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The San Rafael Massif is characterized by widespread fluorite and manganese epithermal ore deposits whose or-
igin has been under debate to the present. Isotopic (Sm/Nd and K/Ar) and geochemical (trace elements and REE)
data of fluorite and manganese ore allowed to establish the age and genesis of the deposits and to propose a
regional genetic model. The fluorite deposits were formed during the Upper Triassic-Lower Jurassic as a result
of the Triassic rifting that launched a hydrothermal activity at regional scale. The hydrothermal fluids had low
T and high fO, with fluorine probably derived from a mantle source and REE scavenged from the volcanics of
the Gondwanan Choiyoi Magmatic Cycle upper section. The manganese deposits were formed by oxidizing
hydrothermal fluids that collected Mn from deep sources and also leached REE from the upper section of the
Choiyoi Magmatic Cycle during two mineralization episodes. One episode was linked to the rift tectonic setting
that remained active up to the Upper Cretaceous and the other was related to an Early Miocene back-arc exten-
sional geodynamic setting. Both manganese and fluorite deposits were formed in extensional tectonic settings
within an epithermal environment near the surface, and can be ascribed to the general model of detachment-
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related deposits.
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1. Introduction

The San Rafael Massif (SRM), located in south-central part of the
province of Mendoza, Argentina (Fig. 1), is characterized by widespread
volcanic and pyroclastic rocks of Gondwanan age, known as the Choiyoi
Magmatic Cycle (CMC). Two different sections can be distinguished with-
in this volcanic sequence.The lower section (Early to Middle Permian)
was emplaced syntectonically with the San Rafael Orogeny (SRO)
(Kleiman and Japas, 2009) and has geochemical features that indicate a
magmatic arc setting (Llambias et al., 1993; Kleiman and Japas, 2009
and references therein). The upper section (Middle to Late Permian)
was emplaced during the Post-San Rafael extension (PSRO) (Kleiman
and Japas, 2009) and shows geochemical characteristics transitional be-
tween subduction and continental intraplate settings (Llambias et al.,
1993; Kleiman and Japas, 2009 and references therein).

Based on stratigraphic and isotopic constraints the main ore deposits
in the SRM have been linked to the CMC (Carpio et al.,, 2001; Rubinstein
et al., 2004). Several Cu-(Mo) porphyry type deposits are hosted and
genetically linked with the lower section of the CMC (Delpino et al.,
1993; Rubinstein et al., 2012; Gémez and Rubinstein, 2010a, 2010b).
Genetically related to the upper section of the CMC there are
Mo-porphyry type deposits (Carpio et al., 2001) and epithermal
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low-sulfidation deposits (Rubinstein and Gargiulo, 2005; Gargiulo
et al., 2007). The different mineralization styles in the upper and
lower sections of the CMC were linked to the evolution of the Permian
magmatic arc under a changing tectonic regime (Carpio et al., 2001).
Fluorite and manganese vein systems, mainly hosted by rocks of the
upper section, are regionally distributed. The origin of the fluorite and
manganese deposits and the link between them is up to date controver-
sial (eg. Mallimacci et al., 2010 and references therein).

The aim of this paper is to present the first isotopic and geochemical
data of fluorite and manganese ore deposits of the SRM, which contrib-
ute to reveal their ages and genesis, allowing establishing a single re-
gional metallogenic model for both mineralizations.

2. Geological setting

The geology of the southern part of the SRM, where most fluorite
and manganese deposits are concentrated, is shown in Fig. 1. The oldest
rocks include high grade metamorphic rocks, granites, aplites and peg-
matites of Grenvillian age (Cingolani and Varela, 1999). During the Early
Palaeozoic, carbonatic and clastic sediments were deposited and meta-
morphosed by the Famatinian Orogeny (Criado Roque, 1972; Bordonaro
et al, 1996). This was followed by Carboniferous-Lower Permian
glacimarine and continental sedimentation folded during the SRO
(Gonzélez Diaz, 1972; Espejo and Lopez Gamundi, 1994 among others).
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Fig. 1. Geology of the southern part of the SRM with the location of the main fluorite and manganese ore deposits including those that were studied for this paper (modified from Carpio

etal, 2001).

During the Late Paleozoic there was an active arc on the western
proto-margin of Gondwana that produced the CMC which was followed
by Middle Triassic synrift-continental successions which are interbed-
ded with slightly alkaline rhyolites, ignimbrites and basalts (Kleiman
and Salvarredi, 2001). The emplacement of the Triassic rocks was con-
trolled by NW tensional, WNW and NNW transtensional faults, which
also continued deforming the Triassic rocks (Japas et al., 2005).

