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Abstract

Central Patagonia is traversed by a belt of EaslyMiddle Jurassic calc-alkaline
intermediate volcanic rocks interspersed with mfaigic volcanic rocks which are
associated with the widespread magmatism that péexde during Gondwana break-up
times. This work uses K-Ar and Ar-Ar dating and wdioock and phenocryst
(plagioclase, amphibole, clinopyroxene and titangmedite) compositional data to
refine the age, geochemical signature and resecamiditions of these volcanic rocks,
which are known as Lonco Trapial Formation. Theeaités, dacites and trachydacites

which were the object of this study have either hilngle or clinopyroxene as the main



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

mafic phenocryst (amphibole-bearing and clinopyre<bearing volcanic rocks,
respectively), though amphibole is the main mafimage. Despite the calc-alkaline
signature a mild alkaline affinity emerges from sowhole-rock trace elements content
and from mineral chemistry (amphibole, clinopyrogerand titanomagnetite
compositions). The magmatic evolution of the Loriagapial andesites, dacites and
trachydacites was governed by fractionation of abmgih, clinopyroxene, plagioclase,
titanite, titanomagnetite and apatite. Amphiboleempdcrysts show an overall normal
chemical zoning. The cores of the amphiboles cltyzd over a temperature range of
869 to 916 °C, whereas the rims crystallized ovegnapeture range of 826 to 867 °C.
Shallow to intermediate depths (2-8 kbar, ~7-26 laje inferred from geobarometric
calculations. Crystallization temperatures are héljg higher in the clinopyroxene-
bearing volcanic rocks, consistent with their mopeimitive character. The
geobarometric estimations of this work are cohewétit the lack of marine ingressions
and with geophysical estimations which suggest thatEarly Jurassic Moho depth
would have beer35 km. The combination of whole-rock and minerabgemistry is

consistent with an extensional affinity for thidgaavolcanic belt.

Keywords: andesite; Jurassic; mineral chemistryplediock geochemistry; Central

Patagonia

1. INTRODUCTION

Early Jurassic times in Patagonia were charactkhyewidespread magmatism linked
to the early stages of Gondwana break-up. This rmfigm is known as the Chon Aike
Volcanic Province, one of the largest rhyolitic ywrees in the world which also
extends to the Antarctic Peninsula (Pankhurst.ei@B8; 2000; Riley et al., 2001). The
age of this magmatism becomes younger southwaréseqing the opening of the

South Atlantic Ocean in the Early Cretaceous (Pardthet al., 2000). This volcanism
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starts in northeastern Patagonia in the Early dimawith the V1 volcanic event (188-
178 Ma), and is coeval with the peak of the KarFaorar basaltic volcanism. It was
then followed in southern Patagonia and northertadstic Peninsula by the Middle
Jurassic volcanic event V2 (172-162 Ma), and bylthe Jurassic volcanic event V3
(157-153 Ma) which migrated to the Andes Cordill@faraud et al., 1999; Pankhurst et

al., 2000 and references therein).

Central Patagonia is traversed by a N-S belt af-aldaline intermediate volcanic rocks
interspersed with more felsic volcanics and wittlisentary rocks known as the Lonco
Trapial Formation (Page and Page, 1993). The Ldmapial lavas were considered the
more mafic counterparts of the predominantly rij@IiChon Aike Volcanic Province

and part of the V1 volcanic event (Gust et al., 3t98ankhurst et al., 1998; 2000;
Franzese et al., 2002; Zaffarana and Somoza, Bxr#&dini and Gregori, 2013; Cuneo
et al.,, 2013; Bouhier et al., 2017). This volcanigras in a back-arc position with

respect to the activity of a western short-livedlfedurassic magmatic arc known as the
Subcordilleran Plutonic Belt (Fig. 1a; Gordon and, @993; Haller et al., 1999; Rapela

et al., 2005).

This work aims to refine the origins of the Loncoapial Formation volcanic rocks
using new measurements of mineral and whole-rockormand trace element
compositions (e.g. Sas et al., 2017). The sampte samprises mainly Early Jurassic
andesites, dacites and trachydacites from theitpaafl Gastre (Fig. 1b). Our data are
used to constrain magma type, petrogenetic prosessagma storage conditions
(temperature, pressure, #Cand parental melt compositions. Our analysis versan

extensional signature from these predominantly-aldaline magmas.

2. GEOLOGICAL SETTING

2.1. Early Jurassic igneous and sedimentary units in the North Patagonian
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The distribution of Early Jurassic rocks in Patagdretween 40° and 44° S is shown in
Fig. 1a. The Early Jurassic units of the North §atégan Massif can be divided into
three domains: eastern, central and western (Rg.Within the eastern domain, the
Early Jurassic rocks are predominantly magmatimpresed of the rhyolitic volcanic
rocks of the Marifil Formation (Pankhurst et al99B; Pankhurst and Rapela, 1995;
Féraud et al., 1999) and by their intrusive coydds known as the El Soétano

Granodiorite (Sato et al., 2004) and as the FlGmsite (Pankhurst et al., 1993).

In the central domain, the Early Jurassic rockgpaeelominantly volcanic and andesitic
(Fig. 1a). Following Page and Page (1993), the boh@apial Formation is used here to
refer to the volcanic belt of predominantly intedizde composition of Central
Patagonia. North of Gastre, the Lonco Trapial Fdionaintermediate volcanics
interdigitate with the Early Jurassic felsic volzanof Garamilla Formation (Nullo,
1978; Franzese et al., 2002; Benedini and Gre@6d3). South of Gastre (near Paso
del Sapo and further south), the Lonco Trapial Faiom forms part of the early infill
of the Cafiadon Asfalto basin (Figari and Courtd®®3; Cortifias, 1996; Cuneo et al.,
2013; Figari et al., 2015; Hauser et al., 2017;Beuet al. 2017), overlying the syn-rift

deposits of Las Leoneras Formation (Cuneo et @L.32Fig. 1a).

The NNW-SSE Early Jurassic Pampa de Agnia basenedstto the western (and partly
central) domain of the North Patagonian Massif (Hig, Vizan, 1998; Suéarez and
Marquez, 2007). The sedimentary rocks of the PadgpAgnia basin are intruded by
the Early Jurassic mafic-ultramafic suite of thecKa and Cresta de los Bosques
formations (Page, 1984; Poma, 1986; Féraud el @99; Page and Page, 1999). The
gabbros and sedimentary rocks are intruded by thecd@dilleran Plutonic Belt, a

NNW-SSE trending batholith of Early Jurassic age.(Ra; Gordon and Ort, 1993;
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Haller et al., 1999; Rapela et al. 2005). LoncopiabFormation lavas are in a back-arc
position with respect to the activity of the Eadlyrassic magmatic arc represented 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 tonfrapial Formation in Gastre
(Fig. 1a). Here, the oldest rocks are Late Paleox@tamorphic rocks of the Calcatapul
(Proserpio, 1978) and Cushamen formations (Volkeeirt964; Lépez de Luchi and
Cerredo, 2008). Two later magmatic suites inclutle: Late Paleozoic granites of the
Gondwanic cycle and the Late Triassic graniteshef €entral Patagonian Batholith
(Rapela et al., 1991; Rapela and Pankhurst, 1988kHurst et al., 2006; Lépez de
Luchi and Cerredo, 2008; Zaffarana et al., 201'He Turassic volcano-sedimentary
Lonco Trapial Formation (Taquetrén Formation of INubnd Proserpio, 1975;

Proserpio, 1978) rests on a highly irregular pal€lase carved into these granitoids.

The Lonco Trapial Formation in Gastre hosts a veniwally important eruptive suite
associated with thick volcaniclastic conglomeratéle volcanic facies are mainly
represented by andesitic lavas and breccias, whédesubvolcanic facies consist of
many porphyries and dikes of the same compositidmere are also subordinate
pyroclastic facies composed of tuffaceous beds Imaoorresponding to dacitic
ignimbrites. Representative samples collected is $itudy correspond to lava flows
(T1, TO, JZ6-4 and G3-157), dikes (G3-134) and pwries (G2-63). A summary of the
ages, locations and studies that were performgulesented in Table 1, and locations

are shown in Fig. 1.

3. ANALYTICAL TECHNIQUES
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Whole-rock major and trace elements were determusedg ICP, ICP-MS and ICP-
AES at Activation Laboratories, Ontario, Canada [AGBs) and at the SGS

laboratory (Peru). Results are presented in Tal#ipdendix.

Sample G2-63 was dated fAr->°Ar in amphibole at the Geochronological Laboratory
of SERNAGEOMIN (Chile) and sample G3-134 was datgdwhole-rock K-Ar at
Actlabs (Ontario, Canada). In the former, the syste equipped with two extraction
lines of radiogenic Ar gas, which are aligned watl$tanelco induction furnace, with a
maximum power of 7.5 kW. The extracted Ar is pedfithrough two extraction lines of
Ar and is analyzed in a semi-automatic mass speetr@r where the total content of
“%Ar in the sample is detected (radiogeffitr and*°Ar atmospheric). The measurement
of K in the sample is analyzed in an equivalerquat, through X-ray fluorescence in

the Chemical Laboratory of SERNAGEOMIN.

Mineral phases were analyzed by WDS at the TechS8identific Services of Oviedo

University (Spain) using a Cameca SX-100 electracraprobe with a voltage intensity
of 15 kv, current of 15 nA, and acquisition timeldf s per element. A combination of
silicates and oxides was used for calibration. Resare presented in Table 2-

Appendix.

ICP-MS laser ablation measurements of amphibolaraggs were done at the GZG,
University of Gottingen (Germany) on a Perkin EIRC Il equipped with a Lambda
Physics Compex 110 Ar-F Laser at 193 nm, using @l-G&s optical bank. Ar carrier
gas was used and a low-volume custom-made samplabgr. Individual elements
were measured after 10 milliseconds dwell time wath integration time for the
measured signal of 60 seconds (on average). Theadstl major element composition
(Si) of the respective mineral was used as intestethdard. Results are presented in

Table 3-Appendix.



148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

EDS data of amphibole crystals were obtained in @entro de Microscopias
Avanzadas (CMA), Facultad de Ciencias Exactas yifdégs, Universidad de Buenos
Aires (FCEN-UBA). The equipment is characterizeddny Energy Dispersive X-Ray
Microanalysis hardware (EDS), Inca Energy, Oxfargtiuments, coupled with a SEM
Zeiss Supra 40 scanning electron microscope eqdipfith a field emission gun. The
images were taken with in-lens detector and 5 k¥elration voltage. The applied
standards were CaGQor C, SiQ for O and Si, AIO; for Al, wollastonite for Ca,

MgF, for F and MgO for Mg. Results are presented inlddbAppendix.
4. K-AR AND AR-AR DATING

The age of Lonco Trapial Formation is constrainetiieen Early and Middle Jurassic
time (Page and Page, 1993; Bouhier et al., 20h7this work we dated some samples
that confirmed an Early Jurassic age within the wdlcanic event (Pankhurst et al.,
2000). This period was characterized by ongoing magm to the west
(Subcordilleran Plutonic Belt, Fig. 1).

Sample G2-63 presented a gd8alr-*°Ar plateau age for amphibole of 178.9 + 1.1 Ma
(94.1 % of*°Ar released on 5 of the 9 steps, MSWD=0.49; Fig. Pable 1). The
integrated age is 175.9 £ 1.4 Ma, and the isochgmis 178.7 £ 1.8 Ma (MSWD=0.63,
with 5 out of 9 steps). The steps disregarded enisbbchron and plateau ages are the
low temperature ones, representing only 4.9 % efttital*°Ar released. Thé&Ar/*°Ar
intercept is a bit higher than the atmosphericoré00 + 40, Fig. 2b), suggesting that
some excess argon is present in the amphiboleseveswthe three ages broadly
coincide. The accepted age for this sample is ldtegu age.

The andesitic dike represented by sample G3-13dledea K-Ar whole-rock age of
191.6 + 5.2 Ma (% K=1.88"Ar radiogenic= 14.492 ml/g, %Ar air= 37.6). Sample

TO yielded an'’Ar-*°Ar age in amphibole of 185.39 + 0.99 Ma, whereasma T1
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presented two overlappirfdAr-*°Ar ages for amphibole of 184 + 5 Ma and of 182.8 +
1.3 Ma (Zaffarana and Somoza, 2012). The reportges are consistent with the

paleomagnetic pole location, as the paleomagnetitov isolated in sample JZ6-4 is

consistent with the Early Jurassic mean directiothe area of study. This sample was
part of the data set used to define an Early Jurpsteomagnetic pole by Zaffarana and
Somoza (2012) (Table 1). The clinopyroxene-beasagple G3-157 was intercalated
within the amphibole-bearing volcanic rocks typicdl Lonco Trapial Formation in

Gastre, therefore a Lower Jurassic age is expéatedis sample.

5. CLASSIFICATION AND PETROGRAPHY
The volcanic rocks of Lonco Trapial Formation haperphyritic (~50 modal %
phenocrysts) to glomeroporphyritic textures (Fig.3hey have been classified as
andesite, dacites and trachydacites in the magnet classification diagram (TAS,
Fig. 4a). Andesitic lavas and dikes have eithertdabgle (amphibole-bearing volcanic
rocks) or clinopyroxene (clinopyroxene-bearing wamic rocks) as the main mafic
mineral. Even though both types coexist, the angbibearing volcanic rocks are the

most common.

