Journal Pre-proof

Journal of

South American
Earth Sciences

Geochemistry of the (meta-)mafic rocks from the Gonzalito mining district, northern
patagonia

Carmen |. Martinez Dopico, Kathryn A. Cutts, Ménica G. Lépez de Luchi, Franco
Pugliese

PII: S0895-9811(20)30433-8
DOI: https://doi.org/10.1016/j.jsames.2020.102890
Reference: SAMES 102890

To appearin:  Journal of South American Earth Sciences

Received Date: 14 April 2020
Revised Date: 19 August 2020
Accepted Date: 7 September 2020

Please cite this article as: Martinez Dopico, C.I., Cutts, K.A., Lopez de Luchi, M6.G., Pugliese, F.,
Geochemistry of the (meta-)mafic rocks from the Gonzalito mining district, northern patagonia, Journal of
South American Earth Sciences (2020), doi: https://doi.org/10.1016/j.jsames.2020.102890.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.jsames.2020.102890
https://doi.org/10.1016/j.jsames.2020.102890

N

I
RoOOVO~NOUT A~ W

12

13

14
15
16
17
18

20
21
22
23
24
25
26

28
29
30
31
32

33

34
35
36
37
38
39
40
41
42

Geochemistry of the (meta-)mafic rocks from the gbito
Mining District, Northern Patagonia

Carmen |. Martinez Dopiéq Kathryn A. Cutt&®, Ménica G. Lépez de Luchi
Franco Pugliese

2 Instituto de Geocronologia y Geologia Isotépic@NICET-Universidad de Buenos Aires, Av. Int.Guiesld/n Ciudad Universitaria,
Buenos Aires, C1428, Argentina
® Applied Isotope Research Group, Departamento d#dgi@, Escola de Minas, Universidade Federal decCRreto, Morro do
Cruzeiro, 35400-000, Ouro Preto, MG, Brazil
“Universidade do Estado do Rio de Janeiro, Rua Saadisco Xavier 524, Maracand, Rio de Janeiro, 2B980, Brazil
4 Centro de Investigaciones en Ciencias de la Ti€B#CTERRA), CONICET- Universidad Nacional de Cdralovélez Sarsfield 1611,
Cérdoba, X5016GCA, Argentina.

* corresponding author: Carmen Martinez Dop&mail: carmenmd@ingeis.uba.ar

Abstract

In spite of hosting one of the most important PbzZxgmineralizations in Patagonia, the metamorpistohy of the rocks
of the Mina Gonzalito Complex (MGC; east of the Northtagonian Massif) is still unclear. The complexsists of
schists, para- and ortho-derived gneisses, ranffiogn greenschist to amphibolite facies, and metamadcks
Leucogranites and pegmatites were intruded synlatieally. Field, petrological and thermochronolai@vidence
indicates that the MGC experienced an early praggath and metamorphic peak during the Early Ouiawi(ca. 472
Ma), magmatism and localized post-peak deformadin re-equilibrium at lower pressure, followed tpjift during the
Late Permian. The MGC is intruded by the calc-afl@lbanta Rosa Diorite (SiG 58.7-60.4 wt%; Lg'Yby = 7.2-10.5)
and trachyte dike swarms in the Late Permian- Earigssic. The mafic intrusives of the MGC form dinszhistose,
massive and banded bodies interlayered within tiesges and granites and recorded recrystallizatidrornblende +
plagioclase + quartz + titanite * clinopyroxene ifitie + ilmenite. The metamafic rocks are mostipleiitic gabbros
having SiQ (45.4-52.1 wt.%), Ti@(0.62-2.88 wt.%), flat REE patterns /&by =0.48-2.76), although some pyroxene-
banded varieties show higher ratios. Initial P—®delling in the NCKFMASHTO system for the metamafiorks
defined P-T conditions between 550-730 °C and ba¥.kOur data suggest that the protolith of theameffic rocks was
emplaced in a shallow environment, associated witerplating of mantle-derived magmas slightly rfiediby crustal
contamination. The intrusion of mantle-derived magmmay have been related either to a magmatic armo @
continental rift environment. The model involving @rdovician intracontinental back-arc basin isofed herein because
it can reasonably explain many other geologicdlfes of Early Paleozoic basement rocks fromribehern Patagonia.

Keywords: Gabbros; Ordovician; North Patagonian M#ésGondwana

1. Introduction

The assessment of the Early Paleozoic tectonicuggal of Patagonia is critical to building any mbdé
the assembly of southwest Gondwana. Evidence ofpteeMesozoic metamorphic history of the North
Patagonian Massif, the northern block of Patagdmaa, been sluggish and difficult to interpret moslilie to
the poor exposures, inaccessibility of the outcrapd the lack of petrological studies to producecize and
reliable information for the main igneous and medgwhic events. This particularly applies to the Min
Gonzalito Complex -or Mina Gonzalito mining distri@ragon et al., 1999a; Giacosa, 1987, 1997; Ramos
1975; Rosenman, 1972)- in which the protolithsoo¥ ind high-grade metamorphic rocks and syn-kinemat
granitoids aged between 540 to 250 Ma are the mamstituents of the Paleozoic “Northern Belt” oéth
North Patagonian Massif (Ramos, 2008) (Fig. 1). Nugthern Belt (NB) was claimed to be the southern
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extension of either the Pampean/Famatinian/Gondieanbelts of the Sierras Pampeanas of Argentina
(Rapalini et al. 2013; Pankhurst et al. 2006, 2qE4L. 1), or a continuation of the Ross-Delame@ogen

of Antarctica (Gonzalez et al. 2018). The NB mastdea protracted orogenic evolution from subduction
related-arc-marginal basin and magmatism througlstal extension and metamorphism (540-470 Ma)
(Gonzélez et al. 2018; Pankhurst et al. 2014, 268@alini et al. 2013, 2010) coeval with bimodatusive
magmatism (490-450 Ma) (Gozalvez, 2009; Lépez dehLet al. 2014; Martinez Dopico et al. 2017a),
followed by uplift and development of foreland bes{450-360 Ma) (Rustan et al. 2013; Uriz et al0and
widespread intracontinental magmatism in the cantéxa Permo-Triassic Large Igneous Province (280-2
Ma) (Luppo et al. 2018; Martinez Dopico et al. 20R8pela and Caminos 1987) (Fig. 1).

The Early Cambrian -Ordovician metasedimentary igméous basement rocks of the North Patagonian
Massif outcrop as variably deformed discontinuaesjuences trending roughly NE-SW and NW-SE that are
separated by Paleozoic km-scale shear zones andiedt or covered by Late Permian to Early Triassic
plutonic-volcanic igneous complexes. The basementpeises the Cambrian Tardugno orthogneiss (529 + 4
Ma and 522 + 4 Ma; U-Pb SHRIMP zircons, Rapaliniabt 2013, Pankhurst et al. 2014) and three
metamorphic sequences with lithological and geawnblagical similarities: 1) phyllites, schists,
metagreywackes, and intercalations of mafic andi@aégjneous rocks that crop out close to Nahugiel;

metaigneous schists, and metaconglomerates ofl thegBelito Formation (Gonzélez et al. 2018) thatmp
along the Salado river; and 3) the medium to higdidg para- and ortho-derived schists, gneisses,
amphibolites, and granites of the Mina Gonzalitarptex (MGC; Giacosa 1987). The age of metamorphism
of the MGC was estimated at ca 472 Ma (Greco er8ll4; Pankhurst et al. 2006) based on metamorphic
rims of zircons from para-derived gneisses of th&®4 This metamorphic age has turned out to be
problematic due to the undeformed subvolcanic ¢giraand tonalitic intrusions, dated at 476 + 6 M&Rb
SHRIMP zircon ages; Pankhurst et al., 2006). Tlmsesive rocks not only contain metamorphic enekof
phyllites, schists and mafic rocks, but they alsmsscut the slates and phyllites of the El Jagii€lirmation.
This sort of geological evidence is also recordethe >470 Ma Valcheta Pluton that is hosted byldheto
medium-grade metaclastic rocks of Nahuel Niyeu Fation (Lopez de Luchi et al., 2008; Gozalvez 2009).

This study aims to constrain the nature of thglihjrade” metamorphic basement of the Mina Gorzalit
Complex (Giacosa, 1987, 1997; Pankhurst et al. 2(if@.1) and to discuss the origin of the protdipf its
metamafic rocks and the tectonic setting in whitdytwere formed, based on the integration of gtragpihic,
petrographic, WR-geochemical analyses and prelimitlaermodynamic modelling usingheriak/Domino
(De Capitani and Petrakakis, 2010). The ultimatalgjare to understand the connection of the Mina
Gonzalito Complex to the other metamorphic sequererl to clarify their geodynamic significance e t
context of the assembly of southwest GondwanadrEdrly Paleozoic.

2. Geological overview of the Mina Gonzalito area

The Mina Gonzalito mining district (Ramos 1975; gda et al. 1999a) is an igneous-metamorphic block
that hosts the most important polymetallic dep@Bib-Ag-Zn, Cu-V, fluorite and In ore) in northeaste
It is located to the southeast of the Sierra déePdin, 100 km to the southwest of San Antonio Qéstthe
Rio Negro province of Argentina. The block is liedtto the west by the Jaglelito shear zone, whiphrates
the MGC from the low-grade metamorphic rocks of fhe Jagielito Formation (Giacosa, 1987) and
Ordovician muscovite and garnet-bearing leucogean{@71 + 2 Ma U-Pb SHRIMP zircon dating; Pefas
metamorphic roc_kg_a_r(_e_c_rags_c_u_t_by mid-Permian teidiearing tonalitic and granodioritic orthognesssad
leucogranite dykes (ca. 265 Ma- Arroyo Paileman @mdhbrao plutons; Grecco et al. 1994; Tohver et al.
2008) and pierced by the Jurassic eruptive certtbeoSierra de Paileman (188 + 1 Ma; Marifil Comyl
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alluvial deposits. Our study area is limited to theks located between the south of the Sierraaler®an,
the east of the El Jaguelito shear zone and Est&msita Rosa locality (Fig. 2).

The rocks from the Mina Gonzalito mining districese collectively known under the name of Mina
Gonzalito Complex (Busteros et al. 1998; Giacos@719997) and distinguished from the Early Triassic
trachyte dykes and lava flows (243.6 + 1.7 Ma, UEBICPMS in zircon age; Gonzalez et al. 2014) and
several Early Jurassic rhyolitic dyke swarms thatuide them.

