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Abstract 13 

In spite of hosting one of the most important Pb-Ag-Zn mineralizations in Patagonia, the metamorphic history of the rocks 14 
of the Mina Gonzalito Complex (MGC; east of the North Patagonian Massif) is still unclear. The complex consists of 15 
schists, para- and ortho-derived gneisses, ranging from greenschist to amphibolite facies, and metamafic rocks. 16 
Leucogranites and pegmatites were intruded synkinematically. Field, petrological and thermochronological evidence 17 
indicates that the MGC experienced an early prograde path and metamorphic peak during the Early Ordovician (ca. 472 18 
Ma), magmatism and localized post-peak deformation and re-equilibrium at lower pressure, followed by uplift during the 19 
Late Permian. The MGC is intruded by the calc-alkaline Santa Rosa Diorite (SiO2 = 58.7-60.4 wt%; LaN/YbN = 7.2-10.5) 20 
and trachyte dike swarms in the Late Permian- Early Triassic. The mafic intrusives of the MGC form small schistose, 21 
massive and banded bodies interlayered within the gneisses and granites and recorded recrystallization of hornblende + 22 
plagioclase + quartz + titanite ± clinopyroxene ± biotite ± ilmenite. The metamafic rocks are mostly tholeiitic gabbros 23 
having SiO2 (45.4-52.1 wt.%), TiO2 (0.62-2.88 wt.%), flat REE patterns (LaN/YbN =0.48-2.76), although some pyroxene-24 
banded varieties show higher ratios.  Initial P–T modelling in the NCKFMASHTO system for the metamafic rocks 25 
defined P-T conditions between 550–730 °C and 1-4 kbar. Our data suggest that the protolith of the metamafic rocks was 26 
emplaced in a shallow environment, associated with underplating of mantle-derived magmas slightly modified by crustal 27 
contamination. The intrusion of mantle-derived magmas may have been related either to a magmatic arc or to a 28 
continental rift environment. The model involving an Ordovician intracontinental back-arc basin is favored herein because 29 
it can reasonably explain many other geological features of Early Paleozoic basement rocks from the northern Patagonia.  30 
 31 
Keywords: Gabbros; Ordovician; North Patagonian Massif; Gondwana 32 

1. Introduction 33 

The assessment of the Early Paleozoic tectonic evolution of Patagonia is critical to building any model of 34 
the assembly of southwest Gondwana. Evidence of the pre-Mesozoic metamorphic history of the North 35 
Patagonian Massif, the northern block of Patagonia, has been sluggish and difficult to interpret mostly due to 36 
the poor exposures, inaccessibility of the outcrops and the lack of petrological studies to produce precise and 37 
reliable information for the main igneous and metamorphic events. This particularly applies to the Mina 38 
Gonzalito Complex -or Mina Gonzalito mining district (Aragón et al., 1999a; Giacosa, 1987, 1997; Ramos, 39 
1975; Rosenman, 1972)- in which the protoliths of low and high-grade metamorphic rocks and syn-kinematic 40 
granitoids aged between 540 to 250 Ma are the main constituents of the Paleozoic “Northern Belt” of the 41 
North Patagonian Massif (Ramos, 2008) (Fig. 1). The Northern Belt (NB) was claimed to be the southern 42 
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extension of either the Pampean/Famatinian/Gondwanides belts of the Sierras Pampeanas of Argentina 43 
(Rapalini et al. 2013; Pankhurst et al. 2006, 2014) (Fig. 1), or a continuation of the Ross-Delamerian Orogen 44 
of Antarctica (González et al. 2018). The NB manifests a protracted orogenic evolution from subduction 45 
related-arc-marginal basin and magmatism through crustal extension and metamorphism (540-470 Ma) 46 
(González et al. 2018; Pankhurst et al. 2014, 2006; Rapalini et al. 2013, 2010) coeval with bimodal intrusive 47 
magmatism (490-450 Ma) (Gozálvez, 2009; López de Luchi et al. 2014; Martínez Dopico et al. 2017a), 48 
followed by uplift and development of foreland basins (450-360 Ma) (Rustán et al. 2013; Uriz et al. 2011) and 49 
widespread intracontinental magmatism in the context of a Permo-Triassic Large Igneous Province (280-240 50 
Ma) (Luppo et al. 2018; Martínez Dopico et al. 2019; Rapela and Caminos 1987) (Fig. 1).  51 

The Early Cambrian -Ordovician metasedimentary and igneous basement rocks of the North Patagonian 52 
Massif outcrop as variably deformed discontinuous, sequences trending roughly NE-SW and NW-SE that are 53 
separated by Paleozoic km-scale shear zones and intruded or covered by Late Permian to Early Triassic 54 
plutonic-volcanic igneous complexes. The basement comprises the Cambrian Tardugno orthogneiss (529 ± 4 55 
Ma and 522 ± 4 Ma; U-Pb SHRIMP zircons, Rapalini et al. 2013, Pankhurst et al. 2014) and three 56 
metamorphic sequences with lithological and geochronological similarities: 1) phyllites, schists, 57 
metagreywackes, and intercalations of mafic and acidic igneous rocks  that crop out close to Nahuel Niyeu, 58 
Valcheta and Aguada Cecilio localities (Nahuel Niyeu Formation; Chernicoff, 1994; Chernicoff and Caminos, 59 
1996; Greco et al. 2015, 2017; Martínez Dopico et al. 2014); 2) greenschist facies slates, phyllites, 60 
metaigneous schists, and metaconglomerates of the El Jagüelito Formation (González et al. 2018) that outcrop 61 
along the Salado river; and 3) the medium to high-grade para- and ortho-derived schists, gneisses, 62 
amphibolites, and granites of the Mina Gonzalito Complex (MGC; Giacosa 1987). The age of metamorphism 63 
of the MGC was estimated at ca 472 Ma (Greco et al., 2014; Pankhurst et al. 2006) based on metamorphic 64 
rims of zircons from para-derived gneisses of the MGC. This metamorphic age has turned out to be 65 
problematic due to the undeformed subvolcanic granitic and tonalitic intrusions, dated at 476 ± 6 Ma (U-Pb 66 
SHRIMP zircon ages; Pankhurst et al., 2006). These intrusive rocks not only contain metamorphic enclaves of 67 
phyllites, schists and mafic rocks, but they also crosscut the slates and phyllites of the El Jagüelito Formation. 68 
This sort of geological evidence is also recorded in the >470 Ma Valcheta Pluton that is hosted by the low to 69 
medium-grade metaclastic rocks of Nahuel Niyeu Formation (López de Luchi et al., 2008; Gozálvez 2009). 70 

 This study aims to constrain the nature of the “high-grade” metamorphic basement of the Mina Gonzalito 71 
Complex (Giacosa, 1987, 1997; Pankhurst et al. 2001) (Fig.1) and to discuss the origin of the protoliths of its 72 
metamafic rocks and the tectonic setting in which they were formed, based on the integration of stratigraphic, 73 
petrographic, WR-geochemical analyses and preliminary thermodynamic modelling using Theriak/Domino 74 
(De Capitani and Petrakakis, 2010). The ultimate goals are to understand the connection of the Mina 75 
Gonzalito Complex to the other metamorphic sequences and to clarify their geodynamic significance in the 76 
context of the assembly of southwest Gondwana in the Early Paleozoic.  77 

2. Geological overview of the Mina Gonzalito area 78 

The Mina Gonzalito mining district (Ramos 1975; Aragón et al. 1999a) is an igneous-metamorphic block 79 
that hosts the most important polymetallic deposit (Pb-Ag-Zn, Cu-V, fluorite and In ore) in northeastern 80 
Patagonia (Aragón et al. 1999a; Del Mónaco 1971; Pugliese et al. 2019; Vallés 1978 and references therein). 81 
It is located to the southeast of the Sierra de Pailemán, 100 km to the southwest of San Antonio Oeste, in the 82 
Río Negro province of Argentina. The block is limited to the west by the Jagüelito shear zone, which separates 83 
the MGC from the low-grade metamorphic rocks of the El Jagüelito Formation (Giacosa, 1987) and 84 
Ordovician muscovite and garnet-bearing leucogranites (471 ± 2 Ma U-Pb SHRIMP zircon dating; Peñas 85 
Blancas Granite, García et al. 2012). Its northern boundary is marked by the Arroyo Tembrao creek where 86 
metamorphic rocks are crosscut by mid-Permian biotite-bearing tonalitic and granodioritic orthogneisses and 87 
leucogranite dykes (ca. 265 Ma- Arroyo Pailemán and Tembrao plutons; Grecco et al. 1994; Tohver et al. 88 
2008) and pierced by the Jurassic eruptive centre of the Sierra de Paileman (188 ± 1 Ma; Marifil Complex; 89 
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Cortés 1981; Pankhurst et al. 2000). To the south and southeast, the block is covered by a NE-SW fringe of 90 
alluvial deposits. Our study area is limited to the rocks located between the south of the Sierra de Pailemán, 91 
the east of the El Jagüelito shear zone and Estancia Santa Rosa locality (Fig. 2).  92 

The rocks from the Mina Gonzalito mining district were collectively known under the name of Mina 93 
Gonzalito Complex (Busteros et al. 1998; Giacosa 1987, 1997) and distinguished from the Early Triassic 94 
trachyte dykes and lava flows (243.6 ± 1.7 Ma, U-Pb LA-ICPMS in zircon age; González et al. 2014) and 95 
several Early Jurassic rhyolitic dyke swarms that intrude them.  96 

In the area of study (Fig. 2) the MGC comprises: 97 
i) Fine to medium-grained banded biotite and biotite-muscovite bearing schists and gneisses (e.g. Mina 98 