The rocks are mainly composed by plagioclase (48-60the phenocryst population),
whose phenocrysts are euhedral to subhedral andecap to 3 mm in size (Fig. 3a, b).
They commonly display optical zoning, signs of rpsion and disequilibrium margins,

as well as synneusis, sieve textures and albrigsrand rims (the albitic compositions
are shown by sample G2-63; Fig. 3a, b). The roctstain either amphibole

phenocrysts (40-10% of the phenocryst assemblag®) plienocrysts of plagioclase
and/or biotite and clinopyroxene (amphibole-bearmgks; Fig. 3a, c) or clinopyroxene

phenocrysts associated with plagioclase phenocryatsd tiny amphibole
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microphenocrysts (clinopyroxene-bearing rocks; &@-157; Fig. 3b, d). Table 1-
Appendix summarizes mineral assemblages.

Amphibole-bearing rocks are characterized by a edia#i light green to brown
pleochroic amphibole (Fig. 3c) with occasional Reslight oxide rims and common
polysynthetic twinning. Optical zoning is commorsigen, as in samples G2-63 and T1
(Fig. 3c, e). Phenocrysts are commonly preservedhade crystals, however, in some
samples they are skeletal (e.g., G3-134; Fig. Bfhere present, biotite is brown
pleochroic and may be altered to iron oxides. @lymoxene occurs as relict cores in
amphibole phenocrysts (e.g., sample G3-134).

Clinopyroxene-bearing rocks contain ~20% of smallhexdlral clinopyroxene
phenocrysts (sample G3-157; Fig. 3b, d). Coexisaimgphibole occurs only as scarce
brown and pleochroic microphenocrysts (Fig. 3d;153).

Groundmass textures of both varieties are micréalyse, sometimes pilotaxitic or
hyalopilitic, composed of microliths of the same neral assemblages as the
phenocrysts (Fig. 3). Accessory minerals are titeemgnetite, titanite and apatite. The
latter occurs as euhedral, stubby apatite crystétser isolated in the groundmass or as
inclusions in plagioclase phenocrysts. Interstiialss is commonly replaced by sericite
and clays. All samples are moderately altered forapylitic assemblage given by
chlorite, carbonate, secondary titanite, quartmjap, albite and opaque minerals. The
alteration is mainly found in the groundmass wigleenocrysts are essentially fresh,
except the biotite, whose phenocrysts appear reglag chlorite and opaque minerals
(e.g., G2-63), so that no fresh biotite analysedctbe obtained.

6. BULK ROCK GEOCHEMISTRY

Major element geochemistry suggests that the Loh@pial volcanics are medium

potassium andesites to dacites, and also trachgdafitig. 4a,b) with Si©between
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58.57 and 63.17%, 40 < 2.30%, AJO3; > 16.12%, and N® varying from 3.86 to

5.27% (anhydrous basis; Table 1-Appendix). All mretaluminous (average ASI index
0.86; Table 1-Appendix) and silica oversaturatedyiing quartz and hypersthene,
apatite and ilmenite in their CIPW normative composs. It should be noted that the
classification based on immobile element ratios(Winchester and Floyd, 1977)

essentially agrees with the major element clasgitio (Fig. 4c).

In the TAS diagram, rock compositions cluster arbutme alkaline-subalkaline
boundary (Fig. 4a). They are calc-alkaline magnmaghe sense of Miyashiro (1974,
Fig. 4d). Their Fe@MgO vs SiQ content is variable, and their CA/TH index (Hota e
al., 2009) is between 0.93 and 2.23, so they belomgedium- to low-Fe calc-alkaline

series (Arculus, 2003; Table 1-Appendix, Fig. 4d).

Their chondrite-normalized REE patterns (McDonoagid Sun, 1995) have negative
slopes, being variably enriched in LREE and depleteHREE [(La/Yby=14-7] (Fig.
5a, Table 1-Appendix) and subtle Eu anomalies, lwhan be either slightly negative or
positive (Eu/Eu*= 1.1-0.9; Table 1-Appendix). Thadtionation mainly involves the
light and middle REE [(La/Dy)=10-4], whereas the heavy REE pattern is rathéofla
slightly positive from Ho to Lu [(Ho/Ly=1.3-0.95] causing a concave up curvature
(Fig. 5a, Table 1-Appendix). Decreasing Dy/Yb withcreasing Si@Q and the
decreasing Dy/Yb and Dy/Dy* (Dy*=value interpolatddavidson et al., 2013; Fig. 5c,
Table 1-Appendix) with differentiation, which isughly orthogonal to the depletion-
enrichment trend would indicate that the rocks argenetic according to Davidson et
al. (2013) (Figs. 5b, 5c).The concave up shape BE Rpatterns, the decreasing
[Dy/Yb]n (1.71-1.25) with increasing Sp(QFig. 5b), and the low Dy/Dy* values

(Dy*=value interpolated; Davidson et al., 2013; .Fig, Table 1-Appendix) point out
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the role of amphiboletclinopyroxene fractionatiomdathe absence of garnet,
fractionated or residual in the melting source ([bson et al., 2013).

Trace element patterns show a general behaviorighyfpical of rocks of the calc-

alkaline series, with LILE enrichment, negative Bibd Ta anomalies (except Ta in
sample G3-134) and with a positive spike in Pb.(Bd). The Lonco Trapial samples
also show lesser contents of Ti, Y and Yb than NRBJSun and McDonough, 1989,
Fig. 5d). Samples G3-157 and G3-134 are richethinUl, Zr, Ti, Y, REE and also in Ta

(in sample G3-134) with respect to the other sagy@bBowing contents similar to those
presented by alkaline rocks. This affinity alscsas from the chemical composition of
their phenocrysts, as will be shown below.

7. MINERAL COMPOSITIONS

Representative electron microprobe analyses ofiqdbsge, amphibole, clinopyroxene
and titanomagnetite are presented in Table 2-AppentCP-MS analyses of
amphiboles from representative samples are prasémtéable 3-Appendix and EDS

analyses of amphiboles are shown in Table 4-Appendi
7.1. Amphibole major and trace element compositions

Amphibole structural formulas were calculated on the basB300 after the method of
Dale et al. (2005) and with all Ca in the M4 sitealjle 2a-Appendix). Amphibole
compositions are calcic, with f{ga+Mg) in the 0.30-0.47 range and have moderate to
high TiO, contents (0.85 to 1.65% and 0.10 to 0.17 a.pri.amphibole-bearing dacite
G2-63; 3.25 to 3.77% and 0.36-0.42 a.p.f.u. inagyroxene-bearing trachydacite G3-
157). The F&/(Fe¥'+F&™) ratio is moderate in the amphibole-bearing daGi263
(between 0.45 and 0.25) and low in clinopyroxenaring trachydacite G3-157
(between 0.08 and 0.15). Amphiboles in amphibokribg volcanic rocks (G2-63) are

tschermakite (mostly the cores) to magnesiohormlgerfFig. 6a), whereas in
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clinopyroxene-bearing volcanic rocks (G3-157) tlaeg magnesiohastingsite (Fig. 6b).
Amphibole compositions in the samples analyzed BSHall amphibole-bearing
volcanic rocks) are more varied but similar to EMP analyses. They are all classified

as magnesiohornblende (Fig. 6a).

In all amphiboles, the charges due to the intradacbf the Al tetrahedral site
occupancy seems to be balanced by a combinatidheoédenitic and tschermakitic
substitutions (Fig. 6¢). In some samples (G3-15F &16-4) the AY in amphibole is
slightly controlled by TiQ content (Fig. 6d). The amphiboles show a genevaial
zoning pattern where the core is richer in Al am@Ad poorer in Si and Fe than the rim

(Fig. 1-Appendix).

All amphiboles present moderate REE abundancességltly negative europium
anomalies (Fig. 7a; Eu/Eu* ranging from 0.69 to9).8Amphiboles in samples G2-63
and T1 have similar REE patterns with a convex ugwshape, as amphiboles are
depleted in light REE and enriched in middle REK).(Fa). In contrast, the amphibole
from sample TO shows upward concavity in the heREEE and a less marked convex
upward shape in the light REE (Fig. 7a). In turanple G3-134 has a steeper heavy
REE slope and a less pronounced Eu anomaly (Fig.lfeompatible trace element
patterns of the amphiboles normalized to the PrimiMantle (Sun and McDonough,
1989) display positive Ba, Nb, Pr, Ce, Nd and Swnaalies, and negative Rb, Sr, Zr, U
and Th anomalies (Fig. 7b). The amphiboles frompamG3-134 and TO have greater

content of Th, U, Pb, and Yb and Lu (only samplesiws the last two; Fig. 7b).
7.2. Plagioclase, clinopyr oxene and titanomagnetite compositions

Plagioclase compositions were calculated on the basis of 3g@ble 2b-Appendix).

Plagioclases in the amphibole-bearing dacite (G2a68 mainly andesine from cores
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(An46) to rims (An30), with some rounded and resdrkabradorite cores (An55), and
internal concentric zones or outer rims of albAa3-1) (Fig. 2a,b-Appendix; Table 2b-
Appendix). Plagioclase compositions in the clin@xgne-bearing trachydacite G3-157
range from labradorite-andesine (An55-37) in theesado andesine-oligoclase in the

rims (An46-29; Fig. 2c-Appendix, Table 2b-Appendix)

Clinopyroxene analyses from the clinopyroxene-bearing trachydadg3-157 are
presented in Table 2c-Appendix and compositionewaiculated on the basis of 6 O.
According to Ca (0.80-0.85 a.p.f.u.), Mg (0.83-0&p.f.u.), F& (0.25-0.29 a.p.f.u.)
and Na (0.017-0.028 a.p.f.u.) contents, they agiteayMorimoto, 1988) with Mg#
rather homogeneous (~0.73-0.77). As in the ampésbof this sample, the content of

Al is balanced by the content of Bi(Fig. 6e).

Titanomagnetite belongs optically to the stage 1 of homogeneo@s-fich magnetite
or to stage 2 of magnetite-enriched solid solutiauith a small number of exsolved
iimenite lamellae (Haggerty, 1991). Titanomagnetitenpositions, calculated on the
basis of 4 O (Table 2d-Appendix), correspond to Sfiich magnetites (Y=F& is
greater than 75%, and Ti content of the crystalgeiserally higher than 0.2 a.p.f.u.).
When plotted in the triangular diagram of FeO, Ji6e0; (Fig. 6f) titanomagnetite
compositions represent the solid-solution betweeagmatite and Ulvospinel. These

solid solutions exist above 600°C (Buddington amtitley, 1964).
8. DISCUSSION
8.1. Geochemical signature of Lonco Trapial magmas

The andesites, dacites and trachydacites of Lomapidl Formation are calc-alkaline
rocks (Fig. 4a). When compared to the Primitive NMgrthe rocks show, as other calc-

alkaline suites, pronounced enrichment in Sr, BhRIm and strong depletion in Nb and
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Ta (Fig. 4d). Moderate LILE enrichment, typical cdic-alkaline magmas, is also
shown in the chondrite-normalized spider diagramg.(ba). Trace element ratios are
characteristic of calc-alkaline magmas, given lghHia/Ta(La/Ta > 25 except G3-134:
Table 1-Appendix), Ba/Nb>40, La/Nb>1 and Th/Nb>@ar& low Nb/Zr (<0.05, except
G2-63) and Ce/Pb<20 ratios (Table 1-Appendix). Birlyi, the samples display
decreasing Dy/Dy* and Dy/Yb trends with differenitia, orthogonal to the MORB
trend (which goes from depleted to enriched ligefERFig. 5¢) characteristic of calc-

alkaline magmas (Davidson et al., 2013).

Even though the calc-alkaline signature of Loncaplal lavas is strong, some
intraplate characteristics are also present. Wratk-trace element ratios show that
some samples present Ta/Hf > 0.15 which is distiaaif intraplate magmas (e.g., Kay
et al., 2006). Sample G3-134 has a Dy/Yb ratio)(®Bich is close to the OIB field
(Fig. 5c). However, the rest of the samples have y/Yb ratios (2.3-1.9) which are

characteristic of calc-alkaline magmas.

As phenocrysts of volcanic rocks would have formiedthe early stages of the
magmatic history, any inference about the chemistrthe magma coming from them
would be useful. When compared with amphiboles ifiernt tectonic settings, the
Lonco Trapial amphiboles coincide with those otealkaline rocks (Fig 8; Demény et
al., 2012). However, mineral chemistry proves tghbdicularly sensitive in unraveling
some alkaline affinity of the Lonco Trapial lavaSor example, Ti@ content in

amphiboles and clinopyroxenes is a good indicatanagma alkalinity (Molina et al.,

2009). Amphibole from the clinopyroxene-bearingchydacite G3-157 and of the
amphibole-bearing volcanic rocks G3-134 and JZ&welcrystallized from subalkaline
trachytoid to alkaline magmas (Fig. 9a-d), whertbasamphiboles from the amphibole-

bearing volcanic rocks G2-63, TO and T1 crystatlimeostly from subalkaline magmas
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(Fig. 9a-d). Consistently, clinopyroxenes of thie@byroxene-bearing trachydacite G3-
157 also crystallized from magmas transitional leetv subalkaline and alkaline
(Molina et al., 2009) (Fig. 9e). These clinopyrogenalso crystallized from calc-
alkaline orogenic magmas transitional to intraplategmas according to the diagrams
of Le Bas (1962) (Fig. 9f), Nisbet and Pearce (J94F®y. 99) and Leterrier et al. (1982)

and (Fig.9h-i).

