is typical of Cordilleran magmas. These
water-rich compositions are characteristic of subduction environ-
ments (Bachmann & Bergantz, 2008). Amphibole and biotite crys-
tals from the Varvarco Tonalite crystallized from magmas of calc-
alkaline composition (Fig. 17a-f). According to the classification of
Molina et al. (2009), the amphibole cores and rims crystallized in
equilibrium with subalkaline magmas (Fig. 17a-d), although some
amphibole cores fall into the field of subalkaline trachytoid mag-
mas (Fig. 17b). Given that the Varvarco area is poorly studied,
there are no granitoid rocks in the vicinity to directly compare with
the mineralogy of the Varvarco Intrusives. In Figures 10, 11, 17 and
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18 we compare the compositions of amphiboles and biotites with
the amphiboles and biotites of Zaffarana et al. (2014) and Castro
et al. (2011). Zaffarana et al. (2014) reported granitoids of Late
Triassic age from the Central Patagonian Batholith at Gastre
(North Patagonian Massif) which were emplaced during the early
stages of Gondwana break-up. In turn, Castro ef al. (2011) reported
Jurassic granites of the North Patagonian Batholith in the area of
Bariloche (North Patagonian Andes) which were, like the Varvarco
rocks, formed by the Andean subduction system. The Varvarco
amphiboles largely overlap in composition with the amphiboles
reported for the Late Triassic granites of the Gastre Superunit of
the Central Patagonian Batholith studied by Zaffarana et al.
(2014) and have less variable TiO, concentrations than amphiboles
reported for the Jurassic granites of the Patagonian Batholith stud-
ied by Castro et al. (2011).

The composition of the biotite crystals is comparable to that of
calc-alkaline orogenic suites (Fig. 17e, f) in the tectonic discrimi-
nation diagram of Abdel-Rahman (1994). The presence of titano-
magnetite as the main oxide in these rocks (Varvarco Tonalite;
online Supplementary Material Fig. S2a) is also compatible with
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granites of the magnetite series of Ishihara (1977), in agreement
with the results of Casé et al. (2008). Similar to the amphiboles,
the Varvarco biotites largely overlap in Al,O3;, MgO and FeOr con-
centrations with biotites reported by Zaffarana et al. (2014) and
Castro et al. (2011) (Fig. 17e, f), with the biotites of Castro et al.
(2011) showing slightly larger variations.

5.b. Parental melt conditions of the Varvarco Tonalite

5.b.1. Thermobarometry

To estimate the magma storage temperatures we used geother-
mometers based on amphibole-plagioclase compositions
(Holland & Blundy, 1994, expression B; Molina et al. 2021, expres-
sions A1, A2 and B2), amphibole compositions (Ridolfi et al. 2010;
Ridolfi & Renzulli, 2012; Putirka, 2016), biotite (Henry et al. 2005)
and melt compositions (Molina et al. 2015; Putirka, 2016).
Individual results are presented in Table 2, and a summary is pre-
sented in Table 4.

Temperatures obtained with the expressions Al, A2 and B2
from Molina et al. (2021) agree reasonably and are between 623
and 703°C (Table 4). In general, temperatures obtained with
expression Al are lower than those obtained with expressions
A2 and B2 (Table 4). In the case of the pressure-dependent expres-
sions Al and A2, results obtained at 1 and 5 kbar are almost iden-
tical (Table 4). For these calculations, we used amphibole
compositions 61, 62, 63 and 65, which are from cores of amphibole
crystals that satisfy the validation criteria of these geothermome-
ters (Molina et al. 2021). These amphibole cores were combined
with plagioclases 9, 21, 28 and 39, of andesine composition
Anjp_36, which also pass the validation criteria proposed by the
authors (Table 2a, b).

FT grain age (Ma)

show the frequency histogram for obtained
ages.