Gonzalito Gneiss of Ramos, 1975; Fig. 3a,b) intruded by ii) variably deformed (muscovite or 99 
muscovite/garnet) leucogranites and aplitic and pegmatitic dykes (Giacosa 1987; Busteros et al. 1998); 100 
Available U-Pb zircon SHRIMP ages for a biotite-garnet paragneiss from two different localities indicate the 101 
same age, ca 472 Ma, which was interpreted as the age of the metamorphic peak (Pankhurst et al. 2006; Greco 102 
et al. 2014). 103 

ii) María Teresa and Tapera plutons (Ramos 1975), that were emplaced as stocks and sills and syn-104 
kinematically deformed with the host; The former is a small porphyroclastic leucogranitic stock (<10 km2) 105 
that is mostly composed of quartz + K-feldspar+ plagioclase + muscovite + garnet, whereas Tapera pluton is 106 
larger (>15 km2) and, according to Giacosa (1997), it is a muscovite bearing granite that contains a variable 107 
amount of biotite. Grecco and Gregori (2011) dated muscovite and biotite grains from rocks considered part of 108 
María Teresa and Tapera plutons that yielded Ar-Ar mica-plateau ages of 261 ± 2 Ma and 264 ± 2 Ma, 109 
respectively.  110 

iii) Partially retrogressed (meta)mafic rocks and amphibolitic schists that occur in lenses and layers within 111 
the banded biotite gneiss or isolated (not showing contacts) (Fig. 3c). Part of these rocks were called “black 112 
schists” by Aragón et al. (1999a).  113 

iv) Occurring in the west of the block are medium- to coarse-grained, mostly weakly foliated, biotite-114 
bearing orthogneisses (Varela et al. 2011) and quartz-diorites that intrude (i) the gneisses; Varela et al. (2011) 115 
dated a granodioritic orthogneiss that yielded a U-Pb zircon SHRIMP age of 492 ± 6 Ma. 116 

v) Marbles and siliciclastic levels were described by Giacosa (1997) and Dalla Salda et al. (2003) to the 117 
south of Estancia Santa Rosa along the Salado creek.  118 

Within the block, the structural style and lithological features change from east to west defining two 119 
different zones that are separated by an NNW-SSE ductile shear zone. González et al. (2008b) indicated that 120 
towards the west, the MGC is dominated by the medium grade, largely injected paragneisses and intermediate 121 
to acidic synkinematic granites and pegmatite dykes. Orthogneisses are frequent in this area. In contrast, to the 122 
east, the magmatism and presence of “amphibolite” lenses become negligible and the para-derived rock would 123 
have achieved lower metamorphic conditions. Giacosa (1997) considers that the maximum peak metamorphic 124 
conditions reached the transition between greenschist and amphibolite facies. On the other hand, Aragón et al. 125 
(1999a) indicates that the sillimanite-garnet-plagioclase bearing leucogranites could have an anatectic origin. 126 
Most rocks of MGC were widely deformed, fractured and infilled with quartz-Pb-Zn-Ag ore-rich infilling in 127 
veins and fractures during the Early Jurassic (Pugliese et al. submitted).  128 

3. Field relations and sample description 129 

The rocks of the Mina Gonzalito Complex are very poorly exposed with exception of the mine shafts 130 
opened during the mining works 50 years ago. The most striking landforms exposed across the block are 131 
NNW-SSE leucogranite ridges (aplites and pegmatites) that stand out in the landscape due to differential 132 
weathering of the gneisses, schists and small (meta)mafic bodies (Fig. 2). The ridges are roughly parallel to 133 
strike of the Early Triassic trachyte dykes (243.6 ± 1.7 Ma; González et al. 2014). To ease the description, and 134 
following González et al. (2008b), we are going to divide the crustal block using the WSW-ENE road to Los 135 
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Berros into western (including the Tres Marías and María Teresa mines, and Puesto Dragón exposures), 136 
central and eastern (from Puesto El Panchito to Gonzalito mine) sectors (Fig. 2). For this study we sampled 137 
the biotite gneisses, granites, (meta)mafic rocks and diorites. The lithologies will be described first and then 138 
the samples used for thermodynamic modelling.  139 
 140 

3.1. Biotite gneisses and schists 141 

The most common unit among the pre- Triassic rocks of the study area comprises grey to brownish biotite 142 
bearing schists and gneisses, interlayered with (meta-)mafic lenses or schollen, that are variably injected and 143 
intruded by leucogranitic material at the scale of centimeters to tens of decimeters that sometimes forms 144 
individual stocks (Fig. 3a, b). Para-derived rocks dominate to the east, while synkinematic leucogranites and 145 
granitic orthogneisses are more frequent to the west. 146 

Brown to grey schists and gneisses are generally fine to medium-grained, layered or banded, mesocratic 147 
metamorphic rocks of mostly tonalitic composition that are characterized by their lepidoblastic to 148 
granolepidoblastic texture (Fig. 3a, b) and a very variable degree of leucocratic injection. From the 149 
mineralogical point of view, the schists are composed of quartz, biotite, plagioclase and, occasionally, late 150 
muscovite. At a macroscopic scale, wherever their grain-size is coarser, they are banded with brownish-grey 151 
and white layers. The banding is folded. The white bands are coarser-grained and poor in mafic minerals 152 
whereas the darker bands contain principally biotite. Some of the leucocratic sheets appear as if they have 153 
been intruded after the formation of the banding, as they cut across it.  Their most common mineral 154 
assemblage of the gneisses contains biotite, quartz, plagioclase, sometimes muscovite and minor garnet (Fig. 155 
3b; 4a-d). Common accessory phases in the matrix are apatite, zircon, opaque minerals and magnetite. Biotite 156 
and quartz are the most dominant minerals together with plagioclase.  157 

Gneisses and schists (i.e. around Mina Gonzalito mine camp) contain euhedral to subhedral flakes of red-158 
orange or reddish-brown to light yellow biotite (Fig. 4a-b); whenever the content of the mineral is higher, the 159 
S1/2 fabrics are strongly developed and become a gneissose fabric (layering < 2-3 cm) with leucocratic bands 160 
composed of quartz, plagioclase and muscovite. Biotite is occasionally retrogressed to chlorite and opaque 161 
minerals. Quartz has some polygonal shapes resembling a recrystallized matrix whereas plagioclase remains 162 
subhedral in shape. Some plagioclase crystals show complete polysynthetic twinning and no zoning, but most 163 
of them are not twinnedTo the southeast of the block, the rocks acquire a light-grey bluish colour and 164 
porphyroclastic texture with sigmoid-shaped plagioclase porphyroclasts within a fine-grained recrystallized 165 
mylonitic biotite-quartzitic matrix. The alteration is variable, and mostly to sericite and clays along fractures 166 
and cleavage planes. There is a significant variation in the grain size of plagioclase, indicating that these 167 
crystals could have been part of the phenocryst and matrix phases of the protolith. The muscovite/biotite ratio 168 
is low. Muscovite is anhedral, frequently found with biotite but also often isolated, occasionally surrounding 169 
small chips of subhedral garnet. Within the schists, garnet is infrequent, anhedral and colourless, and, where it 170 
occurs, it makes up less than the 2% of the rock (Fig.4a). Two episodes of blastesis of muscovite can be 171 
detected in the gneisses: fine-grained crystals associated with biotite and larger crystals that are incongruent 172 
with the fabric of the rocks, which developed with symplectites and quartz. Garnet has been observed in some 173 
sampling sites. Larger crystals are mostly found in leucocratic injections within the gneiss where red garnet 174 
crystals up to 4 cm in diameter appear within the leucocratic bands, suggesting that might be a peritectic 175 
product of partial melting. The occurrence of sillimanite and cordierite has been reported by Aragón et al. 176 
(1998) and González et al. (2008b). Sillimanite was only observed in some thin sections of the leucogranites, 177 
formed at expense of with muscovite. 178 
 179 
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3.2. Metamafic rocks 180 

Both brown to grey and bluish-grey gneisses of the Mina Gonzalito enclose scattered concordant lenses or 181 
layers of dark green mafic rocks that vary from tens of meters to just a few meters in length. These rocks have 182 
broad textural and compositional variation. Aragón et al. (1999) interpreted these as mafic dykes or sills 183 
emplaced before or during regional metamorphism and referred to some of these rocks as “black schists” 184 
whenever they were fine-grained and altered to chlorite + carbonates. The basic rocks encompass different 185 
types of massive to variably deformed hornblende ± biotite, and hornblende, and diopside-hornblende banded 186 
(meta)igneous rocks and, more rarely, hornblende schists. These rocks tend to be darker when the schistosity 187 
is defined by amphibole rather than by biotite parallel orientation, constituting fine-grained nematoblastic to 188 
granoblastic textures (Fig 5a-b). The grain size is quite variable, from medium (2-3 mm) to fine-grained (<1 189 
mm). They are mostly massive or slightly foliated (Fig. 5c) and more rarely banded and folded (Fig. 5d) such 190 
as in the Tres Marías and Polito mineshafts, in the western and eastern sectors of the block, respectively. The 191 
massive metamafic rocks are transitional fine to coarse banded types such as in Tres Marías Mine (Fig. 5 c-d).  192 

Most of the metaigneous rocks are gabbros (or hornblendites) and microgabbros that show polygonal 193 
granoblastic texture and their mineral composition is dominated by zoned reddish-brown to brown (>60 % 194 
modal Fig. 5a, c; Fig. 6b) or bluish-green to green and green hornblende (Fig. 5c,d; Fig. 6c) and subhedral 195 
zoned and polysynthetic-twinned plagioclase (25-20%; mainly Andesine-Labradorite). Minor biotite is 196 
present. Titanite, ilmenite, quartz, and apatite are accessory minerals. Quartz crystals seldom appear in the 197 
mosaic interstices. In some rocks, amphibole, plagioclase and quartz recrystallization is evidenced with triple 198 
point junctions, whereas others maintain igneous textures. In addition, close to the faults these rocks are 199 
highly strained and sometimes retrogressed or altered.  200 

Wherever the metamafic rock with bluish green to green and green hornblende bearing rock is banded, 201 
biotite disappears, and light green to colourless clinopyroxene (diopside) and highly coloured hornblende 202 
occurs. The diopside and hornblende are concentrated in layers from one to ten millimetres thick that define 203 
the compositional banding (Fig.4a, f). The banded types also contain plagioclase, titanite, and minor amounts 204 
of quartz, and apatite.  The compositional banding seems to be an inherited condition from the protolith since 205 
it grades to a non-banded amphibolite. This banding has also been observed to be folded near Gonzalito mine. 206 
In this area, certain banded metamafic rocks are spatially associated with diorites. The metamafic rocks 207 
studied in this work show no evidence of melting, such as patches of neosome or any of the peritectic phases 208 
expected after fluid-absent melting reactions in this type of hornblende-bearing rock.  209 

Some of the schists interlayered in the gneisses are lighter than the hornblende-bearing metamafic rocks. 210 
They show lepidoblastic toporphyroblastic textures with coarser crystals of zoned plagioclase immersed in a 211 
matrix that contains reddish-brown to yellow biotite, quartz, titanite and seldom hornblende, although some of 212 
them are partially to totally retrogressed to a light green clinoamphibole, epidote, sericite and opaque 213 
minerals. These rocks were not sampled for geochemical analyses. 214 
 215 

