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ARTICLE INFO ABSTRACT

Keywords: Central Patagonia is traversed by a belt of Early to Middle Jurassic calc-alkaline intermediate volcanic rocks
Andesite interspersed with more felsic volcanic rocks which are associated with the widespread magmatism that took
Jurassic

place during Gondwana break-up times. This work uses K—Ar and Ar—Ar dating and whole-rock and phenocryst
(plagioclase, amphibole, clinopyroxene and titanomagnetite) compositional data to refine the age, geochemical
signature and reservoir conditions of these volcanic rocks, which are known as Lonco Trapial Formation. The
andesites, dacites and trachydacites which were the object of this study have either amphibole or clinopyroxene
as the main mafic phenocryst (amphibole-bearing and clinopyroxene-bearing volcanic rocks, respectively),
though amphibole is the main mafic phase. Despite the calc-alkaline signature a mild alkaline affinity emerges
from some whole-rock trace elements content and from mineral chemistry (amphibole, clinopyroxene and ti-
tanomagnetite compositions). The magmatic evolution of the Lonco Trapial andesites, dacites and trachydacites
was governed by fractionation of amphibole, clinopyroxene, plagioclase, titanite, titanomagnetite and apatite.
Amphibole phenocrysts show an overall normal chemical zoning. The cores of the amphiboles crystallized over a
temperature range of 869-916 °C, whereas the rims crystallized over a temperature range of 826-867 °C.
Shallow to intermediate depths (2-8kbar, ~7-26km) were inferred from geobarometric calculations.
Crystallization temperatures are slightly higher in the clinopyroxene-bearing volcanic rocks, consistent with
their more primitive character. The geobarometric estimations of this work are coherent with the lack of marine
ingressions and with geophysical estimations which suggest that the Early Jurassic Moho depth would have been
=35 km The combination of whole-rock and mineral geochemistry is consistent with an extensional affinity for
this paleo-volcanic belt.

Mineral chemistry
Whole-rock geochemistry
Central patagonia

1. Introduction Early Jurassic, with the V1 volcanic event (188-178 Ma), and is coeval

with the peak of the Karroo-Ferrar basaltic volcanism. It was then fol-

Early Jurassic times in Patagonia were characterized by widespread
magmatism linked to the early stages of Gondwana break-up. This
magmatism is known as the Chon Aike Volcanic Province, one of the
largest rhyolitic provinces in the world, which also extends to the
Antarctic Peninsula (Pankhurst et al., 1998, 2000; Riley et al., 2001).
The age of this magmatism becomes younger southwards, preceding the
opening of the South Atlantic Ocean in the Early Cretaceous (Pankhurst
et al., 2000). This volcanism starts in northeastern Patagonia in the

lowed in southern Patagonia and northern Antarctic Peninsula by the
Middle Jurassic volcanic event V2 (172-162 Ma), and by the Late Jur-
assic volcanic event V3 (157-153 Ma) which migrated to the Andes
Cordillera (Féraud et al., 1999; Pankhurst et al., 2000 and references
therein).

Central Patagonia is traversed by a N—S belt of calc-alkaline inter-
mediate volcanic rocks interspersed with more felsic volcanics and with
sedimentary rocks known as the Lonco Trapial Formation (Page and
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Fig. 1. Regional and local geological frame of the Lonco Trapial Formation volcanic rocks. A) Early to Middle Jurassic rocks of in the North Patagonian Massif. The
gray area in Fig. 1A corresponds to the sampling area of Fig. 1B. The ages correspond to (1) Pankhurst et al. (1993) (2) Gordon and Ort (1993) (3) Pankhurst y Rapela
et al. (1991) (4) Féraud et al. (1999) (5) Franzese et al. (2002) (6) Sato et al. (2004) (7) Rapela et al. (2005) (8) Zaffarana and Somoza (2012) (9) Ctineo et al. (2013)
y (10) Benedini and Gregori (2013). B) Local map of the area of Gastre showing the distribution of samples and the studies performed.
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Table 1
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General data of the samples collected: outcrop type, location, analyses performed, and age constraints. Mineral abbreviations after Whitney and Evans (2010).

Analysis type T1 TO G2-63

G3-134 JZ6-4 G3-157

Lithology Amp-bearing trachydacite =~ Amp-bearing dacite ~Amp-bearing dacite =~ Amp-bearing Amp-bearing Cpx-bearing trachydacite
andesite andesite

Outcrop Lava flow Lava flow Porphyry Dike Lava flow Lava flow

Latitude (degrees, South) 42.1307 41.8500 42.1244 42.2769 41.8800 42.1318

Longitude (degrees, West)  69.0719 69.3000 69.0335 69.3334 69.3660 69.3705

Whole-rock major analysis ~ Actlabs Actlabs SGS Peru SGS Peru - SGS Peru

Age constraints “OAr-**Ar Amp and paleomagnetic data in “OAr-3%Ar K—Ar whole Form part of the paleomagnetic ~ —

Zaffarana and Somoza (2012)

Amp-SERNAGEOMIN

rock-Actlabs data defining an Early Jurassic

paleopole (Zaffarana and

185 *+ 1.6/184 = 5 185.4 = 2 1789 = 1.1 191.6 = 5.2 Somoza, 2012)
Mineral Electron - - Pl, Amp, Mag, Usp - - Pl, Cpx,
analysis ~ microprobe Amp,
Mag, Usp
EDS data - - Amp - Amp -
ICP-MS data Amp Amp Amp Amp - -

Page, 1993). The Lonco Trapial lavas were considered the more mafic
counterparts of the predominantly rhyolitic Chon Aike Volcanic Pro-
vince and part of the V1 volcanic event (Gust et al., 1985; Pankhurst
et al., 1998, 2000; Franzese et al., 2002; Zaffarana and Somoza, 2012;
Benedini and Gregori, 2013; Cineo et al., 2013; Bouhier et al., 2017).
This volcanism was in a back-arc position with respect to the activity of
a western short-lived Early Jurassic magmatic arc known as the Sub-
cordilleran Plutonic Belt (Fig. 1a; Gordon and Ort, 1993; Haller et al.,
1999; Rapela et al., 2005).

This work aims to refine the origins of the Lonco Trapial Formation
volcanic rocks using new measurements of mineral and whole-rock
major and trace element compositions (e.g. Sas et al., 2017). The
sample suite comprises mainly Early Jurassic andesites, dacites and
trachydacites from the locality of Gastre (Fig. 1b). Our data are used to
constrain magma type, petrogenetic processes, magma storage condi-
tions (temperature, pressure, fO,) and parental melt compositions. Our
analysis recovers an extensional signature from these predominantly
calc-alkaline magmas.

2. Geological setting

2.1. Early Jurassic igneous and sedimentary units in the North Patagonian
Massif

The distribution of Early Jurassic rocks in Patagonia between 40°
and 44° S is shown in Fig. la. The Early Jurassic units of the North
Patagonian Massif can be divided into three domains: eastern, central
and western (Fig. 1a). Within the eastern domain, the Early Jurassic
rocks are predominantly magmatic, comprised of the rhyolitic volcanic
rocks of the Marifil Formation (Pankhurst et al., 1993; Pankhurst and
Rapela, 1995; Féraud et al., 1999) and by their intrusive counterparts
known as the El Sétano Granodiorite (Sato et al., 2004) and as the
Flores Granite (Pankhurst et al., 1993).

In the central domain, the Early Jurassic rocks are predominantly
volcanic and andesitic (Fig. 1a). Following Page and Page (1993), the
Lonco Trapial Formation is used here to refer to the volcanic belt of
predominantly intermediate composition of Central Patagonia. North of
Gastre, the Lonco Trapial Formation intermediate volcanics inter-
digitate with the Early Jurassic felsic volcanics of Garamilla Formation
(Nullo, 1978; Franzese et al., 2002; Benedini and Gregori, 2013). South
of Gastre (near Paso del Sapo and further south), the Lonco Trapial
Formation forms part of the early infill of the Canadén Asfalto basin
(Figari and Courtade, 1993; Cortifias, 1996; Ctineo et al., 2013; Figari
et al., 2015; Hauser et al., 2017; Bouhier et al., 2017), overlying the

syn-rift deposits of Las Leoneras Formation (Ctineo et al., 2013, Fig. 1a).