The expression B from the Holland & Blundy (1994) amphibole
and plagioclase thermometer was used for the same plagioclase
cores as in the Molina ef al. (2021) geothermometer, and amphib-
ole cores with 0.2 (apfu) Tiand 1.5 (apfu) Al'Y contents. This filter
yielded a temperature of 716-784 °C for the amphibole cores, and
these temperatures agree with the amphibole core-only tempera-
tures (Ridolfi et al. 2010; Ridolfi & Renzulli, 2012; Putirka, 2016;
Table 2b). However, the higher temperatures could be due to either
their high AI'! or low Mg occupancies, and therefore we consider
that the crystallization temperatures around 623-703 °C obtained
with the expressions from Molina et al. (2021) are more likely.

Liquid-only temperatures of Molina et al. (2015) and Putirka
(2016) for amphibole-saturated magmas are, as expected, higher
than the temperatures calculated by using amphibole crystals
and by the combination of amphibole and plagioclase crystal cores.
They range from 922 to 958 °C (Table 4), and for these calculations
the liquid composition was estimated using the whole-rock com-
position of sample BPN11 from the Varvarco Tonalite (sample
reported in Kay et al. 2006). The obtained liquid-only temperatures
are compatible with the amphibole stability field in subalkaline
liquids (see fig. 15 in Molina et al. 2009 and fig. 9 in Kiss et al.
2014), consistent with a system that involved amphibole-saturated
parental melts.

The combination of Ti and Mg/(Mg + Fe) ratios of biotites
were used to determine temperature following the method of
Henry et al. (2005). Biotite compositions are well within the cali-
bration range of the method (Xy;, =0.275-1.000, Ti=0.04-0.6
apfu) and yielded temperatures between 689 and 753 °C, in excel-
lent agreement with amphibole temperatures determined by
Molina et al. (2021) (Table 4).
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Table 3. Apatite fission-track data
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Central age
Dosimeter Spontaneous Induced P(x?) Age dispersion (Ma) + 1s
Sample Lithology n U (ppm) pD ND Ps Ns pi Ni
VAR5 tonalite 21 9.19 8.43 5000 2.61 131 5.61 281 90.72 0 67.5+8.0
BU4 tonalite 13 14.18 8.42 5000 2.95 131 8.48 377 4437 0.05 50.3+5.8

AQ17 Central ages calculated with a calibration of 330.40 +20.16 Ma. n — number of measured grains. * Kinetic parameters.
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Fig. 16. (Colour online) Schematic magma hybridization processes proposed for the
Varvarco Tonalite, based on the model of Barbarin (2005).

Crystallization pressures were estimated using the Ridolfi &
Renzulli (2012) amphibole-only geobarometers (average between
the results of equations la and 1b) and the Molina ef al. (2015)
and Anderson & Smith (1995) amphibole-plagioclase barometers.
For these calculations, as in the case of the geothermometers, only
amphiboles 63 and 68 and plagioclases 9, 21, 28 and 29 (Table 2a,
b) that passed all the validation parameters of Molina et al. (2015,
2021) were used. We also estimated pressures using the Al-in-
hornblende geobarometers of Hammarstrom & Zen (1986),
Hollister et al. (1987), Johnson & Rutherford (1989) and
Schmidt (1992) (Table 4).

The highest pressures were calculated using the Schmidt (1992)
calibration, yielding ~4 kbar for amphibole cores (amphibole rim
compositions were not suitable for the Al-in-hornblende calibra-
tions, because of their high silica content, higher than 50 wt %;
Table 2b). However, Al-in-hornblende geobarometers tend to
overestimate pressures, as both the pressure-dependent tscherma-
kitic and the temperature-dependent edenitic substitutions govern
the total Al content in amphiboles (Erdmann et al. 2014).

Pressures range from 2.15 to 3.36 kbar when calculated with the
geobarometer of Molina et al. (2015) and the temperatures
obtained with the pressure-independent thermometer B2 from
Molina et al. (2021).

Similar pressures were obtained using the Molina et al. (2015)
geobarometer combined with the temperatures obtained with the
Ridolfi & Renzulli (2012) and Putirka (2016) thermometers
(Table 4). These pressures broadly agree with the ones obtained

with the Anderson & Smith (1995) amphibole barometer (2.26-
3.13; Table 4).