 These metamafic rocks have a variety of mineral assemblages and textures which are described in detail 216 
for the modelled samples below. 217 

 218 
Sample 31/32-3 219 

This sample is from the Las Tres Marias mineshaft in the northwest of the study region (Fig. 2) and contains 220 
clinopyroxene, amphibole, titanite, ilmenite, plagioclase and quartz (Fig. 4a). The rock is banded with discrete 221 
domains dominated by light green clinopyroxene (up to 300 µm) and the reminder of the rock is dominated by 222 
amphibole (up to 500 µm in size). The amphibole is highly coloured from the dark green to light brown. 223 
Along with the banding, the rock preserves a foliation that is defined by elongate clinopyroxene grains and 224 
amphibole grains. Both ilmenite and titanite are present in the rock, although titanite is more common. 225 
Ilmenite usually occurs on the rims of titanite. Titanite is also observed as an inclusion in amphibole. 226 
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Plagioclase and quartz are equidimensional to elongate (up to 200 µm, parallel to the foliation) and polygonal 227 
(Fig. 6a).  228 
 229 

Sample P8-2B 230 
Sample P8-2B is from the Gonzalito mineshaft in the eastern sector of the study region (Fig. 2) is an 231 
amphibolite with lighter bands (S0/S1) mostly composed of clinopyroxene and plagioclase and darker bands 232 
with a predominance of clinoamphibole. It contains light green clinopyroxene, green to light brown 233 
amphibole, titanite, ilmenite, plagioclase, quartz and apatite. Titanite occurs throughout the sample as fine 234 
grains. Ilmenite occurs as large discrete grains.  235 
 236 

Sample 20-4 237 
This sample was obtained close to the Gonzalito mine camp in the eastern sector of the study region (Fig. 2) 238 
and contains the minerals amphibole, plagioclase, ilmenite, biotite and quartz. In the field, the rock constitutes 239 
massive levels with a coarse-grained texture (with plagioclase and amphibole grains up to 1 mm in size; Fig. 240 
6b) within a gneissic host. It has a granoblastic texture mostly composed of euhedral brown to light-orange 241 
brown clinoamphibole (>50%). This clinoamphibole is recrystallized from another clinoamphibole. Biotite is 242 
rare, where it occurs it is subhedral and commonly replaced by chlorite. Ilmenite is fine-grained (< 100µm) 243 
and occurs as inclusions in amphibole and on amphibole grain boundaries (Fig. 4c). Plagioclase (~An45-55) is 244 
subhedral, zoned and it is sericitized on grain edges and cracks within the grain. 245 
 246 

Sample 22-3 247 
This sample comes from the Puesto El Panchito in the central region of the study area (Fig 2). It contains the 248 
minerals clinoamphibole (>50%), plagioclase, titanite, ilmenite and quartz. The sample is massive and 249 
granoblastic (grains are usually 300 µm but amphibole can be up to 500 µm) with a very weak foliation 250 
defined by the preferred orientation of the clinoamphibole grains (Fig. 6c). The clinoamphibole is mostly 251 
euhedral and shows green to light-yellow pleochroism and has zircon inclusions. Plagioclase is subhedral and 252 
most of the crystals are devoid of twinning. The amount of quartz is below 5%. The ilmenite is finer-grained 253 
(<100 µm) and occurs in the matrix or as inclusions in amphibole. Titanite occurs as small clusters of grains 254 
and also as cores to some ilmenite grains. 255 

 256 
 257 

3.3. Granites 258 

Several types of injections, i.e. acidic aplites, granites and pegmatites, in the gneisses and schists occurred 259 
in Mina Gonzalito block. In general, the volume of leucocratic material increases towards the west, and close 260 
to El Jagüelito shear zone where leucogranites are either injected into the host or form sills and plutons 261 
emplaced mostly in sigmoid structures along a N20-30°W fringe (Fig. 2). There are two main leucogranite 262 
bodies: the María Teresa stock (muscovite bearing type) and the Tapera laccolith (a garnet-mica-bearing pink 263 
leucogranite), intruded parallel to the S1 or S2-fabric of the host. Most of them are boudinaged, medium to 264 
coarse-grained differentiates or aplitic dykes and sills of leucogranitic composition. These are mostly 265 
concordant with the schistosity and seem to have been synkinematically emplaced, resembling leucocratic 266 
schists. The dominant paragenesis is Qtz + Kfs + Pl + Ms (Sill) ± Grt and their foliation can be seen by sight 267 
through the alignment of muscovite flakes. These rocks have a fine to medium-grained equigranular texture 268 
where quartz and feldspars are the most abundant minerals. Muscovite, the main accessory mineral, often 269 
forms fibrous aggregates (nests) that develop into sillimanite -fibrolite when in contact with quartz. The 270 
appearance of sillimanite suggests that they have been metamorphosed with the hosting gneiss. Garnet 271 
crystals are pink with euhedral shapes and typically undeformed. Towards the borders of the synkinematic 272 
leucogranitic intrusions (i.e. P20), the amount of biotite and plagioclase increases (biotite-bearing facies) 273 
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Aplopegmatite bodies crosscut the sequence. In the easternmost sector, leucocratic veins that inject the 274 
biotite-quartz bearing-gneisses are composed mostly of perthitic microcline and quartz, and minor plagioclase 275 
and fine-grained muscovite, which is reacting to sillimanite towards the border of the aggregates. Injection is 276 
limited around Tres Marías mine. But, to the south, in the surroundings of Puesto Dragón, where the 277 
synkinematic Tapera Pluton outcrops, the leucocratic bands in the host increase in grain size and abundance at 278 
the expense of the biotite-rich melanosome. In this area, the granite transitionally acquires a higher amount of 279 
biotite. This transitional rock could be that described by González et al. (2008) as a granodioritic orthogneiss, 280 
and later on as a tonalitic orthogneiss by Varela et al. (2011).  281 

To the east, leucocratic injections are also synkinematic with the S2-fabric of the gneiss although they 282 
occur less frequently than to the west. In the central sector, they are resolved as NNW-SSE leucogranite sills 283 
and dykes composed of microcline, quartz, muscovite (sillimanite) and scarce brown to pale yellow biotite 284 
flakes (colour index <5%). This suggests that the leucogranite injection could be related to the synkinematic 285 
muscovite ± garnet-bearing intrusions. There are also aplite leucocratic veins that crosscut the folded 286 
metamafic rocks and biotite bearing schists. 287 

Interestingly, in the eastern and central sectors of the block the structural grain is given by the S2 gneissose 288 
fabric and/or schistosity of the metamorphic protolith which is N10º to 50ºW dipping to the NE. Around the 289 
Tapera pluton, the foliation pattern is more complex and shows a SW-NE strike.  290 

3.4. Santa Rosa Diorite 291 

This unit, first described here, crops out close to the locality Estancia Santa Rosa. It is made up of a stock 292 
of dark green to brown medium-grained diorite that intrudes the brownish-grey gneisses. The limits of the 293 
stock are unknown due to the poor-exposures. The rocks display an unevenly-granular hipidiomorphic texture 294 
and contains spongy-looking brown to green to light green hornblende crystals (30%) in a matrix of 295 
plagioclase (20-25%), dark brown to yellow biotite flakes (25-20%), quartz (15%) and a few crystals of 296 
titanite (2%), magnetite, apatite, and zircon (<4%). The hornblende crystals are typically subhedral to 297 
euhedral and free of alteration. They form either larger crystals with corroded cores or clots composed of 298 
aggregates of smaller crystals surrounded by biotite, both of similar size.  299 

Corroded pyroxene and/or clinoamphibole cores are commonly found within hornblende crystals. 300 
Polysynthetic twinned plagioclase (andesine) is subhedral. Apatite also can occur as larger crystals.  Notably, 301 
opaque minerals are surrounded by a titanite rim. Alteration is infrequent but restricted to chlorite and opaque 302 
minerals. 303 

Although most of the stock is massive, locally, rocks dramatically change their grain size by shearing and 304 
recrystallization. There, the grain size is finer and the amphibole crystals are strongly aligned. 305 

Even though these rocks were only identified as a coherent body around Estancia Rosa, diorites were 306 
found around Mina Gonzalito mineshaft (site P8). These diorites are fine-grained equigranular and contain 307 
mostly brownish-red to yellow biotite, light green to yellow hornblende, zoned plagioclase, quartz, titanite 308 
and apatite. However, they do not show evidence of recrystallization. 309 

4. Methods 310 

4.1. Whole-rock geochemical analyses 311 

Samples were collected by Dr L.H. Dalla Salda and coworkers in two field trips to Gonzalito mining 312 
district during the middle 90`s (Table 1), mostly at old abandoned shafts of the Gonzalito, María Teresa and 313 
Tres Marías mine camps. Major and selected trace and rare earth element (REE) determinations were 314 
performed on samples up to 2-3 kgs and screened based on the thin sections. Twenty-five samples of 315 
metamafic rocks, gneisses and granites in the Mina Gonzalito Complex and Santa Rosa Diorite were 316 
determined using X-ray fluorescence spectrometry (XRF) and inductively coupled plasma mass spectrometry 317 
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(ICP-MS) at Activation Laboratories Ltd., Ontario, Canada. The results are presented in Table 1 separated by 318 
lithology and, in the case of the low-silica rocks, distinguishing the association of biotite-hornblende, 319 
hornblende, or hornblende-pyroxene.  Part of the geochemical results were presented in Aragón et al. (1999a, 320 
b). In the text and figures, all compositions are recalculated to 100% anhydrous to minimize the effect of 321 
alteration on the samples. 322 
Alkali-elements show some scatter and probably were slightly modified by secondary processes in some 323 
samples, particularly those sampling sites located close the hydrothermal epicentre such as Gonzalito, 324 
Vicentito, Polito, Tres Marías and María Teresa mines (Aragón et al. 1999). Samples that yield relatively high 325 
LOI values (>4%), reflecting rock alteration, were excluded (i.e., GoPi-3; GoPi-4). The effect of weathering 326 
and alteration was further evaluated with the FMW parameters proposed by Ohta and Arai (2007) 327 
(Supplementary appendix A) and this allowed us to exclude samples P4-3 and P3-4 6a. The dataset was 328 
compared to that of the amphibolites and granites of Tapera and María Teresa plutons of Busteros et al. 329 
(1998) and Giacosa (1997), and the metaperidotite and gabbro sill within the Nahuel Niyeu Formation of 330 
Greco et al. (2015). The relations and ratios between the elements were analysed with the GCDKit 6.0 331 
software (Janousek et al. 2006) and the scripts in Janousek et al. (2015). 332 
 333 