We interpret that Lonco Trapial lavas were eruptedhin widespread rifting
conditions. In addition, they are located in tharrarc of a paleo-subduction zone
represented by the Subcordilleran Plutonic Belte Tdrigin of the Lonco Trapial
magmas can be ascribed to two different settingedmbinations): 1) a rifting phase,
where the mantle source rocks were affected byiguewsubduction processes and 2) a
rifting phase, where the calc-alkaline signaturenigerited by assimilation of crustal
rocks (a mixed source). Around Gastre, two diffengrevious orogenic cycles could
have produced mantle metasomatism in the area.eTbgsles produced the Late
Paleozoic granites of the Gondwanide orogeny (L&peZ uchi and Cerredo, 2008;
Pankhurst et al., 2006, Rapela et al., 1991; RagmtPankhurst, 1992), and the pre-
rifting Late Triassic granites of the Central Pataign Batholith (Rapela et al., 1991,

Rapela and Pankhurst, 1992; Pankhurst et al., 208f6grana et al., 2014; 2017).

Crustal contamination, in turn, is suggested byNiéTa ratios of the Lonco Trapial
lavas (average ~8; Table 1-Appendix). Nb/Ta ragieslower than in arc-related basalts
and OIB (arc basalts have an average Nb/Ta of Musiker et al., 2004; whereas the
continental crust has a Nb/Ta reference value aoff;1Rudnick and Gao, 2003).
Therefore, Nb/Ta ratios suggest crustal assimitatiothe origin of the magmas (e.g.
see Moreno et al.,, 2016, for further discussion)e Tvariation in the amphibole

multielemental pattern (Fig. 7b) would support mgiof magmas of different origin
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(mantle and crustal generated magmas) in the genédhe Lonco Trapial volcanic

rocks. Even though the corroded appearance of sdrttee amphiboles can be due to
decompression, it could also be attributed to magmaing, as well as the

disequilibrium textures shown by the plagiocladestthermore, the Middle Jurassic
andesites associated with the Cafladon Asfaltda$in show field, petrographic and
geochemical characteristics attributable to cruataimilation (Bouhier et al., 2017).
These authors explained the arc signatures of Loh@pial magmas as due to
assimilation of crustal rocks supported by the ge@tion of zircon xenocrysts with

Permian and Middle- Upper Triassic ages (281.3 R¥H.5, 218.1, and 201.3 Ma)
within these volcanic rocks. The isotopic data frdejonghe et al. (2002) also
suggested that the Lonco Trapial magmas are a raixtumantle and crustal-derived

magmas.

Other rock suites generated in extensional envieris bear a calc-alkaline
geochemical signature. For example, the Variscgnndps from Iberia (Bea et al.,
2006; Molina et al., 2012; Scarrow et al., 2009)d ahe quartz-monzonites from the
Katerina Ring Complex, southern Sinai, Egypt (Marex al., 2014; 2016). There, the
magmatism was generated in a post-collisional regibut in both cases the calc-
alkaline signature suggests an important involveneém continental crust component
in the magmasNevertheless, metasomatism in the mantle sourcetaue previous

subduction event shoud not be ruled out anyway.

8.2. Parental melt compositions, oxygen fugacity and fractionating phases

The amphiboles are products of crystallization ialc@alkaline magmas. The
equilibrium magmatic conditions and melt compositiare calculated from the
spreadsheet Amp-TB.xIs of Ridolfi et al. (2010)giFi0a). The method also estimates

the oxygen fugacity conditions of the melt (Fig.).8lm the amphibole-bearing dacite
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(G2-63), the amphibole cores coexisted with ligoicandesitic to dacitic composition
(Fig. 10a, Table 2), while some rim composition2{&3) are in equilibrium with a
melt of dacitic to rhyolitic composition (Fig. 10dh turn, core and rim compositions of
the small amphibole phenocrysts of the clinopyr@xbearing trachydacite G3-157
crystallized in equilibrium with melts of dacitiomposition (Fig. 10a). The amphiboles
from the two samples crystallized in high,f@nditions between the NNO and NNO +
2 curves (Fig. 10b; Ridolfi et al., 2010), congmtevith oxygen fugacity values inferred
for calc-alkaline magmas\(NNO from -1 to +3; e.g. Gill, 1981; Behrens and I@&adl,
2006). The low R4Fa+Mg) ratios also indicate that amphiboles crystatlii at high-
fO, conditions (Anderson and Smith, 1995), in consopawith the presence of

titanomagnetite as the main oxide phase (see béligw10c).

Amphibole/melt partition coefficients for La, Ybn§ Eu and Gd for different kinds of
melts are available in the literature (see ovenviewiepolo et al., 2007). Hornblende
partition coefficients strongly vary with melt coogitions (Sisson, 1994). To minimize
this problem, the [La/YR] and the Eu/Eu* anomaly of the melt in equilibriwith the
amphiboles was estimated using Kd for differenttneempositions and then it was
compared with the whole-rock compositions (Table Ajhough it is difficult to get
precise estimations of melt [La/Yi]Jratios and Eu/Eu* anomalies due to the large
scattering in Kd values, there are some tendeticggscan be analyzed. For instance, in
the more evolved rocks, the [La/Xjatio calculated for interstitial melts is lowelath
the whole-rock ratio, implying that the light REEEdome more compatible than the
heavy REE. This is a fact that cannot be ascribehrtphibole fractional crystallization,
and which can be attributed to the fractional aligation of titanite, which is a

mineral phase which concentrates light REE (Be@6)L9
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Assuming a theoretical dacitic composition for thterstitial melt, which is reasonable,
because after amphibole and plagioclase crystatiizahe melt becomes more acidic
than the parental melt, a strong Eu fractionatiocuos with respect to Sm and Gd. This
would imply plagioclase saturation of the magmab{&&). The Eu/Eu* values close to
1 in the whole-rock (Table 2) would suggest a lep$agioclase fractionation, which is
consistent with plagioclase behavior in andesitgtsirich in water (Sisson and Grove,
1993; Molina et al., 2009), where it decreasesjigearance temperature by >100 °C
(Sisson and Grove, 1993). This further agrees thithREE modelling, which suggests
that plagioclase crystallization took place wittgoimg crystallization. Amphibole REE
patterns do show negative Eu anomalies (Fig. Tet ¢ould be ascribed either to
concomitant plagioclase fractionation (see, for neple, Schnetzler and Philpotts,
1970), or to the low Kd for Eu that amphibole hasandesitic and basandesitic melts
(i.e. Tiepolo et al., 2007 and references therelinese REE patterns in amphibole
could also be ascribed to mixing with, or assinolatof crustal material (that already

had fractionated plagioclase) before amphiboletahyzation.

Amphibole * clinopyroxene fractionation during @iféntiation was suggested by the
decreasing [Dy/Yhk] with increasing Si@ (Fig 5b), and by the low Dy/Dy*, and the
trend of decreasing Dy/Dy* with decreasing Dy/Yhtfwincreasing Si@ Davidson et

al., 2013, see Fig. 5¢). Amphibole fractionatioogdther with crustal contamination,
can be another cause of the low Nb/Ta ratio ofLibreco Trapial magmas (average ~8;

Table 1-Appendix, Li et al., 2017; see the previsestion).

Apatite fractionation is another cause of middleEREactionation in metaluminous
magmas (Bea, 1996). The fractionation of this nahés also suggested by the high
apatite saturation temperatures which were obtaififech the amphibole-bearing

volcanic rocks (Table 3, see below). The low apasiaturation temperatures in the
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clinopyroxene-bearing trachydacite G3-157 contmagh the presence of abundant
stubby apatite crystals in the groundmass of thmpe. This would suggest that even
though the liquid represented by the whole-rock koot be saturated in apatite, the
interstitial liquid in equilibrium with amphibole euld have reached apatite saturation
temperatures. In addition, the compatible behawioP (not shown) would indicate
apatite fractionation. No zircon fractionation abude inferred from zircon saturation
temperatures (see below), which are very low andecko the solidus in amphibole-
bearing and well as in clinopyroxene-bearing voicaacks, nor from the petrographic
analysis (no zircon crystals could be observedcherbcks). Therefore, the compatible
character of Zr (not shown) can be ascribed, theemamphibole crystallization (Bea et

al., 2006).

All in all, co-crystallization of amphibole, plagilase, titanite, titanomagnetite and
apatite is suggested by amphibole depletion inZ8y,U, Th and Ti (with some

exceptions, see Fig. 7b) and by the compatibleadtar of Zr and P. It is therefore
concluded that differentiation processes in the dooffrapial volcanic rocks were
controlled by a combination of amphibole, clinopygnae, plagioclase, titanite,

titanomagnetite and apatite fractionation.

8.3. Magma storage temper atures and pressures

Calc-alkaline andesites and dacites commonly showh#éoles with complex zoning
and reaction textures such as the ones presentomtol Trapial volcanic rocks.
Reasonable estimations of environmental (P, T, f@&) compositional parameters
(liquid composition in equilibrium with amphibolean be recovered from amphiboles
of this kind by careful selection of mineral compiosis (see for example Blundy et al.,

2006; Kiss et al., 2014; Zhang et al., 2017). 48 be taken into account, besides, that
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amphiboles with reaction textures provide constsaon the earlier (pre-breakdown)

equilibrium conditions (Ridolfi et al., 2008).

Magma storage temperatures were calculated witlerdiit geothermometers that are
based on amphibole-plagioclase compositions (Hdlland Blundy, 1994, expression
B), amphibole compositions (Ridolfi et al., 201Gd&fi and Renzulli, 2012; Putirka,
2016), melt compositions (Molina et al., 2015; Bdatj 2016), or on zircon (Harrison
and Watson, 1983; Boehnke et al., 2013) and apatitapositions (Harrison and
Watson, 1984). Individual results are presentedables 1-3 in the Appendix, and a

summary is presented in Table 3.

Temperatures calculated with the calibrations ofldRi et al. (2010), Ridolfi and
Renzulli (2012) and Putirka (2016) (Fig. 10d) brigaagree (Table 3). Temperatures
obtained with the calibration of Putirka (2016) wimoin Figure 10d are considered the
most accurate because this geothermometer usesands® complete dataset of
experimental amphiboles. In all samples, these ¢éeatpres are between ~820 and
970°C (Table 3), in agreement with amphiboles ailiged from andesitic to dacitic
melts not in equilibrium with quartz (Ridolfi et.aR010). Taking the three temperature
calibrations into account, amphibole cores in san@-63 crystallized at ~ 869-916 °C
with an average of 895 °C, whereas amphibole riystallized at ~825-865 °C with an
average of 850 °C (Table 3). The higher temperature the amphibole
microphenocrysts of the clinopyroxene-bearing woicaocks (cores ~960-1017 °C,
and rims ~929-1000 °C; Table 3) are due to high@oftents, in agreement with their

more primitive and alkaline character (Molina et 2009).

The geothermometer based on amphibole-plagioclagalitzium of Holland and
Blundy (1994) was applied for samples G2-63 and 168- Temperatures for

amphibole cores and plagioclase cores for sampté35&e around 857°C and around
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948°C for sample G3-157 (Table 3). These tempezatgenerally coincident with the
amphibole-only temperatures of Ridolfi et al. (2p1Ridolfi and Renzulli (2012) and
Putirka (2016) geothermometers (Table 3), althoingly are a bit lower probably due

to calibration problems (Blundy and Cashman 2008).

Liquid-only temperatures for amphibole-saturatedymas of Molina et al. (2015) and
Putirka (2016) are slightly higher than the tempees calculated from amphibole
phenocrysts. The composition of the liquid was nested by the whole-rock
composition. The obtained temperatures range frétht® 1052 °C (Table 3), they are
compatible with the stability field of amphibole subalkaline liquids (see Fig. 14 in
Molina et al., 2009 and Fig. 9 in Kiss et al., 2DIPhese results are concordant with
amphibole-saturated parental melts. These tempegtware higher than the
temperatures estimated from amphibole-only geotbereters, even higher than the
temperatures estimated from the cores of the amfghiphenocrysts (Table 3). The
reason for this would be that these liquid-only penatures may be representative of a
liquid saturated in amphibole, but this amphiboleuld not be the one forming the
phenocrysts, which would be in equilibrium, insteadth a liquid of a more evolved

composition.

Apatite saturation temperatures calculated forattmphibole-bearing volcanic rocks are
close to the liquid-only temperatures, suggestipgtite saturation in parental melts
consistent with the presence of apatite crystateengroundmass. The apatite saturation
temperatures in the most primitive sample (clinoggne-bearing trachydacite G3-157)
are significatively lower than the amphibole-onhdathe liquid-ony temperatures. The
low zircon saturation temperatures close to tha&sslin amphibole-bearing as well as
in clinopyroxene-bearing volcanic rocks suggest tha magma was not saturated in

zircon (Table 3).
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The composition of the amphiboles is compared wvéathphiboles experimentally
crystallized at different temperature and pressargditions in Figure 10e (Kiss et al.,
2014). The amphiboles of Lonco Trapial generallyeagwith the field of experimental
amphiboles crystallized between 800 and 900 °Cghwis consistent with temperatures

predicted by the Putirka (2016) and Ridolfi et(2D10) geothermometers (Table 3).