From the Late Cretaceous to the Pliocene, the geological record shows
sequences of continental sedimentary rocks and volcanic-arc and back-
arc products, including pyroclastic and siliceous to basaltic volcanic
rocks, which were deformed during different phases of the Andean

Orogeny. Back-arc basaltic volcanism and sedimentation continued
from the Pliocene to the Pleistocene (Septlveda et al., 2007a, 2007b).

2.1. The Choiyoi Magmatic Cycle

The CMC extends along the western protomargin of Gondwana
between 28° and 42°S in Argentina and Chile (Llambias et al., 1993).
Particularly in the SRM two different sections can be distinguished with-
in this volcanic sequence (Llambias et al., 1993). The lower section
(281.4 + 2.5 up to 264.8 4 2.3 Ma, Rocha-Campos et al.,, 2011) consists
mainly of andesites and dacitic to low silica rhyolitic ignimbrites with
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Fig. 2. Photomicrograph of fluorite samples: (a) Coarse fluorite crystals of the first generation (Fl;) filling the spaces between blade like calcite crystals replaced by chalcedony (Cc); (b) first
generation fluorite (Fl;) surrounded by second generation fine fluorite aggregates intergrown with minor quartz (Fl, + Qtz) cemented by second silicification stage quartz aggregates (Qtz,).

geochemical features that indicate an arc tectonic setting with a
transpressional structural regime produced by the SRO (Llambias
et al.,, 1993; Kleiman and Japas, 2009). The upper section (264.8 + 2.3
up to 251.9 + 2.7 Ma; Rocha-Campos et al., 2011) consists of rhyolitic
ignimbrites, andesitic dikes, high silica rhyolitic ignimbrites and lava
flows, dacitic to rhyolitic subvolcanics and alkalic basaltic andesites. It
has geochemical characteristics transitional between subduction and
continental intraplate settings with a transtensional structural regime
produced by the PSRO (Llambias et al., 1993; Kleiman and Japas,
2009). Thus, the volcanic character of the CMC shows a transition be-
tween a compressive to a progressive extensional tectonic regime that
ends with the Triassic rift sedimentary-volcanic successions (Llambias
et al,, 1993; Kleiman and Salvarredi, 2001).

3. Analytical methods

Mineral samples from four fluorite ore deposit were analyzed for
trace and rare earth elements (REE) and Sm-Nd isotopes, and samples
from eleven manganese ore deposits were analyzed for metals, trace
and rare earth (REE) at Actlabs (Canada) Laboratories. Trace and REE
analyses were performed by inductively coupled plasma mass spec-
trometry technique (ICP-MS).

Rock powder for Sm-Nd analyses was dissolved in a mixture of HF,
HNOs3; and HClO,. Before the decomposition the samples were totally
spiked with '**Sm-®Nd mixed solution. REEs were separated using
conventional cation-exchange techniques. Sm and Nd were separated
by extraction chromatography on HDEHP covered Teflon powder.
Accuracy of the measurements of Sm and Nd contents is +0.5% and
that of '¥Sm/'"“Nd is +0.5% (2 s). During the analyses the
143Nd/"4Nd ratios of J]Nd-1 standard was 0.5121049 + 0.000019. The
analyses were performed on Triton multi-collector mass-spectrometer.

K-Ar analyses in manganese minerals were carried in samples from
two ore deposits at the Geochronology Laboratory of the Geological
Survey of Chile (SERNAGEOMIN). A previous mineralogical study was
made by X-ray diffraction, using a Phillips 1130/90 equipment with Cu
anode, 40 kV-20 mA, Ni filter and registration scale of 1000 c per sec-
ond. Five samples carrying manganese oxides were tested. Only two
samples proved to carry K rich minerals with crystallographic

characteristics suitable to retain Ar. K analyses were made by atomic ab-
sorption spectrometry after chemical attack using Li standards. Isotopic
analyses of Ar were made after fusion of two aliquots for each sample
using a MS 10S mass spectrometer. The constants used are those pro-
posed by Geochronology Subcommission (Steiger and Jaeger, 1977).

4. Geology of the deposits
4.1. Fluorite deposits

Fluorite ore deposits are mostly hosted by the upper section and
very occasionally by the lower section of the CMC. They are regionally
distributed but particularly concentrated in the south sector of the
SRM, where outcrops of the upper section are more abundant (Fig. 1).
Some of these deposits were partially mined between the early 1940s
and the early 1980s, with ore grades up to 90% CaF, and calculated
total reserves of ~480,000 t (Centeno et al., 2009; Mallimacci et al.,
2010 and references therein).