The NNW-SSE Early Jurassic Pampa de Agnia basin extends to the
western (and partly central) domain of the North Patagonian Massif
(Fig. la, Vizan, 1998; Suarez and Marquez, 2007). The sedimentary
rocks of the Pampa de Agnia basin are intruded by the Early Jurassic
mafic-ultramafic suite of the Tecka and Cresta de los Bosques forma-
tions (Page, 1984; Poma, 1986; Féraud et al., 1999; Page and Page,
1999). The gabbros and sedimentary rocks are intruded by the Sub-
cordilleran Plutonic Belt, a NNW-SSE trending batholith of Early Jur-
assic age (Fig. 1a; Gordon and Ort, 1993; Haller et al., 1999; Rapela
et al., 2005). Lonco Trapial Formation lavas are in a back-arc position
with respect to the activity of the Early Jurassic magmatic arc re-
presented by the Subcordilleran Plutonic Belt (Fig. 1a).

2.2. Local geology and sampling: the Lonco Trapial Formation in Gastre

This work is focused on volcanic rocks from the Lonco Trapial
Formation in Gastre (Fig. 1a). Here, the oldest rocks are Late Paleozoic
metamorphic rocks of the Calcatapul (Proserpio, 1978) and Cushamen
formations (Volkheimer, 1964; Lopez de Luchi and Cerredo, 2008).
Two later magmatic suites include: the Late Paleozoic granites of the
Gondwanic cycle and the Late Triassic granites of the Central Patago-
nian Batholith (Rapela et al., 1991; Rapela and Pankhurst, 1992;
Pankhurst et al., 2006; Lépez de Luchi and Cerredo, 2008; Zaffarana
et al., 2017). The Jurassic volcano-sedimentary Lonco Trapial Forma-
tion (Taquetrén Formation of Nullo and Proserpio, 1975; Proserpio,
1978) rests on a highly irregular paleosurface carved into these grani-
toids.

The Lonco Trapial Formation in Gastre hosts a volumetrically im-
portant eruptive suite associated with thick volcaniclastic conglomer-
ates. The volcanic facies are mainly represented by andesitic lavas and
breccias, while the subvolcanic facies consist of many porphyries and
dikes of the same composition. There are also subordinate pyroclastic
facies composed of tuffaceous beds mainly corresponding to dacitic
ignimbrites. Representative samples collected in this study correspond
to lava flows (T1, TO, JZ6-4 and G3-157), dikes (G3-134) and porphy-
ries (G2-63). A summary of the ages, locations and studies that were
performed is presented in Table 1, and locations are shown in Fig. 1.

3. Analytical techniques

Whole-rock major and trace elements were determined using ICP,
ICP-MS and ICP-AES at Activation Laboratories, Ontario, Canada
(ACTLABs) and at the SGS laboratory (Peru). Results are presented in
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Table 1-Appendix.

Sample G2-63 was dated by “CAr-**Ar in amphibole at the
Geochronological Laboratory of SERNAGEOMIN (Chile) and sample
G3-134 was dated by whole-rock K—Ar at Actlabs (Ontario, Canada). In
the former, the system is equipped with two extraction lines of radio-
genic Ar gas, which are aligned with a Stanelco induction furnace, with
a maximum power of 7.5 kW. The extracted Ar is purified through two
extraction lines of Ar and is analyzed in a semi-automatic mass spec-
tromet er where the total content of *°Ar in the sample is detected
(radiogenic *°Ar and “°Ar atmospheric). The measurement of K in the
sample is analyzed in an equivalent aliquot, through X-ray fluorescence
in the Chemical Laboratory of SERNAGEOMIN.

Mineral phases were analyzed by WDS at the Technical-Scientific
Services of Oviedo University (Spain) using a Cameca SX-100 electron
microprobe with a voltage intensity of 15 kv, current of 15nA, and
acquisition time of 10s per element. A combination of silicates and
oxides was used for calibration. Results are presented in Table 2-Ap-
pendix.

ICP-MS laser ablation measurements of amphibole separates were
done at the GZG, University of Gottingen (Germany) on a Perkin Elmer
DRC II equipped with a Lambda Physics Compex 110 Ar—F Laser at
193 nm, using a Geol-Las optical bank. Ar carrier gas was used and a
low-volume custom-made sample chamber. Individual elements were
measured after 10ms dwell time with an integration time for the
measured signal of 60s (on average). The estimated major element
composition (Si) of the respective mineral was used as internal stan-
dard. Results are presented in Table 3-Appendix.

EDS data of amphibole crystals were obtained in the Centro de
Microscopias Avanzadas (CMA), Facultad de Ciencias Exactas y
Naturales, Universidad de Buenos Aires (FCEN-UBA). The equipment is
characterized by an Energy Dispersive X-Ray Microanalysis hardware
(EDS), Inca Energy, Oxford Instruments, coupled with a SEM Zeiss
Supra 40 scanning electron microscope equipped with a field emission
gun. The images were taken with in-lens detector and 5 kV acceleration
voltage. The applied standards were CaCO3 for C, SiO, for O and Si,
Al,O5 for Al, wollastonite for Ca, MgF, for F and MgO for Mg. Results
are presented in Table 4-Appendix.

4. K-Ar and Ar-Ar dating

The age of Lonco Trapial Formation is constrained between Early
and Middle Jurassic time (Page and Page, 1993; Bouhier et al., 2017).
In this work we dated some samples that confirmed an Early Jurassic
age within the V1 volcanic event (Pankhurst et al., 2000). This period
was characterized by ongoing magmatism to the west (Subcordilleran
Plutonic Belt, Fig. 1).

Sample G2-63 presented a good “°Ar->?Ar plateau age for amphibole
of 178.9 + 1.1Ma (94.1% of *°Ar released on 5 of the 9 steps,
MSWD = 0.49; Fig. 2a, Table 1). The integrated age is 175.9 + 1.4 Ma,
and the isochron age is 178.7 + 1.8 Ma (MSWD = 0.63, with 5 out of 9
steps). The steps disregarded in the isochron and plateau ages are the
low temperature ones, representing only 4.9% of the total *°Ar released.
The “°Ar/36Ar intercept is a bit higher than the atmospheric ratio
(300 * 40, Fig. 2b), suggesting that some excess argon is present in the
amphiboles, however, the three ages broadly coincide. The accepted
age for this sample is the plateau age.

The andesitic dike represented by sample G3-134 yielded a K—Ar
whole-rock age of 191.6 + 52Ma (% K=1.88, “CAr radio-
genic = 14.492ml/g, % “CAr air = 37.6). Sample TO yielded an
“OAr-39Ar age in amphibole of 185.39 + 0.99 Ma, whereas sample T1
presented two overlapping “°Ar->°Ar ages for amphibole of
184 = 5Ma and of 182.8 * 1.3Ma (Zaffarana and Somoza, 2012).
The reported ages are consistent with the paleomagnetic pole location,
as the paleomagnetic vector isolated in sample JZ6-4 is consistent with
the Early Jurassic mean direction in the area of study. This sample was
part of the data set used to define an Early Jurassic paleomagnetic pole
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Fig. 2. “°Ar-*°Ar age spectrum and isochron obtained from single mineral
grains from the andesitic lava of the Lonco Trapial Formation of sample G2-63.

by Zaffarana and Somoza (2012) (Table 1). The clinopyroxene-bearing
sample G3-157 was intercalated within the amphibole-bearing volcanic
rocks typical of Lonco Trapial Formation in Gastre, therefore a Lower
Jurassic age is expected for this sample.

5. Classification and petrography

The volcanic rocks of Lonco Trapial Formation have porphyritic
(~50 modal % phenocrysts) to glomeroporphyritic textures (Fig. 3).
They have been classified as andesite, dacites and trachydacites in the
major element classification diagram (TAS, Fig. 4a). Andesitic lavas and
dikes have either amphibole (amphibole-bearing volcanic rocks) or
clinopyroxene (clinopyroxene-bearing volcanic rocks) as the main
mafic mineral. Even though both types coexist, the amphibole-bearing
volcanic rocks are the most common.

The rocks are mainly composed by plagioclase (40-60% of the
phenocryst population), whose phenocrysts are euhedral to subhedral
and can be up to 3 mm in size (Fig. 3a and b). They commonly display
optical zoning, signs of resorption and disequilibrium margins, as well
as synneusis, sieve textures and albitic rings and rims (the albitic
compositions are shown by sample G2-63; Fig. 3a and b). The rocks
contain either amphibole phenocrysts (40-10% of the phenocryst as-
semblage) with phenocrysts of plagioclase and/or biotite and clin-
opyroxene (amphibole-bearing rocks; Fig. 3a, c¢) or clinopyroxene
phenocrysts associated with plagioclase phenocrysts and tiny amphi-
bole microphenocrysts (clinopyroxene-bearing rocks; e.g. G3-157;
Fig. 3b, d). Table 1-Appendix summarizes mineral assemblages.