We estimated crystallization pressures using thehamole-only geobarometers of
Ridolfi et al. (2010) and Ridolfi and Renzulli (Z2)1(equation 1d), which is considered
the most accurate (Molina et al.,, 2015) and the habgbe-plagioclase barometer of
Molina et al. (2015). Only the amphibole-bearingitka G2-63 was suitable for the
geobarometer of Molina et al. (2015) because thphémoles of the clinopyroxene-
bearing trachydacite G3-157 were rejected becahsg had Al <0.05. Pressures
calculated with the Molina et al. (2015) geobara@neange from 8 to 5 kbar (average
7.6 kbar at T1, Table 3) for cores and from 2-4rklaaerage 3.5 kbar at T1, Table 3)
for rims. The amphibole-plagioclase barometer ofléison and Smith (1995) was used
with the temperature calculation of Holland andrigly (1994) considering amphibole
and plagioclase core compositions of sample G2R&&ults show pressures around
6.29 kbar, which are mostly within the range ofecpressures obtained with the Molina

et al. (2015) amphibole-plagioclase barometer.

For sample G2-63, pressures calculated with thbrasibns of Ridolfi et al. (2010) are
around 7.4 kbar for the cores and around 2.2 &Bat for the rims (Table 3). For the
same sample, pressures calculated with the calmulaf Ridolfi et al. (2012) are
around 1.65 = 2.5 kbar for the rims (Table 3). Ambple-plagioclase equilibrium
pressures are around 6.29 kbar using the itergeobarometer of Anderson and Smith
(1995) with core compositions in both minerals. dddition, we performed the

amphibole-plagioclase geobarometric calculationMaflina et al. (2015), and their
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pressures were comprised within 8 and 5 kbar ferctires and between 2 and for kbar
for the rims (Table 3). The general consistencthefpressures calculated for the cores
and rims of the amphibole-bearing dacite G2-63 sstgythat equilibrium conditions

were reached during the crystallization historyh&f amphibole-bearing volcanic rocks.

In turn, for the clinopyroxene-bearing trachydac#8-157, the temperature-dependent
geobarometer of Putirka (2008; equation 32a) wagl@&yed, as it contains
clinopyroxene phenocrysts and small amphiboles opleenocrysts. For this
calculation, the temperatures obtained from cofesnphiboles based on the pressure-
independent geothermometer of Putirka (2016) weetluAs a result, the calculated
pressures are around 2 kbar (Table 3). The ampmhijdabioclase barometer of
Anderson and Smith (1995) was also used in thispkgneconsidering amphibole and
plagioclase core compositions, and using the teatpex calculation of Holland and
Blundy (1994). A pressure of 2.51 kbar was theefobtained (Table 3). The
amphibole-only geobarometer of Ridolfi et al. (2pHIs0 gave a pressure around 2
kbar for cores and rims (Table 3). In this samplere¢ is also a consistency in the
obtained pressures for cores and rims (with theoplyroxene-only geobarometer of
Putirka (2008), with the geobarometer of Ridolfi at (2010) and with the
geobarometer of Anderson and Smith (1995), Table I8) addition, there is a
consistency within the pressures of cores and ofrsample G3-157 with the pressures
obtained for the rims of sample G2-63 (within eyrorhis consistency may further
suggest equilibrium conditions during the crystaition of the clinopyroxene-bearing

volcanic rocks.

It must be observed, though, that in sample G3-higher pressures around 3-4 kbar
are obtained with the equation 1.d of Ridolfi arehRulli (2012) (Table 3) and with the

Al-in-hornblende geobarometers. However, as thderageobarometers tend to
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overestimate the pressures, especially in quadensaturated magmas because
amphibole tends to have lower Si content thus asirg AlY occupancy (see
Hammarstrom and Zen, 1986), it is considered thatreal pressures for this sample

should be around 2 kbar.
8.4. General tectonic interpretation of thermobarometric and geochemical data

Crystallization temperatures for the amphibole- atidopyroxene-bearing volcanic
rocks of the Lonco Trapial Formation are constrdiaeound 826 and 1017 °C (Table
3). These temperatures are typical for magmas tdrnrediate composition (e.g.
Rutherford and Devine, 2008), and the temperatamedelow the maximum stability of
amphibole in primitive magmas (around 1050 °C; &wemt et al., 2002; Grove et al.,
2003; Barclay and Carmichael, 2004; Adam et alQ72Krawczynski et al., 2012;

Simakin et al., 2012).

Pressures estimated for the amphibole rims in tiygh#ole-bearing volcanic rocks are
comprised between 2 and 4 kbar. In addition, pressstimations for the amphibole
microphenocrysts (cores and rims) in the clinopgree<bearing volcanic rocks are
around 2 kbar (Table 3). These amphiboles woule leaystallized in equilibrium with

plagioclase within the upper crust (between 7 aBdkf, approximately, using a
geothermal gradient of 3.7 km/kbar). In the amplalmearing volcanic rocks, the cores
of the amphiboles would record a previous histang they would have crystallized at

a different pressure around ~7-8 kbar which wouwldespond to ~22- 26 km.

Pressures around 2-8 kbar in the amphibole corésiars of the amphibole-bearing
volcanic rocks are consistent with whole-rock geoital data, as the host-rock has no

fractionated heavy REE (Yb < 2.4, [La/X{dbetween 7 and 14, Table 1-Appendix), and
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the decreasing Dy/Yb trend with silica is consistemith amphibole and/or

clinopyroxene (and no garnet) at the source orfesctionating phase (Fig. 5b,c).

The different pressures calculated for the cored ms of the amphibole-bearing
volcanic rocks would suggest a polybaric historycofstallization along a transcrustal
magmatic reservoir (see review of transcrustal nagnsystems in Cashman et al.,
2017) for Lonco Trapial andesites, dacites anchiydacites (Fig. 11b). Sr, Nd and Pb
isotopic data of Bouhier et al. (2017) support tabiand mantle contribution to the
Jurassic magmas of Lonco Trapial Formation. Theesitid to dacitic magmas, which
bear low Cr and Ni contents must have evolved feomantle source. In summary, the
calc-alkaline signature of Lonco Trapial Formatemdesites, dacites and trachydacites
could have been obtained either from a mantle gopreviously metasomatized by
earlier subduction processes (Late Paleozoic atel Traassic; Proserpio, 1978; Rapela
and Pankhurst, 1992; Pankhurst et al., 2000) tarraltively, by crustal contamination.
However, the role of crustal contamination showdstehbeen strong, as is evidenced by

the Nb/Ta ratios and by the isotopic data of Boubteal. (2017).

The Lonco Trapial lavas constitute the basemethefEarly Jurassic Cafiadon Asfalto
basin, as it overlies the syn-rift deposits of Laes Leoneras Formation (Cuneo et al.,
2013; Fig. 1a). As no marine ingressions were tegad on this basin, the crust should
not have been thinner than 35 km (i.e. Ramos gP@04). It is therefore inferred that
the Early Jurassic rifting could have developedagreviously thickened crust (around
50-60 km), probably inherited from the Late PaleoZ&dondwanic Orogenic Cycle (i.e.
Pankhurst et al., 2000). The crust would have #unm the Early Jurassic (during V1
volcanic event) to ~35 km. Therefore, the obtaipezbsures are coherent with regional
geological constraints. The present-day Moho daptastre is around 44 km, as is

inferred by the crustal model GEMMA obtained fronversion of gravimetric data



615 (Reguzzoni and Sampietro, 2015; Fig. 11c-d). Theatgr depth found today would
616 have been reached by thermal subsidence afterifthrg rperiod (by deposition of

617 younger material in the Gastre basin, see for el@ampmes et al. 2013) and during
618  Mid-Cretaceous upper plate contraction (Zaffaranal.e2018; Echaurren et al., 2016;

619 2017).

620 9. CONCLUSIONS

621  The Early Jurassic volcanic rocks of the Lonco Takpormation erupted coevally with

622 widespread extension during the early stages ofd@ana break-up. The andesites,
623 dacites and trachydacites can be divided into tveinntypes: amphibole-bearing and
624  clinopyroxene-bearing (volcanic rocks with eithenphibole or clinopyroxene as the
625 main mafic mineral), though the amphibole is thesmoommon mafic phase. They
626  represent calc-alkaline magmas; nevertheless, g atkbline affinity arises from some
627 whole-rock trace elements content and from minechlemistry (amphibole,

628 clinopyroxene and titanomagnetite compositionshe Talc-alkaline signature of the
629 Lonco Trapial magmas can reflect a mantle sourcéasoenatised by a previous
630 subduction processes and/or a significant assionlaif crustal rocks (the latter being

631  particularly supported by the isotopic data fronuBier et al., 2017).

632 Trace element data in amphiboles together with ednotk trace element data suggest
633 that the magmatic evolution of the Lonco Trapialgmas was governed by a
634 combination of amphibole, clinopyroxene, plagioelasitanite, titanomagnetite and
635 apatite fractionation. A melt of andesitic to dacitomposition was inferred to be in
636  equilibrium with the amphibole cores, whereas atmietlacitic to rhyolitic composition
637 was inferred to be in equilibrium amphibole rimgnphibole and apatite crystallization

638  would have predominantly controlled the fractiooatof the middle REE.
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The cores of the amphiboles in the amphibole-bgavioicanic rocks of the Lonco
Trapial Formation crystallized at a temperatureginag from 869 to 916 °C, and the
rims at a temperature ranging from 826 to 867 °@ anpredominantly shallow to
intermediate depths (2-8 kbar, ~7-26 km). The gimoxene-bearing volcanic rocks
would have crystallized at higher temperatureswbeh 929 and 1017 °C, consistent
with their more primitive character. Oxygen fuggcitonditions were high, in
concordance with presence of titanomagnetite ines@amples. The crystallization
pressures of Lonco Trapial magmas agree with regigeological observations which
suggest that the Moho depth in the Gastre areaatidurpass 35 km in Early Jurassic

times.
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FIGURE CAPTIONS

Figure 1. Regional and local geological frame & tonco Trapial Formation volcanic

rocks. A) Early to Middle Jurassic rocks of in tNerth Patagonian Massif. The gray
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area in Fig. 1A corresponds to the sampling ardagf1B. The ages correspond to (1)
Pankhurst et al. (1993) (2) Gordon and Ort (1983)Rankhurst y Rapela (1995) (4)
Féraud et al. (1999) (5) Franzese et al. (2002)S@p et al. (2004) (7) Rapela et al.
(2005) (8) zaffarana and Somoza (2012) (9) Cuneal.€f2013) y (10) Benedini and

Gregori (2013). B) Local map of the area of Gastrewing the distribution of samples

and the studies performed.

Figure 2:*°Ar->°Ar age spectrum and isochron obtained from singteeral grains from

the andesitic lava of the Lonco Trapial Formatibsample G2-63.

Figure 3: Petrography of the andesitic lavas of ttenco Trapial Formation.

Photomicrographs taken under crossed polars ame-plalarized light. Yellow points

in (A), (B) and (C) mark the sites studied with #ectron microprobe. A) Plagioclase
phenocryst with inner albitic rings, amphibole-begrdacite G2-63. B) Plagioclase
phenocrysts with synneusis and complex zoningoplfnoxene-bearing trachydacite
G3-157. C) Plagioclase, biotite and green amphipblenocrysts in sample G2-63. D)
Clinopyroxene-bearing trachydacite G3-157 with afigroxene and plagioclase
phenocrysts and amphibole and titanomagnetite mpiheoocrysts. E) Detail of

optically zoned amphibole in the amphibole-beammglesite T3. F) Detail of skeletal
amphibole phenocrysts. Amphibole-bearing andesel&4. Mineral abreviations after
Whitney and Evans (2010). Amp: amphibole, PIl: platsise, Cpx: clinopyroxene, Bt:

biotite, Mag: magnetite.

Figure 4: General geochemical classification of the Loncopiaklavas based on
whole-rock major and trace-element data. A) Toliehles versus silica (TAS) diagram
with classification of the studied rocks. Alkalisebalkaline dividing line after Irvine
and Baragar (1971). B) K vs. silica diagram (Peccerillo and Taylor, 1986pwing

that the Lonco Trapial volcanics are medium- tchFkgcalc-alkaline magma series. C)
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Trace element classification of Winchester and &l1¢4977). D) Plot of the Lonco
Trapial volcanics relative to calc-alkaline andl#iitic fields of Miyashiro (1974) and
high-, medium- and low-Fe fields of Arculus (200B)ashed lines indicate uniform

CA/TH index (Hora et al., 2009).

Figure 5: Trace element composition of the Loncaplal andesitic lavas. A) REE
pattern of the analyzed rocks normalized to chéedmB) Negative trend in the
[DY/YD]N vs. SiQ, diagram indicative of amphibole fractionation (Idson et al.,

2013). C) Plot of Dy/Dy* vs. Dy/Yb with extended D¥p scale to show fields for

MORB and OIB (Davidson et al., 2013). The perceesaip red above or below each
sample represent their silica content. D) PrimitMantle normalized multielemental
plot. NMORB and OIB curves (Sun and McDonough, )98@ shown for comparison,
together with data from the Subcordilleran PlutoBielt (SPB; Haller et al., 1999;
Rapela et al., 2005), the present Southern Volcdoite (SVZ; Worner et al., 1988)
and of the andesites comprised within the MarifirrRation (Pankhurst and Rapela,
1995). Chondrite normalization was taken from McBegh and Sun (1995) and

Primitive Mantle normalization was taken from Sund &cDonough (1989).