The ore bodies are mainly lenticular and minor tabular with length
up to 900 m, thickness up to 4 m (but generally not exceeding 0.5 m)
and mainly NNW and E-W striking (Centeno et al., 2009; Mallimacci
et al,, 2010). The deposits consist of one or sometimes two generations
of fluorite with colloform, crustiform, cockade and breccia textures and
violet, green, white and minor yellow colors. The paragentic sequence
begins with lattice bladed calcite (replaced by chalcedony) which is
followed by the first generation which consists of coarse crystals of fluo-
rite (Fig. 2a). The second generation is composed by fine fluorite aggre-
gates intergrown with minor quartz (Fig. 2b). Each fluorite generation is
followed by a silicification stage that led to quartz aggregates with
mosaic, zonal, feathery and comb texture and minor chalcedony. Fluid
inclusion studies conducted in fluorite from two different deposits
reveal that the mineralizing fluids had low temperature (<110 °C)
and salinity (Montenegro, 2013). Scarce pyrite and arsenopyrite are
sporadically recognized. Significant base metals geochemical anomalies
(particularly in Zn) are occasionally identified (Mallimacci et al., 2010).

In the felsic volcanic host rocks the fluorite veins develop alteration
envelopes with a strong pervasive argillic alteration (illite/smectite

Table 1

Sm/Nd isotopic data (in ppm) for fluorite (San Rafael Massif, Argentina). Accuracy of the measurements of Sm and Nd contents is +0.5%, '4’Sm/!*Nd +0.5% (20).
Ore deposit Sample Sm Nd 1475 m/144Nd 143Nd/144Nd +20 & (Nd,)
Castafio Viejo 86336 1.585 3.58 0.2679 0.512536 0.000004 —3.85
Tres Alejandros 86322 294 9.43 0.1882 0.512438 0.000002 —3.69
Angélica 86102 1.219 2.69 0.2740 0.512503 0.000002 —4.66
Arco Iris CA11 3.36 5.34 0.3797 0.512694 0.000003 —3.71

&Nd values are calculated using an age of 205 Ma. Present day ('*Nd/"**Nd)cyur = 0.512683 and ('47Sm/**Nd)cyur = 0.1967. Location of the samples in Table 3.
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Fig. 3. Sm/Nd isocrone diagram for fluorites from Castafio Viejo, Tres Alejandros and
Angélica deposits.

determined by SWIR reflectance spectrometry), a mild pervasive and vein
type silicification and minor disseminated pyrite and interstitial fluorite.

4.2. Manganese deposits

Manganese ore deposits are hosted by the upper section of the CMC
and particularly occur in the south sector of the SRM. They are concen-
trated mainly in two mining districts: Santa Cruz and Ethel (Fig. 1).
These deposits were partially mined between the 1950s and the
1970s, with ore between 21% and 45% of Mn and calculated total re-
serves of ~390,000 t (Mallimacci et al., 2010 and references therein).

The ore bodies are tabular and lenticular with length up to 600 m,
thickness up to 7 m (but generally not exceeding 0.5 m) and mainly
NW, NE and EW striking (Mallimacci et al., 2010).

The deposits consist of different manganese minerals including
psilomelane, cryptomelane, hollandite, coronadite, pyrolusite, and
minor wad, jacobsite, manganite, groutite, ramsdellite, todorokite,
hausmannite and calcofanite with massive, crustiform, colloform and
breccia textures (Malvicini and Delpino, 1989). The gangue minerals
are iron oxides, calcite, opal, chalcedony and quartz (Mallimacci et al.,
2010). Significant geochemical anomalies in Pb, Zn and Mo are fre-
quently identified (c.f. 5.4. below).

In the felsic volcanic host rocks the manganese veins develop alter-
ation envelopes with mild pervasive argillic alteration (illite/smectite
determined by SWIR reflectance spectrometry) and silicification with
scarce disseminated pyrite and quartz veinlets.

5. Results
5.1. Nd isotopes in fluorite

Four samples of the first generation of fluorite from different deposits
hosted by the upper section of the CMC were analyzed for Sm/Nd

isotopes. The analytical results are shown in Table 1 and were processed
using the ISOPLOT Program (Ludwig, 1999).

Three of the samples, corresponding to violet fluorite, define a linear
array in the "*3Nd/'"**Nd vs. '4’Sm/'"**Nd diagram (Fig. 3), with a low
initial "*3>Nd/'**Nd (0.512182) which allow establishing an Upper
Triassic-Lower Jurassic age (205 4+ 11 Ma). The sample from Arco Iris
deposit was not considered because it is a yellow fluorite in which Sm
and Nd concentrations are high and variable enough to obtain a reliable
isochron (Sanchez et al., 2010)

5.2. K/Ar in manganese minerals

Manganese minerals from different ore deposits have been dated,
using the K/Ar method, to provide constraints on the age of the
mineralization (Table 2). The sample from Dos Marias deposit
consisting of pyrolusite, todorokite and ramsdellite of hypogene origin
(cf.5.4. below) returned an age of 71.3 + 3 Ma. Hypogene cryptomelane
(cf. 5.4. below) from Santa Cruz deposit was dated at 16.3 + 2.4 Ma.