Amphibole-bearing rocks are characterized by a subhedral light
green to brown pleochroic amphibole (Fig. 3c) with occasional Fe—Ti
slight oxide rims and common polysynthetic twinning. Optical zoning is
commonly seen, as in samples G2-63 and T1 (Fig. 3c, e). Phenocrysts
are commonly preserved as whole crystals, however, in some samples
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they are skeletal (e.g., G3-134; Fig. 3f). Where present, biotite is brown
pleochroic and may be altered to iron oxides. Clinopyroxene occurs as
relict cores in amphibole phenocrysts (e.g., sample G3-134).

Clinopyroxene-bearing rocks contain ~20% of small euhedral
clinopyroxene phenocrysts (sample G3-157; Fig. 3b, d). Coexisting
amphibole occurs only as scarce brown and pleochroic micro-
phenocrysts (Fig. 3d; G3-157).

Groundmass textures of both varieties are microcrystalline, some-
times pilotaxitic or hyalopilitic, composed of microliths of the same
mineral assemblages as the phenocrysts (Fig. 3). Accessory minerals are
titanomagnetite, titanite and apatite. The latter occurs as euhedral,
stubby apatite crystals, either isolated in the groundmass or as inclu-
sions in plagioclase phenocrysts. Interstitial glass is commonly replaced
by sericite and clays. All samples are moderately altered to a propylitic
assemblage given by chlorite, carbonate, secondary titanite, quartz,
epidote, albite and opaque minerals. The alteration is mainly found in
the groundmass while phenocrysts are essentially fresh, except the
biotite, whose phenocrysts appear replaced by chlorite and opaque
minerals (e.g., G2-63), so that no fresh biotite analyses could be ob-
tained.

6. Bulk rock geochemistry

Major element geochemistry suggests that the Lonco Trapial vol-
canics are medium potassium andesites to dacites, and also trachyda-
cites (Fig. 4a and b) with SiO, between 58.57 and 63.17%,
K20 < 2.30%, Al,O3 > 16.12%, and Na,O varying from 3.86 to 5.27%
(anhydrous basis; Table 1-Appendix). All are metaluminous (average
ASI index 0.86; Table 1-Appendix) and silica oversaturated, having

Sample G3-157
ring trachydacite

Sample
(Amp-bearing andesite)
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Fig. 3. Petrography of the andesitic lavas of the Lonco
Trapial Formation. Photomicrographs taken under
crossed polars and plane-polarized light. Yellow points in
’ (A), (B) and (C) mark the sites studied with the electron
microprobe. A) Plagioclase phenocryst with inner albitic
rings, amphibole-bearing dacite G2-63. B) Plagioclase
phenocrysts with synneusis and complex zoning, clin-
opyroxene-bearing trachydacite G3-157. C) Plagioclase,
biotite and green amphibole phenocrysts in sample G2-
63. D) Clinopyroxene-bearing trachydacite G3-157 with
clinopyroxene and plagioclase phenocrysts and amphi-
bole and titanomagnetite microphenocrysts. E) Detail of
optically zoned amphibole in the amphibole-bearing an-
desite T3. F) Detail of skeletal amphibole phenocrysts.
Amphibole-bearing andesite G3-134. Mineral abrevia-
tions after Whitney and Evans (2010). Amp: amphibole,
Pl: plagioclase, Cpx: clinopyroxene, Bt: biotite, Mag:
magnetite. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web
version of this article.)

Lot

G3-134

quartz and hypersthene, apatite and ilmenite in their CIPW normative
compositions. It should be noted that the classification based on im-
mobile element ratios of (Winchester and Floyd, 1977) essentially
agrees with the major element classification (Fig. 4c).

In the TAS diagram, rock compositions cluster around the alkaline-
subalkaline boundary (Fig. 4a). They are calc-alkaline magmas in the
sense of Miyashiro (1974, Fig. 4d). Their FeO,/MgO vs SiO, content is
variable, and their CA/TH index (Hora et al., 2009) is between 0.93 and
2.23, so they belong to medium-to low-Fe calc-alkaline series (Arculus,
2003, Table 1-Appendix, Fig. 4d).

Their chondrite-normalized REE patterns (McDonough and Sun,
1995) have negative slopes, being variably enriched in LREE and de-
pleted in HREE [(La/Yb)y = 14-7] (Fig. 5a, Table 1-Appendix) and
subtle Eu anomalies, which can be either slightly negative or positive
(Eu/Eu* = 1.1-0.9; Table 1-Appendix). The fractionation mainly in-
volves the light and middle REE [(La/Dy)y = 10-4], whereas the heavy
REE pattern is rather flat or slightly positive from Ho to Lu [(Ho/
Lu)y = 1.3-0.95] causing a concave up curvature (Fig. 5a, Table 1-
Appendix). Decreasing Dy/Yb with increasing SiO,, and the decreasing
Dy/Yb and Dy/Dy* (Dy* = value interpolated; Davidson et al., 2013,
Fig. 5c, Table 1-Appendix) with differentiation, which is roughly or-
thogonal to the depletion-enrichment trend would indicate that the
rocks are cogenetic according to Davidson et al. (2013) (Fig. 5b and c).
The concave up shape of REE patterns, the decreasing [Dy/Ybly
(1.71-1.25) with increasing SiO, (Fig. 5b), and the low Dy/Dy* values
(Dy* value interpolated; Davidson et al., 2013, Fig. 5c, Table 1-
Appendix) point out the role of amphibole * clinopyroxene fractio-
nation and the absence of garnet, fractionated or residual in the melting
source (Davidson et al., 2013).
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indicate uniform CA/TH index (Hora et al., 2009).

Trace element patterns show a general behavior that is typical of
rocks of the calc-alkaline series, with LILE enrichment, negative Nb and
Ta anomalies (except Ta in sample G3-134) and with a positive spike in
Pb (Fig. 5d). The Lonco Trapial samples also show lesser contents of Ti,
Y and Yb than N-MORB (Sun and McDonough, 1989, Fig. 5d). Samples
G3-157 and G3-134 are richer in Th, U, Zr, Ti, Y, REE and also in Ta (in
sample G3-134) with respect to the other samples, showing contents
similar to those presented by alkaline rocks. This affinity also arises
from the chemical composition of their phenocrysts, as will be shown
below.

7. Mineral compositions

Representative electron microprobe analyses of plagioclase, am-
phibole, clinopyroxene and titanomagnetite are presented in Table 2-
Appendix, ICP-MS analyses of amphiboles from representative samples
are presented in Table 3-Appendix and EDS analyses of amphiboles are
shown in Table 4-Appendix.
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7.1. Amphibole major and trace element compositions

Amphibole structural formulas were calculated on the basis of 23 O
after the method of Dale et al. (2005) and with all Ca in the M4 site
(Table 2a-Appendix). Amphibole compositions are calcic, with Fey/
(Fe, + Mg) in the 0.30-0.47 range and have moderate to high TiO,
contents (0.85-1.65% and 0.10 to 0.17 a. p.f.u. in amphibole-bearing
dacite G2-63; 3.25-3.77% and 0.36-0.42 a. p.f.u. in clinopyroxene-
bearing trachydacite G3-157). The Fe**/(Fe** +Fe?™") ratio is mod-
erate in the amphibole-bearing dacite G2-63 (between 0.45 and 0.25)
and low in clinopyroxene-bearing trachydacite G3-157 (between 0.08
and 0.15). Amphiboles in amphibole-bearing volcanic rocks (G2-63) are
tschermakite (mostly the cores) to magnesiohornblende (Fig. 6a),
whereas in clinopyroxene-bearing volcanic rocks (G3-157) they are
magnesiohastingsite (Fig. 6b). Amphibole compositions in the samples
analyzed by EDS (all amphibole-bearing volcanic rocks) are more
varied but similar to the EMP analyses. They are all classified as mag-
nesiohornblende (Fig. 6a).
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In all amphiboles, the charges due to the introduction of the Al
tetrahedral site occupancy seems to be balanced by a combination of
the edenitic and tschermakitic substitutions (Fig. 6¢). In some samples
(G3-157 and JZ6-4) the Al" in amphibole is slightly controlled by TiO,
content (Fig. 6d). The amphiboles show a general normal zoning pat-
tern where the core is richer in Al and Ti and poorer in Si and Fe than
the rim (Fig. 1-Appendix).