Figure 6: Geochemistry of the amphiboles, clinopgrees and titanomagnetites of the
Lonco Trapial volcanics. A) and B) Classificatiorgrams of Leake et al. (1997). C)
Al vs. AM+Fe+2Ti+"A” graph, showing that nearly all amphibolésve a good
relation of 1:1 between vertical and horizontal ax€his would suggest that charge
compensation due to the introduction of’ A¥as accomplished by both the edenitic and
tschermakitic substitutions. D) Occupancy Al itrabedral site versus T¥&ontent. E)
Positive correlation between 'And TiG content in clinopyroxenes from sample G3-
157. F) Compositional range of titanomagnetitehivithe FeO-Fgs-TiO, diagram

(wt %).
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Figure 7. Trace element composition of hornblenttesn the amphibole-bearing
volcanic rocks from Lonco Trapial Formation. A) Glaoite-normalized REE diagram
(McDonough and Sun, 1995). B) Primitive Mantle nalimed multielemental diagram

(Sun and McDonough, 1989).

Figure 8: Trace element ratios of amphiboles ofltbeco Trapial volcanics showing
that they broadly coincide with the field of ampdlgs crystallized in calc-alkaline
magmas of the Carpathian-Pannonian Region (Demgaly, 2012). A) Plot of Th/Nb
vs. Ba/Nb. B) Plot of Th/Yb vs. Ba/Yb. C) Plot obNU vs. Ce/Pb. D) Plot of Ce/Pb vs.
Nb. References: Black solid line: calc-alkaline k®oof the Carpathian-Pannonian
Region, grey solid line: amphiboles from gabbrod basalts from the Canary Islands
and dashed line: alkaline basalts of the CarpatReEmonian Region (Demény et al.,

2012).

Figure 9: Discrimination of magma type using ampleband clinopyroxene data. A) to
D) Amphibole compositions of the Lonco Trapial \arics plotted in the diagrams of
Molina et al. (2009). A) MgO vs. Ti®© B) NaO/K,0 vs. TiG. C) AlL,O3z vs. TiG,. D)
TiO, vs. Temperatures calculated with Putirka (2016)otlggrmometer. E)
Clinopyroxene Ti vs Ca + Na content with fieldsdakirom Molina et al. (2009). F)
Silica/alumina plot of the pyroxenes from LeBasG2P G) Clinopyroxene plot of
discriminant functions F1 against F2 of Nisbet &whrce (1977). VAB: volcanic arc
basalt, WPT: within-plate tholeiitic basalts, OF8cean-floor basalts, WPA: within
plate alkalic basalts. H) Discrimination diagramnfr Leterrier et al. (1982) showing
that the Lonco Trapial clinopyroxenes crystallizedrogenic basalts. 1) Discrimination

diagram for clinopyroxenes (also from Leterrier ak, 1982), showing that
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clinopyroxenes from sample G3-157 are similar ® dhes crystallized in calcalkaline

basalts.

Figure 10: Liquid compositions in equilibrium witmphibole and oxygen fugacities
estimated from amphibole data and temperature cddtalated from the amphiboles of
the Lonco Trapial magmas. A) P-T diagram reproducech Ridolfi et al. (2010) and
B) logfO,-T diagram reproduced from Ridolfi et al. (2010}wihe spreadsheet Amp-
TB.xls of Ridolfi et al. (2010). Error bars reprasé¢hat the maximum logfQerrors are
0.4 log unit and the expected(22°C). In B) the graph shows the NNO and NNO + 2
curves from O Neill and Pownceby (1993). C) DiagraivAnderson and Smith (1995)
showing the effect of oxygen fugacity in hornbleraempositions (Fé(Fer+Mg) vs.
AlY). D) Compositional variation of the amphibolesli¢si content) with the
temperature calculated with Putirka (2016) geotloeneter. Silica content calculated
with the total Fe as FeO total (Excel spreadshé@utirka, 2016). E) Plot of Al vs.
Mg# showing the correlation of the Lonco Trapial gmeas with experimental
amphiboles crystallized under different conditighslds taken from Kiss et al., 2014

and references therein).

Figure 11: Source of the Lonco Trapial andesitigmas. A) Comparison of amphibole
pressure data in the amphibole-bearing volcaniksoabtained with the different
calibrations. B) Interpretation of the magmaticteys of the Lonco Trapial Formation
bringing together all the available information., ©) Current Moho depth estimated
from inversion of gravimetric data (Reguzzoni aramietro, 2015). The lithological

units are the same as in Figure 1a.

Table 1. General data of the samples collectedcropt type, location, analyses

performed, and age constraints. Mineral abbrewnatefter Whitney and Evans (2010).
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Table 2: Estimation of melt composition in equilibn with amphibole compositions
using hornblende/melt partition coefficients (Kdr fdifferent melt compositions
(andesite, dacite and rhyolite). References: 1sdis(1994), 2: Bacon and Druitt

(1988), 3: Nagasawa and Schneltzer (1971) and #suet al. (1977).

Table 3: Compilation of temperatures and presscaésulated for each sample. In the
amphibole-plagioclase barometer of Molina et &01&), T1 is the temperature obtained
with Putirka (2016) geothermometer (equation 5).erghs T2 is the temperature
obtained with Ridolfi and Renzulli (2012) geothemmeter (equation 5). Standard
deviation of the data is signaled in the appropriedses. Pressures in the cores of
sample G2-63 are signaled in italics and were itefihe table to show that they are
higher than normal ones (they are not in equilibbriusee the text for further

explanations).

Appendix

Figure 1-AppendixScans across zoned amphibole from samples G2-68 @gctron
microprobe) and JZ6-4 (with EDS). In sample G2-p&file 1 and 2:scans 0.6 mm
long, profiles 3 and 4: scans 0.4 mm long. In s@anJ26-4 the scan measures 0.6 mm

long.

Figure 2-Appendix: Plagioclase zoning profiles loé t.onco Trapial volcanics. A), B)
Profiles performed with electron microprobe in s&n@2-63. Red points mark the
position of the albitic rings. C) Profile performedth electron microprobe in sample

G3-157.

Table 1-Appendix: Whole-rock geochemical data presston anhydrous basis. CA/TH

index is after Hora et al. (2009), Dy/Yb* is afteavidson et al. (2013). Major oxides
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are expressed on an anhydrous basis. The normatigatre performed with respect to
the chondrite of McDonough and Sun (1995). Tempeeatalculations performed with
different geothermometers are added (liquid-onlgmir Molina et al.,, 2015; Zr-

saturation temperature from Harrison and Watso83Ehd from Boehnke et al., 2013;

apatite-saturation temperature from Harrison andsdrg 1984).

Table 2-Appendix: Mineral compositions analyzed biectron microprobe. A)

Amphiboles (Amp). B) Plagioclases (PI). C) Clinopyenes (Cpx). D)

Titanomagnetites (Mag). Mineral abbreviations aff€hitney and Evans (2010). In
Table 2a-Appendix we added the results given by halngte-only thermometers of
Ridolfi et al. (2010) (equation 1), Ridolfi and Reii (2012) (equation 2) and Putirka
et al. (2016) (equation 5). Also, we added the Itesuom the geothermometers of
Ridolfi (2010) (equation 4) and Ridolfi and Renz(fl012) (equation 1d). In Table 2c-
Appendix, results given by the temperature-depeindeabarometer in clinopyroxene

using the temperature of Putirka (2016) are addqddtion 32a, Putirka 2008).

Table 3-Appendix: ICP-MS amphibole analyses. TI-1-2, G3-63-1 and G2-63-2 are
different mineral separates from sample T1 and &2r€spectively. Results given by
amphibole-only thermometers of Ridolfi et al. (2D{€quation 1), Ridolfi and Renzulli
(2012) (equation 2) and Putirka (2016) (equationvBje added, as well as the results
from the geothermometers of Ridolfi et al. (201€juyation 4) and Ridolfi and Renzulli

(2012) (equation 1d).

Table 4-Appendix: Amphibole compositions estimataith EDS (Cam, calcic

clinoamphibole).
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Accesory minerals Titanomagnetite, apatite, titanite
SiO, 63.17 61.6( 61.7¢ 58.51 59.72
TiO, 0.53 0.56 0.56 0.96 1.46
Al203 16.8¢ 17.3¢ 17.8: 16.12 15.5¢
FeG 5.31 4.9¢ 4.8C 6.5( 6.7¢
MnO 0.08 0.09 0.09 0.07 0.17
MgO 2.51] 3.7¢ 3.5C 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 1.61 231 1.47
P,Os 0.14 0.17 0.19 0.35 0.59
LOI 1.99 231 2.20 1.90 2.10
Total 100.0( 100.0( 100.0( 100.0( 100.0(

u 1.10 0.70 0.42 1.30 0.77
Th 3.80 2.50 1.90 4.00 4.40
Zr 115.0( 111.0( 128.0( 292.0( 266.0(
Hf 2.70 2.90 5.10 12.40 12.40
Ta 0.60 0.50 0.40 1.80 0.60
Nb 5.0C 4.0C 4.0C 7.0C 6.0C

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 37.0¢ 38.0( 34.4( 78.9( 29.2(
Cr 100.0( 110.0( 61.0( 84.0( 8.0C

Ni 30.00 30.00 26.00 80.00 5.00
La 20.70 18.10 16.00 30.40 26.20
Ce 40.2( 38.2( 30.8( 85.1( 78.5(
Pr 4.38 4.50 3.45 9.72 9.14
Nd 16.1( 17.8( 12.7( 32.3( 30.4(
S 3.2C 3.6 2.3C 7.4C 7.4C

Eu 0.93 1.00 0.77 1.91 2.04
Gd 2.7C 3.1C 2.0¢ 5.6¢ 6.91

Th 0.40 0.40 0.33 0.79 0.93
Dy 2.10 2.40 1.75 3.91 5.57
Ho 0.4C 0.4C 0.3¢ 0.6¢€ 1.0¢

Er 1.20 1.30 0.81 1.65 2.85
m 0.17 0.18 0.13 0.27 0.39
Yb 1.10 1.10 0.90 1.50 240
Lu 0.18 0.19 0.15 0.23 0.39
Pb 18.00 10.00 9.00 19.00 48.00
Ge 19.0C 20.0( 19.0¢ 20.0¢ 19.0¢




TO T1 G2-63 G3-134 G3-157

outcro it
P andesitic lava andesitic lava andesitic andesitic dike andesitic lava
porphyry
Mg# 45.71 57.51 56.51 57.66 44.46
CA/Thinde» 1.5C 2.2% 2.1€ 1.8¢ 1.1¢
[La/Yb]y 12.7¢ 11.1¢ 12.0¢ 13.71 7.42
[La/Smiy 4.04 3.14 4.34 2.57 2.21
[La/Dy]n 10.23 7.83 9.49 8.07 4.88
[Ho/Lu]y 1.0C 0.9% 0.9¢ 1.2¢ 1.2t
[Dy/Yb]y 1.25 143 1.27 171 1.52
La/Sm 6.47 5.03 6.96 4.11 3.54
Sm/Yk 2.91 3.2 2.5€ 4.9: 3.0¢
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 2.1¢ 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/Nh 4.14 4,52 4.0C 4.34 4.37
Nb/Zr 0.04 0.04 0.0¢ 0.02 0.02
Nb/Ta 8.33 8.00 10.00 3.89 10.00
Ce/P!t 2.2% 3.82 3.4z 4.4¢ 1.64
Th/NE 0.7¢ 0.62 0.4¢€ 0.57 0.7t
Ba/La 18.21 17.21 19.21 21.21 22.21
ThiLa 0.1¢ 0.14 0.12 0.12 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 & Watson
1983) 2.33 1.83 2.37 1.89 1.89
Zr-saturation T(°C)-Harrison &
Watson (1983) 740 644 730 722 725
Zr-saturation T(°C)-Boehnke et
al. (2013) 659 569 648 652 655
" - o -

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

Watson (1984)