These results allow defining two previously unknown episodes of
mineralization, one during the Upper Cretaceous and the other during
the Lower Miocene.

5.2.1. Geochemistry of fluorite deposits

Three fluorites that were analyzed for Nd isotopes were also
analyzed for trace elements and REE (Table 3).

In general they show low trace element contents, particularly in
Sr, Ba, La, Ce and minor in Y with a relatively low total REE content
(~30-80 ppm).

The REE chondrite-normalized patterns are very similar for the three
samples (Fig. 4). All of them are noticeably enriched in HREE relative to
LREE, with slight Ce and strong Eu negative anomalies. Similar results
have been recently presented by Coniglio et al. (2014) for other fluorine
deposits of the district. The negative Ce anomalies suggest high oxygen
fugacities at the source of the hydrothermal fluids and the resultant ox-
idation of Ce™> and immobilization of Ce** (Constantopoulos, 1988).
However the more negative Eu anomaly of the sample from Arco Iris
suggests a lower oxygen fugacity compared with that of the other ore
deposits which partially inhibit the conversion of Eu™2 to Eu™>?
(Constantopoulos, 1988).

5.3. Geochemistry of manganese deposits

Chemical analyses of trace elements and REE were performed in
manganese oxides from different ore deposits (including those that
were dated) in order to establish their origin (Table 3).

The diagram of Fig. 5a shows that the ore samples have a hydrother-
mal origin, however dubhites (supergene oxides derived from mineral-
ization) also plot in the hydrothermal field. A Pb~Zn plot (Fig. 5b) allows
differentiating dubhites (Jorge Alberto deposit and one sample from San
Alberto deposit) from other hydrothermal oxides.

Although REE contents are variable for the different samples they
display a similar chondrite-normalized diagram in general with a flat
pattern and strong negative Eu anomalies (Fig. 6).

Table 2
K/Ar ages for same manganese minerals (San Rafael Massif, Argentina).
Ore deposits Sample Mineralogy % K Rad. Ar. nl/g % atm. Ar Age (20)
Dos Marias 86303 Pyrolusite, Todorokite Ramsdellite 0.403 1.134 32 71 + 3
(Ethel Group)
Santa Cruz 86162 Cryptomelane 0.715 0.456 87 163 + 24

Location of the samples in Table 3.



Table 3

Trace and REE concentration (ppm) of fluorite and manganese minerals (San Rafael Massif, Argentina).