All amphiboles present moderate REE abundances and slightly ne-
gative europium anomalies (Fig. 7a; Eu/Eu* ranging from 0.69 to 0.89).
Amphiboles in samples G2-63 and T1 have similar REE patterns with a
convex upward shape, as amphiboles are depleted in light REE and
enriched in middle REE (Fig. 7a). In contrast, the amphibole from
sample TO shows upward concavity in the heavy REE and a less marked
convex upward shape in the light REE (Fig. 7a). In turn, sample G3-134
has a steeper heavy REE slope and a less pronounced Eu anomaly
(Fig. 7a). Incompatible trace element patterns of the amphiboles nor-
malized to the Primitive Mantle (Sun and McDonough, 1989) display
positive Ba, Nb, Pr, Ce, Nd and Sm anomalies, and negative Rb, Sr, Zr, U
and Th anomalies (Fig. 7b). The amphiboles from samples G3-134 and
TO have greater content of Th, U, Pb, and Yb and Lu (only sample TO
shows the last two; Fig. 7b).

7.2. Plagioclase, clinopyroxene and titanomagnetite compositions

Plagioclase compositions were calculated on the basis of 32 O
(Table 2b-Appendix). Plagioclases in the amphibole-bearing dacite (G2-
63) are mainly andesine from cores (An46) to rims (An30), with some
rounded and resorbed labradorite cores (An55), and internal concentric
zones or outer rims of albite (An3-1) (Fig. 2a and b-Appendix; Table 2b-
Appendix). Plagioclase compositions in the clinopyroxene-bearing

trachydacite G3-157 range from labradorite-andesine (An55-37) in the
cores to andesine-oligoclase in the rims (An46-29; Fig. 2c-Appendix,
Table 2b-Appendix).

Clinopyroxene analyses from the clinopyroxene-bearing trachydacite
G3-157 are presented in Table 2c-Appendix and compositions were
calculated on the basis of 6 O. According to Ca (0.80-0.85 a. p.f.u.), Mg
(0.83-0.87 a. p.f.u.), Fe2* (0.25-0.29 a. p.f.u.) and Na (0.017-0.028 a.
p-f.u.) contents, they are augite (Morimoto, 1988) with Mg# rather
homogeneous (~0.73-0.77). As in the amphiboles of this sample, the
content of Al' is balanced by the content of TiO, (Fig. 6e).

Titanomagnetite belongs optically to the stage 1 of homogeneous
TiO,-rich magnetite or to stage 2 of magnetite-enriched solid solutions
with a small number of exsolved ilmenite lamellae (Haggerty, 1991).
Titanomagnetite compositions, calculated on the basis of 4 O (Table 2d-
Appendix), correspond to TiO,-rich magnetites (Y=Fe*? is greater
than 75%, and Ti content of the crystals is generally higher than 0.2 a.
p.f.u.). When plotted in the triangular diagram of FeO, TiO,, Fe,O3
(Fig. 6f) titanomagnetite compositions represent the solid-solution be-
tween magnetite and iilvospinel. These solid solutions exist above
600 °C (Buddington and Lindsley, 1964).

8. Discussion
8.1. Geochemical signature of Lonco Trapial magmas

The andesites, dacites and trachydacites of Lonco Trapial Formation
are calc-alkaline rocks (Fig. 4a). When compared to the Primitive
Mantle, the rocks show, as other calc-alkaline suites, pronounced en-
richment in Sr, Ba and Pb and strong depletion in Nb and Ta (Fig. 4d).
Moderate LILE enrichment, typical of calc-alkaline magmas, is also
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shown in the chondrite-normalized spider diagram (Fig. 5a). Trace
element ratios are characteristic of calc-alkaline magmas, given by high
La/Ta (La/Ta > 25 except G3-134: Table 1-Appendix), Ba/Nb > 40,
La/Nb > 1 and Th/Nb > 0.5 and low Nb/Zr (< 0.05, except G2-63)
and Ce/Pb < 20 ratios (Table 1-Appendix). Similarly, the samples
display decreasing Dy/Dy* and Dy/Yb trends with differentiation, or-
thogonal to the MORB trend (which goes from depleted to enriched
light REE, Fig. 5¢) characteristic of calc-alkaline magmas (Davidson
et al., 2013).

Even though the calc-alkaline signature of Lonco Trapial lavas is
strong, some intraplate characteristics are also present. Whole-rock
trace element ratios show that some samples present Ta/Hf > 0.15
which is distinctive of intraplate magmas (e.g., Kay et al., 2006).

422

and TiO,, content in clinopyroxenes from sample G3-157. F) Compositional range of titanomagnetites within

Sample G3-134 has a Dy/Yb ratio (2.6) which is close to the OIB field
(Fig. 5c). However, the rest of the samples have low Dy/Yb ratios
(2.3-1.9) which are characteristic of calc-alkaline magmas.

As phenocrysts of volcanic rocks would have formed in the early
stages of the magmatic history, any inference about the chemistry of the
magma coming from them would be useful. When compared with
amphiboles of different tectonic settings, the Lonco Trapial amphiboles
coincide with those of calc-alkaline rocks (Fig. 8; Demény et al., 2012).
However, mineral chemistry proves to be particularly sensitive in un-
raveling some alkaline affinity of the Lonco Trapial lavas. For example,
TiO, content in amphiboles and clinopyroxenes is a good indicator of
magma alkalinity (Molina et al., 2009). Amphibole from the clinopyr-
oxene-bearing trachydacite G3-157 and of the amphibole-bearing
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volcanic rocks G3-134 and JZ6-4 have crystallized from subalkaline
trachytoid to alkaline magmas (Fig. 9a-d), whereas the amphiboles
from the amphibole-bearing volcanic rocks G2-63, TO and T1 crystal-
lized mostly from subalkaline magmas (Fig. 9a-d). Consistently, clin-
opyroxenes of the clinopyroxene-bearing trachydacite G3-157 also
crystallized from magmas transitional between subalkaline and alkaline
(Molina et al., 2009) (Fig. 9e). These clinopyroxenes also crystallized
from calc-alkaline orogenic magmas transitional to intraplate magmas
according to the diagrams of Le Bas (1962) (Fig. 9f), Nisbet and Pearce
(1977) (Fig. 9g) and Leterrier et al. (1982) and (Fig. Sh-i).

We interpret that Lonco Trapial lavas were erupted within wide-
spread rifting conditions. In addition, they are located in the rear arc of
a paleo-subduction zone represented by the Subcordilleran Plutonic
Belt. The origin of the Lonco Trapial magmas can be ascribed to two
different settings (or combinations): 1) a rifting phase, where the
mantle source rocks were affected by previous subduction processes

and 2) a rifting phase, where the calc-alkaline signature is inherited by
assimilation of crustal rocks (a mixed source). Around Gastre, two
different previous orogenic cycles could have produced mantle meta-
somatism in the area. These cycles produced the Late Paleozoic granites
of the Gondwanide orogeny (Lopez de Luchi and Cerredo, 2008;
Pankhurst et al., 2006; Rapela et al., 1991; Rapela and Pankhurst,
1992), and the pre-rifting Late Triassic granites of the Central Patago-
nian Batholith (Rapela et al., 1991; Rapela and Pankhurst, 1992;
Pankhurst et al., 2006; Zaffarana et al., 2014, 2017).

Crustal contamination, in turn, is suggested by the Nb/Ta ratios of
the Lonco Trapial lavas (average ~ 8; Table 1-Appendix). Nb/Ta ratios
are lower than in arc-related basalts and OIB (arc basalts have an
average Nb/Ta of ~15; Munker et al., 2004; whereas the continental
crust has a Nb/Ta reference value of 11.4; Rudnick and Gao, 2003).
Therefore, Nb/Ta ratios suggest crustal assimilation in the origin of the
magmas (e.g. see Moreno et al., 2016, for further discussion). The
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variation in the amphibole multielemental pattern (Fig. 7b) would
support mixing of magmas of different origin (mantle and crustal
generated magmas) in the genesis of the Lonco Trapial volcanic rocks.
Even though the corroded appearance of some of the amphiboles can be
due to decompression, it could also be attributed to magma mixing, as
well as the disequilibrium textures shown by the plagioclases. Fur-
thermore, the Middle Jurassic andesites associated with the Canad6n
Asfalto rift basin show field, petrographic and geochemical character-
istics attributable to crustal assimilation (Bouhier et al., 2017). These
authors explained the arc signatures of Lonco Trapial magmas as due to
assimilation of crustal rocks supported by the recognition of zircon
xenocrysts with Permian and Middle- Upper Triassic ages (281.3 Ma,
246.5, 218.1, and 201.3 Ma) within these volcanic rocks. The isotopic
data from Dejonghe et al. (2002) also suggested that the Lonco Trapial
magmas are a mixture of mantle and crustal-derived magmas.