4.2. Pressure-temperature calculations 334 

Four P–T pseudosections were calculated for the metabasic rocks: two samples of the banded pyroxene-335 
bearing  rock from the Gonzalito shaft (sample P8-2B) and Las Tres Marías mine (P31/32-3), and two 336 
massive metamafic rocks (samples 20-4 and 22-3) from the Vicentito mineshaft and surroundings of Puesto 337 
El Panchito, respectively (Fig. 2). Pressure-temperature pseudosections were calculated using the software 338 
package Theriak/Domino (De Capitani and Petrakakis 2010) and the updated database of Holland and Powell 339 
(2011). The geologically realistic system NCKFMASHTO (Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-340 
TiO2-Fe2O3) was used for all samples. The bulk composition of all samples was determined by whole-rock 341 
XRF analysis. Our study lacks EPMA mineral composition data to support our results, therefore they should 342 
be considered as strictly preliminary. 343 

For all samples, the mineral assemblages and field observations indicate P-T conditions to be subsolidus. 344 
For this reason, H2O was set in excess. The proportion of Fe2O3 to FeO has been estimated by considering the 345 
abundance of Fe3+ bearing minerals and modal constraints in the context of recalculated EDS analyses -using 346 
the methods of Droop (1987) and Tindle and Webb (1994)-. A T-MFe2O3 or P-MFe2O3 diagram was then 347 
calculated to determine if these estimates were appropriate. The percentage of total iron set as Fe3+ for 348 
samples 31/32, P8-2B, 20-4, and 22-3 was 20%, 30%, 10 and 0-10%, respectively. The ‘metabasite set’ of 349 
models from Green et al. (2016), converted to Theriak-Domino format by Doug Tinkham (see Jorgensen et al. 350 
2019) were applied for samples 31/32, P8-2B, 20-4, and 22-3. These are White et al. (2014) for 351 
orthopyroxene, garnet, biotite, muscovite and chlorite; Green et al. (2016) for clinoamphibole, augite and 352 
metabasite melt; Holland and Powell (2011) for olivine and epidote; Holland and Powell (2003) for 353 
plagioclase; White et al. (2002) for spinel and magnetite and White et al. (2000) for ilmenite.  354 

 355 

5. Results 356 

5.1. Geochemical characteristics 357 

The rocks of Mina Gonzalito Complex and Santa Rosa Diorite show a discontinuous range of silica on the 358 
TAS (total alkali-silica; Cox et al. 1979) diagram, where they plot from gabbroic and dioritic to granitic rock 359 
compositions, respectively (Fig. 8a). In the AFM diagram (Fig. 8b; Irving and Baragar 1971) the amphibolites 360 
and hornblende schists follow a tholeiitic trend. In contrast, the Santa Rosa diorites, together with the gneisses 361 
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and leucogranites of the Mina Gonzalito Complex, show high SiO2 values corresponding to the calc-alkaline 362 
trends, as expected. A more precise classification is attempted based on high field strength elements (HFSE), 363 
which are less sensitive to metamorphic mobility. Accordingly, the low Nb/Y ratios (< 0.7) for most of the 364 
samples indicate a clear subalkaline tholeiitic affinity (Winchester and Floyd, 1977) Fig. 8c). Two samples 365 
from a banded amphibolite have higher Nb/Y values suggesting an alkaline character, however, since the 366 
rocks underwent at least one metamorphic event and, as will be discussed below, substantial evidence would 367 
support that these two samples could represent cumulate rocks; therefore their alkaline character, among other 368 
geochemical features, should be regarded with caution.  369 

The binary diagrams of major and highly compatible elements using MgO as a variation index are shown 370 
in Figure 9. The arrangement of the sample set is a discontinuous semi-linear layout that reflects the different 371 
nature of the protoliths and a wide variation within the metamafic rocks. 372 

 373 

5.1.1. Metamafic rocks 374 
The major elements of the metamafic rocks of the Mina Gonzalito Complex -amphibolites - show a 375 

basic composition, with low to moderate SiO2 (45.5-52.2 wt.%) and Al2O3 (12.5-16.1 wt.%) and moderate to 376 
high contents of MgO (5.8-9.5 wt.%) and Fe2O3t (9.6-17.4 wt.%). Although there is a wide dispersion in CaO 377 
contents (9.2-17.4 wt.%) in comparison with MORB-type reference values (Gale et al. 2013) (Fig. 9), the 378 
rocks with values > 14 wt% are those that are banded. Their Mg number (Mg# = 100 * molar MgO/ [MgO 379 
+FeOt]), an index of fractionation in basaltic liquids, are between 47 and 69. The average total alkali content 380 
(Na2O + K2O) is around 2.1 wt. % (only one sample exceeds 3%), which is lower than the MORB average 381 
values. Conversely, most of the hornblende-bearing amphibolites have TiO2 contents lower than 2 wt. %, 382 
similar to the MORB reference values (Gale et al. 2013).  383 

The rocks exhibit high Cr/Th (>50) and low Th/La (<0.15), together with low Zr/Ti ratios (<0.02) with low 384 
Ni contents (<250 ppm) (Fig. 4b), suggesting a basic magmatic precursor rather than a sedimentary protolith. 385 
All the hornblende ± biotite- bearing amphibolite and schists exhibit a similar trace element pattern and low 386 
REE total content. Most of them show low Zr/Y (<4.5), Ti/Y (<350) and La/Nb (<2) ratios, similar to the 387 
MORB reference values.  388 

Chondrite-normalized rare earth element (REE) spidergram (Boynton 1984) of the metabasites and schists 389 
show a gently sloping to flat pattern, commonly with (La/Yb)N ratios between 0.5 and 2.8, (Eu/Yb)N ratios 390 
between 0.8 and 1.2, and weakly negative to positive inferred Eu anomalies (EuCN/((SmCN*TbCN)*0.5) =0.74–391 
1.14) (Figs. 10,11). Indeed, REE concentrations are between only 10 to 20 times higher than the chondritic 392 
values. Therefore, the flat REE patterns would appear to preclude significant crustal contamination of the 393 
parental magmas of these amphibolites. Two samples of the clinopyroxene-bearing amphibolites exhibit a 394 
higher REE content (>200), steeper slope in chondrite-normalized REE plot (La/Yb>10), and TiO2 contents 395 
over 2 wt.%, suggesting that they may be cumulates (perhaps with a higher proportion of clinopyroxene and 396 
ilmenite?) in the ancient protolith.  397 
 398 
 399 

In N-MORB and Primitive Mantle (Sun and McDonough 1989) normalized multielement spidergrams, the 400 
selective enrichment in some LILE (Large Ion Lithophile Elements such as Cs, Rb, Ba, and Th, and Pb -401 
although the latter is here mostly related to the hydrothermal fluid alteration) and, to a lesser extent, in light 402 
REE (La, Ce, and Nd) and depletion in fluid-immobile HFSE (High-field strength elements; Nb, Zr, Eu, Hf, 403 
and Tb) (Fig. 11a and b) are observed. However, the enrichment in LREE relative to HREE is up to four times 404 
the N-MORB and only slightly poorer than the E-MORB reference values of Sun and McDonough (1989) and 405 
Gale et al. (2013). The pyroxene-bearing metabasites are enriched between three to four times relative to the 406 
E-MORB, but their chemistry would not represent those of melts. Moreover, the patterns of immobile 407 
elements relative to the N-MORB show negative Nb anomalies characteristic of phase-fractionation in 408 
subduction-related magmas (Saunders and Tarney 1979).  409 

Jo
urn

al 
Pre-

pro
of



10  

 410 

5.1.2. Gneisses and leucogranites 411 
Silica values vary between 69.05 and 70.9 wt. % in the gneisses, whereas in the gneiss-hosted 412 

leucogranites (leucosomes?) contents are higher than 73 wt. %. Similarly, compositions of the former are 413 
“granodiorites” ( 4.7 <K2O+Na2O< 6.0 wt.%), whereas the latter are “granites” (5.9 <K2O+Na2O< 7.9 wt.%) 414 
in the TAS diagram (Cox et al., 1979). They are characterized by high contents of Fe2O3t+MgO (7.08-8.28 415 
wt.%) and low TiO2 (0.7-0.9 wt.%). The gneisses are strongly peraluminous with ASI values ranging from 416 
1.27 to 1.39.  417 

Leucogranites are peraluminous with alumina saturation indices ASI and A/CNK (molecular 418 
Al 2O3/CaO+Na2O +K2O, with or without CaO corrected for apatite) between 1.21 and 1.39 (typical A/CNK 419 
values for S-type granite are 1.10-1.30; Chappell and White (2001)), low CaO (0.67-1.18 wt.%) and high K2O 420 
(3.87-5.11 wt.%) concentrations with strong variations in Na2O and CaO. Total Fe2O3 + MgO is <5%. These 421 
concordant leucogranites have K (atomic calculated at 100% anhydrous base) between 0.08 and 0.09 and 422 
Ca/(Ca + Na) between 0.11 and 0.24, Fe+Mg between 0.02 and 0.07 contents, similar to those of experimental 423 
S-type melt compositions generated between 775 and 900ºC from the melting of metasedimentary starting 424 
materials (compilation in Taylor et al. 2014).  425 

 The gneisses have a roughly steep REE pattern with (La/Yb)N ratios ranging from 6.2 to 10.7, 426 
(Eu/Yb)N ratios between 1.1 and 1.5, and negative inferred Eu anomalies (EuCN/((SmCN*TbCN)^0.5) 427 
=0.50–0.71). In contrast to the gneisses, leucogranites have lower total REE (>170 and >156 ppm, 428 
respectively).  In the MORB-normalized trace element plots (Fig. 9) all the gneisses exhibit significant 429 
enrichment in LIL elements, e.g. Cs, K, Rb, Ba, Pb, but relative depletion in Sr and high field strength 430 
elements (HFSEs, Nb, Ta, Ti) and P.  431 
 432 