In the area of study (Fig. 2) the MGC comprises:

i) Fine to medium-grained banded biotite and kéetituscovite bearing schists and gneisses (e.g. Mina
Gonzalito Gneiss of Ramos, 1975; Fig. 3a,b) intdudey ii) variably deformed (muscovite or
muscovite/garnet) leucogranites and aplitic andnpedic dykes (Giacosa 1987; Busteros et al. 1998);
Available U-Pb zircon SHRIMP ages for a biotite1ggtrparagneiss from two different localities indécthe
same age, ca 472 Ma, which was interpreted asgin®fathe metamorphic peak (Pankhurst et al. 2G0éco
et al. 2014).

i) Maria Teresa and Tapera plutons (Ramos 197@t were emplaced as stocks and sills and syn-
kinematically deformed with the host; The formeraismall porphyroclastic leucogranitic stock (<%
that is mostly composed of quartz + K-feldspar+gjalase + muscovite + garnet, whereas Taperamplisto
larger (>15 krf) and, according to Giacosa (1997), it is a mugeodbearing granite that contains a variable
amount of biotite. Grecco and Gregori (2011) datescovite and biotite grains from rocks considgrad of
Maria Teresa and Tapera plutons that yielded AmAca-plateau ages of 261 + 2 Ma and 264 + 2 Ma,
respectively.

i) Partially retrogressed (meta)mafic rocks amdphibolitic schists that occur in lenses and layeithin
the banded biotite gneiss or isolated (not showimgtacts) (Fig. 3c). Part of these rocks were ddlbdack
schists” by Aragén et al. (1999a).

iv) Occurring in the west of the block are mediutn-coarse-grained, mostly weakly foliated, biotite-
bearing orthogneisses (Varela et al. 2011) andtzygkarites that intrude (i) the gneisses; Vardlale(2011)
dated a granodioritic orthogneiss that yielded BiJzircon SHRIMP age of 492 + 6 Ma.

v) Marbles and siliciclastic levels were descriliigdGiacosa (1997) and Dalla Salda et al. (2003h¢o
south of Estancia Santa Rosa along the Salado.creek

Within the block, the structural style and litholog features change from east to west defining two
different zones that are separated by an NNW-SSfileshear zone. Gonzalez et al. (2008b) indicétat!
towards the west, the MGC is dominated by the madjuade, largely injected paragneisses and intaateed
to acidic synkinematic granites and pegmatite dyethogneisses are frequent in this area. In asftto the
east, the magmatism and presence of “amphiboliteSds become negligible and the para-derived rochkdwy
have achieved lower metamorphic conditions. Gia¢®987) considers that the maximum peak metamorphic
conditions reached the transition between greessahd amphibolite facies. On the other hand, Anagjéal.
(1999a) indicates that the sillimanite-garnet-pdatase bearing leucogranites could have an anatedgin.
Most rocks of MGC were widely deformed, fracturedlanfilled with quartz-Pb-Zn-Ag ore-rich infillingn
veins and fractures during the Early Jurassic (Bsglet al. submitted).

3. Field relations and sample description

The rocks of the Mina Gonzalito Complex are verpmho exposed with exception of the mine shafts
opened during the mining works 50 years ago. Thetmtriking landforms exposed across the block are
NNW-SSE leucogranite ridges (aplites and pegmatitieast stand out in the landscape due to diffeabnti
weathering of the gneisses, schists and small jmefac bodies (Fig. 2). The ridges are roughly pardo
strike of the Early Triassic trachyte dykes (248.85.7 Ma; Gonzalez et al. 2014). To ease the datszni, and
following Gonzélez et al. (2008b), we are goingltaide the crustal block using the WSW-ENE road.¢s
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Berros into western (including the Tres Marias &maria Teresa mines, and Puesto Dragdn exposures),
central and eastern (from Puesto El Panchito toz&lio mine) sectors (Fig. 2). For this study wenpked

the biotite gneisses, granites, (meta)mafic rocid @iorites. The lithologies will be described fiemd then

the samples used for thermodynamic modelling.

3.1.Biotite gneisses and schists

The most common unit among the pre- Triassic ratkbe study area comprises grey to brownish lgiotit
bearing schists and gneisses, interlayered witha®mafic lenses or schollen, that are variablgdtgd and
intruded by leucogranitic material at the scaleceftimeters to tens of decimeters that sometimassfo
individual stocks (Fig. 3a, b). Para-derived rodksninate to the east, while synkinematic leucogesnand
granitic orthogneisses are more frequent to the.wes

Brown to grey schists and gneisses are generalgy/th medium-grained, layered or banded, mesocratic
metamorphic rocks of mostly tonalitic compositiohat are characterized by their lepidoblastic to
granolepidoblastic texture (Fig. 3d) and a very variable degree of leucocratic inject From the
mineralogical point of view, the schists are congmbsf quartz, biotite, plagioclase and, occasignadite
muscovite. At a macroscopic scale, wherever theiingsize is coarser, they are banded with browgisly
and white layers. The banding is folded. The whiteds are coarser-grained and poor in mafic miseral
whereas the darker bands contain principally @otBome of the leucocratic sheets appear as if liheg
been intruded after the formation of the banding,tlaey cut across it. Their most common mineral
assemblage of the gneisses contains biotite, quadgioclase, sometimes muscovite and minor ggFigt
3b; 4a-d). Common accessory phases in the magia@atite, zircon, opaque minerals and magnetit#it®
and quartz are the most dominant minerals togetithrplagioclase.

Gneisses and schists (i.e. around Mina Gonzaliteroamp) contain euhedral to subhedral flakes@f re
orange or reddish-brown to light yellow biotite gFéda-b); whenever the content of the mineral ghéi, the
S1/2 fabrics are strongly developed and becomeessgmpse fabric (layering < 2-3 cm) with leucocrdténds
composed of quartz, plagioclase and muscovite.itBitg occasionally retrogressed to chlorite andoue
minerals. Quartz has some polygonal shapes resggnblrecrystallized matrix whereas plagioclase resna
subhedral in shape. Some plagioclase crystals sbhowlete polysynthetic twinning and no zoning, imatst
of them are not twinnedTo the southeast of the lhldloe rocks acquire a light-grey bluish colour and
porphyroclastic texture with sigmoid-shaped platziee porphyroclasts within a fine-grained recryiiad
mylonitic biotite-quartzitic matrix. The alteratids variable, and mostly to sericite and clays glfnactures
and cleavage planes. There is a significant variain the grain size of plagioclase, indicatingtttteese
crystals could have been part of the phenocrystnaaitix phases of the protolith. The muscovitefbéotatio
is low. Muscovite is anhedral, frequently found hwftiotite but also often isolated, occasionallyraunding
small chips of subhedral garnet. Within the schigésnet is infrequent, anhedral and colourlesd, ahere it
occurs, it makes up less than the 2% of the ro4&). Two episodes of blastesis of muscovite loan
detected in the gneisses: fine-grained crystalscéated with biotite and larger crystals that areongruent
with the fabric of the rocks, which developed wsgmplectites and quartz. Garnet has been obsemsahie
sampling sites. Larger crystals are mostly foundeurcocratic injections within the gneiss where gadnet
crystals up to 4 cm in diameter appear within thecocratic bands, suggesting that might be a péadte
product of partial melting. The occurrence of sihinite and cordierite has been reported by Aragda.e
(1998) and Gonzalez et al. (2008b). Sillimanite waly observed in some thin sections of the leuaoiges,
formed at expense of with muscovite.
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3.2.Metamafic rocks

Both brown to grey and bluish-grey gneisses ofiliea Gonzalito enclose scattered concordant leases
layers of dark green mafic rocks that vary fronsteimeters to just a few meters in length. Thesks have
broad textural and compositional variation. Aragginal. (1999) interpreted these as mafic dykesills s
emplaced before or during regional metamorphism rfigired to some of these rocks as “black schists”
whenever they were fine-grained and altered toritble- carbonates. The basic rocks encompass efiffer
types of massive to variably deformed hornblendgotite, and hornblende, and diopside-hornblendelbd
(meta)igneous rocks and, more rarely, hornblentiestsc These rocks tend to be darker when the tesitis
is defined by amphibole rather than by biotite paef@rientation, constituting fine-grained nemasuic to
granoblastic textures (Fig 5a-b). The grain sizquige variable, from medium (2-3 mm) to fine-gdin(<1
mm). They are mostly massive or slightly foliat&ig( 5¢) and more rarely banded and folded (Fig.sbath
as in the Tres Marias and Polito mineshafts, inathstern and eastern sectors of the block, reseégctiThe
massive metamafic rocks are transitional fine @rse banded types such as in Tres Marias Mine $Fied).

Most of the metaigneous rocks are gabbros (or hemndlites) and microgabbros that show polygonal
granoblastic texture and their mineral composii®mominated by zoned reddish-brown to brown (>60 %
modal Fig. 5a, c; Fig. 6b) or bluish-green to greed green hornblende (Fig. 5c,d; Fig. 6¢) and adizi
zoned and polysynthetic-twinned plagioclase (25-20%@inly Andesine-Labradorite). Minor biotite is
present. Titanite, ilmenite, quartz, and apatite arcessory minerals. Quartz crystals seldom appehe
mosaic interstices. In some rocks, amphibole, pldgse and quartz recrystallization is evidencetth wiple
point junctions, whereas others maintain igneousutes. In addition, close to the faults these soake
highly strained and sometimes retrogressed orealter

Wherever the metamafic rock with bluish green teegr and green hornblende bearing rock is banded,
biotite disappears, and light green to colourldgsopyroxene (diopside) and highly coloured hormile
occurs. The diopside and hornblende are concedtmtiayers from one to ten millimetres thick thfine
the compositional banding (Fig.4a, f). The bandge$ also contain plagioclase, titanite, and mampunts
of quartz, and apatite. The compositional bandegms to be an inherited condition from the prittaince
it grades to a non-banded amphibolite. This bandamgalso been observed to be folded near Gonznailite.

In this area, certain banded metamafic rocks aegiadly associated with diorites. The metamafickeoc
studied in this work show no evidence of meltinggtsas patches of neosome or any of the peritphtises
expected after fluid-absent melting reactions ia thpe of hornblende-bearing rock.

Some of the schists interlayered in the gneissedigtiter than the hornblende-bearing metamafi&soc
They show lepidoblastic toporphyroblastic textuneth coarser crystals of zoned plagioclase immerseal
matrix that contains reddish-brown to yellow bietiuartz, titanite and seldom hornblende, alth@aaghe of
them are partially to totally retrogressed to antliggreen clinoamphibole, epidote, sericite and apaq
minerals. These rocks were not sampled for geoatamnalyses.

These metamafic rocks have a variety of miners¢mblages and textures which are described inldetai
for the modelled samples below.

Sample 31/32-3
This sample is from the Las Tres Marias mineshrathé northwest of the study region (Fig. 2) andtams
clinopyroxene, amphibole, titanite, ilmenite, plagiase and quartz (Fig. 4a). The rock is bandek eigcrete
domains dominated by light green clinopyroxenet@00 um) and the reminder of the rock is domithdug
amphibole (up to 500 um in size). The amphiboléighly coloured from the dark green to light brown.
Along with the banding, the rock preserves a faiathat is defined by elongate clinopyroxene ggaamd
amphibole grains. Both ilmenite and titanite aresent in the rock, although titanite is more common
IImenite usually occurs on the rims of titanitetahite is also observed as an inclusion in amphibol
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Plagioclase and quartz are equidimensional to elen@p to 200 um, parallel to the foliation) amdygonal
(Fig. 6a).