5.b.2. Oxygen fugacity

The oxygen fugacity of the parental melt to the Varvarco Tonalite
was calculated using the method of Ridolfi ef al. (2010) and Wones
& Eugster (1965) (Fig. 18a, d). Ridolfi et al. (2010) uses amphibole
chemistry to derive pressure-temperature (P-T) conditions, H,O
and fO,. It should be noted that the Ridolfi et al. (2010) barometer
estimates pressures of ~1.1 kbar for amphibole cores and 0.7 kbar
for rims, which is significantly lower than pressures derived with
other barometers. However, pressure differences within 1-3 kbar
have very little effect (~0.2 log unit) on the fO, estimates by the
Ridolfi et al. (2010) oxybarometer, which is within the uncertainty
of the method (0.4 log unit). According to the Ridolfi et al. (2010)
oxybarometer, amphibole cores and rims from the Varvarco
Tonalite have similar oxygen fugacities in the range of —12.2—-
14.9 logfO,, which indicates that they crystallized under relatively
high fO, conditions between the nickel-nickel oxide (NNO) and
NNO + 2 buftfers, typical of calc-alkaline magmas (ANNO from
—1to +3; e.g. Gill, 1981; Behrens & Gaillard, 2006).

Wones & Eugster (1965) used Mg/(Mg + Fe) ratios in biotite
and temperatures in order to estimate fO,. We used temperatures
derived by Henry et al. (2005) and biotite cations by Li et al. (2020).
All biotites plot in the area outlined by a yellow circle (Fig. 18d).
For comparison, biotites by Castro et al. (2011) plot over the wider
ranges of fO,, but still between the NNO and haematite-magnetite
(HM) bulffers.

Oxygen fugacities between the NNO and HM buffers are also
suggested by the Fe*™-Fe*™-Mg ternary diagram for biotite com-
positions of Wones & Eugster (1965) (Fig. 18¢). Additionally, high
oxygen fugacities of the studied rocks are also inferred from the
Fe/(Fe, + Mg) ratios in amphibole (Czamanske & Wones, 1973;
Anderson & Smith, 1995), and by titanomagnetite as the main
oxide phase of these rocks (see below, Fig. 18b; online
Supplementary Material Fig. S2a).

5.c. Cooling history and exhumation of the Late Cretaceous
and Palaeogene plutons

To date, three ages have been obtained for the Varvarco Tonalite: a
recalculated K-Ar biotite age of 64.7 £ 3.2 Ma (J.L.C.A/M.M.A.J.,
2000 in Franchini et al. 2003), an “°Ar-*’Ar biotite age of 69.09 +
0.13 Ma (Kay et al. 2006) and recently a U-Pb SHRIMP zircon age
of 67.8+0.8Ma (Assis, 2019). Zappettini et al. (2014) and
Zappettini et al. (2021) reported an “*Ar-*Ar age of 65.68 +
0.22 Ma for adularia from veins associated with the hydrothermal
alteration of basic volcanic rocks from the Jurassic Colomichicd
Formation (Zappettini et al. 2018).

If the closure temperatures of the specific minerals for the vari-
ous geochronological methods are taken into account, it is possible
to construct a thermal profile and to calculate the exhumation rate
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Geochemical signature of the magmas determined from amphibole composition
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Fig. 17. (Colour online) Geochemical signature of the magmas in equilibrium with amphibole and biotite from the Varvarco Tonalite. (a-d) Amphibole compositions of the
Varvarco Tonalite plotted on the diagrams of Molina et al. (2009). (a) MgO versus TiO,. (b) Na,O/K,0 versus TiO,. (c) Al,05 versus TiO,. (d) TiO, versus temperature calculated
using geothermometer of Putirka (2016). (e, f) Tectonic discrimination diagrams for biotites of the Varvarco Tonalite: (e) MgO versus FeOr and (f) AL,Os versus FeOr (Abdel-Rahman,

1994).