5.1.3. Santa Rosa diorites 433 
The Santa Rosa intrusion is composed of mostly undeformed magnesian calk-alkalic diorites (Fig.7a-c). In 434 

comparison to the amphibolites and amphibolitic schists of Mina Gonzalito Complex, they are richer in SiO2 435 
(58.7-60.3 wt.%) and poorer in Fe2O3t (7.9-8.6 wt.%), MgO (4.3- 4.9 wt.%) and CaO (4.6-5.8 wt.%). Alumina 436 
contents are around 15 wt.%. The diorites are metaluminous with ASI values in the range of 0.87 and 0.99 437 
and phosphorous content between 0.34 and 0.41 wt.%. The Na2O/K2O ratio shows little variation, from 0.85 438 
to 1.1, but their high potassium content, together with the high Th (9-11 ppm) and Co (21-25 ppm) contents, 439 
allow these rocks to be classified as shoshonitic to high K-calc-alkaline according to Hastie et al. (2007) and 440 
Peccerillo and Taylor (1976). 441 

The Santa Rosa diorites have a higher REE content (>150 ppm) and very different patterns on a chondrite 442 
and N-MORB-normalized diagrams in comparison with other rocks of the complex (Table 1). Typically they 443 
are moderately enriched in LREE ([La/Yb]N=7.25–10.5, Fig. 5) and show concave-like middle to heavy REE 444 
pattern ([Eu/Yb]N =1.7-2.0; Table 1). 445 

 446 

5.2 P-T modelling 447 

 448 
We used the whole-rock XRF bulk composition of four samples to assess their equilibrium conditions using 449 

Theriak-Domino. The results obtained herein should be considered as strictly preliminary since our study 450 
lacks a reflective microscopy study and EPMA mineral composition data to study potential missing mineral 451 
phases (i.e. inclusions) and mineral zoning (i.e. amphibole; plagioclase). 452 

♦ Sample 31/32-3 (Las Tres Marías mineshaft; northwest) has an interpreted mineral assemblage of 453 
clinopyroxene + amphibole + titanite + ilmenite + plagioclase + quartz. Using an Fe3+ content of 20%, 454 
this field occurs on the diagram at 650-730 °C and 1-3 kbars (Fig. 12b). This field is limited by the 455 
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solidus up temperature and the stability of ilmenite and titanite (both are observed in the sample). If the 456 
Fe3+ content is varied (reduced to 10% Fe3+; Supplementary material B; figures C,D), then this stability 457 
field occurs at 3-4 kbar and 680-730 ºC and is limited by the loss of quartz at low P, and ilmenite and 458 
titanite at low temperature and high temperature respectively (Supplementary material B, figures C, D). 459 
If the amount of Fe3+ is increased, quartz stability increases down pressure but the position of the peak 460 
field in terms of temperature does not change. The modelling for this sample indicates the presence of 461 
biotite, which was not observed in the sample. The calculated mode of biotite is quite low (<5%) and 462 
potentially its inclusion is a result of including potassium in the modelling. 463 

 464 
♦ Sample P8-2B (Gonzalito mineshaft; eastern sector of the block) contains clinopyroxene + amphibole + 465 

titanite + ilmenite + plagioclase + quartz + apatite. Since apatite cannot be modelled, the total amount of 466 
CaO was reduced by approximately 4 wt.% corresponding to the 2-3 % apatite observed within the rock. 467 
A T-MCaO diagram was calculated to evaluate the effect of removing the apatite (see supplementary 468 
material figure E). The main observed effect is an increase in the stability of quartz up temperature and a 469 
reduction of the stability of biotite above the solidus. A T-MFe2O3 diagram was also calculated (see 470 
supplementary material figure E), which suggested a broad range of acceptable values (with the 471 
interpreted peak assemblage moving up pressure with lower Fe3+ values). Using a value of 30% of Fe3+ 472 
(Fig. 12c), the interpreted peak assemblage occurs at 650 to 720ºC and 1-3 kbar and is limited at high 473 
pressure/low temperature by the loss of titanite and at low pressure/high temperature by the loss of 474 
ilmenite, and high T by the presence of melt (Fig. 12c). 475 

 476 
♦ Sample 20-4 (Gonzalito camp; east) contains the interpreted assemblage amphibole + plagioclase + 477 

ilmenite + biotite + quartz. Late chlorite replaces biotite and plagioclase is sericitized. A P-T diagram 478 
was calculated for this sample using 10% Fe3+ (Fig. 12d). On this diagram, the peak assemblage occurs 479 
at 550-720 °C and 1-3 kbar and is limited by titanite in at higher pressure, clinopyroxene-in at high 480 
temperature and the presence of a second amphibole at low temperature. A P-MFe2O3 diagram was 481 
calculated to observe the effect of Fe3+ concentration on the position of the peak field (see 482 
supplementary material figure H). If Fe3+ is increased, the peak field occurs at lower pressure, with a 483 
maximum pressure of 3 kbar if all the iron is Fe2+. (see supplementary material figure H). 484 

 485 
♦ Sample 22-3 (Puesto El Panchito; central sector) containss the mineral assemblage amphibole + 486 

plagioclase + titanite + ilmenite + quartz. Similarly to sample 31/32-3, the peak assemblage occurs only 487 
with biotite. However, the modes of biotite are also very low (<2%). The interpreted peak assemblage 488 
with biotite occurs at 2.5-3 kbar and 550-700 °C on a P-T diagram with 100% Fe2+ (Fig. 12d). This field 489 
is bound by ilmenite and titanite stability at high and low pressure respectively. If the amount of Fe3+ is 490 
increased (supplementary material figures I and J), the location of the peak field moves down-pressure, 491 
but the temperature stability range does not change (Figs. 13). If Fe3+ is increased by only a small 492 
amount, for example to 10% Fe3+, then clinopyroxene stability increases and the interpreted peak field 493 
occurs below 2 kbar (see supplementary material figures I and J). 494 

 495 
A Venn diagram (Fig. 13) is used to place further constraints on the pressure and temperature conditions by 496 

overlaying the peak fields of all the samples. The stability field of the metamafic rocks is roughly estimated 497 
between 550 and 730 ºC and below 4 kbar. We consider these results as initial calculations of the P-T 498 
conditions since this study lacks mineralogical compositions nor the full composition of the opaque phases. It 499 
is clear from the diagrams of Figures 12a-d that the presence of ilmenite in the metamorphic assemblages is 500 
decisive in lowering the maximum pressure down to 4 kbar. Therefore, until we can confirm the presence of 501 
ilmenite with EPMA, we consider 4 kbar to be the preliminary estimation for the peak pressure conditions. 502 
 503 
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6. Interpretation and discussion 504 

6.1. Characterization of the main protoliths of the Mina Gonzalito Complex  505 

The lithological assemblage involved in the Mina Gonzalito Complex includes quartz- biotite schists, 506 
quartz-biotite-plagioclase gneisses, granitic orthogneisses, metamafic intrusive rocks, minor amphibolites 507 
(with mafic and calcsilicatic protoliths), and subordinate carbonate rocks.  The metamafic intrusive units were 508 
intruded along the S1 or S2 foliation developed in the para and ortho-derived schists and gneisses of the Mina 509 
Gonzalito Complex and subsequently folded. Giacosa (1987) proposes a wide distribution for the 510 
amphibolites and indicates that the presence of diopside in the west of block (close to Tapera pluton) that 511 
coincides with the area of higher metamorphic grade, granitic injection and deformation in the block. In 512 
addition, the latest cartography of the Mina Gonzalito (González et al. 2008b; González et al. 2014; Pugliese 513 
et al. submitted; this study) reveals that the orthogneisses and synkinematic leucogranites outcrop mostly in 514 
the western sector of the block, where they dominate over the sedimentary-derived gneisses. This would 515 
suggest a higher-grade metamorphism in the west than in the east.  Our study could not perform a systematic 516 
work on the para-derived rocks in order to provide evidence for the increase of the metamorphic grade to the 517 
west. However, we show that the presence of metamafic protoliths (i.e. banded and massive) are widespread 518 
from the west to east of the block, but probably, scattered given their lower volume and considerable 519 
dismemberment due to the intense and repeated deformational events during the Permian, Triassic and 520 
Jurassic times.  521 

Hereafter, the Mina Gonzalito Complex is reinterpreted as having a larger proportion of (mafic to 522 
intermediate) metaigneous protoliths than previously proposed. Several of the metamafic rocks show a 523 
transitional variation from banded metamafic rock with diopside layers to more massive levels with more than 524 
50% of clinoamphibole and limited quartz. We interpret the banding as an igneous inherited feature perhaps 525 
enhanced by the recrystallization and deformation that occurred during or just after emplacement. In many 526 
localities, metamafic rocks show no record of superimposed deformation, suggesting that the mica-rich host 527 
(Mina Gonzalito gneiss) could have absorbed the deformation. The protoliths of igneous metamafic rocks are 528 
interpreted to be dominated by epizonal rocks of broadly basaltic/ gabbroic composition. It is noteworthy that 529 
there are no high-Mg rocks identified within the sequence.  530 

6.2. Petrotectonic setting of the protolith 531 

Following the proposals of Greco et al. (2017) and González et al. (2018), the protoliths of the Nahuel 532 
Niyeu Formation and the Mina Gonzalito Complex were mostly associated with a fore-arc tectonic 533 
environment with development of a back-arc basin where the El Jagüelito Formation, located to the east 534 
(present coordinates), would have been formed. Following these proposals, the Early to mid-Cambrian 535 
magmatic arc would be represented by the I-type Tardugno granodiorite orthogneiss (Pankhurst et al. 2014) 536 
and the Ordovician tectono-metamorphic event would have affected both basins synchronously at ca. 472 Ma.  537 

Major, trace and rare earth element data indicate that the metamafic rocks are dominantly basaltic in 538 
composition with wide variations in MgO contents (5.8 -9.4 wt.%) and Mg# values (Mg#=100×Mg+2+/(Mg+2+ 539 
Fe+2

tot)) between 47 and 69, but a very restricted SiO2 content, between 45.2 and 52.1 wt.%. K2O contents are 540 
very low (<1.2; in samples with low LOI) and Al2O3/TiO2 ratios are high on average. In addition, these 541 
metamafic rocks are characterized by relative enrichment in LILEs and pronounced depletion in HFSEs (e.g., 542 
Nb, Ti, Zr, and Hf) (Fig. 11), suggesting that the magmas experienced fractionation and moderate 543 
involvement of crustal contamination in the magma source. These geochemical features suggest that these 544 
rocks could have been formed either as mid-ocean ridge basalts (MORB), island-arc to transitional basalts 545 
(IAT), or in a continental rift environment. 546 