Mineral Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp
Sample G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63
profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile
Profile 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 3 3
Texture rim rim rim center | center | center | rim rim rim rim rim center | center | center | rim rim rim rim
Analysis 1/1 2/1 3/1 4/1 5/1 6/1 7/ /B 9/1 10/1| 16/2 | 17/1 | 18/1 | 19/1 | 20/1 | 21/1| 63/1 | 64/1
SO, 46.15 | 4380 | 4537 | 4349 | 4417 | 44.04 | 44.16 | 46.01 | 44.14 | 43.96 | 4599 | 4507 | 41.60 | 42.74 | 4455 | 4473 | 44.37 | 45.80
TiO, 112 1.24 1.02 1.16 1.13 117 1.07 0.99 142 1.60 0.97 112 1.90 1.55 111 1.28 1.22 1.04
Al,O3 951 | 1166 | 1044 | 1195 | 1128 | 1143 | 1118 | 965 | 1135 | 1131 | 987 | 1112 | 1371 | 12.63 | 1102 | 1069 | 10.88 | 9.81
Cr,03 0.00 0.00 0.01 0.01 0.01 0.02 0.02 0.00 0.00 0.00 0.00 0.02 0.02 0.03 0.00 0.03 0.04 0.00
NiO 0.04 0.00 0.02 0.03 0.01 0.02 0.00 0.03 0.02 0.00 0.03 0.05 0.00 0.06 0.00 0.02 0.03 0.09
FeO, 13.82 | 1499 | 1445 | 1544 | 1517 | 1490 | 1487 | 1430 | 1464 | 1433 | 1454 | 1433 | 1495 | 1494 | 1488 | 1453 | 1471 | 1491
MnO 0.39 0.33 0.40 0.37 0.35 0.31 041 0.37 0.34 041 041 0.33 0.25 0.31 0.33 0.38 0.38 0.42
MgO 1437 | 1293 | 14.01 | 1268 | 1327 | 1335 | 1327 | 1397 | 1314 | 1342 | 1369 | 1288 | 1155 | 12.03 | 1295 | 1319 | 13.05 | 1353
Ca0 1059 | 10.33 | 1054 | 1067 | 1067 | 1052 | 1042 | 1048 | 10.36 | 1044 | 1057 | 10.70 | 1098 | 1095 | 1044 | 1030 | 10.33 | 10.29
Na,0 1.66 1.96 1.68 1.90 1.87 1.89 1.85 171 1.95 191 1.68 1.73 2.13 2.02 181 1.80 1.89 1.65
K,0 0.28 0.40 0.32 0.44 0.47 0.44 0.38 0.29 0.36 0.40 0.31 0.43 0.52 0.46 0.33 0.37 0.35 0.32
TOTAL 97.94 | 97.63 | 9826 | 98.14 | 9839 | 9809 | 9762 | 9780 | 97.72 | 97.77 | 9807 | 97.77 | 9760 | 97.72 | 9740 | 9732 | 97.25 | 97.86
Geothermometers (°C)
Ridolfi et a. (2010)-
Egn.1 848.64 - - - - - - 846.54 - - 849.27 - - - - - - 844.78
Ridolfi & Renzulli
(2012)-Eqgn.2 869.28 - - - - - - 863.16 - - 864.29 - - - - - - 870.35
Amph-only-Putirka
(2016)-Eqgn.5 829.88 | 864.90 | 838.59 - - - 854.01 | 825.04 | 865.91 | 873.65 | 823.84 - - - 844.93 | 846.73 | 851.62 | 820.34
Geobarometers (kbar
Ridolfi et a. (2010)-
Eqgn.4 1.90 - - - - - - 1.97 - - 2.08 - - - - - - 2.06
Ridolfi & Renzulli

(2012)-Egn.1d

Table 2a-Appendix




Mineral Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp
Sample G2-63| G2-63] G2-63 (G2-64 G2-68 G2-63 G2-63 -62| G2-63| G2-63| G3-157 G3-15f G3-137 G3-1567 G3-1563-157| G3-157
profile | profile | profile | profile | profile | profile | profile | profile | profile | profile

Profile 3 3 3 4 4 4 4 4 4 4 - - - - - - -

Texture center | center | center rim rim rim rim center | center | center | center | center rim center rim center rim

Analysis 65/1.|66/1.|67/1.|70/1.|71/1.|72/1.|73/1.|74/1.|75/1.|76/1.|32/1.|73/1.|74/1.|75/1.|76/1.|77/1.| 78/1.

SO, 43.08 4291 44.70 45.68 46.19 45.04 45.32 42.23 42.95 42.70 43.60 42.83 43.96 42.74 44.22 43.34 44.26

TiO, 0.97 1.02 0.88 1.15 1.10 1.11 0.98 1.11 0.94 0.85 3.34 3.77 3.31 3.89 3.25 3.53 3.26

Al,O3 12.23 11.88 11.70 9.83 9.11 9.92 10.35 12.95 12.29 12.14 9.20 9.90 9.39 10.02 9.22 9.63 9.28

Cr,0; 0.05 0.01 0.00 0.03 0.04 0.00 0.02 0.00 0.02 0.00 0.01 0.06 0.00 0.00 0.00 0.02 0.00

NiO 0.05 0.00 0.03 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00

FeO, 15.79 16.07 15.54 13.97 13.96 14.64 14.68 16.44 15.87 16.26 11.34 11.61 11.76 11.62 11.35 11.80 11.43

MnO 0.43 0.38 0.44 0.36 0.36 0.40 0.33 0.43 0.45 0.39 0.42 0.36 0.37 0.40 0.41 0.37 0.42

MgO 11.62 11.49 11.85 13.67 13.99 13.52 13.31 11.35 11.76 11.42 15.14 14.60 14.95 14.31 15.20 14.71 15.26

Ca0 10.68 10.73 9.96 10.45 10.63 10.29 10.54 10.65 10.59 10.51 11.17 11.16 11.07 11.21 11.27 11.44 11.14

Na,O 1.94 1.84 1.90 1.65 1.63 1.79 1.69 2.05 1.87 1.85 2.59 271 2.57 2.67 2.57 2.59 2.59

K,O 0.49 0.52 0.49 0.30 0.27 0.29 0.27 0.51 0.45 0.50 0.62 0.58 0.65 0.61 0.59 0.64 0.63

TOTAL 97.33 96.85 97.48 97.10 97.29 97.01 97.49 97.76 97.20 96.63 97.44 97.57 98.02 97.48 98.10 98.08 98.28
Geothermometers (°C)

Ridalfi et a. (2010)-

Eqgn.1 - - - 850.52 | 838.40 | 856.74 | 859.81 - - - 944.88 | 955.61 | 929.28 | 947.66 | 927.85 | 948.63 | 930.80

Ridolfi & Renzulli

(2012)-Eqgn.2 - - - 863.86 | 852.82 | 885.51 | 858.39 - - - 1010.85 | 1030.54 | 995.94 | 1023.95 | 995.61 | 1001.37 | 1005.41

Amph-only-Putirka

(2016)-Eqn.5 858.95 - - 829.48 | 820.41 | 834.49 | 829.91 - - - 947.96 | 968.90 | 941.24 | 970.02 | 940.98 | 954.45 | 941.90
Geobarometers (kbar

Ridolfi et a. (2010)-

Eqgn.4 - - - 2.10 1.76 2.16 2.38 - - - 1.86 2.22 1.92 2.31 1.84 2.06 1.85

Ridolfi & Renzulli

(2012)-Eqgn.1d - - - - - 0.08 - - - - 4.66 5.46 4.60 5.31 4.27 4.30 4,76

Table 2a-Appendix (continuation)




Mineral Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl Pl P Pl Pl P Pl Pl Pl
Sample G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63
profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile
Profile 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2
Texture rim center | center | center | center| center| ceer | center | center | center| center| center rim rim rim fm Arlll::gc center
Analysis 26/1 2711 28/1 29/1 30/ /A 32/1 33/1 34 /1 35/1 36/ a7y 38/1 39/1 4(2A;1 4371 441 4571
SO, 57.03 58.41 58.12 58.33 57.85 56.12 56.70 58.06 58.42 56.04 56.32 57.80 58.20 57.33 60.33 57.10 66.57 58.65
TiO, 0.00 0.01 0.00 0.00 0.02 0.03 0.02 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01
Al,O3 26.44 25.89 26.11 26.07 26.27 27.25 26.66 25.70 26.02 27.47 26.94 26.34 25.63 26.78 25.08 26.66 21.22 25.91
Cr,03 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.04 0.01 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.02 0.01
NiO 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.04 0.06 0.02 0.03 0.00 0.00 0.02 0.03 0.00 0.02 0.00
FeOt 0.23 0.10 0.14 0.18 0.16 0.15 0.16 0.11 0.11 0.10 0.11 0.10 0.14 0.17 0.08 0.13 0.03 0.11
MnO 0.01 0.00 0.00 0.01 0.03 0.02 0.02 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.00 0.00
MgO 0.00 0.02 0.02 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.00
Ca0 9.08 8.08 8.17 8.21 8.40 9.63 9.35 8.23 8.18 10.05 9.60 843 8.06 8.98 6.73 8.94 0.86 8.03
Na,O 6.73 7.12 7.12 7.13 6.98 6.33 6.47 7.16 7.14 6.21 6.45 6.95 6.94 6.75 8.37 6.79 11.77 7.19
K0 0.18 0.25 0.24 0.27 0.24 0.18 0.21 0.24 0.25 0.18 0.19 0.25 0.25 0.20 0.22 0.23 0.01 0.28
TOTAL 99.71 99.88 99.94 | 100.22 | 99.98 99.69 99.60 99.62 | 100.20 | 100.09 | 99.67 99.88 99.25 | 100.25 | 100.86 | 99.89 | 100.52 | 100.19
XAN 0.42 0.38 0.38 0.38 0.39 0.45 0.43 0.38 0.38 0.46 0.44 0.39 0.38 041 0.30 041 0.38 0.37

Table 2b- Appendix




Mineral Pl Pl Pl Pl Pl Pl Pl P Pl Pl Pl Pl Pl Pl R Pl Pl Pl
Sample G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 (13537
profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile
Profile profile 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 1
Texture center | center | center| center rim rim A:Ibnlgc center | center Alﬁ:gc center | center | center| center| center| cente cente mi
Analysis 46 /1 4711 48 /1 4(98/)1 5&/) L 51/1 52/1 53/1 5471 55/1 56/[L 57/1 /38| 59/1 60/1 61/ 1 6(28/)1 1(:2/)1
SO, 57.93 58.76 58.12 58.09 57.36 57.52 67.96 57.41 56.64 66.62 58.17 58.03 58.64 57.72 58.44 53.93 57.07 60.46
TiO, 0.02 0.02 0.04 0.02 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.05
Al,O3 26.30 25.45 25.88 25.74 26.68 26.36 20.58 26.16 26.74 20.66 26.04 25.91 26.24 26.91 26.18 29.00 26.81 24.10
Cr,03 0.00 0.01 0.00 0.02 0.00 0.03 0.03 0.00 0.00 0.01 0.00 0.03 0.00 0.00 0.00 0.00 0.01 0.00
NiO 0.00 0.00 0.00 0.04 0.00 0.00 0.01 0.00 0.04 0.02 0.02 0.03 0.02 0.00 0.00 0.04 0.02 0.00
FeOy 0.14 0.13 0.12 0.10 0.18 0.19 0.08 0.12 0.16 0.00 0.23 0.17 0.15 0.16 0.15 0.13 0.16 0.58
MnO 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.03 0.03 0.02 0.00
MgO 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.04 0.01 0.00 0.00 0.02 0.03
Cao 8.63 7.90 8.09 8.16 8.89 8.78 0.65 8.44 9.10 0.38 8.25 8.32 8.34 8.85 8.24 11.70 9.08 6.34
Na,O 6.88 7.23 7.13 7.01 6.70 6.83 11.31 6.97 6.50 12.02 7.17 6.97 7.07 6.78 7.08 5.15 6.74 7.93
K,0 0.23 0.25 0.23 0.23 0.20 0.22 0.05 0.23 0.20 0.03 0.24 0.26 0.23 0.23 0.23 0.14 0.18 0.67
TOTAL 100.14 99.79 99.65 99.41 100.04 99.94 100.69 99.35 99.40 99.74 100.14 99.78 100.73 | 100.67 | 100.35 | 100.11 | 100.13 | 100.17
XAN 0.40 0.37 0.38 0.38 0.41 0.41 0.308 0.39 0.43 0.17 0.38 0.39 0.38 0.41 0.38 0.55 0.42 0.29

Table 2b- Appendix (continuation)




Mineral PI P PI PI PI Pl PI Pl Pl PI PI Pl Pl Pl R Pl Pl Pl
Sample G3-157| G3-157 G3-15f G3-157 G3-157 G3-157 -18F | G3-157| G3-157 G3-15Y G3-157 G3-157 G3-157 G3F-1 G3-157| G3-157] G3-157 G3-15
profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile
Profile 1 1 1 1 2 2 2 2 2 2 3 3 3 3 3 4 4 4
Texture center | center | center rim rim center | center | center | center rim rim center | center | center| center im center | center
Analysis 14/1 15/1 16/1 1(78/)1 1&; 1 19/1 20/1 21/1 22 /1 2?8/)1 2&; 1 25/1 26/1 27171 2(?3/)1 4&; 1 4471 45/1
SO, 53.90 57.92 58.44 58.87 56.48 56.43 56.60 57.40 56.27 56.23 56.07 55.90 56.41 57.02 56.57 57.64 58.89 56.15
TiO, 0.05 0.04 0.03 0.06 0.05 0.04 0.00 0.04 0.06 0.05 0.03 0.03 0.03 0.05 0.03 0.03 0.03 0.02
Al,O3 28.83 25.89 25.68 25.40 27.08 26.88 26.58 26.49 27.00 2712 27.39 27.25 27.01 26.63 27.05 25.93 25.33 26.07
Cr,03 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.02 0.00 0.00 0.01 0.03 0.02 0.00 0.00 0.00 0.00 0.01
NiO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.02 0.07 0.00 0.00 0.00
FeO, 0.47 0.52 0.45 0.48 0.50 0.47 0.49 0.49 0.49 047 0.45 0.53 0.51 0.53 0.45 041 0.47 0.47
MnO 0.00 0.00 0.04 0.00 0.03 0.04 0.01 0.00 0.00 0.06 0.03 0.04 0.04 0.02 0.00 0.00 0.00 0.05
MgO 0.03 0.04 0.03 0.04 0.05 0.05 0.05 0.05 0.06 0.04 0.05 0.05 0.05 0.05 0.04 0.04 0.03 0.03
Ca0 11.60 8.30 8.06 7.69 9.66 9.57 9.31 8.96 9.68 9.65 9.83 9.84 9.56 9.05 9.44 8.28 7.60 8.83
Na,O 5.10 6.82 7.15 7.33 6.22 6.19 6.46 6.63 6.24 6.14 6.05 6.06 6.25 6.51 6.31 6.91 7.33 6.21
K,0 0.24 0.47 0.41 0.51 0.30 0.33 0.35 0.33 0.32 0.33 0.28 0.30 0.32 0.35 0.31 0.30 0.49 0.37
TOTAL 100.22 | 99.99 | 100.28 | 100.38 | 100.39 | 100.00 99.87 100.41 | 100.13 | 100.10 | 100.20 | 100.03 | 100.20 | 100.24 | 100.26 | 99.54 | 100.17 | 98.21
XAN 0.54 0.39 0.37 0.35 0.45 0.45 0.43 041 0.45 045 0.46 0.46 0.45 0.42 0.44 0.39 0.35 0.43