Other rock suites generated in extensional environments bear a calc-
alkaline geochemical signature. For example, the Variscan appinites
from Iberia (Bea et al., 2006; Molina et al., 2012; Scarrow et al., 2009),
and the quartz-monzonites from the Katerina Ring Complex, southern
Sinai, Egypt (Moreno et al., 2014, 2016). There, the magmatism was
generated in a post-collisional regime, but in both cases the calc-alka-
line signature suggests an important involvement of a continental crust
component in the magmas. Nevertheless, metasomatism in the mantle
source due to a previous subduction event should not be ruled out
anyway.

8.2. Parental melt compositions, oxygen fugacity and fractionating phases

The amphiboles are products of crystallization in calc-alkaline
magmas. The equilibrium magmatic conditions and melt composition
are calculated from the spreadsheet Amp-TB. xls of Ridolfi et al. (2010)
(Fig. 10a). The method also estimates the oxygen fugacity conditions of
the melt (Fig. 8b). In the amphibole-bearing dacite (G2-63), the am-
phibole cores coexisted with liquid of andesitic to dacitic composition
(Fig. 10a, Table 2), while some rim compositions (G2-63) are in equi-
librium with a melt of dacitic to rhyolitic composition (Fig. 10a). In
turn, core and rim compositions of the small amphibole phenocrysts of
the clinopyroxene-bearing trachydacite G3-157 crystallized in equili-
brium with melts of dacitic composition (Fig. 10a). The amphiboles
from the two samples crystallized in high fO, conditions between the
NNO and NNO +2 curves (Fig. 10b; Ridolfi et al., 2010), consistent
with oxygen fugacity values inferred for calc-alkaline magmas (ANNO
from —1 to +3; e.g. Gill, 1981; Behrens and Gaillard, 2006). The low
Fe,/(Fe, + Mg) ratios also indicate that amphiboles crystallized at high-
fO, conditions (Anderson and Smith, 1995), in consonance with the
presence of titanomagnetite as the main oxide phase (see below,
Fig. 10c).

Amphibole/melt partition coefficients for La, Yb, Sm, Eu and Gd for
different kinds of melts are available in the literature (see overview in
Tiepolo et al., 2007). Hornblende partition coefficients strongly vary
with melt compositions (Sisson, 1994). To minimize this problem, the
[La/Yb]y and the Eu/Eu* anomaly of the melt in equilibrium with the
amphiboles was estimated using Kd for different melt compositions and
then it was compared with the whole-rock compositions (Table 3).
Although it is difficult to get precise estimations of melt [La/Yb]y ratios
and Eu/Eu* anomalies due to the large scattering in Kd values, there are
some tendencies that can be analyzed. For instance, in the more evolved
rocks, the [La/Yb]y ratio calculated for interstitial melts is lower than
the whole-rock ratio, implying that the light REE become more com-
patible than the heavy REE. This is a fact that cannot be ascribed to
amphibole fractional crystallization, and which can be attributed to the
fractional crystallization of titanite, which is a mineral phase which
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concentrates light REE (Bea, 1996).

Assuming a theoretical dacitic composition for the interstitial melt,
which is reasonable, because after amphibole and plagioclase crystal-
lization the melt becomes more acidic than the parental melt, a strong
Eu fractionation occurs with respect to Sm and Gd. This would imply
plagioclase saturation of the magma (Table 2). The Eu/Eu* values close
to 1 in the whole-rock (Table 2) would suggest a lesser plagioclase
fractionation, which is consistent with plagioclase behavior in andesitic
melts rich in water (Sisson and Grove, 1993; Molina et al., 2009), where
it decreases its appearance temperature by > 100°C (Sisson and
Grove, 1993). This further agrees with the REE modelling, which sug-
gests that plagioclase crystallization took place with ongoing crystal-
lization. Amphibole REE patterns do show negative Eu anomalies
(Fig. 7a), that could be ascribed either to concomitant plagioclase
fractionation (see, for example, Schnetzler and Philpotts, 1970), or to
the low Kd for Eu that amphibole has in andesitic and basandesitic
melts (i.e. Tiepolo et al., 2007 and references therein). These REE
patterns in amphibole could also be ascribed to mixing with, or as-
similation of crustal material (that already had fractionated plagio-
clase) before amphibole crystallization.

Amphibole * clinopyroxene fractionation during differentiation
was suggested by the decreasing [Dy/Yb]y with increasing SiO,
(Fig. 5b), and by the low Dy/Dy*, and the trend of decreasing Dy/Dy*
with decreasing Dy/Yb (with increasing SiO,; Davidson et al., 2013, see
Fig. 5¢). Amphibole fractionation, together with crustal contamination,
can be another cause of the low Nb/Ta ratio of the Lonco Trapial
magmas (average ~8; Table 1-Appendix, Li et al., 2017; see the pre-
vious section).

Apatite fractionation is another cause of middle REE fractionation in
metaluminous magmas (Bea, 1996). The fractionation of this mineral is
also suggested by the high apatite saturation temperatures which were
obtained from the amphibole-bearing volcanic rocks (Table 3, see
below). The low apatite saturation temperatures in the clinopyroxene-
bearing trachydacite G3-157 contrast with the presence of abundant
stubby apatite crystals in the groundmass of this sample. This would
suggest that even though the liquid represented by the whole-rock
would not be saturated in apatite, the interstitial liquid in equilibrium
with amphibole would have reached apatite saturation temperatures. In
addition, the compatible behavior of P (not shown) would indicate
apatite fractionation. No zircon fractionation could be inferred from
zircon saturation temperatures (see below), which are very low and
close to the solidus in amphibole-bearing and well as in clinopyroxene-
bearing volcanic rocks, nor from the petrographic analysis (no zircon
crystals could be observed in the rocks). Therefore, the compatible
character of Zr (not shown) can be ascribed, then, to amphibole crys-
tallization (Bea et al., 2006).

All in all, co-crystallization of amphibole, plagioclase, titanite, ti-
tanomagnetite and apatite is suggested by amphibole depletion in Sr,
Zr, U, Th and Ti (with some exceptions, see Fig. 7b) and by the com-
patible character of Zr and P. It is therefore concluded that differ-
entiation processes in the Lonco Trapial volcanic rocks were controlled
by a combination of amphibole, clinopyroxene, plagioclase, titanite,
titanomagnetite and apatite fractionation.

8.3. Magma storage temperatures and pressures

Calc-alkaline andesites and dacites commonly show amphiboles
with complex zoning and reaction textures such as the ones present in
Lonco Trapial volcanic rocks. Reasonable estimations of environmental
(P, T, fO2) and compositional parameters (liquid composition in equi-
librium with amphibole) can be recovered from amphiboles of this kind
by careful selection of mineral compositions (see for example Blundy
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Fig. 10. Liquid compositions in equilibrium with amphibole and oxygen fugacities estimated from amphibole data and temperature data calculated from the
amphiboles of the Lonco Trapial magmas. A) P-T diagram reproduced from Ridolfi et al. (2010) and B) logfO,-T diagram reproduced from Ridolfi et al. (2010) with
the spreadsheet Amp-TB. xls of Ridolfi et al. (2010). Error bars represent that the maximum logfO, errors are 0.4 log unit and the expected o (22 °C). In B) the graph
shows the NNO and NNO +2 curves from O'Neill and Pownceby (1993). C) Diagram of Anderson and Smith (1995) showing the effect of oxygen fugacity in
hornblende compositions (Fer/(Fer + Mg) vs. Al'Y). D) Compositional variation of the amphiboles (silica content) with the temperature calculated with Putirka
(2016) geothermometer. Silica content calculated with the total Fe as FeO total (Excel spreadsheet of Putirka, 2016). E) Plot of Al"" vs. Mg# showing the correlation
of the Lonco Trapial magmas with experimental amphiboles crystallized under different conditions (fields taken from Kiss et al., 2014 and references therein).

et al., 2006; Kiss et al., 2014; Zhang et al., 2017). It should be taken into
account, besides, that amphiboles with reaction textures provide con-
straints on the earlier (pre-breakdown) equilibrium conditions (Ridolfi
et al., 2008).