According to Henderson (1984) the average ratio of (La/Yb)N is greater than 12 at most in continental rift 547 
basalts and is lower in environments where oceanic basalts and transitional basalts are produced. In the 548 
metamafic rocks of the Mina Gonzalito Complex, the (La/Yb)N ratio ranges from 0.5 to 2.7, except for the 549 
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banded metamafic rocks (>12). Moreover, Fitton et al. (1991) characterized basalts erupted during intra-550 
continental extension or incipient rifting as having a Th/Ta ratio >4. This ratio is below 2 in the metamafic 551 
rocks from Mina Gonzalito, and characteristic of the island–arc-type rocks. Therefore, the geochemical 552 
characteristics of these rocks would not be compatible with a continental rift environment.  553 

Condie (1989) suggested that the Ti/V ratio is less than 30 in island arc tholeiites, and larger than 30 in 554 
within-plate basalts. The Ti/V average ratio for the metamafic rocks of Gonzalito Mine is below 25, with two 555 
outliers, samples PG6 and P8, that were interpreted to be cumulates (Figure 14a). The samples show values 556 
that correspond to those associated with magmatic arc to MOR and back-arc basalts. In Figure 14b, c two 557 
other trace-elements relations, such as 2*Nb, Zr/4 and Y, (Meschede 1986) and La/10, Y/15 and Nb/8 558 
(Cabanis and Lecolle, 1989) triangles also suggest that they have a volcanic back-arc affinity. Assuming that 559 
the crustal input in arc magmatism can be proxied with the Th/Yb versus Nb/Yb (Fig. 14d), as proposed by 560 
Pearce (2008), the metamafic rocks of the MGC are shifted above the mantle array, suggesting they are 561 
mantle derived and have experienced magma-crust interaction. 562 

Moreover, when several incompatible element ratios such as Zr/Y (1.9-3.2), Zr/Nb (>14), Zr/Y (<3.2), 563 
Nb/La (<1), (Ce/Y)N (0.6-1.7), Na/La (0.4-1.0) are compared with MOR-type basalt, ocean island basalts and 564 
high-alumina calc-alkaline and island-arc tholeiites, the metamafic rocks of Mina Gonzalito are more similar 565 
to those of transitional between the Normal to slightly enriched MOR and island arc-type subduction related 566 
basalts (see table in the Supplementary material B).  567 

Gribble et al. (1996, 1998) suggested that the tectonic environment, which not only may produce MORB-568 
like basalt but also may produce arc volcanic-like basalt signatures, is a back-arc basin. Therefore, we 569 
interpret that the protoliths of the metamafic rocks were emplaced in a back-arc tectonic setting.  570 

 571 

6.3. Interpretation of the P-T phase diagrams  572 

 The studied samples have high variant assemblages resulting in large fields on the P-T diagram. All the 573 
samples must have experienced the same metamorphic event and come from closely spaced locations. 574 
Therefore, it could be possible to use their variable compositions to further constrain their P-T conditions. In 575 
Figure 13, the peak fields of all these samples have been overlaid in a Venn diagram. The presence of ilmenite 576 
and titanite in samples 31/32-3 and P8-2B constrains the temperature to 650-730 ºC, and all the samples 577 
indicate low pressure (between 1-4 kbar). The protolith would likely be (hornblende) gabbros, implying a 578 
water enriched magma and suggesting lower than MORB crystallization temperatures. These temperatures 579 
within the range of calculated temperatures for the re-equilibration. Textural evidence indicates that the 580 
composition of the metamafic rocks would not have been very reactive to metamorphism and only 581 
recrystallized in a few cases (dependent on degree of deformation and presence of H2O).  582 
 Altogether, the results of the pseudosections would suggest low pressure (less than 4 kbar) and 583 
intermediate temperature (640-730° C) conditions compatible with emplacement and recrystallization of 584 
water-rich gabbroic intrusions within the Mina Gonzalito Complex. These conditions may not correspond to 585 
those of the garnet-biotite paragneiss, which has not been the subject of a metamorphic study but has been 586 
suggested to have achieved higher-P conditions (González et al. 2008b). Indicating that the low P, higher T 587 
conditions of the mafic rocks may have developed after, the higher-P amphibolite facies conditions dated at 588 
~472 Ma (Pankhurst et al. 2006). This anticlockwise evolution would also be consistent with a back-arc 589 
tectonic setting, however this interpretations relies on further P-T modelling of the gneisses and schists of 590 
Mina Gonzalito in order to confirm their peak conditions and is a forthcoming step to understand the 591 
metamorphic history of the basement.   592 
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6.4. Timing of the sedimentation, metamorphism, magmatism and deformation and favored chronology 593 

Despite the limited outcrops of metamafic rocks, metagranites and gneisses in the Early Paleozoic 594 
basement of the North Patagonian Massif, their origin, evolution and tectonic significance are key aspects to 595 
complete the puzzle of the evolution of northern Patagonia and support evidence in favour or against the 596 
plethora of hypothesis regarding its origin. Previous geochronological data states that the metamorphic peak 597 
(M1 or M2) was recorded at 472 ± 5 Ma (U-Pb SHRIMP2 in zircon; Pankhurst et al. 2006) in a biotite-garnet 598 
paragneiss around Gonzalito mine. More recently, the age of the metamorphic peak was further confirmed in 599 
another paragneiss located ca 7 km to the northwest of the Mina Gonzalito mine (~472 Ma U-Pb zircon LA-600 
ICP-MC; Greco et al., 2014). The depositional age for the protolith of the paragneiss should be younger than 601 
518 ± 6 Ma according to the ages of the inherited zircon cores reported by Pankhurst et al. (2006) (Fig. 14). 602 
Comparable maximum depositional ages, between 510 and 515 Ma, were obtained in the low-grade 603 
metaclastic protoliths of the Nahuel Niyeu Formation (Greco et al. 2017; Pankhurst et al. 2006; Rapalini et al. 604 
2013) and in the metaigneous layers interlayered within the El Jagüelito low-grade metasedimentary rocks 605 
(González et al. 2018). However, the presence of metamorphic enclaves of El Jagüelito Formation in the 606 
granites and tonalites of the shallow crustal Punta Sierra Plutonic Complex, accurately dated at 476 ± 5 Ma 607 
and 475 ± 2 Ma, implies that the metamorphic event recorded in the El Jagüelito Formation (M1) must be 608 
synchronous or older than the age of the magmatism. K-Ar muscovite dating of a hornfels in El Jagüelito 609 
Formation (post-M1) yielded 459 ± 9 Ma. Therefore, it would reasonable that the metamorphic event (M1) 610 
could be older than that registered in Mina Gonzalito.  611 

The Early Ordovician age of the metamorphic peak of biotite-garnet gneisses in the Mina Gonzalito 612 
Complex (i.e., M2?) was obtained by Pankhurst et al. (2006) from the rims of inherited zircon grains, 613 
assuming that these rims were produced during amphibolite facies metamorphic conditions. This age overlaps 614 
with that of the Peñas Blancas granite dated at 471 ± 2 Ma with U-Pb zircon SHRIMP dating (García et al. 615 
2012) close to Gonzalito mine (Fig.2). This pluton hosts a peraluminous, garnet and muscovite bearing-616 
granite facies compatible with those generated by partial melting of metapelitic rocks. 617 

Varela et al. (2011) dated several acidic ortho-derived rocks within the Mina Gonzalito Complex not far 618 
from Puesto Dragón, obtaining a U-Pb SHRIMP crystallization age of 492 ± 6 Ma for the crystallization of a 619 
granodioritic orthogneiss and a Rb-Sr cooling age, calculated with a composite WR, biotite and K-feldspar 620 
isochron that yielded 257 ± 4 Ma, suggesting that this age corresponds to  a Permian episode of deformation 621 
or metamorphism (Varela et al. 2009) (Fig. 14). Conversely, in the surroundings of the Mina Gonzalito 622 
mineshaft they obtained a Rb-Sr cooling age of 452 ± 29 Ma (WR-mineral isochron) from of a foliated 623 
leucogranite (e.g., “tonalitic gneiss” from Varela et al. 1997). This observation allowed Varela et al. (2011) to 624 
propose a dual cooling evolution of the complex: a faster (Ordovician) exhumation-time path for the eastern 625 
portion and a slower (Permian) trajectory for the westernmost part.  626 

Metamafic lenses in the MGC are mostly metaigneous bodies that were intruded along S1 or S2 developed 627 
in the para and ortho-derived gneisses of the Mina Gonzalito Complex and subsequently deformed, having 628 
variably experienced the effects of Dn+1. Having no evidence of high grade paragenesis, the metamorphism in 629 
the metamafic rocks would be evidenced by recrystallization and re-equilibrium of the magmatic paragenesis. 630 
Thus, their protoliths were not quite different in mineralogical composition from the original rock, i.e., 631 
hornblende gabbro.  Even though there are no absolute ages for the metamafic rocks, the absence of a thermal 632 
aureole, the large grainsize of the intrusions and the fact that they are folded together with their host during 633 
Dn+2 suggests that the protoliths of the metamafic rocks (hornblende-gabbros) intruded within an already 634 
metamorphosed and deformed (Mn+1-Dn+1) metaclastic and metaigneous package of the Mina Gonzalito 635 
Complex.  González et al. (2008b) interpreted “amphibolite layers” intercalated in the paragneisses and 636 
schists of the Mina Gonzalito Complex as pre-kinematic, mafic igneous flows, and also considered them as 637 
the higher metamorphic equivalents of the sills and the lava flows of the Nahuel Niyeu Formation. Recently, 638 
Greco et al. (2015) obtained a set of U-Pb zircon ages of a “(…) metagranite differentiate of a 639 
metagranodiorite facies of a metagranodiorite-gabbro/diorite composite sill (…)” interlayered with the Nahuel 640 
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Niyeu Formation close to Aguada Cecilio (50 km to the North of Mina Gonzalito). These authors considered 641 
the metagranite as an in situ magmatic differentiate product from a gabbroic sill (Fig. 14) and calculated a 642 
concordia age at 513.6 ± 3.3 Ma, equivalent to the maximum depositional age of its host (~515 Ma; Greco et 643 
al. 2017).  These authors further proposed that the timing of the D1-D2-M1 tectonometamorphic event in the 644 
Nahuel Niyeu Formation is constrained between the emplacement of these sills and post-D2 645 
microgranodiorite dikes. The microgranodiorite dikes could belong to thePunta Sierra Plutonic Complex 646 
(crystallization age ~476 Ma; Pankhurst et al. 2006) or to the Late Permian plutonic complexes, as suggested 647 
by the K-Ar biotite age of 257 ± 7 Ma of Varela et al. (2001). Further evidence is found in the Valcheta pluton 648 
that clearly intrudes the already metamorphosed rocks of Nahuel Niyeu Formation in Valcheta area,  and 649 
whose mica Ar-Ar and K-Ar cooling ages are bracketed between 470-450 Ma (López de Luchi et al. 2008; 650 
Tohver et al. 2008; Gozálvez 2009).  651 