Table 2b- Appendix (continuation)



Mineral

Pl

Pl

Pl

Pl

Pl

Pl

Pl

PI PI PI Pl Pl Pl PI R PI Pl PI PI
G3- G3- G3- G3- G3- G3- G3- G3- G3- G3- G3- G3- G3- G3- G3- G3- G3- G3- G3-
Sample 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157 157
profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile
Profile 4 4 4 4 4 4 4 4 4 4 5 5 5 5 5 5 5 5 5
Texture | center | center | center | center | center | center | center | center | center | rim rim | center | center | center | center | center | center | center | center
Analysis| 46/1 | 47/1| 48/1| 49/1| 50/1| 51/1| 52/1| 53/1| 54/1 5(58/)1 Giil 63/1| 64/1|65/1|66/1|67/1|68/1| 69/1 7gél
SO, 58.59 | 56.06 | 53.61 | 56.05 | 57.11 | 55.31 | 58.01 | 57.65 | 56.78 | 56.55 | 56.35 | 57.56 | 56.59 | 56.14 | 55.92 | 55.71 | 57.55 | 55.74 | 58.28
TiO, 0.03 0.06 0.06 0.03 0.03 0.07 0.04 0.02 0.06 0.05 0.04 0.04 0.02 0.06 0.05 0.03 0.05 0.02 0.01
Al,O3 2577 | 2742 | 2855 | 2751 | 26.73 | 27.60 | 26.03 | 26.05 | 26.74 | 27.02 | 2693 | 26.01 | 2662 | 27.11 | 2740 | 27.27 | 26.22 | 2741 | 25.86
Cr,0, 0.00 0.01 0.01 0.05 0.00 0.02 0.00 0.01 0.02 0.01 0.01 0.00 0.00 0.05 0.00 0.00 0.01 0.00 0.01
NiO 0.01 0.04 0.02 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.06 0.01 0.03 0.00 0.00 0.00 0.06 0.04 0.02
FeO, 0.36 0.43 0.65 0.46 0.32 0.46 0.50 0.52 0.46 0.49 051 0.49 0.48 0.49 0.48 051 0.50 0.45 0.34
MnO 0.03 0.00 0.04 0.01 0.02 0.00 0.03 0.04 0.01 0.00 0.00 0.01 0.01 0.00 0.03 0.00 0.03 0.00 0.00
MgO 0.03 0.04 0.03 0.04 0.02 0.04 0.04 0.05 0.04 0.05 0.03 0.05 0.04 0.04 0.05 0.05 0.04 0.05 0.03
Cao 7.81 9.75 | 1168 | 9.84 9.05 | 1030 | 838 8.53 9.43 9.54 9.56 8.72 9.49 9.73 | 10.00 | 10.01 | 868 | 1015 | 8.27
Na,O 7.29 6.06 5.05 6.12 6.49 5.94 6.88 6.74 6.33 6.28 6.22 6.64 6.25 6.16 5.90 5.89 6.57 5.82 7.00
K,0 0.35 0.31 0.18 0.30 0.18 0.28 0.40 0.40 0.33 0.30 0.34 041 0.37 034 0.28 0.34 0.41 0.30 0.39
TOTAL | 100.28 | 100.17 | 99.88 | 100.40 | 99.98 | 100.03 | 100.32 | 100.00 | 100.20 | 100.30 | 100.06 | 99.95 | 99.89 | 100.12 | 100.11 | 99.82 | 100.12 | 99.97 | 100.22
XAN 0.36 0.46 0.55 0.46 0.43 0.48 0.39 0.40 0.44 0.44 0.45 041 0.44 0.45 0.47 0.47 0.41 0.48 0.38

Table 2b-Appendix (continuation)




Mineral Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx
Sample G3-157 G3-157 G3-157 G3-157 G3-157 G3-15 -5y G3-157 G3-157 G3-157 G3-157
Profile profile 1 profile 1 profile 1 profile 1 profile 1 profile 1 profile 1 profile 2 profile 2 profile 2 profile 2
Texture rim center center center center center rim rim center center center
Analysis 3/1 4/1 5/1 6/1 7/1 8/1 9/1 33/1 34/1 35/1 36/1
SiO, 52.53 52.90 52.55 52.36 52.38 52.33 52.65 51.27 51.64 51.54 50.95
TiO, 0.45 041 0.47 0.51 0.49 0.52 0.48 0.81 0.75 0.79 0.82
AlL,O; 1.01 1.07 1.23 1.39 1.37 1.56 1.63 2.66 227 248 2.82
Cr,03 0.02 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01
NiO 0.05 0.07 0.00 0.00 0.01 0.00 0.02 0.07 0.02 0.01 0.04
FeO, 8.94 8.82 8.59 8.58 8.32 8.16 8.10 8.24 8.28 8.19 8.05
MnO 0.82 0.74 0.62 0.62 0.56 0.51 0.57 0.26 0.40 0.28 0.29
MgO 15.36 15.63 15.37 15.46 1547 15.46 15.39 15.70 15.79 15.70 15.45
CaO 20.52 20.90 20.99 20.82 21.32 21.37 21.72 21.03 20.85 20.96 21.19
Na,O 0.51 0.48 0.46 042 0.40 0.42 0.37 0.35 0.34 0.39 0.39
K0 0.00 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00
TOTAL 100.21 101.02 100.32 100.16 100.34 100.36 100.94 100.38 100.35 100.35 100.01
Temperature-dependent

geobarometer in Cpx given by

equation 32a of Putirka (2008) - - - - - - - 201 1.30 2.26 251

using temperature of Putirka
(2016)-Egn.5 (kbar)

Table 2c-Appendix




Mineral Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx
Sample G3-157 G3-157 G3-157 G3-157 G3-157 G3-157 -I53 G3-157 G3-157 G3-157 G3-157
Profile profile 2 profile 2 profile 2 profile 2 profile 2 profile 3 profile 3 profile 3 profile 3 profile 3 profile 3
Texture center center center rm rim rim center cerer center center rim
Analysis 37/1 38/1 39/1 40/1 41/1 56/1 57/1 58/1 59/1 60/1 61/1
SO, 50.87 51.25 51.17 50.73 50.79 53.23 51.11 51.01 50.56 50.72 51.28
TiO, 1.02 0.80 0.86 0.89 0.82 0.30 0.76 0.76 0.87 0.82 0.71
Al,O3 3.02 2.36 2.70 2.79 2.78 1.39 2.98 3.01 3.07 3.01 227
Cr,05 0.01 0.00 0.01 0.02 0.02 0.04 0.00 0.00 0.00 0.00 0.01
NiO 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.01 0.00 0.00 0.00
FeO, 8.28 8.06 8.35 8.15 8.18 9.17 7.98 8.11 8.05 8.03 791
MnO 0.30 0.30 0.34 0.31 0.21 0.54 0.20 0.23 0.25 0.19 0.30
MgO 15.35 15.80 15.67 1521 15.33 14.96 15.16 15.35 15.11 15.17 1547
CaO 20.98 20.53 20.76 21.36 20.94 20.25 21.56 21.47 21.46 21.50 21.12
Nag,O 0.38 0.36 0.36 0.39 0.40 0.24 0.31 0.31 0.36 0.34 0.36
K,0 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00
TOTAL 100.21 99.45 100.20 99.87 99.47 100.16 100.07 100.26 99.72 99.80 99.44
Temperature-dependent

geobarometer in Cpx given by

equation 32a of Putirka (2008) 2.90 217 2.39 1.86 2.96 3.38 2.82 2.53 254 247 1.59
using temperature of Putirka

(2016)-Eqgn.5 (kbar)

Table 2c-Appendix (continuation)




Mineral Mag Mag Usp Mag Usp Mag Mag Usp Mag Mag Mag
Sample G2-63 G2-63 G2-63 G2-63 G2-63 G3-157 G3-157 G3-157 G3-157 G3-157 G3-157
Analysis 14/1 15/1 22/1 40/1 68/1 69/1 1/1 2/1 10/1 30/1 31/1
SiO, 0.05 0.65 0.00 1.49 0.01 0.06 0.09 0.02 0.07 0.08 0.07
TiO, 4.01 1.20 30.46 14.12 30.03 243 248 30.51 4.44 2.99 3.35
Al,O3 212 1.13 0.35 1.02 0.29 1.70 2.65 0.01 3.08 3.82 3.82
Cr,05 0.33 0.23 0.06 0.35 0.09 0.32 0.02 0.01 0.00 0.22 0.03
NiO 0.02 0.01 0.00 0.06 0.03 0.00 0.03 0.04 0.03 0.04 0.01
FeO, 86.28 91.49 65.32 72.29 64.56 89.89 89.58 61.77 84.63 86.54 90.28
MnO 0.49 0.39 0.35 342 0.79 0.82 0.28 044 0.03 0.06 0.16
MgO 1.33 0.07 1.24 1.03 1.23 041 0.03 0.03 0.00 0.01 0.04
CaO 0.03 0.51 0.03 1.43 0.04 0.02 0.01 0.39 0.02 0.00 0.02
N&,0O 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.00
K0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TOTAL 94.67 95.67 97.81 95.21 97.08 95.66 95.21 93.22 92.31 93.80 97.78

Table 2d-Appendix




Mineral Amp Amp Amp Amp Amp Amp
Sample T1-1 T1-2 T0 G2-63-1 G2-63-2 G3-134
Major oxides in wt%
SO, 46.40 45.72 47.60 46.78 46.89 42.95
TiO, 1.73 112 1.95 0.92 114 2.39
Al,Oq 15.53 14.89 13.64 13.09 12.98 14.23
FeO, 10.07 14.15 1221 14.35 14.13 10.49
MnO 0.14 0.33 0.17 0.36 0.33 011
MgO 10.75 8.91 8.85 9.89 10.17 12.48
Ca0 11.34 10.93 11.04 10.89 10.49 11.93
Na,O 2.48 1.98 2.75 1.69 1.84 2.23
K,0 0.19 0.22 0.13 0.19 0.24 0.41
P,Os 0.02 0.02 0.01 0.07 0.02 0.03
LOI 0.05 0.05 0.05 0.05 0.11 115
Total 99.80 99.82 99.78 99.85 99.82 99.63
Trace elements in ppm
U 0.01 0.04 0.29 0.02 0.03 0.03
Th 0.06 0.10 0.52 0.08 0.12 0.13
Zr 39.00 41.12 76.60 40.50 54.20 77.50
Hf 177 215 314 224 272 353
Ta 0.09 0.10 0.31 0.11 0.14 0.20
Nb 2.20 4.00 6.10 4.38 5.37 4.09
Y 26.25 56.50 35.23 56.60 41.90 24.85
Ba 114.50 85.20 161.80 44.60 77.80 207.80
Sr 247.70 101.20 277.90 61.40 80.20 519.00
Cs 0.02 0.03 0.06 0.01 0.09
Rb 2.37 1.40 1.26 0.71 1.54 3.76
Sb 0.24 0.13 0.18 0.09 0.08 0.07
Cr 249.50 38.00 423.30 59.60 301.10 612.00
Co 62.60 52.30 47.20 54.40 57.20 75.50
Ni 149.70 52.60 137.60 50.70 103.60 584.00
Sc 76.91 58.80 84.20 57.80 56.70 81.90
La 3.31 8.76 8.68 10.91 1347 6.64
Ce 1254 41.30 26.48 49.30 44.00 21.72
Pr 2.75 9.57 4.62 10.75 8.24 4.49
Nd 1554 58.20 23.33 58.90 42.00 27.90
Sm 511 18.33 7.20 15.55 10.35 8.10
Eu 143 3.93 1.98 3.51 2.60 2.33
Gd 5.75 16.08 7.74 14.37 9.60 7.82
Th 0.90 214 112 1.90 1.38 1.05
Dy 5.16 11.64 7.03 11.42 7.98 5.60
Ho 1.03 2.25 1.39 2.15 1.59 1.02
Er 2.77 5.90 4.04 6.03 4.66 2.55
Tm 0.38 0.78 0.68 0.80 0.65 0.29
Yb 219 4.56 6.11 5.10 4.00 1.67
Lu 0.33 0.69 1.27 0.72 0.60 0.25
Pb 1.02 1.49 3.79 112 1.31 317
Ga 16.20 26.74 16.40 2541 24.54 15.70
Eu/Eu* 0.80 0.70 0.81 0.72 0.80 0.89
Nb/Ta 23.91 38.46 19.93 39.11 38.91 20.35
Geothermometers (°C)
Ridolfi et a. (2010)-Egn.1 950 902 904 861 858 981
Ridolfi & Renzulli (2012)-
Egn.2 859 812 805 785 809 893
Amph-only-Putirka (2016)-
Egn.5 915 853 876 819 828 953
Geobarometers (kbar)
Ridolfi et a. (2010)-Egn.4 8.40 7.50 5.69 4.74 4.56 6.51
Ridolfi & Renzulli (2012)-
Egn.1d 10.46 6.25 10.33 2.20 3.68 6.09