Magma storage temperatures were calculated with different geo-
thermometers that are based on amphibole-plagioclase compositions
(Holland and Blundy, 1994, expression B), amphibole compositions
(Ridolfi et al., 2010; Ridolfi and Renzulli, 2012; Putirka, 2016), melt
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compositions (Molina et al., 2015; Putirka, 2016), or on zircon
(Harrison and Watson, 1983; Boehnke et al., 2013) and apatite com-
positions (Harrison and Watson, 1984). Individual results are presented
in Tables 1-3 in the Appendix, and a summary is presented in Table 3.

Temperatures calculated with the calibrations of Ridolfi et al.
(2010), Ridolfi and Renzulli (2012) and Putirka (2016) (Fig. 10d)
broadly agree (Table 3). Temperatures obtained with the calibration of
Putirka (2016) shown in Fig. 10d are considered the most accurate
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Estimation of melt composition in equilibrium with amphibole compositions using hornblende/melt partition coefficients (Kd) for different melt compositions
(andesite, dacite and rhyolite). References: 1: Sisson (1994), 2: Bacon and Druitt (1988), 3: Nagasawa and Schneltzer (1971) and 4: Matsui et al. (1977).

Element/ratio La Yb [La/Yb], melt [La/Yb], Sm Eu Gd EwEu* melt | Ew/Eu*
Melt/material | andesite | dacite | rhyolite | andesite | dacite | rhyolite | andesitic | dacitic | rhyolitic :Z}é;’(le andesite | dacite | andesite | dacite | rhyolite | andesite | dacite andesitic‘dacitic r:)}é;’(le
Kd 048 | 026 | 1.92 2.73 1.31 5.5 3.85 | 2.38 1.9 5.9 3.2 1.72 2
Reference 1 1 1 2 3 2 4 3
Tl-1 331 331 331 2.19 | 219 | 2.19 5.11 5.11 1.43 1.43 1.43 5.75 5.75
T1-2 8.76 | 8.76 | 8.76 456 | 4.56 | 4.56 18.33 | 1833 ] 3.93 3.93 3.93 16.08 | 16.08
Tl-average 6.04 | 6.04 | 6.04 338 | 338 | 3.38 11.72 [ 11.72 | 2.68 2.68 2.68 10.92 | 10.92
Cmelt (T1) 12.57 |23.21 3.14 1.24 2.58 0.61 6.91 | 6.12 | 3.48 11.20 3.04 4.92 141 0.45 0.84 6.35 5.46 0.98 | 0.27 | 0.91
TO 8.68 | 8.68 | 8.68 6.11 6.11 | 6.11 7.20 | 7.20 1.98 1.98 1.98 7.74 7.74
Cmelt (T0) | 18.08 |3338| 4.52 224 | 466 | 1.11 549 | 486 | 276 12.80 1.87 | 3.03 1.04 0.34 0.62 4.50 3.87 1.10_[ 030 [ 0.96
G2-63-1 1091 1091 | 1091 5.10 | 5.10 | 5.10 15.55 | 15.55] 3.51 3.51 3.51 14.37 | 1437
G2-63-2 13.47 |13.47| 13.47 4.00 | 4.00 | 4.00 10.35 1035 | 2.60 2.60 2.60 9.60 9.60
G2-63-
average 12.19 [12.19| 12.19 4.55 | 4.55 | 4.55 12.95 |12.95| 3.06 3.06 3.06 11.99 | 11.99
Cmelt
(G2-63) 2540 |46.88 | 6.35 1.67 | 347 | 0.83 10.35 ‘ 9.17 ‘ 5.21 12.10 336 | 544 1.61 0.52 0.95 6.97 5.99 1.01 ‘ 0.28 ‘ 1.08
G3-134-amp | 6.64 | 6.64 | 6.64 1.67 1.67 | 1.67 8.10 | 8.10 | 233 2.33 2.33 7.82 7.82
Cmelt
(G3-134) 13.83 [25.54| 3.46 0.61 1.27 | 0.30 1536 | 13.61 | 7.74 13.80 2.10 | 3.40 1.23 0.39 0.73 4.55 3.91 1.21 0.33 0.89

because this geothermometer uses the most complete dataset of ex-
perimental amphiboles. In all samples, these temperatures are between
~820 and 970 °C (Table 3), in agreement with amphiboles crystallized
from andesitic to dacitic melts not in equilibrium with quartz (Ridolfi
et al., 2010). Taking the three temperature calibrations into account,
amphibole cores in sample G2-63 crystallized at ~869-916 °C with an
average of 895 °C, whereas amphibole rims crystallized at ~825-865 °C
with an average of 850 °C (Table 3). The higher temperatures in the
amphibole microphenocrysts of the clinopyroxene-bearing volcanic
rocks (cores ~960-1017 °C, and rims ~929-1000 °C; Table 3) are due
to higher Ti contents, in agreement with their more primitive and al-
kaline character (Molina et al., 2009).

The geothermometer based on amphibole-plagioclase equilibrium
of Holland and Blundy (1994) was applied for samples G2-63 and G3-
157. Temperatures for amphibole cores and plagioclase cores for
sample G2-63 are around 857 °C and around 948 °C for sample G3-157
(Table 3). These temperatures generally coincident with the amphibole-
only temperatures of Ridolfi et al. (2010), Ridolfi and Renzulli (2012)
and Putirka (2016) geothermometers (Table 3), although they are a bit
lower probably due to calibration problems (Blundy and Cashman,
2008).

Liquid-only temperatures for amphibole-saturated magmas of
Molina et al. (2015) and Putirka (2016) are slightly higher than the
temperatures calculated from amphibole phenocrysts. The composition
of the liquid was estimated by the whole-rock composition. The ob-
tained temperatures range from 960 to 1052°C (Table 3), they are
compatible with the stability field of amphibole in subalkaline liquids
(see Fig. 14 in Molina et al., 2009 and Fig. 9 in Kiss et al., 2014). These
results are concordant with amphibole-saturated parental melts. These
temperatures are higher than the temperatures estimated from amphi-
bole-only geothermometers, even higher than the temperatures esti-
mated from the cores of the amphibole phenocrysts (Table 3). The
reason for this would be that these liquid-only temperatures may be
representative of a liquid saturated in amphibole, but this amphibole
would not be the one forming the phenocrysts, which would be in
equilibrium, instead, with a liquid of a more evolved composition.

Apatite saturation temperatures calculated for the amphibole-
bearing volcanic rocks are close to the liquid-only temperatures, sug-
gesting apatite saturation in parental melts consistent with the presence
of apatite crystals in the groundmass. The apatite saturation

temperatures in the most primitive sample (clinopyroxene-bearing
trachydacite G3-157) are significatively lower than the amphibole-only
and the liquid-only temperatures. The low zircon saturation tempera-
tures close to the solidus in amphibole-bearing as well as in clinopyr-
oxene-bearing volcanic rocks suggest that the magma was not saturated
in zircon (Table 3).

The composition of the amphiboles is compared with amphiboles
experimentally crystallized at different temperature and pressure con-
ditions in Fig. 10e (Kiss et al., 2014). The amphiboles of Lonco Trapial
generally agree with the field of experimental amphiboles crystallized
between 800 and 900 °C, which is consistent with temperatures pre-
dicted by the Putirka (2016) and Ridolfi et al. (2010) geothermometers
(Table 3).

We estimated crystallization pressures using the amphibole-only
geobarometers of Ridolfi et al. (2010) and Ridolfi and Renzulli (2012)
(equation 1d), which is considered the most accurate (Molina et al.,
2015) and the amphibole-plagioclase barometer of Molina et al. (2015).
Only the amphibole-bearing dacite G2-63 was suitable for the geoba-
rometer of Molina et al. (2015) because the amphiboles of the clin-
opyroxene-bearing trachydacite G3-157 were rejected because they had
Al"! < 0.05. Pressures calculated with the Molina et al. (2015) geoba-
rometer range from 8 to 5kbar (average 7.6 kbar at T1, Table 3) for
cores and from 2 to 4 kbar (average 3.5 kbar at T1, Table 3) for rims.
The amphibole-plagioclase barometer of Anderson and Smith (1995)
was used with the temperature calculation of Holland and Blundy
(1994) considering amphibole and plagioclase core compositions of
sample G2-63. Results show pressures around 6.29 kbar, which are
mostly within the range of core pressures obtained with the Molina
et al. (2015) amphibole-plagioclase barometer.