Sample P8-2B
Sample P8-2B is from the Gonzalito mineshaft in #@stern sector of the study region (Fig. 2) is an
amphibolite with lighter bands (S0/S1) mostly comsga of clinopyroxene and plagioclase and darked$®an
with a predominance of clinoamphibole. It contalight green clinopyroxene, green to light brown
amphibole, titanite, ilmenite, plagioclase, quaata apatite. Titanite occurs throughout the saragldine
grains. llmenite occurs as large discrete grains.

Sample 20-4

This sample was obtained close to the Gonzaliteernamp in the eastern sector of the study regian &y

and contains the minerals amphibole, plagioclds®riite, biotite and quartz. In the field, the raxnstitutes
massive levels with a coarse-grained texture (pilgioclase and amphibole grains up to 1 mm in; $tige

6b) within a gneissic host. It has a granoblagidure mostly composed of euhedral brown to liglatrge
brown clinoamphibole (>50%). This clinoamphiboleésrystallized from another clinoamphibole. Bietis
rare, where it occurs it is subhedral and commeeptaced by chlorite. limenite is fine-grained (80Lm)
and occurs as inclusions in amphibole and on angigrain boundaries (Fig. 4c). Plagioclase (zxA#9 is

subhedral, zoned and it is sericitized on grairesdgnd cracks within the grain.

Sample 22-3
This sample comes from the Puesto El Panchitogrcémtral region of the study area (Fig 2). It aorg the
minerals clinoamphibole (>50%), plagioclase, titanilmenite and quartz. The sample is massive and
granoblastic (grains are usually 300 pm but ampegilban be up to 500 pm) with a very weak foliation
defined by the preferred orientation of the clingdiibole grains (Fig. 6c). The clinoamphibole is thos
euhedral and shows green to light-yellow pleocincésd has zircon inclusions. Plagioclase is sulathead
most of the crystals are devoid of twinning. Theoant of quartz is below 5%. The ilmenite is finesiged
(<100 pm) and occurs in the matrix or as inclusionamphibole. Titanite occurs as small clustergrains
and also as cores to some ilmenite grains.

3.3.Granites

Several types of injections, i.e. acidic aplitesrtes and pegmatites, in the gneisses and sdustsred
in Mina Gonzalito block. In general, the volumel@ficocratic material increases towards the west,céose
to El Jaguelito shear zone where leucogranitesedher injected into the host or form sills andtphs
emplaced mostly in sigmoid structures along a N@0AB fringe (Fig. 2). There are two main leucogranit
bodies: the Maria Teresa stock (muscovite beayipg)tand the Tapera laccolith (a garnet-mica-bgapink
leucogranite), intruded parallel to the S1 or S2ifaof the host. Most of them are boudinaged, mnedio
coarse-grained differentiates or aplitic dykes amilts of leucogranitic composition. These are mpstl
concordant with the schistosity and seem to hawn lsynkinematically emplaced, resembling leucocrati
schists. The dominant paragenesis is Qtz + Kfs + Mk (Sill) + Grt and their foliation can be seley sight
through the alignment of muscovite flakes. Thesikschave a fine to medium-grained equigranularurext
where quartz and feldspars are the most abundargraté. Muscovite, the main accessory mineral,nofte
forms fibrous aggregates (nests) that develop &itonanite -fibrolite when in contact with quartZhe
appearance of sillimanite suggests that they haen bmetamorphosed with the hosting gneiss. Garnet
crystals are pink with euhedral shapes and typiaatideformed. Towards the borders of the synkinemat
leucogranitic intrusions (i.e. P20), the amounbiotite and plagioclase increases (biotite-beafauies)
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Aplopegmatite bodies crosscut the sequence. Ireétsternmost sector, leucocratic veins that injeet t
biotite-quartz bearing-gneisses are composed mosfhgrthitic microcline and quartz, and minor ptadase
and fine-grained muscovite, which is reacting tlinsanite towards the border of the aggregatesdiipn is
limited around Tres Marias mine. But, to the souththe surroundings of Puesto Dragén, where the
synkinematic Tapera Pluton outcrops, the leucactsinds in the host increase in grain size andddnge at
the expense of the biotite-rich melanosome. Indhés, the granite transitionally acquires a highmount of
and later on as a tonalitic orthogneiss by Varek.2011).

To the east, leucocratic injections are also syatkiatic with the S2-fabric of the gneiss althougéyth
occur less frequently than to the west. In the re¢isector, they are resolved as NNW-SSE leucotgrasills
and dykes composed of microcline, quartz, muscqgilémanite) and scarce brown to pale yellow ot
flakes (colour index <5%). This suggests that thebgranite injection could be related to the syakiatic
muscovite + garnet-bearing intrusions. There am® aplite leucocratic veins that crosscut the fiblde
metamafic rocks and biotite bearing schists.

Interestingly, in the eastern and central sectbtBeblock the structural grain is given by thed@2issose
fabric and/or schistosity of the metamorphic pri¢holvhich is N10° to 50°W dipping to the NE. Aroutioe
Tapera pluton, the foliation pattern is more com@ad shows a SW-NE strike.

3.4.Santa Rosa Diorite

This unit, first described here, crops out closthtlocality Estancia Santa Rosa. It is made up stbck
of dark green to brown medium-grained diorite timatudes the brownish-grey gneisses. The limitshef
stock are unknown due to the poor-exposures. Ttlksrdisplay an unevenly-granular hipidiomorphicties
and contains spongy-looking brown to green to lighten hornblende crystals (30%) in a matrix of
plagioclase (20-25%), dark brown to yellow biotftakes (25-20%), quartz (15%) and a few crystals of
titanite (2%), magnetite, apatite, and zircon (<4%Mhe hornblende crystals are typically subhedeal t
euhedral and free of alteration. They form eitt@gér crystals with corroded cores or clots comgasie
aggregates of smaller crystals surrounded by bidtibth of similar size.

Corroded pyroxene and/or clinoamphibole cores asmnconly found within hornblende crystals.
Polysynthetic twinned plagioclase (andesine) ihedbal. Apatite also can occur as larger crystalstably,
opaque minerals are surrounded by a titanite riierdtion is infrequent but restricted to chloriled opaque
minerals.

Although most of the stock is massive, locally,k®dramatically change their grain size by sheaaind
recrystallization. There, the grain size is fined dhe amphibole crystals are strongly aligned.

Even though these rocks were only identified a®laerent body around Estancia Rosa, diorites were
found around Mina Gonzalito mineshaft (site P8)edé diorites are fine-grained equigranular andaiont
mostly brownish-red to yellow biotite, light greém yellow hornblende, zoned plagioclase, quartantie
and apatite. However, they do not show evidenceafstallization.

4. Methods
4.1.Whole-rock geochemical analyses

Samples were collected by Dr L.H. Dalla Salda aodiarkers in two field trips to Gonzalito mining
district during the middle 90°s (Table 1), mosttyodd abandoned shafts of the Gonzalito, Maria Ja=@nd
Tres Marias mine camps. Major and selected track rare earth element (REE) determinations were
performed on samples up to 2-3 kgs and screeneedbas the thin sections. Twenty-five samples of
metamafic rocks, gneisses and granites in the Miomzalito Complex and Santa Rosa Diorite were
determined using X-ray fluorescence spectrometigfXand inductively coupled plasma mass spectrgmetr
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(ICP-MS) at Activation Laboratories Ltd., Ontartdanada. The results are presented in Table 1 segdm
lithology and, in the case of the low-silica rocldistinguishing the association of biotite-hornlaen
hornblende, or hornblende-pyroxene. Part of trexigemical results were presented in Aragon etlb%a,

b). In the text and figures, all compositions agealculated to 100% anhydrous to minimize the éfédéc
alteration on the samples.

Alkali-elements show some scatter and probably vehightly modified by secondary processes in some
samples, particularly those sampling sites locatkxde the hydrothermal epicentre such as Gonzalito,
Vicentito, Polito, Tres Marias and Maria TeresaanifAragon et al. 1999). Samples that yield reddyihigh

LOI values (>4%), reflecting rock alteration, wemecluded (i.e., GoPi-3; GoPi-4). The effect of viwaing

and alteration was further evaluated with the FM\Arameters proposed by Ohta and Arai (2007)
(Supplementary appendix A) and this allowed usxolugle samples P4-3 and P3-4 6a. The dataset was
compared to that of the amphibolites and granite$apera and Maria Teresa plutons of Busteros .et al
(1998) and Giacosa (1997), and the metaperidotite gmbbro sill within the Nahuel Niyeu Formation of
Greco et al. (2015). The relations and ratios betwthe elements were analysed with the GCDKit 6.0
software (Janousek et al. 2006) and the scriplamousek et al. (2015).

4.2.Pressure-temperature calculations

Four P-T pseudosections were calculated for thalmastc rocks: two samples of the banded pyroxene-
bearing rock from the Gonzalito shaft (sample B3-and Las Tres Marias mine (P31/32-3), and two
massive metamafic rocks (samples 20-4 and 22-8) fire Vicentito mineshaft and surroundings of Ruest
El Panchito, respectively (Fig. 2). Pressure-temfpee pseudosections were calculated using thevat
package Theriak/Domino (De Capitani and Petrak2BiH0) and the updated database of Holland and Powel
(2011). The geologically realistic system NCKFMASBIT(NaO-CaO-KO-FeO-MgO-AbOs-SiO,-H,0-
TiO,-F&0s) was used for all samples. The bulk compositioralbamples was determined by whole-rock
XRF analysis. Our study lacks EPMA mineral compositdata to support our results, therefore theykho
be considered as strictly preliminary.

For all samples, the mineral assemblages and diesgrvations indicate P-T conditions to be subaslid
For this reason, }D was set in excess. The proportion of@=go FeO has been estimated by considering the
abundance of Bébearing minerals and modal constraints in theedruf recalculated EDS analyses -using
the methods of Droop (1987) and Tindle and Webt94)9 A T-MFe,0O; or P-MFe,0O; diagram was then
calculated to determine if these estimates were@ogpiate. The percentage of total iron set a3 Fer
samples 31/32, P8-2B, 20-4, and 22-3 was 20%, 3@and 0-10%, respectively. The ‘metabasite set’ of
models from Green et al. (2016), converted to Ehkebomino format by Doug Tinkham (see Jorgenseal. et
2019) were applied for samples 31/32, P8-2B, 2@dd 22-3. These are White et al. (2014) for
orthopyroxene, garnet, biotite, muscovite and dtdpiGreen et al. (2016) for clinoamphibole, augted
metabasite melt; Holland and Powell (2011) for iokv and epidote; Holland and Powell (2003) for
plagioclase; White et al. (2002) for spinel and n&tge and White et al. (2000) for ilmenite.