(England & Molnar, 1990). Thus, the thermal profile/cooling
curve for the Varvarco Tonalite was constructed (Fig. 19) con-
sidering the more accurate geochronological data, namely those
obtained by Assis (2019) and Zappettini et al. (2014). The typ-
ical closure temperature for U-Pb on zircon is greater than 800 °
C (Lee et al. 1997). Siégel et al. (2018) showed that the zircon
saturation temperature in igneous rocks is variable, but nor-
mally between 780 and 860 °C for intrusive rocks. Since we
do not have Ti-in-zircon data that would allow us to calculate
temperatures more precisely, we assume a closure temperature
for zircon of c. 850 °C. Considering that the closure temperature
of radiogenic argon in K-feldspar can be as low as 120-150 °C
(Foland, 1974; Harrisson & McDougall, 1982), we opted for
using a closure temperature of 150 °C for adularia.

A one-step theoretical curve between 67.8 + 0.8 Ma (U-Pb in
zircon) and 65.68 +0.22 Ma (**Ar-**Ar in adularia from hydro-
thermal veins) was constructed for the exhumation of the
Varvarco Tonalite (Fig. 19). This curve gives a continuous cooling
rate of ~330 °C per Ma. Sanchez et al. (2018) proposed tectonically
driven continuous exhumation for the Cordillera del Viento dur-
ing the latest Cretaceous — early Palaecogene deformation event.
Considering continuous and fast exhumation, the theoretical curve
can be extended below 100 °C towards the graphically obtained age
of 65.3 Ma (Fig. 19). Fast cooling and exhumation of the Varvarco
Tonalite also agrees with the low pressures obtained by geothermo-
barometry (Tables 2, 4). The highest pressures calculated for
amphibole and plagioclase cores are of the order of 3.37 kbar,
which correspond to a source at ~12 km depth. Amphibole rims
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Fig. 18. (Colour online) Oxygen fugacity conditions of the magmas in equilibrium with the amphiboles and biotites of the Varvarco Tonalite. Data from Zaffarana et al. (2014) and
Castro et al. (2011) are plotted for comparison. (a) logfO, versus temperature diagram of Ridolfi et al. (2010). Error bars represent maximum logfO, errors of 0.4 log unit and the
expected o (22 °C). (b) Diagram of Anderson & Smith (1995) showing the effect of fO, on amphibole compositions in terms of Fer/(Fer + Mg) versus Al"V (apfu). (c) Ternary diagram
for oxygen fugacity in biotites (Wones & Eugster, 1965). (d) logfO, versus T diagram (Wones & Eugster, 1965). Numbers represent 100*Mg/(Mg + Fe) ratios in biotites. Yellow circle
shows an average of all biotite compositions from this study. Biotites from Zaffarana et al. (2014) overlap with the yellow circle. Biotites from Castro et al. (2011) are shown in the
grey oval. Oxygen fugacity buffers are nickel-nickel oxide (NNO), haematite-magnetite (HM) and quartz-fayalite-magnetite (FMQ).

crystallized at lower pressures of ~1-2 kbar, which is compatible
with shallower emplacement at ~4-7 km depth. It means that if
the exhumation was a continuous process, as suggested by the ther-
mal profile, the magmatic system could have been exhumed by
~12km in ¢. 2.1 Ma.

Considering that the Palaeogene Cayanta Volcanics intruded
over the already eroded Varvarco Tonalite and Radales Aplite
between 50-56.9 Ma (“*Ar-*Ar hornblende ages, Jordan et al.
2001) and 67.5+8 Ma (AFT age), and the Varvarco Tonalite
has a final stage of exhumation (below 4-5km) at least at 59.5
Ma, one important question that we are trying to answer is
‘When was the final exhumation of the Varvarco Tonalite plus
Radales Aplite?’ The final tectonic exhumation must have occurred
after the crystallization of the adularia veins in the Radales Aplite at
65.68 £ 0.22 Ma and prior to the extrusion of the Cayanta volcanic
rocks at 56.9-50 Ma. The Varvarco Tonalite magmatic fabric was
not affected by any solid-state deformation that could have been
superimposed onto these rocks, and shallow emplacement condi-
tions helped in the fast exhumation process. The Radales Aplite has
a granophyric texture, which suggests that it would have experi-
enced a greater degree of undercooling than the Varvarco
Tonalite (Vernon, 2010), consistent with emplacement at a shal-
lower crustal level. At this point, we do not have any crystallization