Therefore, the D1-D2-M1 tectonometamorphic event in the Valcheta to Aguada Cecilio area can be 652 
constrained between the crystallization age assigned to the “granitic differentiate of mafic sills and the ca. 653 
470-450 Ma cooling of the Valcheta Pluton (Fig. 14)..Several younger highly concordant 206Pb/238U ages 654 
between 487 and 450 Ma obtained for the granitic differentiate were interpreted as a product of Pb loss due to 655 
coeval metamorphism and deformation (D1-D2, M1). A review of the dataset of Greco et al. (2015) allows the 656 
calculation of a younger concordia age for the granite sill at 460.8 ± 3.6 Ma (N=4; MSWD 0.15 and common 657 
Pb ≤ 2%). This age is more consistent with the fact that these coarse-grained rocks require burial before the in 658 
situ melting of the host rock could occur. Dehydration melting reaction of the host could explain the ~515 Ma 659 
inheritance within the “granitic differentiate”.  660 

Combining the evidence in the Nahuel Niyeu Formation and the Mina Gonzalito Complex, we infer that 661 
the metamafic rocks of the Mina Gonzalito Complex are equivalent as already suggested by Greco et al 662 
(2015) but their magmatic crystallization age should be Ordovician  The onset of widespread intrusive mafic 663 
and ultramafic bodies (i.e. peridotites; Greco et al. 2015) within a shallow crust as, perhaps, the roots of the 664 
Early Ordovician magmatic arc would explain the increase in the thermal gradient and high T/P conditions, 665 
and possibly, a partial melting event affecting a probably already M1-metamorphosed complex.  666 

Further folding and local dynamic retrogression and faulting would have occurred during the onset of the 667 
Permian, Triassic, and later Jurassic shallow magmatism (i.e. Pailemán Plutonic Complex and Treneta and 668 
Marifil volcanic complexes)  669 

We recalculated a WR Rb-Sr isochron built with data taken out of a small dataset of metamafic rocks 670 
(amphibolites) from Tres Marías mine and Gonzalito mines (P30-5; P11-1; P5-3; Aragón et al. 1999b) that 671 
yielded 267 ± 13 Ma (MSWD 0.008; probability 0.93) -using the Model-1 solution of Isoplot 4.15 (Ludwig 672 
2000). The initial 87Sr/86Sr ratio calculated out of the isochron (0.70011 ± 0.0013) is lower than values 673 
expected for the Depleted Mantle, suggesting that the data is showing a disturbance of the Rb-Sr system rather 674 
than a primary cooling age.  675 

The Rb-Sr cooling age for the metamafic rocks (e.g. ∼265 Ma) is within analytical error of other Late 676 
Permian cooling ages in the area, such as the mica-ages of the Tapera Granite (40Ar/39Ar biotite of 264 ± 2 677 
Ma; Grecco and Gregori 2011) and the María Teresa Granite (40Ar/39Ar muscovite of 261 ± 2 Ma; Grecco and 678 
Gregori 2011) and its hosting paragneiss (40K-40Ar biotite of 266 ± 10 Ma; Llamas 1995).  Our field 679 
observations agree with those of Giacosa et al. (1993), both granite plutons are deformed concordantly with 680 
the large-scale structure of the metamorphic host, but they do not produce a thermal aureole in their hosting 681 
gneisses. An identical age interval (260-265 Ma) of granite emplacement is given in the Tembrao river, 30 km 682 
to the North of Mina Gonzalito, where the Pailemán Plutonic Complex (Giacosa 1993) intrudes the red-biotite 683 
bearing schists of the Mina Gonzalito Complex parallel to the Sn+1 (synkinematically). Crystallization and 684 
mica-cooling ages of the synkinematic Arroyo Tembrao granodioritic orthogneiss (39Ar/40Ar biotite of 266 ± 2 685 
Ma; Grecco and Gregori 2011, unpublished data) and of a N-S vertical undeformed aplopegmatitic dyke (40K-686 
40Ar muscovite of 264 ± 6 Ma; López de Luchi et al. 2008) that cuts across the host rocks of both the Arroyo 687 
Tembrao Granodiorite and the Paileman Granite constrain the emplacement and D3 deformation as Late 688 
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Permian (as observed earlier by Greco 2015 in the Aguada Cecilio area). The aplopegmatite dyke swarm 689 
(260-255 Ma) is notably undeformed and crosscuts the Sn+1 deformation of the basement. A NNW-SSE 690 
trending vertical muscovite-bearing aplopegmatite dyke swarm can be tracked from Tembrao river to the 691 
centre to the Mina Gonzalito area.  Another piece of significant evidence in this puzzle are of two samples of 692 
an undeformed pegmatite dyke taken from La Leona mine, 3 km to the NE of Mina Gonzalito camp, whose 693 
muscovite grains are aged 249 ± 9 Ma (40K-40Ar on muscovite; Genovese 1996). Remarkably, Arroyo 694 
Tembrao granodiorites contain metamorphic enclaves of the host, suggesting that the Sn+1 penetrative 695 
structure, and possibly thermal reheating, might have had ended by ca. 250 Ma. The larger analytical spread 696 
of the Late Permian mica cooling ages, particularly the biotite ages, is partly attributed to reheating (and 697 
opening of low-temperature isotopic systems) and hydrothermal alteration of the basement during the 698 
intrusion of the Paileman Plutonic Complex, and potentially also related to the exhumation of the western part 699 
of the Mina Gonzalito Complex where most of these ages are recorded.  700 

In contrast with the granitic synkynematic María Teresa and Tapera plutons, the body of the Santa Rosa 701 
Diorite crosscuts the biotite-muscovite gneisses of the Mina Gonzalito Complex. The pluton does not show 702 
significant evidence of penetrative deformation, except close to the decameter scaled S-C shear zones 703 
(probably D3 or D4 of González et al., 2008b). The Santa Rosa pluton remains undated. However, the diorites 704 
can be assigned to be Permian based on its plausible correlation with the more mafic terms of the 705 
granodiorites of the La Verde pluton (Giacosa 1997; Busteros et al. 1998; García et al. 2014), outcropping 25 706 
km to west of Estancia Santa Rosa, and 12 km to the east of Los Berros. Both intrusions display identical 707 
petrographical (hornblende-biotite and accessory mineralogy; the presence of mafic microgranular enclaves), 708 
geochemical (slightly negative Eu/Eu* anomaly, large La/YbN ratios >7) and structural (undeformed) 709 
features.  La Verde pluton is dated at 261 ± 2 Ma (U-Pb zircon SHRIMP; García et al. 2014). A 40K-40Ar 710 
cooling age of biotites from the same body determined that the system cooled at 253 ± 9 Ma (Busteros et al. 711 
1998). The La Verde pluton was correlated with the granodiorites and granites of the Navarrete (283-275 Ma; 712 
Martínez Dopico et al. 2017; Pankhurst et al. 2006) and Yaminué (260-245 Ma; (Chernicoff et al. 2013; 713 
Martínez Dopico et al. 2017; Pankhurst et al. 2014) plutonic complexes outcropping to the north and forming, 714 
together with the Pailemán Plutonic Complex, the Late Permian to Early Triassic magmatic belt of the North 715 
Patagonian Massif (Ramos, 2008). 716 

Overall, the cooling age homogeneity indicates that the thermal effects of Permian igneous activity were 717 
localized, typical of higher crustal levels, whereas age homogeneization in the wake of crustal thickening and 718 
thermal relaxation would have been expected to occur along the fault and shear zones. 719 

Therefore, we can conclude that the tectonometamorphic event (M2) affected the basement of the Mina 720 
Gonzalito Complex occurred during the Early Ordovician producing high T/P metamorphism, partial melting 721 
and intrusion of bimodal magmatism, with gabbros to S-type granites. Another significant thermal event, 722 
represented in the Gonzalito area by the Santa Rosa Diorite, affected the crust during the Late Permian at ~ 723 
260-250 Ma causing magmatism and deformation in the upper crustal levels, as recorded in the northeastern 724 
North Patagonian Massif (López de Luchi et al. in press).  725 

7. Final considerations 726 

• The majority of the metamafic rocks of the Mina Gonzalito Complex show a variety of textures 727 
compatible with a mafic igneous protolith such as a hornblende-gabbro or hornblendite. Three main 728 
paragenesis were found: diopside + clinoamphibole + plagioclase; clinoamphibole + plagioclase; and 729 
clinoamphibole + plagioclase + biotite. They are distributed throughout the complex, from the María 730 
Teresa mine in the west to the Gonzalito mine camp in the east.   731 

• Geochemical data suggest that the metamafic rocks have transitional chemical characteristics 732 
between MOR basalts and island arc tholeiites. This study proposes that the protolith of the 733 
metamafic igneous rocks was emplaced in the magmatic arc domain, probably in an intracontinental 734 
back-arc basin. 735 
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• Even though the age of emplacement of the metamafic protoliths has not been yet constrained, we 736 
suggest that their emplacement would be occurred after or during the 472 ± 5 Ma 737 
tectonometamorphic event. 738 

• The peak conditions of M2 can be reconciled with a high-temperature event (up to 730 ºC) brought 739 
to this crustal level by the metamafic intrusions, explaining the partial melting in the biotite-bearing 740 
schists though biotite-dehydration melting reactions. 741 

• Santa Rosa Diorite shows different geochemical characteristics compared to the metamafic rocks 742 
interlayered within the Mina Gonzalito Gneiss and probably is Permian in age. 743 
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Supplementary material C 958 