5. Results
5.1.Geochemical characteristics

The rocks of Mina Gonzalito Complex and Santa Roisaite show a discontinuous range of silica on the
TAS (total alkali-silica; Cox et al. 1979) diagramhere they plot from gabbroic and dioritic to gtanrock

compositions, respectively (Fig. 8a). In the AFMglam (Fig. 8b; Irving and Baragar 1971) the amplftis
and hornblende schists follow a tholeiitic tremicbntrast, the Santa Rosa diorites, together thitgneisses



362
363
364
365
366
367
368
369
370
371
372
373

374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409

and leucogranites of the Mina Gonzalito Complexqvstnigh SiQ values corresponding to the calc-alkaline
trends, as expected. A more precise classificati@itempted based on high field strength elem@#ESE),
which are less sensitive to metamorphic mobilitgcérdingly, the low Nb/Y ratios (< 0.7) for most tife
samples indicate a clear subalkaline tholeiitiénéf (Winchester and Floyd, 1977) Fig. 8c). Twargdes
from a banded amphibolite have higher Nb/Y valueggesting an alkaline character, however, since the
rocks underwent at least one metamorphic eventanujill be discussed below, substantial evidenceldv
support that these two samples could represent letientocks; therefore their alkaline character, agnother
geochemical features, should be regarded with @awuti

The binary diagrams of major and highly compatibiements using MgO as a variation index are shown
in Figure 9. The arrangement of the sample setdis@ntinuous semi-linear layout that reflects difeerent
nature of the protoliths and a wide variation wittie metamafic rocks.

5.1.1.Metamafic rocks

The major elements of the metamafic rocks of th@aviGonzalito Complex -amphibolites - show a
basic composition, with low to moderate $i@5.5-52.2 wt.%) and AD; (12.5-16.1 wt.%) and moderate to
high contents of MgO (5.8-9.5 wt.%) and,Bgt (9.6-17.4 wt.%). Although there is a wide dispamsn CaO
contents (9.2-17.4 wt.%) in comparison with MORPBédyreference values (Gale et al. 2013) (Fig. 9, th
rocks with values > 14 wt% are those that are béin@ibeir Mg number (Mg# = 100 * molar MgO/ [MgO
+FeqQ)]), an index of fractionation in basaltic liquidwe between 47 and 69. The average total alkateabn
(NaO + K,0) is around 2.1 wt. % (only one sample exceeds, 3%ich is lower than the MORB average
values. Conversely, most of the hornblende-beaaimphibolites have TiDcontents lower than 2 wt. %,
similar to the MORB reference values (Gale et @l 3).

The rocks exhibit high Cr/Th (>50) and low Th/LaD(¥5), together with low Zr/Ti ratios (<0.02) wildwv
Ni contents (<250 ppm) (Fig. 4b), suggesting adasigmatic precursor rather than a sedimentaryiittot
All the hornblende + biotite- bearing amphibolitedaschists exhibit a similar trace element pattard low
REE total content. Most of them show low Zr/Y (<4.8i/Y (<350) and La/Nb (<2) ratios, similar toeth
MORSB reference values.

Chondrite-normalized rare earth element (REE) spiden (Boynton 1984) of the metabasites and schists
show a gently sloping to flat pattern, commonlyhafta/Yb)y ratios between 0.5 and 2.8, (Eu/Ybptios
between 0.8 and 1.2, and weakly negative to pesitiferred Eu anomalies (Ey((Shen*Tben)*0.5) =0.74—
1.14) (Figs. 10,11). Indeed, REE concentrationsbateveen only 10 to 20 times higher than the chitodr
values. Therefore, the flat REE patterns would appe preclude significant crustal contaminationttod
parental magmas of these amphibolites. Two sangfldbe clinopyroxene-bearing amphibolites exhibit a
higher REE content (>200), steeper slope in chtmahormalized REE plot (La/Yb>10), and TLi©ontents
over 2 wt.%, suggesting that they may be cumul@ieshaps with a higher proportion of clinopyroxee
ilmenite?) in the ancient protolith.

In N-MORB and Primitive Mantle (Sun and McDonoughB8®9) normalized multielement spidergrams, the
selective enrichment in some LILE (Large lon Lithdp Elements such as Cs, Rb, Ba, and Th, and Pb -
although the latter is here mostly related to theérbthermal fluid alteration) and, to a lesser aktén light
REE (La, Ce, and Nd) and depletion in fluid-immebHFSE (High-field strength elements; Nb, Zr, Ed, H
and Tb) (Fig. 11a and b) are observed. Howeveretinehment in LREE relative to HREE is up to foones

E-MORB, but their chemistry would not representsihocof melts. Moreover, the patterns of immobile
elements relative to the N-MORB show negative Nloraalies characteristic of phase-fractionation in
subduction-related magmas (Saunders and Tarney).1979
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5.1.2.Gneisses and leucogranites

Silica values vary between 69.05 and 70.9 wt. %tha gneisses, whereas in the gneiss-hosted
leucogranites (leucosomes?) contents are higher TBawt. %. Similarly, compositions of the formeea
“granodiorites” ( 4.7 <kD+NgO< 6.0 wt.%), whereas the latter are “granites? (8K,0+NgO< 7.9 wt.%)
in the TAS diagram (Cox et al., 1979). They areraberized by high contents of /at+MgO (7.08-8.28
wt.%) and low TiQ (0.7-0.9 wt.%). The gneisses are strongly peraloms with ASI values ranging from
1.27 to 1.39.

Leucogranites are peraluminous with alumina satmatindices ASI and A/CNK (molecular
Al,Os/CaO+NaO +K,0, with or without CaO corrected for apatite) bedwel.21 and 1.39 (typical A/ICNK
(3.87-5.11 wt.%) concentrations with strong vaoas in NaO and CaO. Total F®; + MgO is <5%. These
concordant leucogranites have K (atomic calculaed00% anhydrous base) between 0.08 and 0.09 and
Ca/(Ca + Na) between 0.11 and 0.24, Fe+Mg betwddhdhd 0.07 contents, similar to those of expentale
S-type melt compositions generated between 7759808C from the melting of metasedimentary starting
materials (compilation in Taylor et al. 2014).

The gneisses have a roughly steep REE pattern (WefiYb)N ratios ranging from 6.2 to 10.7,
(Eu/Yb)N ratios between 1.1 and 1.5, and negatiferied Eu anomalies (EUCN/((SmCN*TbhCN)"0.5)
=0.50-0.71). In contrast to the gneisses, leucdgsrhave lower total REE (>170 and >156 ppm,
respectively). In the MORB-normalized trace elemplots (Fig. 9) all the gneisses exhibit signifita
enrichment in LIL elements, e.g. Cs, K, Rb, Ba, Bbt relative depletion in Sr and high field strémg
elements (HFSEs, Nb, Ta, Ti) and P.

5.1.3.Santa Rosa diorites

The Santa Rosa intrusion is composed of mostly foneheed magnesian calk-alkalic diorites (Fig.7atn).
comparison to the amphibolites and amphibolitidsshof Mina Gonzalito Complex, they are richerSi®,
(58.7-60.3 wt.%) and poorer in &t (7.9-8.6 wt.%), MgO (4.3- 4.9 wt.%) and CaO (8.8-wt.%). Alumina
contents are around 15 wt.%. The diorites are metialous with ASI values in the range of 0.87 ar@b0.
and phosphorous content between 0.34 and 0.41 Wh#NaO/K,O ratio shows little variation, from 0.85
to 1.1, but their high potassium content, togethigh the high Th (9-11 ppm) and Co (21-25 ppm) eoitd,

The Santa Rosa diorites have a higher REE cortdf®0( ppm) and very different patterns on a choadrit
and N-MORB-normalized diagrams in comparison witheo rocks of the complex (Table 1). Typically they
are moderately enriched in LREE ([La/Yb]N=7.25-10k. 5) and show concave-like middle to heavy REE
pattern ([Eu/Yb]N =1.7-2.0; Table 1).

5.2 P-T modelling

We used the whole-rock XRF bulk composition of feamples to assess their equilibrium conditionsgusi
Theriak-Domino. The results obtained herein shdwddconsidered as strictly preliminary since oudgtu
lacks a reflective microscopy study and EPMA mihemmposition data to study potential missing méther
phases (i.e. inclusions) and mineral zoning (ineplaibole; plagioclase).

¢ Sample 31/32-3 (Las Tres Marias mineshaft; northwieas an interpreted mineral assemblage of

clinopyroxene + amphibole + titanite + ilmenite lagioclase + quartz. Using an¥eontent of 20%,
this field occurs on the diagram at 650-730 °C a&r@i kbars (Fig. 12b). This field is limited by the
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solidus up temperature and the stability of ilmerihd titanite (both are observed in the sampighel
Fe** content is varied (reduced to 10% E&upplementary material B; figures C,D), then Stibility
field occurs at 3-4 kbar and 680-730 °C and istéchiby the loss of quartz at low P, and ilmenitd an
titanite at low temperature and high temperatuspeetively (Supplementary material B, figures C, D)
If the amount of F¥ is increased, quartz stability increases downspresbut the position of the peak
field in terms of temperature does not change. Mbeelling for this sample indicates the presence of
biotite, which was not observed in the sample. Thleulated mode of biotite is quite low (<5%) and
potentially its inclusion is a result of includipgtassium in the modelling.

¢+ Sample P8-2B (Gonzalito mineshaft; eastern sedtthieoblock) contains clinopyroxene + amphibole +
titanite + ilmenite + plagioclase + quartz + apatbince apatite cannot be modelled, the total amwoiu
CaO was reduced by approximately 4 wt.% correspantti the 2-3 % apatite observed within the rock.
A T-MCaO diagram was calculated to evaluate the effeceroving the apatite (see supplementary
material figure E). The main observed effect isramease in the stability of quartz up temperaané a
reduction of the stability of biotite above theidak. A T-MFe,0; diagram was also calculated (see
supplementary material figure E), which suggestetir@ad range of acceptable values (with the
interpreted peak assemblage moving up pressurelovitr F€* values). Using a value of 30% of ¥e
(Fig. 12c), the interpreted peak assemblage oa@ué&0 to 720°C and 1-3 kbar and is limited at high
pressure/low temperature by the loss of titanitd ahlow pressure/high temperature by the loss of
ilmenite, and high T by the presence of melt (E2L).

¢ Sample 20-4 (Gonzalito camp; east) contains therpnéted assemblage amphibole + plagioclase +
ilmenite + biotite + quartz. Late chlorite replad@stite and plagioclase is sericitized. A P-T d&g
was calculated for this sample using 1098'REig. 12d). On this diagram, the peak assemblagers
at 550-720 °C and 1-3 kbar and is limited by titarin at higher pressure, clinopyroxene-in at high
temperature and the presence of a second amplalbdtev temperature. A-MFe,0; diagram was
calculated to observe the effect of *Feconcentration on the position of the peak fielebe(s
supplementary material figure H). If £ds increased, the peak field occurs at lower presswith a
maximum pressure of 3 kbar if all the iron i$Fesee supplementary material figure H).

¢ Sample 22-3 (Puesto El Panchito; central sectorjtagmss the mineral assemblage amphibole +
plagioclase + titanite + ilmenite + quartz. Simjato sample 31/32-3, the peak assemblage occuys on
with biotite. However, the modes of biotite arecalery low (<2%). The interpreted peak assemblage
with biotite occurs at 2.5-3 kbar and 550-700 °Cad®-T diagram with 100% Ee(Fig. 12d). This field
is bound by ilmenite and titanite stability at highd low pressure respectively. If the amount df i
increased (supplementary material figures | andhé)Jocation of the peak field moves down-pressure
but the temperature stability range does not chafigs. 13). If F& is increased by only a small
amount, for example to 10% Fe3+, then clinopyroxstadility increases and the interpreted peak field
occurs below 2 kbar (see supplementary materiatdig| and J).