Ore deposits

Fluorite veins

Manganese veins

ArcoIris  Angélica  Castafio Viejo Santa Cruz La Negrita Patricia Mdnica Ingrid Dos Marias Dos Marias Jorge Alberto San Alberto San Alberto Chana LaJacinta LaLidia Lomas Moras
Sample CA11 86102 86336 86160 86203 86207 86222 86304 86305 86310 86345 86343 86397 86029 86032 86123
Position 35°58'07 36°10'11” 36°01'53” 36°02'38" 35°59'38” 35°59'06” 36°06'26” 36°01°'05"  36°01°05"  36°04'04” 36°01'49"  36°01'49"  36°08'22" 35°12'14" 35°46'04” 35°50'19”
68°30'23" 68°23'43” 68°29'14" 68°27'59”  68°53'09” 68°49'14" 68°27'52" 68°50'18”  68°50'18"  68°27'08" 68°2929"  68°29'29"  68°23'06” 68°19'51” 68°26'49" 68°47'09"
Cu - - - <0.5 2.6 66.2 484 459 <0.5 21.5 20.4 <0.5 14.6 423 94.9 105
Mo - - - 365 2 252 184 44 116 1390 10 721 8 55 34 210
Ni - - - <1 <1 <1 <1 <1 <1 <1 3 3 <1 21 13 38
Pb - - - 320 79 412 45 131 303 1610 86 1580 58 82 644 38
\% - - - 200 40 601 103 740 1400 765 68 692 49 44 537 858
Zn - - - 1620 49 485 111 384 679 773 57.1 3240 69.8 303 1150 243
As - - - 243 18.2 98.6 50 494 231 133 9.6 684 14.1 2600 891 120
Co - - - 22 43 118 59 28 47 292 9 48 47 28 9 34
Cu - - - <0.5 2.6 66.2 48.4 45.9 <0.5 215 20.4 <0.5 14.6 423 94.9 105
Mo - - - 365 2 252 184 44 116 1390 10 721 8 55 34 210
Ni - - - <1 <1 <1 <1 <1 <1 <1 3 3 <1 21 13 38
Pb - - - 320 79 412 45 131 303 1610 86 1580 58 82 644 38
\% - - - 200 40 601 103 740 1400 765 68 692 49 44 537 858
Zn - - - 1620 49 485 111 384 679 773 57.1 3240 69.8 303 1150 243
As - - - 243 18.2 98.6 50 494 231 133 9.6 684 14.1 2600 891 120
Co - - - 22 43 118 59 28 47 292 9 48 47 28 9 34
Rb <1 <1 <1 95 - 113 187 151 80 132 20 36 85 - - 106
Sr 179 121 100 209 - <0.5 1100 1400 1890 <0.5 284 348 535 - - <0.5
Y 126 51.3 71.1 173 - 56.1 324 61.7 71.1 115 150 227 26.6 - - 44
Cs <1 <1 <1 12 - 4 57 37 77 19 2 <1 2 - - 2
Ba 5 6 10 902 - 66276 1110 8360 9270 24335 868 1430 3900 - - 1940
Zr 16 4 2 - - - - - - - - - - - - -
Nb 12.8 8 6.6 - - - - - - - - - - - - -
La 2.52 2.16 1.63 131 - 136 214 108 88.1 43.8 22.7 5.67 244 - - 472
Ce 4.69 4.41 3.07 33 - 44 40 172 72 104 21 31 50 - - 33
Pr 1.11 0.63 0.56 - - - - - - - - - - - - -
Eu 0.147 0.281 0.2 03 - 2.2 0.4 0.2 0.3 0.7 0.9 1 1.5 - - 0.8
Nd 5.51 2.62 2.33 26 - 99 32 92 59 64 42 21 107 - - 79
Sm 3.34 1.13 1.1 4 - 12.8 3.9 17.2 17.5 8.8 52 55 - 34 - 7.4
Eu - - - - - - - - - - - - -
Tb 2.53 0.79 0.77 2.3 - 14 3.6 5.8 4.8 2.7 6.7 - 0.9 - 1
Yb 13.2 5.41 5.12 16.1 - 1.6 34 4.7 33 13.2 7.4 384 - 5.5 - 4.2
Gd 7.7 2.19 2.57 - - - - - - - - - - - - -
Dy 19.2 7.4 6.17 - - - - - - - - - - - - -
Ho 4.15 1.84 14 - - - - - - - - - - - - -
Er 12.2 5.74 447 - - - - - - - - - - - - -
Tm 1.97 0.885 0.731 - - - - - - - - - - - - -
Lu 1.92 0.72 0.831 2.25 - 0.09 0.46 0.64 0.19 1.69 0.87 5.67 - 0.95 - 0.4
Hf 13 0.4 0.1 3 - <1 3 7 1 1 <1 <1 - 3 - 2
Ta 1.7 1.56 1.36 0.7 - 0.6 13 0.8 <0.5 2.4 <05 <05 - <05 - <05
w 2.3 1.7 1.6 83 - 341 155 211 426 282 35 303 - 156 - 137
Th 0.41 0.12 0.08 83 - 1.1 124 9.7 24 19.2 <0.2 0.5 - 4.9 - 8.7
U 0.31 0.09 0.39 10.8 - 11.2 33 94 10.1 30 2.5 182 - 83 - 10.1
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Fig. 4. REE distribution patterns of fluorites. All samples normalized to the chondrite of
Boynton (1984).

6. Discussion
6.1. Genetic model for SRM F and Mn mineralizations

6.1.1. Fluorite deposits

Fluorine is known to occur in rift-related environments. Climax-type
porphyry molybdenum deposits show high F concentrations and are
closely related to alkaline rocks in continental rift environments
(Ludington and Plumlee, 2009). Alkaline rocks are usually rich in fluo-
rine (e.g. Central Colorado, U.S., Wallace, 2010; Rangel Laccolith,
Argentina, Zappettini, 1989). Rift-related deposits are interpreted to
be originated by the high heat flow produced during the extension
(e.g. the Rio Grande belt, from New Mexico to Colorado, Wallace,
2010). The link between epithermal fluorite veins, usually associated
to barite, with rift environments and their characteristics have been
summarized by Hora (1996).

During Triassic times the west of Argentina was under an extension-
al tectonic regime that evolved to different rift systems (Spalletti, 1998).
For that time and following the subduction-related and extensional col-
lapse of the CMC a rift basin developed in the SRM. It is represented by
the Puesto Viejo Formation which is a syn-rift sequence with interbed-
ded mildly alkaline basalts and andesites and rhyolitic ignimbrites
(Spalletti, 1998; Kleiman and Salvarredi, 2001). According to the fossil
record this formation has an Anisian age (Bonaparte, 1966) whereas
K/Ar whole rock analyses suggest a span age of 251-225 Ma for the
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Fig. 6. REE distribution patterns of manganese minerals. All samples normalized to the
chondrite of Boynton (1984).

ignimbrites and 247-227 Ma for the basaltic rocks (Valencio et al.,
1975). A new U/Pb SHRIMP dating of an ignimbrite from this formation
returned an age of 235.8 4 2.0 Ma (Ottone et al., 2013).