For sample G2-63, pressures calculated with the calibrations of
Ridolfi et al. (2010) are around 7.4 kbar for the cores and around
2.2 *= 0.4kbar for the rims (Table 3). For the same sample, pressures
calculated with the calculation of Ridolfi and Renzulli (2012) are
around 1.65 * 2.5kbar for the rims (Table 3). Amphibole-plagioclase
equilibrium pressures are around 6.29 kbar using the iteration geoba-
rometer of Anderson and Smith (1995) with core compositions in both
minerals. In addition, we performed the amphibole-plagioclase geo-
barometric calculation of Molina et al. (2015), and their pressures were
comprised within 8 and 5 kbar for the cores and between 2 and for kbar
for the rims (Table 3). The general consistency of the pressures
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Amphibole pressure data in amphibole-bearing volcanic rocks
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Fig. 11. Source of the Lonco Trapial andesitic magmas. A) Comparison of amphibole pressure data in the amphibole-bearing volcanic rocks obtained with the
different calibrations. B) Interpretation of the magmatic system of the Lonco Trapial Formation bringing together all the available information. C), D) Current Moho
depth estimated from inversion of gravimetric data (Reguzzoni and Sampietro, 2015). The lithological units are the same as in Fig. 1a.

calculated for the cores and rims of the amphibole-bearing dacite G2-63
suggests that equilibrium conditions were reached during the crystal-
lization history of the amphibole-bearing volcanic rocks.

In turn, for the clinopyroxene-bearing trachydacite G3-157, the
temperature-dependent geobarometer of Putirka (2008; equation 32a)
was employed, as it contains clinopyroxene phenocrysts and small
amphiboles microphenocrysts. For this calculation, the temperatures
obtained from cores of amphiboles based on the pressure-independent
geothermometer of Putirka (2016) were used. As a result, the calculated
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pressures are around 2 kbar (Table 3). The amphibole-plagioclase bar-
ometer of Anderson and Smith (1995) was also used in this sample,
considering amphibole and plagioclase core compositions, and using
the temperature calculation of Holland and Blundy (1994). A pressure
of 2.51kbar was therefore obtained (Table 3). The amphibole-only
geobarometer of Ridolfi et al. (2010) also gave a pressure around 2 kbar
for cores and rims (Table 3). In this sample there is also a consistency in
the obtained pressures for cores and rims (with the clinopyroxene-only
geobarometer of Putirka (2008), with the geobarometer of Ridolfi et al.
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(2010) and with the geobarometer of Anderson and Smith (1995),
Table 3). In addition, there is a consistency within the pressures of cores
and rims of sample G3-157 with the pressures obtained for the rims of
sample G2-63 (within error). This consistency may further suggest
equilibrium conditions during the crystallization of the clinopyroxene-
bearing volcanic rocks.

It must be observed, though, that in sample G3-157, higher pres-
sures around 3-4 kbar are obtained with the equation 1. d of Ridolfi and
Renzulli (2012) (Table 3) and with the Al-in-hornblende geoba-
rometers. However, as the latter geobarometers tend to overestimate
the pressures, especially in quartz-undersaturated magmas because
amphibole tends to have lower Si content thus increasing Al'Y occu-
pancy (see Hammarstrom and Zen, 1986), it is considered that the real
pressures for this sample should be around 2 kbar.

8.4. General tectonic interpretation of thermobarometric and geochemical
data

Crystallization temperatures for the amphibole- and clinopyroxene-
bearing volcanic rocks of the Lonco Trapial Formation are constrained
around 826 and 1017 °C (Table 3). These temperatures are typical for
magmas of intermediate composition (e.g. Rutherford and Devine,
2008), and the temperatures are below the maximum stability of am-
phibole in primitive magmas (around 1050 °C; Pichavant et al., 2002;
Grove et al., 2003; Barclay and Carmichael, 2004; Adam et al., 2007;
Krawczynski et al., 2012; Simakin et al., 2012).

Pressures estimated for the amphibole rims in the amphibole-
bearing volcanic rocks are comprised between 2 and 4 kbar. In addition,
pressure estimations for the amphibole microphenocrysts (cores and
rims) in the clinopyroxene-bearing volcanic rocks are around 2 kbar
(Table 3). These amphiboles would have crystallized in equilibrium
with plagioclase within the upper crust (between 7 and 15km, ap-
proximately, using a geothermal gradient of 3.7 km/kbar). In the am-
phibole-bearing volcanic rocks, the cores of the amphiboles would re-
cord a previous history, and they would have crystallized at a different
pressure around ~ 7-8 kbar which would correspond to ~22-26 km.

Pressures around 2-8 kbar in the amphibole cores and rims of the
amphibole-bearing volcanic rocks are consistent with whole-rock geo-
chemical data, as the host-rock has no fractionated heavy REE
(Yb < 2.4, [La/Yb]y between 7 and 14, Table 1-Appendix), and the
decreasing Dy/Yb trend with silica is consistent with amphibole and/or
clinopyroxene (and no garnet) at the source or as a fractionating phase
(Fig. 5b and c).

The different pressures calculated for the cores and rims of the
amphibole-bearing volcanic rocks would suggest a polybaric history of
crystallization along a transcrustal magmatic reservoir (see review of
transcrustal magmatic systems in Cashman et al., 2017) for Lonco
Trapial andesites, dacites and trachydacites (Fig. 11b). Sr, Nd and Pb
isotopic data of Bouhier et al. (2017) support crustal and mantle con-
tribution to the Jurassic magmas of Lonco Trapial Formation. The an-
desitic to dacitic magmas, which bear low Cr and Ni contents must have
evolved from a mantle source. In summary, the calc-alkaline signature
of Lonco Trapial Formation andesites, dacites and trachydacites could
have been obtained either from a mantle source previously metaso-
matised by earlier subduction processes (Late Paleozoic and Late
Triassic; Proserpio, 1978; Rapela and Pankhurst, 1992; Pankhurst et al.,
2000) or, alternatively, by crustal contamination. However, the role of
crustal contamination should have been strong, as is evidenced by the
Nb/Ta ratios and by the isotopic data of Bouhier et al. (2017).

The Lonco Trapial lavas constitute the basement of the Early
Jurassic Cafiadén Asfalto basin, as it overlies the syn-rift deposits of the
Las Leoneras Formation (Ctneo et al., 2013, Fig. 1a). As no marine
ingressions were registered on this basin, the crust should not have been
thinner than 35 km (i.e. Ramos et al., 2004). It is therefore inferred that
the Early Jurassic rifting could have developed on a previously
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thickened crust (around 50-60 km), probably inherited from the Late
Paleozoic Gondwanic Orogenic Cycle (i.e. Pankhurst et al., 2000). The
crust would have thinned in the Early Jurassic (during V1 volcanic
event) to ~35km. Therefore, the obtained pressures are coherent with
regional geological constraints. The present-day Moho depth in Gastre
is around 44 km, as is inferred by the crustal model GEMMA obtained
from inversion of gravimetric data (Reguzzoni and Sampietro, 2015,
Fig. 11c—d). The greater depth found today would have been reached by
thermal subsidence after the rifting period (by deposition of younger
material in the Gastre basin, see for example Bilmes et al. 2013) and
during Mid-Cretaceous upper plate contraction (Zaffarana et al., 2018;
Echaurren et al., 2016, 2017).

9. Conclusions

The Early Jurassic volcanic rocks of the Lonco Trapial Formation
erupted coevally with widespread extension during the early stages of
Gondwana break-up. The andesites, dacites and trachydacites can be
divided into two main types: amphibole-bearing and clinopyroxene-
bearing (volcanic rocks with either amphibole or clinopyroxene as the
main mafic mineral), though amphibole is the most common mafic
phase. They represent calc-alkaline magmas; nevertheless, a mild al-
kaline affinity arises from some whole-rock trace elements content and
from mineral chemistry (amphibole, clinopyroxene and titanomagne-
tite compositions). The calc-alkaline signature of the Lonco Trapial
magmas can reflect a mantle source metasomatised by a previous
subduction processes and/or a significant assimilation of crustal rocks
(the latter being particularly supported by the isotopic data from
Bouhier et al., 2017).