 959 
 960 
Figure Captions 961 
 962 
Figure 1. Location of the studied area in northern Patagonia and geological sketch of the Mina Gonzalito area 963 
and surroundings (modified from Martínez Dopico et al. 2011).  964 
 965 
Figure 2. Geological sketch map of the Mina Gonzalito area showing the all the samples analized in this 966 
study.  Based on Busteros et al. (1998) and González et al. (2008b).    967 
 968 
Figure 3. View of the outcrops of Mina Gonzalito Complex. a) Contact between the amphibolites and the 969 
biotite schist; b) Detail of the texture in the biotite schists taken from outcrops to the west of Gonzalito 970 
mineschaft; c) Detail of the amphibolite exposures close to Puesto El Panchito. 971 
 972 
Figure 4: Photomicrographs of the representative textures and features of the biotite bearing schists of the 973 
Mina Gonzalito Complex with plane (left) and crossed (right) polarized light. a)  Texture of a schist located at 974 
Puesto Dragón (2 km to the south of Tres Marías mine). Note the red to yellow pleochroism of biotite; b) 975 
Texture of the schists close to El Panchito (?); c,d) Sample ASR-1 Porphyroblastic texture with larger crystals 976 
of plagioclase embedded in a lepidoblastic matrix of a gneiss of Estancia Santa Rosa. 977 
 978 
Figure 5- a) Photomicrographs of the representative textures and features of the metamafic rocks of the Mina 979 
Gonzalito Complex a) amphibolite of north of Puesto El Panchito (P35) with plane (left) and crossed (right) 980 
polarizers showing nematoblastic texture; b) amphibolite of Gonzalito mine schaft (P9) with plane polarizers 981 
showing granoblastic blastic texture; c) Massive amphibolite taken from a section of a sequence of metamafic 982 
rocks in Polito mine schaft that grades into d) a banded amphibolite with lighter bands with plagioclase and 983 
diopside. 984 
 985 
Figure 6. Photomicrographs of the samples used for the thermodynamic modelling with plane (left) and/or 986 
crossed (right) polarized light. a) Banded amphibolite from Tres Marías Mine (locality P31/32-3); b) Coarse-987 
grained nematoblastic texture in an amphibolite from 1 km to the east of Mina Gonzalito mine camp (sample 988 
P20-4). Note the reddish-brown to yellow pleochroism of the hornblende crystals and the absence of quartz; 989 

Mina 

Gonzalito N-MORB D-MORB E-MORB OIB ***

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
1

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)
1 

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

Island-Arc 

Tholeiites

High-Alumina and 

Calc-Alkaline 

Basalts

Subduction related- basalts* Average MORB **
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c) Granoblastic texture of metamafic rocks from north of Puesto El Panchito (P22), note the green to light 990 
green pleochroic hornblende. 991 
 992 
Figure 7. Santa Rosa Diorite. Photomicrographs with plane (left) and crossed (right) polarized light of the 993 
representative textures and features of the diorites. Note the difference in the grain size. a) The fine-grained 994 
equigranular texture from sample ASR-2; b) Mafic clusters with green to dark green clinoamphibole plus 995 
yellow-brown biotite and opaque minerals; c) Worm texture in clinoamphibole and pyroxene cores -note the 996 
quartz exsolution after pyroxene-amphibole hydration reaction. 997 
 998 
Figure 8. Geochemical classification of the sampled rocks of Mina Gonzalito Complex and Santa Rosa 999 
Diorite a) Total alkali versus SiO2 (Cox et al. 1979); b) AFM diagram of Miyashiro (1974); note the 1000 
differential trend for the metamafic rocks; c) Zr/TiO2 versus Nb/Y plot of Winchester and Floyd (1977). Note 1001 
the spread in the acidity of the rocks, the difference between the subtypes and the subalkaline tholeiitic 1002 
affinity for the metamafic rocks. 1003 
 1004 
Figure 9. Variation of selected major elements oxides (SiO2, Al2O3, CaO, K2O, P2O5, FeOt, Na2O) and Ni 1005 
and V versus MgO (%). The grey diamonds correspond to the D-, N- and E-MORB compositions of Gale et 1006 
al. (2013). 1007 
 1008 
Figure 10. Chondrite normalized REE diagram for samples from the Mina Gonzalito Complex (metamafic 1009 
rock with pyroxene –top left-, metamafic rocks with hornblende and/ or biotite –top right-, paragneisses and 1010 
leucogranites –bottom left-) and Santa Rosa Diorite (bottom right). The normalizing chondrite REE values are 1011 
from Boynton (1984). At the top, the D-MORB, N-MORB and E-MORB from Gale et al. (2013) are 1012 
represented with dark grey, grey and light grey diamonds, respectively. 1013 
 1014 
Figure 11. MORB normalized trace element diagrams for samples from the Mina Gonzalito Complex 1015 
(metamafic rock with pyroxene –top left-, metamafic rocks with hornblende and/ or biotite –top right-, 1016 
paragneisses and leucogranites –bottom left-) and Santa Rosa Diorite (bottom right). The normalizing MORB 1017 
values are from Sun and McDonough (1989). 1018 
 1019 
Figure 12. a) P-T pseudosection calculated based on the whole rock composition of samples a) ASR-1; 1020 
b)31/32-3; b) P8-2b; c) d) 20-4; d)22-3. T where the interpreted peak field calculated with all iron as Fe2+ has 1021 
bold outline and grey (light blue) colour infill. Camp is clinoamphibole, all other abbreviations from Kretz 1022 
(1989); The interpreted peak field has bold outline. Camp is clinoamphibole, all other abbreviations from 1023 
Kretz (1989). 1024 
 1025 
Fig. 13. Venn diagram with the interpreted peak fields for all the samples. 1026 
 1027 
Figure 14. Trace-elements-based tectonic environment discrimination plots a) The V-Ti/1000 diagram for 1028 
metamafic rocks (Shervais, 1982); b) The Ti-Zr plot of Pearce (1982); and c) Nb-Zr-Y diagram applied for the 1029 
distinction between mid-ocean ridge basalts and continental tholeiites from Meschede (1986). ); c) La/10-1030 
Y/15-Nb/8 triangle of d) Th/Yb vs. Nb/Yb of Pearce et al. (2008) Note that the three independent parameters 1031 
suggest that the metamafic rocks of Mina Gonzalito Complex have a volcanic arc to N-type MORBback-arc 1032 
affinity. Symbols as in figure 8. 1033 
 1034 
Figure 15. Geochronostratigraphic chart of the main Late Neoproterozoic to Paleozoic units and metamorphic 1035 
and deformational events of the eastern North Patagonian Massif.  Acronyms: TO Tardugno orthogneiss 1036 
(Rapalini et al. 2013); PDP Playas Doradas pluton; SGP Sierra Grande pluton; ASP Arroyo Salado pluton 1037 
(Pankhurst et al. 2006); EMP El Molino pluton (González et al. 2008a); PBP Peñas Blancas pluton (García et 1038 
al. 2014); PNP Navarrete pluton; ATP Arroyo Tembrao pluton (Tohver et al. 2008); LVP La Verde pluton 1039 
(García et al. 2012); SMP San Martín pluton (Pankhurst et al. 2006). Refences in text. 1040 
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 1041 
Table 1. Major and trace elements whole-rock geochemical analyses. The samples are located in the 1042 
surrounding of Gonzalito Mine (MG), Tres Marías Mine (MTM), Puesto El Panchito (PEP), Polito mine shaft 1043 
(P), Estancia Santa Rosa (ESR) and close to the Tapera Granite main outcrops close to Puesto Dragón (TAP); 1044 
See figure 2 for reference location. 1045 
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Sample PG 6-

Pique 11 

P 8-2B 31/32-3 P 9-2A P 4-3 20-3 20-4 35-2 GOP1-4 GOP1-3 15/16-

1B 

22-3 P 3/4 6a 

Rock 

type 

Banded 

metamafi

c rock 

Banded 

metamafi

c rock 

Banded 

metamafi

c rock 

 Hb (±Bt) 

metamafi

c rock 

 Hb (±Bt) 

metamafi

c rock 

 Hb (±Bt) 

metamafi

c rock 

 Hb (±Bt) 

metamafi

c rock 

 Hb (±Bt) 

metamafi

c rock 

Hb 

metamafi

c rock * 

Hb 

metamafi

c rock * 

Hb 

metamafi

c rock 

Hb 

metamafi

c rock 

Hb 

metamafi

c rock * 

Latitude 

(º) S 

65 38 816 65 39 01 65 45 352 65 39 018 65 38 974 65 38 687 65 38 584 65 44 948 65 38 25 65 38 25 65 39 719 65 40 609 65 39 011 

Longitud

e (º) W 

41 19 212 41 19 04 41 18 411 41 19 125 42 18 943 41 18 897 41 18 907 41 18 368 41 19 00 41 19 00 41 20 362 41 19 042 41 18 909 

              

SiO2 (%) 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 

TiO2 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 

Al2O3 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 

Fe2O3t 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 

Na2O 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 

K2O 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 

P2O5 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 1.31 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 
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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 0.4 <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 5.3 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 
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Zr 172 153 61 59 58 100 89 41 84 82 63 39 179 

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

V  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-

2 

21-5 P 6-3 ASR-7 15/16-2 15/16-3B 

Rock type Diorite Diorite Diorite Diorite Diorite Bt 

schist 

Bt-Ms 

gneiss 

Bt-

schist 

Bt 

schist 

Ms+ Sill 

Leucogranite 

Granite Leucogranite Leucogranite 

Latitude (º) 

S 

70 39 

57 

66 39 

57 

67 39 

57 

69 39 

57 

68 39 

57 

65 39 

767 

65 39 

57 

65 38 

25 

65 40 

728 

65 38 995 71 39 

57 

65 39 719 65 39 719 

Longitude 

(º) W 

46 23 

03 

42 23 

03 

43 23 

03 

45 23 

03 

44 23 

03 

41 20 

310 

41 23 

03 

41 19 

00 

41 17 

764 

41 19 035 47 23 

03 

41 20 362 41 20 362 

              

SiO2 (%) 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 

Al2O3 14.81 14.82 15.06 14.94 15.02 14.34 14.21 13.4 13.35 14.85 12.83 13.63 13.79 

Fe2O3 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 4.91 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 2.31 1.06 1.18 0.67 0.17 

Na2O 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 

K2O 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 

P2O5 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 
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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 3.4 4 2.3 4 3 2.2 3.8 3.4 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 0.4 0.2 0.2 0.7 0.2 0.2 0.2 1.2 

Sc 24 22 22 20 20 13.4 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 2.4 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 39.4 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 1.3 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 0.41 0.34 0.36 0.41 0.41 0.67 0.17 0.45 0.23 0.22 0.06 
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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 <0.4 <0.4 0.6 <0.4 <0.4 3.8 <0.4 <0.4 <0.4 <0.4 

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 

V  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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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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