The geochemistry of the igneous rocks is consistent with a rift tec-
tonic setting where the mafic rocks have an ocean island basalt (OIB)
source and a lower crust contaminant and the ignimbrites come from
crustal melts (Kleiman and Salvarredi, 2001). According to the latter au-
thors, this Triassic bimodal magmatism is produced by basaltic under-
plating in an increasingly extensional tectonic regime coupled with an
exceptionally high geothermal gradient due to the preceding subduc-
tion and the stationary period of Gondwana, that supplied enough
heat to melt a young and warm crust. This geodynamic setting could
launch a hydrothermal activity at regional scale producing the abundant
fluorite ore deposits of the SRM. This origin is supported by the Sm/Nd
isochrone age of 216-194 Ma. Besides, the low initial '**Nd/***Nd
(0.512182) in the analyzed fluorite suggests an enriched mantle source
and thus the involvement of the crust in their genesis (Rollinson, 1993).

6.1.2. Manganese deposits

Mn deposit models in rift-related environments include volcanogenic
and detachment-fault-related epithermal deposits. Volcanogenic Mn
mineralization is associated to hot spring activity in oceanic environ-
ments (Mosier and Page, 1988) or associated to syn-rift and late rift se-
quences in restricted marine environments (Zappettini et al., 2012).
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Fig. 5. Diagnostic plot to differentiate supergene and hydrothermal oxides (a) and dubhites from hydrothermal oxides (b) after Nicholson, 1992.
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Detachment-fault-related Mn deposits (Long, 2000) consist of rift- and
unconformity-related epithermal Mn deposits in continental areas in-
cluding stratabound accumulations of oxides as well as fracture filling
veins associated with normal faulting; both deposits appear to be linked
to low-temperature saline alkaline water related or not with basaltic
magmatism,; original removal of Mn from country rocks would be linked
with K metasomatism (Roddy et al., 1988). Such deposits are known
worldwide (e.g. in the Middle East, Dill et al., 2013; Arizona, Spencer,
1991; Spain, Crespo and Lunar, 1997).

During the development of the Cretaceous Marianas type subduc-
tion zone along the western border of South America, the back arc re-
gion was subject to extensional processes. This extensional system
was linked to the opening of the Atlantic Ocean and was preceded by
the Triassic-Jurassic Gondwanan rifting. Rift related faults resulted in
graben and hemigraben systems with faults rooted in the pre-rift suc-
cessions (Loegering et al., 2013) and the development of rift basins in
the continent as well as aulacogenic basins in the continental platform.
The latter authors point that seismic information from the Colorado
Basin indicates that post-dating the South Atlantic Ocean opening
there was a reactivation of the normal faults during the Cretaceous
without evidence of structural inversion.

During the Uppper Oligocene-Lower Miocene, at ~19 Ma, an exten-
sional regime affected the region between 35° and 39° S in the Central
Andes (Spagnuolo et al,, 2012 and references therein). Back-arc exten-
sional geodynamics is in agreement with plate reorganization and a
change in the speed and angle of convergence between the Nazca and
the South American plates (Kay and Mpodozis, 2002). Evidence of this
extensional tectonics is the emplacement of alkaline complexes such
as Puesto La Pefia Potassic Complex (Zappettini et al., 2013).

The manganese deposits of the SRM have originally been related to
the Tertiary magmatism of the region (Gonzalez Diaz, 1972) as well as
to the Pleistocene basalts (Garcia, 1965). Afterwards, they have been
linked to the Gondwanan magmatism (Malvicini and Delpino, 1989)
and, in particular, to the upper section of the CMC (Carpio et al.,
2001). In this latter model, manganese and fluorite deposits have been
interpreted jointly with porphyry Mo mineralization as part of a Climax
type mineralization (Delpino, 1997; Carpio et al., 2001).

The age obtained for the Dos Marias deposit (71 4+ 3 Ma, Upper
Cretaceous) allows to discard all previous models. Besides, the obtained
age of 16.3 + 2.4 Ma (Miocene) for the hypogene cryptomelane from
Santa Cruz deposit would indicate a second hypogene mineralization
episode. The extensional tectonic regime, with the development of
rift-related faulting during the Upper Cretaceous and Lower Miocene,
is consistent with the generation of two events of Mn mineralizations.