age for the Radales Aplite that may corroborate the relationship
between cooling and exhumation. The final exhumation possibly
occurred coevally with the generation of the adularia veins in
the Radales Aplite at 65.68 Ma or later as part of the continuous
process of exhumation at 65.3 Ma (Fig. 19), or between 65.3 and
59.5 Ma, considering the AFT age. We do not exclude that the final
exhumation could have happened after 59.5 Ma, but certainly
before 56.9 Ma.

Note that the K-Ar biotite cooling age of 64.7+3.2Ma
(Franchini et al. 2003) falls onto this cooling curve given the uncer-
tainty of the fission-track ages. The biotite age of 69.09 £ 0.13 Ma,
also from the Varvarco Tonalite (Kay et al. 2006), is much older
than the U-Pb zircon age of Assis (2019). These two ages are
not within the uncertainty. It is difficult to explain this age differ-
ence in the context of the thermal profile, but it could be related to
an early (c. 69 Ma) input of mafic hydrated magma into the mag-
matic system of the Varvarco Tonalite.

Given the age of 50.3 + 5.9 Ma (AFT, sample BU4), the Butalén
Tonalite was exhumed a little later than the Varvarco Tonalite, in
Palaeogene time. However, the exact age of its exhumation is not
yet fully constrained. The AFT age of the Butal6n Tonalite is not as
well defined as that for the Varvarco Tonalite, because less fission-
track data could be obtained from the dated sample BU4 (Table 3).
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Table 4. Summary of the temperatures and pressures calculated for the sample of the Varvarco Tonalite
Sample name Varvarco Tonalite
Analysed material
Calibration uncer-
Calibration tainty Centres Rims
Amp-Pl thermometer (Molina et al. 2021 -expression Al at 5 kbar) +50°C 623-691 -
Amp-Pl thermometer (Molina et al. 2021 -expression Al at 1 kbar) +50°C 624-692 =
Amp-Pl thermometer (Molina et al. 2021 -expression A2 at 5 kbar) +50°C 636-699 -
Amp-Pl thermometer (Molina et al. 2021 -expression A2 at 1 kbar) +50°C 637-699 -
Amp-Pl thermometer (Molina et al. 2021 -expression B2) +50°C 641-703 -
Amp-Pl thermometer (Holland & Blundy, 1994 —-expression B) +40°C 784-716 -
Amphibole data (available in Table 2b) Amp-only thermometer of Ridolfi +35°C 780 742
et al. (2010) - Eqgn. 1. Average data
Amp-only thermometer of Ridolfi & +32°C 717 614
Renzulli (2012) - Eqn. 2. Average
data
Amp-only thermometer of Putirka +30°C 742 678
(2016) - Eqgn. 5. Average data.
Whole-rock data (calculated with sample Liquid-only - Molina et al. (2015) +35to +45°C 958
BPN11 of Varvarco Tonalite from Kay et al. . K
2006) Liquid-only - Putirka (2016) - Eqn.3 +33°C 922
Biotite (available in Table 2c) Henry et al. (2005) +12°C 689-753
Geobarometers Amphibole data (some of them are available Hammarstrom & Zen (1986) + 3 kbar 3.47 -
(kbar) in Table 2b) (average data)
Hollister et al. (1987) (average data) + 1 kbar 3.53 -
Johnson & Rutherford (1989) + 0.5 kbar 2.76 -
(average data)
Schmidt (1992) (average data) + 0.6 kbar 3.99 -
Ridolfi & Renzulli (2012) - Average + 2.5 kbar 1.20 0.7
between Egn. 1a and Eqgn. 1b
Amp-Pl barometer (Anderson & Smith, 1995) + 0.6 kbar 3.13-2.26 -
Amp-Pl barometer (Molina et al. 2015) at T1* + 1.5 to + 2.3 kbar 3.37-2.28 -
Amp-Pl barometer (Molina et al. 2015) at T2** 2.64-1.83 -
Amp-Pl barometer (Molina et al. 2015) at T3*** 3.36-2.15 -