A Venn diagram (Fig. 13) is used to place furthemstraints on the pressure and temperature consliby
overlaying the peak fields of all the samples. $tability field of the metamafic rocks is roughlgtienated
between 550 and 730 °C and below 4 kbar. We consitese results as initial calculations of the P-T
conditions since this study lacks mineralogical positions nor the full composition of the opaquag#s. It
is clear from the diagrams of Figures 12a-d thatghesence of ilmenite in the metamorphic asserablég
decisive in lowering the maximum pressure down tddr. Therefore, until we can confirm the preseoice
ilmenite with EPMA, we consider 4 kbar to be thelpninary estimation for the peak pressure condgio
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6. Interpretation and discussion
6.1.Characterization of the main protoliths of the MiGanzalito Complex

The lithological assemblage involved in the Minan@alito Complex includes quartz- biotite schists,
quartz-biotite-plagioclase gneisses, granitic aytfesses, metamafic intrusive rocks, minor ampitiml
(with mafic and calcsilicatic protoliths), and sublimate carbonate rocks. The metamafic intrusiviesuvere
intruded along the S1 or S2 foliation developethmpara and ortho-derived schists and gneissi®dflina
Gonzalito Complex and subsequently folded. Giac¢$887) proposes a wide distribution for the
amphibolites and indicates that the presence gisitie in the west of block (close to Tapera plutthat
coincides with the area of higher metamorphic gragtanitic injection and deformation in the blodh.
addition, the latest cartography of the Mina GoitadlGonzalez et al. 2008b; Gonzalez et al. 2014jliese
et al. submitted; this study) reveals that the agtieisses and synkinematic leucogranites outcrogtlynim
the western sector of the block, where they doreirater the sedimentary-derived gneisses. This would
suggest a higher-grade metamorphism in the weatiththe east. Our study could not perform a syate&
work on the para-derived rocks in order to provég@ence for the increase of the metamorphic gtadke
west. However, we show that the presence of metameadtoliths (i.e. banded and massive) are wideesgr
from the west to east of the block, but probablgattered given their lower volume and considerable
dismemberment due to the intense and repeatednda&tional events during the Permian, Triassic and
Jurassic times.

Hereafter, the Mina Gonzalito Complex is reintetpde as having a larger proportion of (mafic to
intermediate) metaigneous protoliths than previpysioposed. Several of the metamafic rocks show a
transitional variation from banded metamafic rodthwdiopside layers to more massive levels with enthian
50% of clinoamphibole and limited quartz. We intetpthe banding as an igneous inherited featurbapsr
enhanced by the recrystallization and deformatiat bccurred during or just after emplacement. Bnyn
localities, metamafic rocks show no record of siipposed deformation, suggesting that the mica-hicst
(Mina Gonzalito gneiss) could have absorbed therd®ition. The protoliths of igneous metamafic roaks
interpreted to be dominated by epizonal rocks oflly basaltic/ gabbroic composition. It is notethgrthat
there are no high-Mg rocks identified within thejgence.

6.2. Petrotectonic setting of the protolith

Following the proposals of Greco et al. (2017) &whzalez et al. (2018), the protoliths of the Nahue
Niyeu Formation and the Mina Gonzalito Complex wemestly associated with a fore-arc tectonic
environment with development of a back-arc basirere@hthe El Jagielito Formation, located to the east
(present coordinates), would have been formed.ofollg these proposals, the Early to mid-Cambrian
magmatic arc would be represented by the I-typeld@ro granodiorite orthogneiss (Pankhurst et al420
and the Ordovician tectono-metamorphic event woialde affected both basins synchronously at caM&.2

Major, trace and rare earth element data indicas¢ the metamafic rocks are dominantly basaltic in
composition with wide variations in MgO contents3(59.4 wt.%) and Mg# values (Mg#=100xMg(Mg**+
Fe2, ) between 47 and 69, but a very restricted,Qi@htent, between 45.2 and 52.1 wt.%0OKcontents are
very low (<1.2; in samples with low LOI) and 58,/TiO, ratios are high on average. In addition, these
metamafic rocks are characterized by relative rmant in LILEs and pronounced depletion in HFSEg.(e
Nb, Ti, Zr, and Hf) (Fig. 11), suggesting that tlneagmas experienced fractionation and moderate
involvement of crustal contamination in the magroarse. These geochemical features suggest that thes
rocks could have been formed either as mid-ocedgerbasalts (MORB), island-arc to transitional hasa
(IAT), or in a continental rift environment.
basalts and is lower in environments where ocebagalts and transitional basalts are producedhén t
metamafic rocks of the Mina Gonzalito Complex, tha/Yb)y ratio ranges from 0.5 to 2.7, except for the
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continental extension or incipient rifting as hayia Th/Ta ratio >4. This ratio is below 2 in thetamafic
rocks from Mina Gonzalito, and characteristic oé tisland—arc-type rocks. Therefore, the geochemical
characteristics of these rocks would not be corbfmtiith a continental rift environment.

within-plate basalts. The Ti/V average ratio foe thetamafic rocks of Gonzalito Mine is below 25thativo
outliers, samples PG6 and P8, that were interprietdie cumulates (Figure 14a). The samples shouesal
that correspond to those associated with magmaticcaMOR and back-arc basalts. In Figure 14b, @ tw
other trace-elements relations, such as 2*Nb, arid Y, (Meschede 1986) and La/10, Y/15 and Nb/8
(Cabanis and Lecolle, 1989) triangles also sugtpastthey have a volcanic back-arc affinity. Assognihat

the crustal input in arc magmatism can be proxiét e Th/Yb versus Nb/Yb (Fig. 14d), as propobgd
Pearce (2008), the metamafic rocks of the MGC hitted above the mantle array, suggesting they are
mantle derived and have experienced magma-cresaition.

Moreover, when several incompatible element rasiosh as Zr/Y (1.9-3.2), Zr/INb (>14), ZrlY (<3.2),
Nb/La (<1), (CelYy (0.6-1.7), Na/La (0.4-1.0) are compared with MQRBet basalt, ocean island basalts and
high-alumina calc-alkaline and island-arc tholaijtthe metamafic rocks of Mina Gonzalito are manalar
to those of transitional between the Normal tohgligenriched MOR and island arc-type subductidatesl
basalts (see table in the Supplementary material B)

Gribble et al. (1996, 1998) suggested that theotéctenvironment, which not only may produce MORB-
like basalt but also may produce arc volcanic-lik@salt signatures, is a back-arc basin. Therefoee,
interpret that the protoliths of the metamafic rogkere emplaced in a back-arc tectonic setting.

6.3. Interpretation of the P-T phase diagrams

The studied samples have high variant assemblage#ting in large fields on the P-T diagram. Alet
samples must have experienced the same metamoephit and come from closely spaced locations.
Therefore, it could be possible to use their vdeialmmpositions to further constrain their P-T dtinds. In
Figure 13, the peak fields of all these sample tmen overlaid in a Venn diagram. The presendeehite
and titanite in samples 31/32-3 and P8-2B congr#ie temperature to 650-730 °C, and all the sample
indicate low pressure (between 1-4 kbar). The fitbteavould likely be (hornblende) gabbros, implyiag
water enriched magma and suggesting lower than M@OfRBtallization temperatures. These temperatures
within the range of calculated temperatures for tbesquilibration. Textural evidence indicates thia
composition of the metamafic rocks would not haweerb very reactive to metamorphism and only
recrystallized in a few cases (dependent on degfrdeformation and presence of®).

Altogether, the results of the pseudosections @vaulggest low pressure (less than 4 kbar) and
intermediate temperature (640-730° C) conditionmmatible with emplacement and recrystallization of
water-rich gabbroic intrusions within the Mina Gatito Complex. These conditions may not correspiond
those of the garnet-biotite paragneiss, which hasbeen the subject of a metamorphic study butbiess
suggested to have achieved higher-P conditions {8en et al. 2008b). Indicating that the low P hieigT
conditions of the mafic rocks may have developedrathe higher-P amphibolite facies conditionsedadat
~472 Ma (Pankhurst et al. 2006). This anticlockwés@lution would also be consistent with a back-arc
tectonic setting, however this interpretationse®lon further P-T modelling of the gneisses andssclof
Mina Gonzalito in order to confirm their peak caimatis and is a forthcoming step to understand the
metamorphic history of the basement.
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6.4. Timing of the sedimentation, metamorphism,madigm and deformation and favored chronology

Despite the limited outcrops of metamafic rocks,tageanites and gneisses in the Early Paleozoic
basement of the North Patagonian Massif, theirimrigvolution and tectonic significance are keyeasp to
complete the puzzle of the evolution of northernaBania and support evidence in favour or agaimst t
plethora of hypothesis regarding its origin. Pregigeochronological data states that the metanmpdak
(M1 or M2) was recorded at 472 £ 5 Ma (U-Pb SHRIM®2ircon; Pankhurst et al. 2006) in a biotitergr
paragneiss around Gonzalito mine. More recently,afje of the metamorphic peak was further confirmed
another paragneiss located 7 km to the northwest of the Mina Gonzalito mird{2 Ma U-Pb zircon LA-
ICP-MC; Greco et al., 2014). The depositional ametlie protolith of the paragneiss should be yourigan
518 + 6 Ma according to the ages of the inheritecbn cores reported by Pankhurst et al. (2006]. (E#).
Comparable maximum depositional ages, between 5iD %5 Ma, were obtained in the low-grade
metaclastic protoliths of the Nahuel Niyeu Format{Greco et al. 2017; Pankhurst et al. 2006; Rapetial.
2013) and in the metaigneous layers interlayereadinvithe El Jagielito low-grade metasedimentarksoc
(Gonzélez et al. 2018). However, the presence ahmerphic enclaves of El Jagielito Formation in the
granites and tonalites of the shallow crustal P@itara Plutonic Complex, accurately dated at 47 Ma
and 475 £ 2 Ma, implies that the metamorphic evenbrded in the El Jaglelito Formation (M1) must be
synchronous or older than the age of the magmatic#r muscovite dating of a hornfels in El Jagielit
Formation (post-M1) yielded 459 + 9 Ma. Therefateyould reasonable that the metamorphic event (M1)
could be older than that registered in Mina Gonaali

The Early Ordovician age of the metamorphic pealbiotite-garnet gneisses in the Mina Gonzalito
Complex (i.e., M2?) was obtained by Pankhurst et(2006) from the rims of inherited zircon grains,
assuming that these rims were produced during dfita facies metamorphic conditions. This age s
with that of the Pefias Blancas granite dated at#Z1Ma with U-Pb zircon SHRIMP dating (Garcia &t a
2012) close to Gonzalito mine (Fig.2). This plutbosts a peraluminous, garnet and muscovite bearing-
granite facies compatible with those generatedatigld melting of metapelitic rocks.