6.2. Source of F and Mn

The source of fluorine has been a matter of debate for explaining the
genesis of the main fluorite mining districts around the world. In rift en-
vironments, fluorine is a ubiquitous and mobile element usually linked
to felsic volcanic rocks related to alkaline magmatism. Van Alstine
(1976) has proposed for the Rio Grande Rift related fluorite deposits
three possible fluorine sources: volatiles from alkaline magmas,
remelting of fluorine-rich alkalic fractions of underlying intrusions and
melting of ultramafic mantle rocks bearing fluorine-rich minerals.
Seager et al. (1984) have pointed that the age of fluorine veins does
not coincide with that of the felsic volcanism but with alkaline mafic
rocks.

Geochemical studies conducted by Plumlee et al. (1995) indicate
that the presence of fluorine in the mineralizing fluids could only be ex-
plained by the addition of HF. On the other hand, Mc Lemore et al.
(1998) and Sizaret et al. (2009) have proposed other fluorine sources
such as leaching of fluorine and apatite from basement rocks by hot
acidic fluids. However Tropper and Manning (2007) have measured
the solubility of fluorite in H,O and H,0-NacCl at 600-1000 °C and 0.5
to 2.0 GPa, establishing that mineral solubility is low at 600 °C and

0.5 GPa, increasing strongly with rising T and P and with increasing
NaCl content in the fluid. Such conditions would point to high P-T igne-
ous and metamorphic environments where F can be mobilized by saline
brines.

Chlorine isotopic data from fluorine deposits from the Rio Grande
Rift indicate the presence of asthenospheric Cl (Partey, 2004). Consider-
ing that Cl and F have a similar chemical behavior during degassing of
magmas this author considers a mantle source for fluorine, in coinci-
dence with the model proposed by Plumlee et al. (1995).

In the SRM the upper section of the CMC has a noticeable aF evi-
denced by the presence of accessory topaz and fluorite particularly in
the subvolcanic rhyolites (Kleiman and Morello, 2000), indicating in-
creasing F content in the more alkaline rock types. From Eu to Lu the
REE pattern of the analyzed fluorites is very similar to that of rocks
from the CMC upper section (Fig. 7), but is not typical of a magmatic or-
igin because of the low LREE content (e.g. Hein et al., 1990). Nonetheless,
the decoupling in the LREE may be explained as related to the strong
argillic alteration of host rocks produced by the hydrothermal activity
responsible for the genesis of the fluorite ore deposits because of the po-
tential of the phyllosilicates for LREE adsorption (Alderton et al., 1980).
On the other hand, the rocks of the upper section of the CMC were
emplaced at surface or at high crust levels, at P-T conditions that pre-
clude F solubilization by saline brines, thus discarding these rocks as
the source of F.

The analysis of the available data allows proposing that the mineral-
izing fluids are not genetically linked to the upper section of the CMC.
Considering the solubility and possible sources of F as well as the age
of the mineralization, these fluids would have originated during the
Triassic rifting when F, assumed to derive from a mantle source, was in-
corporated as HF related to degassing of a mafic alkaline magma deep-
seated in the rift. These mineralizing F-rich fluids would have leached
REE from the upper section of the CMC. All the &(Nd;) obtained for the
analyzed fluorites (Table 2) are negative and vary between —3.69
and —4.66. Since the REEs are derived from the CMC, the negative
&(Nd,) would thus reflect the source of this volcanic unit and not the
source of F. The values are consistent with the CMC source, largely de-
rived from crustal melting. It is worth mentioning that a similar model
was proposed by Partey (2004 ) for the Rio Grande Rift fluorite deposits.

The metal contents of the manganese oxides support the hydrother-
mal origin of the ore deposits that in some cases suffered meteorization.
Particularly the samples from Santa Cruz and Dos Marias deposits have a
hypogene origin which confirms that there were two mineralization
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Fig. 7. Comparison between REE distribution patterns of fluorite, manganese minerals and
rocks from CMC Upper Section. All samples normalized to the chondrite of Boynton
(1984). Geochemical data of the CMC Upper Section (rhyolitic lavas and tuffs) from
Kleiman and Japas (2009), Mugas Lobos et al. (2010) and Gémez et al. (in press).
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episodes. Besides, the geochemical characteristics of the REE suggest a
common source for these elements with a pattern roughly similar to
that of the CMC upper section which is the host rock of the deposits,
suggesting that it provided, through a leaching process, these trace
elements.