Mineral | Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp
Sample | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4 | JZ6-4
profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile

Profile 1 1 1 2 2 2 2 2 2 2 3 3 3 3 3 3
Analysis| 1-3 1-4 15 2-1 2-2 2-3 2-4 2-6 2-7 2-8 31 3-2 3-3 3-4 3-5 3-6
Texture | center | center | center rim center | center | center | center | center rim rim center | center | center | center | center

SO, 4768 | 4774 | 4320 | 4891 | 4767 | 4735 | 4798 | 4748 | 4859 | 4955 | 4737 | 4930 | 4733 | 4697 | 4689 | 47.34
TiO, 2.97 240 3.37 2.22 2.27 2.58 2.59 3.25 2.10 5.76 1.32 1.36 1.83 2.27 248 2.53
Al,O; 11.29 | 12.07 | 2224 | 1261 | 1155 | 1159 | 1174 | 1143 | 1176 | 1373 | 1332 | 1059 | 11.61 | 1194 | 1245 | 1156

FeG, 11.94 | 12.09 11.22 1354 | 1415 | 1355 | 1275 | 1338 | 1498 | 1541 | 1366 | 12.65 | 13.96 | 14.33 | 13.52 13.94
MgO 12,71 | 11.84 9.23 1023 | 11.26 | 1142 1208 | 11.85 | 1051 | 1066 | 11.11 | 1259 | 1154 | 1141 | 1131 | 11.66
Cao 10.51 | 11.58 10.35 10.30 | 1035 | 11.39 | 10.37 10.33 9.58 4.83 10.90 | 11.22 | 11.02 10.75 | 1112 10.81
N&a,0 2.22 1.69 0.00 1.66 241 1.63 1.97 1.64 2.00 0.00 1.83 1.83 2.06 1.97 1.83 1.73
K0 0.68 0.59 0.39 0.54 0.34 0.49 0.53 0.64 0.47 0.06 0.49 0.46 0.65 0.36 0.41 0.43
TOTAL | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

Mineral | Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp Amp
Sample | JZ6-4 | JZ6-4 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63 | G2-63
profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile | profile

Profile 3 3 1 1 1 1 2 2 2 2 2 2
Analysis| 3-7 3-8 1-1 1-4 1-6 1-7 2-1 2-2 2-3 2-4 2-5 2-7
Texture | center rim rim center | center rim rim center | center | center | center rim

SO, 47.09 | 46.72 | 47.02 | 4691 | 4825 | 4738 | 4841 | 46.36 | 46.25 | 4842 | 46.32 | 47.41
TiO, 2.23 221 1.37 1.17 1.46

Al,O4 1148 | 12.07 10.51 10.65 9.60 9.99 9.45 1143 | 1211 9.95 11.51 | 10.50
FeG, 13.95 | 14.57 14.09 1400 | 1281 | 13.03 | 13.01 | 1443 | 1416 | 1400 | 1438 | 13.62
MgO 11.63 | 10.90 14.18 1416 | 1498 | 1426 | 1498 | 1342 12.76 | 14.16 | 13.00 | 14.72
Cao 10.95 | 11.22 10.85 1081 | 1081 | 11.36 | 1098 | 11.12 10.94 | 10.77 11.22 | 10.81
N&,0 1.95 1.98 1.60 1.85 1.59 1.66 1.62 1.63 1.73 1.50 1.67 1.69
K20 0.72 031 0.39 0.50 0.37 0.35 0.00 0.00 0.50 0.00 0.37 0.37

TOTAL | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00
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Analysistype T1 TO G2-63 G3-134 JZ6-4 G3-157
Lithdo Amp-bearing | Amp-bearing Amp-bearing Amp-bearing | Amp-bearing Cpx-bearing
ay trachydacite dacite dacite andesite andesite trachydacite
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 Pery - SGS Peru
405 . 39 1 40, 39 Form part of the
Ar-_ Ar Amp and paleomagnetic ““Ar->*Ar Amp- K-Ar whole paleomagnetic
data in Zaffarana & Somoza (20J23ERNAGEOMIN| rock-Actlabs | 454 defining arf
Age constraints Early Jurassic -
+ aleopole
1?2;}? | 185422 | 1789%11) 191.6+5P Juaeas
B Somoza, 2012)

i Electron microprobe - - Pl, Amp, Mag, - - Pl, Cpx, Amp,
Mineral Usp Mag, Usp
analysis EDS data - - Amp - Amp -

ICP-MS data Amp Amp Amp Amp - -




Element/ratio La Yb [LaYb], melt [LalYb], Sm Eu Gd EuWEU* melt Eu/Eu*
Mdt/material | andesite | dacite | rhyolite | andesite | dacite | rhyolite | andesitic | dacitic | rhyolitic ‘r’g‘:ﬁ'e andesite | dacite | andesite | dacite | rhyolite | andesite | dacite | andesitic | dacitic ‘r’;';ﬁ'e
Kd 048 | 026 | 192 | 273 | 131 | 55 385 | 238 | 19 | 59 | 32 | 172 | 2
Reference 1 1 1 2 3 2 4 3
T11 331 | 331 | 331 | 219 | 219 | 219 511 | 511 | 143 | 143 | 143 | 575 | 575
T12 876 | 876 | 8.76 | 456 | 456 | 456 1833 |1833| 393 | 393 | 393 | 1608 | 16.08
Tl-average | 604 | 604 | 604 | 338 | 338 | 338 1172 |11.72| 268 | 268 | 268 | 1092 | 1092
Cmelt (T1) | 1257 |2321| 314 | 124 | 258 | 061 | 691 | 642 | 348 | 1120 | 304 | 492 | 141 | 045 | 084 | 635 | 546 | 098 | 027 | 091
T0 868 | 868 | 868 | 611 | 641 | 641 720 | 720 | 198 | 198 | 198 | 774 | 774
Cmelt (T0) | 1808 | 3338| 452 | 224 | 466 | 111 | 549 | 486 | 276 | 1280 | 187 | 303 | 104 | 034 | 062 | 450 | 387 | 110 | 030 | 096
G2-63-1 | 1091 |1091| 1091 | 510 | 510 | 540 1555 |1555| 351 | 351 | 351 | 1437 | 14.37
G2:632 | 1347 | 1347 | 1347 | 400 | 400 | 400 1035 |1035| 260 | 260 | 260 | 960 | 9.60
G2-63-
average | 1219 |1219| 1219 | 455 | 455 | 455 1205 |12.95| 306 | 306 | 306 | 11.99 | 11.99
Cmelt
(G2-63) | 2540 |46.88| 635 | 167 | 347 | 083 | 1035 | 917 | 521 | 1210 | 336 | 544 | 161 | 052 | 095 | 697 | 599 | 101 | 028 | 1.08
G3-134-amp | 664 | 664 | 664 | 167 | 167 | 167 810 | 810 | 233 | 233 | 233 | 782 | 782
Cmelt
(G3-134) | 1383 |2554| 346 | 061 | 127 | 030 | 1536 |1361| 774 | 1380 | 210 | 340 | 123 | 030 | 073 | 455 | 391 | 121 | 033 | 089




Table 2-Appendix)

(2008) using temperature

of Putirka (2016)-Eqgn.5

Sample name G2-63 | 10 | T1 | G3134 G3-157
Rock type (dominant mafic mineral) Amp-bearing volcanic rocks Cpﬁ}f&?gg%gﬁggfy&mp
Analyzed material . . . .
— . Single Single Single Single .
Calibration Callbratllon Cores Rims crystal crystal crystal crystal Cores Rims
uncertainty
Amp-PI thermometer (Holland & Blundy 1994- +40°C 773-720 ) ) ) ) ) _ _
expression B) B
Amp-only thermometer of o
. Ridolfi et al. (2010-Eqn.1 | 2°C 916 848 - - - - 949 929
Amphibole data v th
~ | (availablein | Amp-only thermometer of
@) . Ridolfi & Renzulli (2012)- +32°C 901 867 - - - - 1017 999
° Tables 2 and 3 in
=~ . Egn. 2
2 the Appendix) Amp-only thermometer of
Q - 0 - < - -
g Putirka (2016)-Eqn.5 +30°C 869 826 960 941
S Liquid-only-Molina et al. o
% (2015) +35 to +45°C 1032 992 1052 1041 991
£ Liquid-only-Putirka +33°C 991 960 1002 1008 1002
P (2016-Eqgn.3
o | Whole-rock data Zr-saturation T(°C)-
(available in Table . - 730 740 644 722 725
: Harrison&Watson (1983)
1-Appendix) Zr-saturation T(°C)-
Boehnke et al. (2013) - 648 659 569 652 655
Ap-saturation T(°C)-
Harrison&Watson (1984) ) 1026 910 811 851 847
Hammarstrom & Zen
(1986) +3 kbar 6.29-4.90 5.1 - - - - 45 4
. Hollister et al. (1987) +1 kbar 7.1 5.3 - - - - 4.6 4.2
Amphibole data
= | (available in Johnson & Rutherford | 5 g 7.6 41:060| - - - - 3.6 3.2
3 Tables 2 and 3in (1989)
= the Appendix) Schmidt (1992 +0.6 kba 5.8+0.7¢ 5.7+0.6¢ - - - - 4.¢ 4.5
g Ridolfi et al. (2010)-Egn. 4| +0.39 kbar 7.4 2.2+0.40 - - - - 2.1 1.9
2 Ridoifi & Eenzu”' (2012)- | 45 5 kbar - 1.65 - - - - 4.93 455
5 gn.ld
_‘E Amp-PIl barometer (Molina et al., 2015) at T1* | +1.5to +2.3 7.6 3.5 - - - - - -
3 Amp-PI barometer (Molina et al., 2015) at T2* kbau 8.2 3.8 - - - - - -
O Temperature-dependent
Clinopyroxene geobarometer in Cpx given
data (available in | by equation 32a of Putirka | +3.1 kbar - - - - - - 2
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ACCEPTED MANUSCRIPT

Amphibole pressure data in amphibole-bearing volcanic rocks
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Amphibole tectonic discrimination diagrams

20

25
RN
Subalkaline 2 - s
& 15 =
B o
Q Alkaline g 15
= 10 3 o) A .
< i 0l £ Subalkaline
= s | £ e4 trachytoid
2 <5l S oy, ‘a
13 aee ™, oo
| FHAT Alkaline
0 0 T T T T T T T B
Al % 1 2 4 5 6 7 8 0 2 3 4 5 6 7 5 B
TiO, wt % TiO, wt %
25 7
- Temperatures
. 204 1 calculated with the
S Subalkaline 5] Putirka (2016)-Eqn.3
i . trachyjoid ) ® geothermometer
a 15 4 . Alkaline < 44 trachytoid
= 00t o b 2 %C
& 3",&;. + % + & _C_)N3_ &
a 104 '?3 - o0 ® =
£ . <@ h
< Subalkaline 2 A e
5 Subalkalings®® *
14 4
0 . r T r x r r 0 T T T T T
[C] o 1 2 3 4 5 6 7 8 600 700 800 900 1000 1100 1200 (D
TiO, wt %
) Temperature (°C)
Amp-bearing 0G2-63mG3-134 ATO ) 5 ) :
volcanicrodks: ( ATl  xG2-63 (EDS) + JZ6-4 (EDS) © G3-157 (Cpx-bearing volcanic rock)
Clinopyroxene tectonic discrimination diagrams (for Cpx-trachydacite G3-157)
0.20 ﬁ56 I
Al-rich basalts
54{ Tholeiitic series
S 0.154 . w® Calc-alkaline series -2.4
3 X 52
3 < & F2
5 - 4
Zha0d §'50) . . 25
= 0.10 . . % Alkaline series WPA
e Alkaline and ™. Alkaline 48]
15} subalkaline
0.05 2.6
Subalkaline v 48 Per-alkaline rocks
0.00 : . . —_— 44 —— 3 .
0.500 0.600 0.700 0.800 0.900 1.000 1.100 ALO, (wt. %) ’
Cpx, Ca + Na (apfu, 60)
H| 0.050 0.100:
0.045- ! [
g 0.0404 g 0.080:
00354 Cpx from non orogenic basalts 01060
'S 0.030 g0
& 0:025+ %@ F 0.040 Cpx from calc-alkaline basalts
£ 0.0204 X !
% 0,015 (r & o.ozo-w
© 0.010+ o 000‘ Cpx from tholeitic basalts
0.005 fi i It -
0.000 Cpx from orogenic basalts 0.000 0.050 0.100 0.150 0.200
o 1 T L T 1
0500 0600 0700  0.800 0900  1.000  1.100 Cpx, Al total (apfu, 80)

Cpx, Ca (apfu, 60)

mG3-157-profile 1

A G3-157-profile 2

o0 G3-157-profile 3



Research highlights

1) A crystallization temperature range between 826 and 916°C was established

2) Shallow to intermediate crystallization depths (2-8 kbar, ~7-26 km) were inferred
3) High oxygen fugacity conditions were found

4) Moho depth in Early Jurassic times did not surpass 35 km

5) Mineral chemistry data was useful to unravel an extensional geochemical signature