AQZO In the amphibole-plagioclase barometer of Molina et al. (2015), T1 is the temperature obtained with the Ridolfi & Renzulli (2012) geothermometer (equation 2) and T2 with the Putirka (2016)
geothermometer (equation 5). Standard deviation of the data is signalled in the appropriate cases. Errors are 1 sigma standard deviations.
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T1* (Ridolfi & Renzulli, 2012, Eqn. 2)
T2** (Putirka, 2016, Eqn. 5)
T3*** (Molina et al. 2021, expression B2)

It seems that the Butaléon Tonalite was emplaced in an already
exhumed orogenic system. This is also in agreement with the dif-
ferent cooling rates of the Varvarco Tonalite and the Radales
Aplite, as inferred from their magmatic textures discussed before.

Temperature and pressure estimates derived from mineral
chemistry are here integrated with the temperature-time path
reconstruction in order to derive a geothermal gradient for the
Cordillera del Viento area. In the first place, amphibole core com-
positions provide temperatures of ~620-700 °C and pressures of
~2-3.36 kbar, which correspond to nearly ~12km depth
(Fig. 19). At these P-T conditions, the Varvarco Tonalite was
almost completely crystallized and already cooling. Then, amphib-
ole rim compositions record pressures of 1-2kbar, which

correspond to ~4-7 km depth (Fig. 19), and, at this stage, the tem-
peratures were no higher than 120 °C, as apatite fission tracks
anneal at temperatures higher than this threshold (Ehlers &
Farley, 2003; Reiners & Ehlers, 2005). From these two T and P
regimes, a geothermal gradient of ~62.5 °Ckm™! can be obtained,
revealing the cooling and exhumation history of the Varvarco
Tonalite. Such a high geothermal gradient suggests that the intru-
sive rocks were cooling down and exhuming at the same time. The
lower geothermal gradients of ~51°Ckm™" (Sigismondi, 2013;
Sigismondi & Ramos, 20094a,b; see Galetto et al. 2021) could be
reflecting the pre- Andean tectonic scenario in the modern eastern-
most region of the Neuquén Basin, which was not affected by
Andean deformation (Galetto et al. 2021).
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Fig. 19. (Colour online) Cooling history of the Varvarco Tonalite. See main text for details.

5.d. Magnetic fabrics of magmatic origin in the Late
Cretaceous and Palaeogene plutons

As previously shown in Section 4.d, the magnetic fabrics deter-
mined by the ASM method in the Varvarco Tonalite, Butalon
Tonalite and Radales Aplite can be interpreted as being of pure
magmatic origin representative of magma flow during Late
Cretaceous—Palaeogene times. In particular, the fast-cooling rate
estimated from the U-Pb, **Ar-*Ar and AFT ages suggests that
the magmatic fabrics of the Varvarco Tonalite were acquired dur-
ing pluton cooling and exhumation.

The magmatic fabrics from the Varvarco Tonalite and Radales
Aplite are steeply dipping, with a predominant N-S§ strike (online
Supplementary Material Fig. S1a), which is mostly consistent with
the orientation of the regional structures from the Andean oro-
genic cycles (Giacosa et al. 2014; Turienzo et al. 2018; Sanchez
et al. 2018). The oscillating character of the magmatic fabrics
strongly suggests that they could have been influenced by intrinsic
dynamics inside the magma chamber. However, there is some evi-
dence of regional stress influence, such as N-S elongation of the
pluton along the Matancillas creek (Figs 2a, 3a, b) and NNE-
SSW to NNW-SSE fabrics. Even though coupling with the wall
rock may not occur, the Andean stress field might have influenced
magma flow to some extent. The N-S Matancillas creek goes along
the trace of the N-S-directed Cordillera del Viento Fault (Fig. 2a,
b). This fault was active during the Andean deformation and could
have favoured magma ascent through the crust. The lack of tec-
tonic deformation suggests that pluton emplacement took place
either during or soon after the Late Cretaceous deformation event
in the Neuquén Andes. Alternatively, similar fabrics may be pos-
sible even during a regional deformation event if strain partitioning
in low- versus high-strain domains is present. However, post-tec-
tonic emplacement is also in agreement with observations made in
the other parts of the Naunauco Belt, where other subvolcanic
bodies were post-tectonically emplaced (Llambias & Malvicini,
1978; Zamora Valcarce et al. 2011).