Since all the manganese minerals of the Mn ore deposits from the
SRM contain Mn*" and rhodochrosite is absent, very oxidizing
conditions would have prevailed during mineral deposition. Mn is
interpreted to have been leached from the upper section volcanics of
the CMC as it happens in other similar epithermal Mn districts
(e.g. Luis Lopez deposits, Lueth et al., 2004). Mn in igneous rocks occurs
in the reduced (2 +) state, during its lixiviation from the volcanic units
most of the Mn would have been oxidized to 4 4. An alternative source

of Mn could be the mafic alkaline magmatism of the Triassic rift stage, as
suggested for other rift-related Mn deposits (Leal et al., 2008).

6.3. A regional model of rift related mineralizations

The SRM is part of the Gondwanan Orogen that includes an early
stage of amalgamation and collision of various terranes against the
late Proterozoic margin of Gondwana, a second stage characterized by
subduction, Andean-type arc magmatism and subsequent mountain
building along the Pacific margin due to cratonward thrusting of the
magmatic arc foldbelt, and a third stage of generalized extension during
the Pangea break-up that started at Triassic times.
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The Triassic extensional phase was mostly confined to a belt parallel
to the NNW-SSE oriented Gondwanan margin and its geometry was
controlled by the basement fabric (Ramos and Aleman, 2000). The age
of the faulting is younger to the south (late Permian in central
Argentina to Early Jurassic in Patagonia). The rift basin was filled by
red-beds, locally interbedded with bimodal volcanic rocks, with ages
that in Argentina are between 240 and 230 Ma (e.g. Cuyo Basin,
Spalletti et al., 2008).

The late syn-rift deposits in central Argentina reach the Early Jurassic
(Pliensbachian). They are characterized by an extensive bimodal volca-
nism in isolated and later coalescent rift basins that evolve into the ther-
mal subsidence Neuquén Basin (Franzese and Spalletti, 2001).

During the Late Jurassic and Cretaceous the active rifting persisted
with faulting becoming younger from north to south. This extension
was active in Bolivia and northern Argentina and is characterized by con-
tinental depocenters with associated alkali basalts followed by shallow
marine and lacustrine deposits in a thermal SAG setting (Fig. 8). During
the Cretaceous the rifting spread to Chile and central Argentina, where it
was controlled by old sutures and Triassic faults (Ramos and Aleman,
2000). Finally, there is evidence of an extensional back-arc tectonics dur-
ing the Lower Miocene.

This extensional tectonic setting that worked from the Triassic to the
Lower Miocene was favorable for fluorite and manganese deposits for-
mation. The studied mineralizations in the SRM, controlled by fluid cir-
culation along Triassic, Cretaceous and Lower Miocene faults are good
examples of rift-related deposits in a continental environment. Fluorite
and manganese deposits formed in similar settings occur in other re-
gions of Argentina (Fig. 8).

Fluorite deposits related to the Triassic faulting occur in La Rioja
province (Talampaya district and Chus Chus). The widespread fluorite
and minor manganese deposits in northern Patagonia (Aliotta, 1999)
are related to the Jurassic extension associated with the opening of
the South Atlantic Ocean. In the Sierras Pampeanas epithermal fluorite
deposits with ages between 131 4 22 and 117 + 26 Ma (Galindo
et al., 1996) have been related to Cretaceous extensional events.

Manganese volcanogenic stratabound deposits linked to the syn-rift
deposits of the Pre-Cuyano unit (Lower Jurassic) are found in the
Neuquén Basin (Zappettini et al., 2012). In the Sierras Pampeanas man-
ganese vein deposits dated at 1344 + 0.2 Ma (Brodtkorb and
Etcheverry, 2000) are linked to continental rift settings. A normal-fault
related manganese deposit of Cenozoic age is known at Ochaqui, Salta
province, in the Puna region (Blasco et al., 1996).

7. Conclusions

New isotopic and geochemical data of fluorite and manganese ore
deposits of the San Rafael Massif help to establish their genesis and
age, as well as to define a regional genetic model.

The fluorite deposits were formed during the Upper Triassic-Lower
Jurassic as a result of the Triassic rifting that launched a hydrothermal
activity at regional scale with the F probably derived from a mantle
source and the REE from the host rocks (upper section of the Choiyoi
Magmatic Cycle).

The manganese deposits were formed during two mineralization
episodes by hydrothermal fluids that carried Mn from deep sources
and leached REE from the upper section of the Choiyoi Magmatic
Cycle. One episode was linked to the rift tectonic setting that remained
active up to the Upper Cretaceous and the other was related to the
back-arc extensional geodynamic setting that worked during the Early
Miocene at the SRM latitude.

Both manganese and fluorite deposits formed in extensional tectonic
settings within an epithermal environment near the surface, and can be
related to the general model of detachment-related deposits. In this
scenario, the identification of deeper erosion levels below those
represented by the F and Mn veins would help to locate detachment
zones that could host Cu-Au mineralization (Long, 2000).
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