Varela et al. (2011) dated several acidic orthaveer rocks within the Mina Gonzalito Complex not fa
from Puesto Dragdn, obtaining a U-Pb SHRIMP crjigttion age of 492 + 6 Ma for the crystallizatioha
granodioritic orthogneiss and a Rb-Sr cooling agdgulated with a composite WR, biotite and K-fplas
isochron that yielded 257 + 4 Ma, suggesting that &ge corresponds to a Permian episode of dafam
or metamorphism (Varela et al. 2009) (Fig. 14). @woeely, in the surroundings of the Mina Gonzalito
mineshaft they obtained a Rb-Sr cooling age of 4529 Ma (WR-mineral isochron) from of a foliated
leucogranite (e.g., “tonalitic gneiss” from Varetal. 1997). This observation allowed Varela e{2011) to
propose a dual cooling evolution of the complefaster (Ordovician) exhumation-time path for thetemn
portion and a slower (Permian) trajectory for tresternmost part.

Metamafic lenses in the MGC are mostly metaigndmdies that were intruded alongd®® S developed
in the para and ortho-derived gneisses of the MBpazalito Complex and subsequently deformed, having
variably experienced the effects of.D Having no evidence of high grade paragenesismtamorphism in
the metamafic rocks would be evidenced by rectyatdion and re-equilibrium of the magmatic paragmgs.
Thus, their protoliths were not quite different mmineralogical composition from the original rocke.j
hornblende gabbro. Even though there are no aesafjes for the metamafic rocks, the absence ludrantal
aureole, the large grainsize of the intrusions tedfact that they are folded together with thaisthduring
D,.2 suggests that the protoliths of the metamafiksogornblende-gabbros) intruded within an already
metamorphosed and deformed (4D,,1) metaclastic and metaigneous package of the NHoazalito
Complex. Gonzalez et al. (2008b) interpreted “aitmplite layers” intercalated in the paragneissed an
schists of the Mina Gonzalito Complex as pre-kintenanafic igneous flows, and also considered ttaam
the higher metamorphic equivalents of the sills tadlava flows of the Nahuel Niyeu Formation. Rebe
Greco et al. (2015) obtained a set of U-Pb zircgesaof a “(...) metagranite differentiate of a
metagranodiorite facies of a metagranodiorite-gafotiorite composite sill (...)” interlayered with tidahuel
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Niyeu Formation close to Aguada Cecilio (50 kmhe North of Mina Gonzalito). These authors consder
the metagranite as an situ magmatic differentiate product from a gabbroic @ig. 14) and calculated a
concordia age at 513.6 + 3.3 Ma, equivalent tontlagimum depositional age of its host (~515 Ma; Gret

al. 2017). These authors further proposed thatithiag of the Q-D»-M; tectonometamorphic event in the
Nahuel Niyeu Formation is constrained between thaplacement of these sills and post-D2
microgranodiorite dikes. The microgranodiorite dikeould belong to thePunta Sierra Plutonic Complex
(crystallization age ~476 Ma; Pankhurst et al. 20/6to the Late Permian plutonic complexes, agestgd

by the K-Ar biotite age of 257 + 7 Ma of Varelaadt (2001). Further evidence is found in the Vatahguton
that clearly intrudes the already metamorphose#sraf Nahuel Niyeu Formation in Valcheta area, and
whose mica Ar-Ar and K-Ar cooling ages are bracidbetween 470-450 Ma (Lépez de Luchi et al. 2008;
Tohver et al. 2008; Gozalvez 2009).

Therefore, the BD,-M; tectonometamorphic event in the Valcheta to Agu&agilio area can be
constrained between the crystallization age asdigoethe “granitic differentiate of mafic sills anble ca.
470-450 Ma cooling of the Valcheta Pluton (Fig. .13@veral younger highly concordaitPb?*®U ages
between 487 and 450 Ma obtained for the graniffedintiate were interpreted as a product of Pb thse to
coeval metamorphism and deformation-{D, M,). A review of the dataset of Greco et al. (201f&)ves the
calculation of a younger concordia age for the igeasill at 460.8 + 3.6 Ma (N=4; MSWD 0.15 and coonm
Pb< 2%). This age is more consistent with the fact thase coarse-grained rocks require burial bafwren
situ melting of the host rock could occur. Dehyanatmelting reaction of the host could explain #€l5 Ma
inheritance within the “granitic differentiate”.

Combining the evidence in the Nahuel Niyeu Formmatod the Mina Gonzalito Complex, we infer that
the metamafic rocks of the Mina Gonzalito Comple& aquivalent as already suggested by Greco et al
(2015) but their magmatic crystallization age shdut Ordovician The onset of widespread intrusizdic
and ultramafic bodies (i.e. peridotites; Grecole@15) within a shallow crust as, perhaps, thetsmf the
Early Ordovician magmatic arc would explain ther@ase in the thermal gradient and high T/P conitio
and possibly, a partial melting event affectingabably already M1-metamorphosed complex.

Further folding and local dynamic retrogression #adting would have occurred during the onsethaf t
Permian, Triassic, and later Jurassic shallow méigma(i.e. Paileman Plutonic Complex and Trenetd an
Marifil volcanic complexes)

We recalculated a WR Rb-Sr isochron built with datleen out of a small dataset of metamafic rocks
(amphibolites) from Tres Marias mine and Gonzatiimes (P30-5; P11-1; P5-3; Aragbn et al. 1999h) tha
yielded 267 + 13 Ma (MSWD 0.008; probability 0.98)ing the Model-1 solution of Isoplot 4.15 (Ludwig
2000). The initial®’SrP°Sr ratio calculated out of the isochron (0.7001D.8013) is lower than values
expected for the Depleted Mantle, suggesting tiathta is showing a disturbance of the Rb-Sr sysither
than a primary cooling age.

The Rb-Sr cooling age for the metamafic rocks (e265 Ma) is within analytical error of other Late
Permian cooling ages in the area, such as the agjea-of the Tapera Granit®Ar/*°Ar biotite of 264 + 2
Ma; Grecco and Gregori 2011) and the Maria Terasai@ (°Ar/**Ar muscovite of 261 + 2 Ma; Grecco and
Gregori 2011) and its hosting paragnei$¥-'°Ar biotite of 266 + 10 Ma; Llamas 1995). Our field
observations agree with those of Giacosa et aB3),%oth granite plutons are deformed concordaniti
the large-scale structure of the metamorphic Hastthey do not produce a thermal aureole in thesting
gneisses. An identical age interval (260-265 Majrahite emplacement is given in the Tembrao ri88rkm
to the North of Mina Gonzalito, where the Pailenfantonic Complex (Giacosa 1993) intrudes the rexditei
bearing schists of the Mina Gonzalito Complex patdab the Sn+1 (synkinematically). Crystallizatiand
mica-cooling ages of the synkinematic Arroyo Tenobgeanodioritic orthogneisS Ar/*°Ar biotite of 266 + 2
Ma; Grecco and Gregori 2011, unpublished data)adredN-S vertical undeformed aplopegmatitic dyk{
“OAr muscovite of 264 + 6 Ma; Lopez de Luchi et 8008) that cuts across the host rocks of both theyar
Tembrao Granodiorite and the Paileman Granite cainsthe emplacement and D3 deformation as Late
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Permian (as observed earlier by Greco 2015 in theada Cecilio area). The aplopegmatite dyke swarm
(260-255 Ma) is notably undeformed and crosscutsSh+1 deformation of the basement. A NNW-SSE
trending vertical muscovite-bearing aplopegmatiggedswarm can be tracked from Tembrao river to the
centre to the Mina Gonzalito area. Another piecsignificant evidence in this puzzle are of twongdes of

an undeformed pegmatite dyke taken from La Leonzen® km to the NE of Mina Gonzalito camp, whose
muscovite grains are aged 249 + 9 M&{*°Ar on muscovite; Genovese 1996). Remarkably, Arroyo
Tembrao granodiorites contain metamorphic enclasfeshe host, suggesting that the Sn+1 penetrative
structure, and possibly thermal reheating, mightehaad ended bga. 250 Ma. The larger analytical spread
of the Late Permian mica cooling ages, particuldhnly biotite ages, is partly attributed to reheat{and
opening of low-temperature isotopic systems) andrdijpermal alteration of the basement during the
intrusion of the Paileman Plutonic Complex, andeptitilly also related to the exhumation of the weaspart

of the Mina Gonzalito Complex where most of thegesaare recorded.

In contrast with the granitic synkynematic Mariardsa and Tapera plutons, the body of the Santa Rosa
Diorite crosscuts the biotite-muscovite gneissethefMina Gonzalito Complex. The pluton does naivsh
significant evidence of penetrative deformationcegt close to the decameter scaled S-C shear zones
(probably D3 or D4 of Gonzélez et al., 2008b). Hasmta Rosa pluton remains undated. However, théedio
can be assigned to be Permian based on its plausibirelation with the more mafic terms of the
granodiorites of the La Verde pluton (Giacosa 1®Tsteros et al. 1998; Garcia et al. 2014), oufmrap25
km to west of Estancia Santa Rosa, and 12 km tee#seé of Los Berros. Both intrusions display idesiti
petrographical (hornblende-biotite and accessonenalogy; the presence of mafic microgranular erady
geochemical (slightly negative Eu/Eu* anomaly, @arga/YbN ratios >7) and structural (undeformed)
features. La Verde pluton is dated at 261 + 2 M&b zircon SHRIMP; Garcia et al. 2014).*%-“°Ar
cooling age of biotites from the same body deteedhithat the system cooled at 253 + 9 Ma (Busteras. e
1998). The La Verde pluton was correlated withghenodiorites and granites of the Navarrete (283123;
Martinez Dopico et al. 2017; Pankhurst et al. 2086J Yaminué (260-245 Ma; (Chernicoff et al. 2013;
Martinez Dopico et al. 2017; Pankhurst et al. 2Qqdld)onic complexes outcropping to the north anunfag,
together with the Paileman Plutonic Complex, theelRermian to Early Triassic magmatic belt of thatN
Patagonian Massif (Ramos, 2008).

Overall, the cooling age homogeneity indicates thatthermal effects of Permian igneous activityeve
localized, typical of higher crustal levels, wheseae homogeneization in the wake of crustal timicigeand
thermal relaxation would have been expected toromlaung the fault and shear zones.

Therefore, we can conclude that the tectonometamomgvent (M2) affected the basement of the Mina
Gonzalito Complex occurred during the Early Ord@cproducing high T/P metamorphism, partial meltin
and intrusion of bimodal magmatism, with gabbrosSttype granites. Another significant thermal eyent
represented in the Gonzalito area by the Santa Rawite, affected the crust during the Late Permad ~
260-250 Ma causing magmatism and deformation irugher crustal levels, as recorded in the norteeast
North Patagonian Massif (Lépez de Luchi etirapress.