Other plutons that were emplaced late with respect to the main
tectonic deformation events have been described as having flat

roofs and steeply dipping foliation planes along the pluton walls
(de Saint-Blanquat ef al. 2006; Payacan et al. 2014). Their internal
fabric is strongly decoupled from the host rock fabrics, likely
reflecting magma chamber processes (Paterson et al. 1998).

Unfortunately, the areas of the Varvarco Tonalite (marked as
VT in Fig. 2 and Fig. 3a, b) where we expected to see flattened
magmatic foliations in the roof of the intrusion, were only inferred
from satellite images and inaccessible for sampling. Some sites,
such as site V3, within the Varvarco Tonalite show flat foliation
planes, suggesting a location near the pluton roof. But in general,
steeply dipping magmatic foliations are dominant and probably
reflect closeness to the contact with the host rocks. The contact area
is the place where the highest degree of coupling between the mag-
matic and host rock fabrics usually occurs (Paterson et al. 1998). In
this sense, the parallel foliations presented by the metamorphic
rocks of the Guaracé Norte Formation and the magmatic rocks
of the Varvarco and Radales plutons in the area between the
Matancilla and Chacay creeks suggest that some degree of
mechanical coupling existed between them (Fig. 12a). However,
the contact aureole in the margin-parallel fabrics rules out regional
deformation as a significant cause of fabric formation, and instead
suggests late fabric formation due to internal processes during
emplacement (Paterson et al. 1998). In addition, the thermal con-
trast between the Guaracé Norte Formation and the Varvarco
Tonalite is consistent with the results obtained from geothermo-
barometry, which suggests that the Varvarco pluton was emplaced
at a high crustal level at ~2-3 kbar (between 7 and 11 km depth).

Lastly, magma feeder zones, where magma upwelled, can be
traced by the existence of vertical magmatic lineations at sites
for which AMS ellipsoids of prolate shape (T < 0) were measured,
such as V1, V2, V6 and V7 from the Varvarco Tonalite (online
Supplementary Material Fig. SI1f).

6. Conclusions

Field observations and petrographic analysis indicate that magma
hybridization was the main process in the Varvarco and Butalén
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plutons. The magnetic fabrics of these plutons are dominated by
titanomagnetite. This, together with the mineral chemistry data
(amphibole and biotite) confirms that these magmatic phases
belong to the I-type series of calc-alkaline igneous bodies.

The fabrics are, without exception, magmatic, and the AMS data
can be interpreted as the result of emplacement and rapid exhumation
of fast-cooled plutons. The AFT ages of the Varvarco Tonalite are
close to its crystallization age, as well as the fast-cooling age calculated
for this pluton (330 °C Ma~; Fig. 19). Shallow emplacement condi-
tions were estimated based on geothermobarometry (2-3 kbar, equiv-
alent to 12 km depth). These combined data allow us to infer uplift in
the region between 66 and 64.9 Ma. Geothermobarometry and AFT
data suggest a geothermal gradient for the area of ~62.5 °Ckm™". The
magmatic system in the Varvarco area could have been exhumed by
~12km in ¢. 2.1 Ma.

The orientation of the magmatic fabrics implies that they
formed mostly owing to magma chamber processes. However, they
could have been controlled, in part, by the regional Late Cretaceous
compressive deformation. As the plutons are located along the
trace of the Cordillera del Viento Fault, and because they are
devoid of post-emplacement tectonic deformation, reactivations
of this fault are not supported.
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