Trace element data in amphiboles together with whole-rock trace
element data suggest that the magmatic evolution of the Lonco Trapial
magmas was governed by a combination of amphibole, clinopyroxene,
plagioclase, titanite, titanomagnetite and apatite fractionation. A melt
of andesitic to dacitic composition was inferred to be in equilibrium
with the amphibole cores, whereas a melt of dacitic to rhyolitic com-
position was inferred to be in equilibrium amphibole rims. Amphibole
and apatite crystallization would have predominantly controlled the
fractionation of the middle REE.

The cores of the amphiboles in the amphibole-bearing volcanic
rocks of the Lonco Trapial Formation crystallized at a temperature
ranging from 869 to 916 °C, and the rims at a temperature ranging from
826 to 867 °C and at predominantly shallow to intermediate depths
(2-8kbar, ~7-26km). The -clinopyroxene-bearing volcanic rocks
would have crystallized at higher temperatures, between 929 and
1017 °C, consistent with their more primitive character. Oxygen fuga-
city conditions were high, in concordance with presence of titano-
magnetite in some samples. The crystallization pressures of Lonco
Trapial magmas agree with regional geological observations which
suggest that the Moho depth in the Gastre area should have been more
than 35 km in Early Jurassic times.
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Fig. 1. Appendix: Scans across zoned amphibole from samples G2-63 (with electron microprobe) and JZ6-4 (with EDS). In sample G2-63: profile 1 and 2:scans
0.6 mm long, profiles 3 and 4: scans 0.4 mm long. In sample JZ6-4 the scan measures 0.6 mm long.
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Fig. 2. Appendix: Plagioclase zoning profiles of the Lonco Trapial volcanics. A), B) Profiles performed with electron microprobe in sample G2-63. Red points mark
the position of the albitic rings. C) Profile performed with electron microprobe in sample G3-157.2
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Whole-rock geochemical data presented on anhydrous basis. CA/TH index is after Hora et al. (2009), Dy/Yb* is after Davidson et al. (2013). Major
oxides are expressed on an anhydrous basis. The normalizations are performed with respect to the chondrite of McDonough and Sun (1995).
Temperature calculations performed with different geothermometers are added (liquid-only from Molina et al., 2015; Zr-saturation temperature
from Harrison and Watson, 1983 and from Boehnke et al., 2013; apatite-saturation temperature from Harrison and Watson, 1984).

outcrop

Main rock type

TO T1 G2-63 G3-134 G3-157
andesitic andesitic lava andesitic andesitic dike andesitic lava
lava porphyry

Amp-dacite Amp-trachydacite Amp-dacite Amp-andesite Cpx-trachydacite

Phenocrysts and microphenocrysts Pl + Amp Pl + Amp + Cpx + Bt Pl + Amp + Bt Pl + Amp (Cpx cores in Pl + Cpx (Amp
Amp) microphenocrysts)
Accesory minerals Titanomagnetite, apatite, titanite
SiO, 63.17 61.60 61.79 58.57 59.72
TiO2 0.53 0.56 0.56 0.96 1.46
Al203 16.85 17.33 17.83 16.12 15.56
FeO, 5.31 4.98 4.80 6.50 6.78
MnO 0.08 0.09 0.09 0.07 0.17
MgO 2.51 3.78 3.50 4.97 3.04
CaO 4.97 4.16 4.96 6.29 5.93
Na,O 4.60 5.22 4.68 3.86 5.27
K,0 1.83 2.10 1.61 2.31 1.47
P,0s 0.14 0.17 0.19 0.35 0.59
LOI 1.99 2.31 2.20 1.90 2.10
Total 100.00 100.00 100.00 100.00 100.00
9) 1.10 0.70 0.42 1.30 0.77
Th 3.80 2.50 1.90 4.00 4.40
Zr 115.00 111.00 128.00 292.00 266.00
Hf 2.70 2.90 5.10 12.40 12.40
Ta 0.60 0.50 0.40 1.80 0.60
Nb 5.00 4.00 4.00 7.00 6.00
Y 10.00 10.00 9.10 14.70 25.10
Ba 766.00 1253.00 982.00 1000.00 970.00
Sr 658.00 602.00 721.40 771.10 594.80
Cs < 0.5 3.40
Rb 37.00 38.00 34.40 78.90 29.20
Cr 100.00 110.00 61.00 84.00 8.00
Ni 30.00 30.00 26.00 80.00 5.00
La 20.70 18.10 16.00 30.40 26.20
Ce 40.20 38.20 30.80 85.10 78.50
Pr 4.38 4.50 3.45 9.72 9.14
Nd 16.10 17.80 12.70 32.30 30.40
Sm 3.20 3.60 2.30 7.40 7.40
Eu 0.93 1.00 0.77 1.91 2.04
Gd 2.70 3.10 2.05 5.68 6.91
Tb 0.40 0.40 0.33 0.79 0.93
Dy 2.10 2.40 1.75 3.91 5.57
Ho 0.40 0.40 0.33 0.66 1.08
Er 1.20 1.30 0.81 1.65 2.85
Tm 0.17 0.18 0.13 0.27 0.39
Yb 1.10 1.10 0.90 1.50 2.40
Lu 0.18 0.19 0.15 0.23 0.39
Pb 18.00 10.00 9.00 19.00 48.00
Ga 19.00 20.00 19.00 20.00 19.00
outcrop TO T1 G2-63 G3-134 G3-157
andesitic = andesitic lava andesitic andesitic dike andesitic lava
lava porphyry
Mg# 45.71 57.51 56.51 57.66 44.46
CA/Thindex 1.50 2.23 2.16 1.88 1.19
[La/Yb]n 12.78 11.18 12.08 13.77 7.42
[La/Sm]yx 4.04 3.14 4.34 2.57 2.21
[La/Dyln 10.23 7.83 9.49 8.07 4.88
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Table 1-Appendix (continued)

outcrop TO T1 G2-63 G3-134 G3-157
andesitic andesitic lava andesitic andesitic dike andesitic lava
lava porphyry

Main rock type Amp-dacite Amp-trachydacite Amp-dacite Amp-andesite Cpx-trachydacite

Phenocrysts and microphenocrysts Pl + Amp Pl + Amp + Cpx + Bt Pl + Amp + Bt Pl + Amp (Cpx cores in Pl + Cpx (Amp

Amp) microphenocrysts)

Accesory minerals Titanomagnetite, apatite, titanite
[Ho/Luly 1.00 0.95 0.99 1.29 1.25
[Dy/Ybln 1.25 1.43 1.27 1.71 1.52
La/Sm 6.47 5.03 6.96 4.11 3.54
Sm/Yb 2.91 3.27 2.56 4.93 3.08
Eu/Eu* 0.96 0.91 1.08 0.90 0.87
Dy/Dy* 0.57 0.68 0.59 0.76 0.82
Dy/Yb 1.91 2.18 1.94 2.61 2.32
La/Ta 34.50 36.20 40.00 16.89 43.67
Ba/Nb 153.20 313.25 245.50 142.86 161.67
La/Nb 4.14 4.53 4.00 4.34 4.37
Nb/Zr 0.04 0.04 0.03 0.02 0.02
Nb/Ta 8.33 8.00 10.00 3.89 10.00
Ce/Pb 2.23 3.82 3.42 4.48 1.64
Th/Nb 0.76 0.63 0.48 0.57 0.73
Ba/La 18.21 17.21 19.21 21.21 22.21
Th/La 0.18 0.14 0.12 0.13 0.17
Ta/Hf 0.22 0.17 0.08 0.15 0.05
ASI index 0.91 0.94 0.97 0.79 0.74
Liquid-only-Molina et al. (2015) 992 1052 1032 1041 991
Liquid-only-Putirka (2016)-Eqn.3 960 1002 991 1008 1002
M value (Harrison and Watson, 1983) 2.33 1.83 2.37 1.89 1.89
Zr-saturation T(°C)-Harrison & Watson 740 644 730 722 725

(1983)
Zr-saturation T(°C)-Boehnke et al. 659 569 648 652 655

(2013)
Ap-saturation T(°C)-Harrison & 910 877 1026 851 847

Watson (1984)
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