7. Final consider ations

e The majority of the metamafic rocks of the Mina @Galito Complex show a variety of textures
compatible with a mafic igneous protolith such asanblende-gabbro or hornblendite. Three main
paragenesis were found: diopside + clinoamphibgiagioclase; clinoamphibole + plagioclase; and
clinoamphibole + plagioclase + biotite. They arstrilbuted throughout the complex, from the Maria
Teresa mine in the west to the Gonzalito mine camtpe east.

« Geochemical data suggest that the metamafic roek& Hransitional chemical characteristics
between MOR basalts and island arc tholeiites. Thisly proposes that the protolith of the
metamafic igneous rocks was emplaced in the magraatidomain, probably in an intracontinental
back-arc basin.
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« Even though the age of emplacement of the metarpaditoliths has not been yet constrained, we
suggest that their emplacement would be occurreidr abr during the 472 + 5 Ma
tectonometamorphic event.

e The peak conditions of M2 can be reconciled withigh-temperature event (up to 730 °C) brought
to this crustal level by the metamafic intrusioesplaining the partial melting in the biotite-bewyi
schists though biotite-dehydration melting reaction

e Santa Rosa Diorite shows different geochemical attaristics compared to the metamafic rocks
interlayered within the Mina Gonzalito Gneiss amdigably is Permian in age.
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Supplementary material C

Subduction related- basalts* Average MORB **
Mina Island-Arc  High-Alumina and
Gonazalito Tholeiites Calc-Alkaline N-MORB D-MORB E-MORB OIB ***
Basalts
Ba/zr 0.5-2 5 7.50 0.19 0.12 1.14 1.25
Ba/Nb 17- 49 157 214 5.41 4.75 7.35 7.29
Ba/Ce 3.4-13 30 13 1.58 1.14 4.92 4.38
La/Nb 0.5-2.7 1.86 7.14 1.16 1.30 0.70 0.77
Zr/Nb 14.2-31 31 29 28.15 38.58 6.45 5.83
Zr/Y 1.9-3.2 1.80 2.70 3.07 2.79 4.14 9.66
(Ce/Y)N? 0.63-1.7 1.20 3.50 0.22 0.17 0.55 6.38
Sm/Nd 0.2-0.3 0.32 0.35 0.25 0.26

*Sun (1980)

** Gale et al. (2013)

*** Sun and Mc Donough (1989)

! Normalized values to Chondrite of Thompson (1980), Ce = 0.865 and Y 2 ppm

Figure Captions

Figure 1. Location of the studied area in nortHeatagonia and geological sketch of the Mina Gotwaliea
and surroundings (modified from Martinez Dopic@et2011).

Figure 2. Geological sketch map of the Mina Gonaarea showing the all the samples analized & thi
study. Based on Busteros et al. (1998) and Gonzidlal. (2008b).

Figure 3. View of the outcrops of Mina Gonzalitoraex. a) Contact between the amphibolites and the
biotite schist; b) Detail of the texture in the fii® schists taken from outcrops to the west of £adito
mineschaft; ¢) Detail of the amphibolite exposuwiese to Puesto El Panchito.

Figure 4: Photomicrographs of the representatixtites and features of the biotite bearing sclubthe
Mina Gonzalito Complex with plane (left) and crasggght) polarized light. a) Texture of a scHmtated at
Puesto Dragén (2 km to the south of Tres Mariag)niNote the red to yellow pleochroism of bioti;
Texture of the schists close to El Panchito (?)) 8ample ASR-1 Porphyroblastic texture with larggsstals
of plagioclase embedded in a lepidoblastic matfia gneiss of Estancia Santa Rosa.

Figure 5- a) Photomicrographs of the representa¢ixeires and features of the metamafic rocks@Mima
Gonzalito Complex a) amphibolite of north of Pudstdanchito (P35) with plane (left) and crosseght)
polarizers showing nematoblastic texture; b) amplitdo of Gonzalito mine schaft (P9) with plane pdars
showing granoblastic blastic texture; c) Massivehitolite taken from a section of a sequence ofamefic
rocks in Polito mine schaft that grades into dpaded amphibolite with lighter bands with plagieeland
diopside.

Figure 6. Photomicrographs of the samples usethéothermodynamic modelling with plane (left) and/o
crossed (right) polarized light. a) Banded ampliibdtom Tres Marias Mine (locality P31/32-3); by&se-
grained nematoblastic texture in an amphibolitenflokm to the east of Mina Gonzalito mine camp (dam
P20-4). Note the reddish-brown to yellow pleochroif the hornblende crystals and the absence afzjua
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¢) Granoblastic texture of metamafic rocks fromthaf Puesto El Panchito (P22), note the greeigt |
green pleochroic hornblende.

Figure 7. Santa Rosa Diorite. Photomicrographs piime (left) and crossed (right) polarized lightre
representative textures and features of the dgiiete the difference in the grain size. a) The-fjrained
equigranular texture from sample ASR-2; b) Mafigstérs with green to dark green clinoamphibole plus
yellow-brown biotite and opaque minerals; ¢) Woaxttire in clinoamphibole and pyroxene cores -noge t
quartz exsolution after pyroxene-amphibole hydratieaction.

Figure 8. Geochemical classification of the samptexks of Mina Gonzalito Complex and Santa Rosa
Diorite a) Total alkali versus SiO2 (Cox et al. 99;/b) AFM diagram of Miyashiro (1974); note the
differential trend for the metamafic rocks; c) 2R versus Nb/Y plot of Winchester and Floyd (19MN)te
the spread in the acidity of the rocks, the diffieeebetween the subtypes and the subalkaline itiolei
affinity for the metamafic rocks.

Figure 9. Variation of selected major elements esi(5i02, Al203, CaO, K20, P205, FeOt, Na20) and Ni
and V versus MgO (%). The grey diamonds corresportde D-, N- and E-MORB compositions of Gale et
al. (2013).

Figure 10. Chondrite normalized REE diagram for gl@sifrom the Mina Gonzalito Complex (metamafic
rock with pyroxene —top left-, metamafic rocks witbrnblende and/ or biotite —top right-, paragresssnd
leucogranites —bottom left-) and Santa Rosa Didgbitgtom right). The normalizing chondrite REE \ediare
from Boynton (1984). At the top, the D-MORB, N-MORBd E-MORB from Gale et al. (2013) are
represented with dark grey, grey and light greyraiads, respectively.

Figure 11. MORB normalized trace element diagramns&mples from the Mina Gonzalito Complex
(metamafic rock with pyroxene —top left-, metamaficks with hornblende and/ or biotite —top right-,
paragneisses and leucogranites —bottom left-) anthSRosa Diorite (bottom right). The normalizin@RB
values are from Sun and McDonough (1989).

Figure 12. a) P-T pseudosection calculated baseldeowhole rock composition of samples a) ASR-1;
b)31/32-3; b) P8-2b; c) d) 20-4; d)22-3. T where ithterpreted peak field calculated with all ireanFse2+ has
bold outline and grey (light blue) colour infill.athp is clinoamphibole, all other abbreviations friiretz
(1989); The interpreted peak field has bold outlidamp is clinoamphibole, all other abbreviatiormsrf
Kretz (1989).

Fig. 13. Venn diagram with the interpreted pealdfdor all the samples.

Figure 14. Trace-elements-based tectonic envirohdisarimination plots a) The V-Ti/1000 diagram for
metamafic rocks (Shervais, 1982); b) The Ti-Zr gibPearce (1982); and ¢) Nb-Zr-Y diagram appliedthie
distinction between mid-ocean ridge basalts andimental tholeiites from Meschede (1986). ); c)1G/
Y/15-Nb/8 triangle of d) Th/Yb vs. Nb/Yb of Peareeal. (2008) Note that the three independent petens
suggest that the metamafic rocks of Mina Gonza&itonplex have a volcanic arc to N-type MORBback-arc
affinity. Symbols as in figure 8.

Figure 15. Geochronostratigraphic chart of the nhaite Neoproterozoic to Paleozoic units and metaimor
and deformational events of the eastern North Baiag Massif. Acronyms: TO Tardugno orthogneiss
(Rapalini et al. 2013); PDP Playas Doradas pluBfBP Sierra Grande pluton; ASP Arroyo Salado pluton
(Pankhurst et al. 2006); EMP El Molino pluton (Gélez et al. 2008a); PBP Pefias Blancas pluton (&atci
al. 2014); PNP Navarrete pluton; ATP Arroyo Tembpadon (Tohver et al. 2008); LVP La Verde pluton
(Garcia et al. 2012); SMP San Martin pluton (Pangthet al. 2006). Refences in text.
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Table 1. Major and trace elements whole-rock gemited analyses. The samples are located in the
surrounding of Gonzalito Mine (MG), Tres Marias Mi(MTM), Puesto El Panchito (PEP), Polito mine shaf
(P), Estancia Santa Rosa (ESR) and close to thera&ranite main outcrops close to Puesto Dragé);T
See figure 2 for reference location.



Sample | PG 6- P 8-2B 31/32-3 | P9-2A P4-3 20-3 20-4 35-2 GOP1-4 | GOP1-3 | 15/16- 22-3 P 3/4 6a
Pique 11 1B

Rock Banded Banded Banded Hb (+Bt) Hb (+Bt) Hb (+Bt) Hb (+Bt) Hb (+Bt) | Hb Hb Hb Hb Hb

type metamafi | metamafi | metamafi | metamafi | metamafi | metamafi | metamafi | metamafi | metamafi | metamafi | metamafi | metamafi | metamafi
c rock c rock c rock c rock c rock c rock c rock c rock crock * crock * c rock c rock crock *

Latitude | 6538816 | 653901 | 6545352 | 6539018 | 6538974 | 6538687 | 6538584 | 6544948 | 653825 | 653825 | 6539719 | 6540609 | 6539011

(s

Longitud | 4119212 | 411904 4118411 | 4119125 | 4218943 | 4118897 | 4118907 | 4118368 | 411900 411900 4120362 | 4119042 | 4118909

e(9)w

SiO, (%) | 45.28 45.74 48.4 48 48.04 47.41 49.14 50.78 50.13 51.07 48.48 52.16 56.17

TiO, 2.87 2.39 0.82 1.3 1.11 2.14 1.05 0.61 1.45 1.37 1.47 0.64 1.71

Al,O; 14.28 12.48 15.42 13.78 12.99 14.26 14.77 14.63 13.6 15.15 16.09 15 14.3

Fe,03; 12.62 12.11 10.34 14.83 19.17 17.42 10.9 8.44 12.25 11.62 12.86 9.56 13.55

MnO 0.26 0.17 0.26 0.34 2.59 0.23 0.17 0.15 0.17 0.16 0.19 0.17 0.22

MgO 5.81 7.39 7.14 7.65 4,92 6.88 9.52 9.46 6.92 6.55 6.38 8.55 5.15

Cao 14.56 17.46 15.31 9.2 0.54 10.17 12.04 12.19 8.01 8.69 12.02 12.13 1.87

Na,O 1.15 1.12 1.43 0.64 0.09 1.3 1.13 1.1 0.62 0.83 1.25 1.23 0.46

K,O 2.31 0.79 0.55 1.87 0.88 0.52 0.63 0.38 1.82 1.21 1.14 0.51 4.88

P,Os 0.43 0.41 0.07 0.19 0.1 0.19 0.08 0.06 0.11 0.15 0.11 0.06 0.21

LOI 1.26 0.79 0.83 2.2 7.64 0.32 131 1.11 5.44 4.07 0.91 0.96 2.26

SUM 100.83 100.85 100.57 100 98.07 100.84 100.74 98.91 100.52 100.87 100.9 100.97 100.78

Au 15 <5 <5 <5 25 11 35 10 21 <5 <5 <5 <5

As 3 <2 <2 10 76 <2 <2 <2 8 4 <2 <2 8

Br <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1

Co 49 60 47 50 25 71 52 48 41 40 57 50 42

Cr 270 328 81 164 141 114 69 279 270 310 276 132 95

Cs 3.5 2.3 0.5 7.1 2.6 2.2 4.8 1.8 5.7 4.5 2.3 2.5 12.6




Hf 3.9 2.9 1.6 1.8 1.8 2.8 1.6 0.5 2 2 2.1 1.4 4.8
Hg <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Ir <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Mo <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Rb 91 <20 <20 103 53 <20 <20 <20 140 75 46 <20 209
Sb 0.6 <0.2 <0.2 0.4 3.2 <0.2 <0.2 <0.2 04 <0.2 <0.2 <0.2 0.5
Sc 22.6 18.7 41 46.2 37.2 41.2 47.5 39.5 41 40 43 41.9 32.7
Se <3 <3 <3 <3 <3 <3 5 <3 <3 <3 <3 <3 <3
Ta 3 2 1 <1 <1 2 <1 <1 <1 <1 <1 <1 <1
Th 2.3 2.9 2 0.6 1.2 <0.5 <0.5 <0.5 0.5 <0.5 <0.5 1 4.6
U <0.5 1.2 <0.5 1.9 0.8 <0.5 <0.5 <0.5 0.7 0.8 0.9 <0.5 1.1
W 44 143 102 66 44 230 107 146 <3 <3 144 145 101
La 22.9 27.6 8.2 4.8 5.8 7.1 7.8 3.9 4.4 4.2 2.3 4.9 18.6
Ce 49 55 19 14 13 20 20 12 13 11 9 11 44
Nd 26 26 10 8 7 15 12 8 9 <5 7 6 25
Sm 53 4.9 2.6 2.7 2.3 4.3 3.1 1.6 2.4 2.4 2.7 1.8 5.4
Eu 1.8 1.5 0.9 1 0.6 1.4 0.8 0.5 1 1.1 1 0.6 0.7
Tb 0.7 0.6 0.6 <0.5 0.6 1.1 <0.5 <0.5 0.6 <0.5 <0.5 <0.5 1.2
Yb 1.4 1.3 2 3 2.2 4.3 2.6 1.6 2 2 3.2 1.7 4.8
Lu 0.22 0.18 0.3 0.42 0.3 0.58 0.36 0.25 0.28 0.28 0.47 0.22 0.71
Cu 48 34 110 518 383 80 99 51 56 67 37 69 114
Pb 137 50 9 1231 2957 16 49 6 <5 8 12 6 30
Zn 300 204 82 4327 10888 132 109 68 114 110 100 62 175
Ag <0.4 <0.4 <0.4 1 1 <0.4 <0.4 0.7 0.6 <0.4 <0.4 <0.4 <0.4
Ni 142 244 76 88 104 100 102 114 76 73 101 86 53
Cd 1.5 2.6 <0.5 0.8 <0.5 0.7 0.9 0.5 0.7 0.7 <0.5 <0.5 0.5
Bi <5 8 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 6
Ba 337 186 181 188 72 93 115 22 190 178 64 74 420
Sr 590 447 221 126 55 165 143 114 98 175 103 109 45

Y 26 20 24 31 22 43 28 16 21 22 33 18 48




Zr 172 153 61 59 58 100 89 41 84 82 63 39 179

Be 3 3 P 2 3 2 <1 <1 2 2 <1 <1 3

\Y 264 240 251 424 423 491 319 215 329 323 344 236 329

Nb 45 34 3 4 3 7 4 3 n.d. n.d. <2 2 11

S 110 240 <50 300 70 <50 <50 <50 n.d. n.d. <50 <50 1845

Ga 17 14 13 20 30 15 12 10 n.d. n.d. 15 10 20

Sn <5 <5 <5 <5 <5 <5 <5 <5 n.d. n.d. <5 <5 <5

Sample ASR-6 | ASR-2 | ASR-3 | ASR-5 | ASR-4 | 15-1 ASR-1 | GOP1- | 21-5 P 6-3 ASR-7 15/16-2 15/16-3B

2

Rock type Diorite | Diorite | Diorite | Diorite | Diorite | Bt Bt-Ms | Bt- Bt Ms+ Sill Granite | Leucogranite | Leucogranite
schist | gneiss | schist | schist Leucogranite

Latitude (2) | 7039 66 39 67 39 69 39 68 39 65 39 65 39 65 38 65 40 65 38 995 7139 6539719 6539719

S 57 57 57 57 57 767 57 25 728 57

Longitude 4623 | 4223 43 23 4523 | 4423 4120 |4123 4119 | 4117 41 19 035 47 23 4120 362 4120 362

() W 03 03 03 03 03 310 03 00 764 03

Si02 (%) 57.84 | 58.98 59.08 59.47 59.72 68.45 69.14 | 69.68 69.93 73.75 74.55 75.9 76.94

TiO2 1.13 1.1 1.13 1.13 1.13 0.7 0.69 0.7 0.74 0.02 0.41 0.08 0.02

Al203 14.81 14.82 15.06 14.94 15.02 14.34 14.21 134 13.35 14.85 12.83 13.63 13.79

Fe203 8.51 7.98 8.21 8.18 7.86 5.77 5.19 5.87 5.07 1.42 3.4 0.86 1.43

MnO 0.13 0.12 0.12 0.12 0.11 0.09 0.06 0.12 0.27 0.09 0.02 0.02 0.02

MgO 491 4.35 4.43 4.42 4.48 2.51 1.89 2.08 2.2 0.48 1.13 0.41 0.55

Cao 5.63 5.58 5.8 5.62 4.57 1.83 1.39 1.58 231 1.06 1.18 0.67 0.17

Na20 2.69 2.5 2.68 2.57 2.67 2.63 2.44 2.05 2.37 2.14 2.08 2.82 1.6

K20 2.45 2.94 2.83 2.93 3 2.74 3.57 3.49 2.32 5.06 3.86 5.09 4.43

P205 0.4 0.34 0.36 0.34 0.34 0.06 0.1 0.07 0.07 0.13 0.1 0.06 0.02




LOI 1.2 1 0.9 1.02 1.86 1.81 1.11 1.61 2.26 1.34 1.04 1.01 1.99
SUM 99.7 99.71 100.6 100.74 | 100.76 | 100.93 | 99.79 100.65 | 100.89 | 100.34 100.6 100.55 100.96
Au 10 18 5 12 14 5 7 14 5 5 5 5 13
As <2 <2 <2 <2 <2 8 <2 8 <2 3 3 2 11
Br <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Co 25 23 23 21 23 25 11 14 30 16 9 29 32
Cr 270 230 210 180 210 54 230 220 54 6 310 6 7
Cs 4.1 3.7 3 3.1 34 4 2.3 4 3 2.2 3.8 34 3.2
Hf 5.5 6.8 5.7 5.2 6.4 6.6 6.4 7.6 14.4 1.6 5 1.4 1.4
Hg <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Ir <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Mo <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Rb 88 102 93 90 98 122 155 129 138 97 87 129 166
Sb 0.2 0.2 0.2 0.2 0.2 04 0.2 0.2 0.7 0.2 0.2 0.2 1.2
Sc 24 22 22 20 20 134 11 17 9.1 5.6 7 2.7 1.3
Se <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3
Ta 2 2 2 <1 <1 <1 3 1 2 <1 <1 2 1
Th 9.2 11 8.8 11 11 14.4 13 14 21.7 3 15 7.5 <0.5
u <0.5 1.9 1.6 1.7 1.8 1.9 2.9 2.2 24 1.4 1.8 1.9 0.5
w <3 <4 <5 <6 <7 167 3 3 251 196 3 376 369
La 36.3 40.5 38 34.6 26.9 44.5 394 39.5 60.4 11.5 38.6 18.6 2.3
Ce 75 80 76 66 60 89 81 81 122 22 72 36 3
Nd 33 35 40 31 30 36 40 36 56 10 35 15 <5
Sm 7.3 7.5 7.2 6.4 6.3 6.4 7.4 7 10.2 1.8 7.6 2.5 0.3
Eu 1.8 1.9 1.8 1.6 1.6 13 1.5 1.7 1.7 1.7 1.4 0.6 0.4
Tb 0.5 1.3 1 0.9 1.2 1.1 1.3 1.4 1.9 <0.5 <0.5 <0.5 <0.5
Yb 2.7 2.6 2.9 2.6 2.5 2.8 2.8 4.3 1.1 3.1 1.4 1.4 0.4
Lu 0.39 0.39 041 0.34 0.36 041 0.41 0.67 0.17 0.45 0.23 0.22 0.06




Cu 30 8 28 10 87 13 11 19 7 8 23 11 19
Pb 12 11 18 9 11 46 24 90 100 103 34 67 124
Zn 111 107 104 111 100 117 89 343 144 117 58 102 369
Ag <0.4 <0.4 <0.4 <04 <04 0.6 <0.4 <0.4 3.8 <0.4 <0.4 <0.4 <04
Ni 32 31 30 31 29 28 22 30 35 7 19 16 17
Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.7 <0.5 0.7 <0.5 <0.5 <0.5
Bi <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5
Ba 771 892 888 885 901 381 631 673 500 1261 938 842 635
Sr 465 491 496 492 473 316 177 163 226 225 197 248 64

Y 32 31 32 31 30 44 47 35 22 22 24 14 2

Zr 211 237 230 236 251 306 265 320 697 43 168 35 4
Be 2 3 3 3 3 3 2 <1 2 3 <1 2 2

Vv 192 203 212 199 199 121 77 86 85 <5 50 15 37
Nb n.d. n.d. n.d. n.d. n.d. 18 n.d. n.d. 14 <2 n.d. 6 <2
S n.d. n.d. n.d. n.d. n.d. 75 n.d. n.d. <50 <50 n.d. <50 <50
Ga n.d. n.d. n.d. n.d. n.d. 18 n.d. n.d. 14 11 n.d. 13 15
Sn n.d. n.d. n.d. n.d. n.d. <5 n.d. n.d. <5 <5 n.d. <5 <5
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a) Sample 31/32-3 (20% Fe %)
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Highlights

+ Mina Gonzalito Complex is reinterpreted as having a larger proportion of (mafic to
intermediate) metaigneous protoliths than previously proposed

+ Massive, foliated and banded gabbros are the main protoliths of the metamafic rocks

+ Metamafic rocks were likely emplaced in a back-arc tectonic setting
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