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Mineral systems associated with extensional fault systems in continental environments and not related
to magmatic activity involve various deposit models that can be grouped into a single system which
would plausibly explain the source and chemical composition of fluids, the formation depth, the source
of heat and the structural history within a common geologic setting.
Mineral deposits related to this tectonic setting are those described within the detachment-related

model, including massive replacements, stockworks and veins of Cu and Fe oxides (with or without
Au), polymetallic sulfide veins, barite and/or fluorite veins and stratabound and vein Mn deposits. This
paper reviews the abovementioned deposits as well as others related to this tectonic setting, such as
Se-rich polymetallic deposits, Almadén type Hg deposits, U-Ni-Co-As-Ag polymetallic deposits with sub-
ordinated Bi-Cu-Pb-Zn (five element deposits), simple polymetallic Pb-Ag-Zn deposits, and the members
of the IOCG clan (including the Au-Ag detachment-related deposits) involved in the Cu-Fe (-Au) model
deposits.
All these mineral deposits are the result of fluid motion unrelated to magmatism in areas of thermal

anomalies. These fluids collect certain elements producing a district mineralogical specialization with
inhomogeneities in the distribution of mineralization types along the region affected by rifting. Fluid
homogenization temperatures and salinities range between 60� and 430 �C, and 0 and 27 equivalent
wt% NaCl, respectively. The O, S and D isotope composition is consistent with basinal poral fluids derived
from meteoric waters under different P-T conditions in an active faults environment. Pb isotopes suggest
that Pb derives from a mixture of rocks with a long period of residence in the upper crust and rocks
deformed along repeated orogenic cycles with a contribution of Pb from the lower crust and even the
mantle. Fluid flow along fault planes leads to different types of hydrothermal alterations depending on
P-T conditions, particularly propylitization and low temperature potassium metasomatism.
All such deposits can be found in two different geotectonic environments of metallogenic interest

involving extensional faults associated with detachment zones in depth; i.e., 1) continental extension
in a back-arc environment and 2) extension with rift development and generation of oceanic crust in a
passive continental margin. Although the economic importance of this group of deposits is mainly related
to industrial minerals, non-magmatic IOCG deposits could significantly augment the economic potential
of this setting. The rift setting itself, without relation to detachments, is favorable for concentrating met-
als in stratabound deposits such as SEDEX ores. Additionally, the development of deposits directly related
to magmatic activity contributes to the economic interest of this environment.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Mineral systems associated with extensional fault structures in
continental environments but unrelated to magmatic activity had
not been previously differentiated from other low temperature
mineralization. It was only recently that these mineral systems
were recognized and individualized as specific genetic models. A
group of such deposits was clustered by the U.S. Geological Survey
under the model of ‘‘detachment-related mineralizations” Long,
1992a,b). This mineralization model was originally proposed to
group various deposit types from Arizona, southeastern California
and southern Nevada (USA) hosted by detachment and normal
faults. This model involves Fe and Cu oxide massive replacements,
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stockworks and veins locally abundant in sulfides, as well as veins
of barite and/or fluorite, and veins of Mn oxides (Spencer and
Welty, 1986). This model also includes lacustrine bedded Mn oxide
deposits and the associated low temperature Mn oxide veins, both
of which are hosted in sedimentary rocks and deposited in half-
graben basins. The associated hydrothermal alteration, which
may or may not be present, includes chloritization of the foot-
wall mylonitic rocks and K-feldspar replacement of the upper-
plate rocks. The chloritic alteration is associated with sulfide min-
eralization and interpreted to be the result of retrograde metamor-
phism during the ascent of the hot lower-plate rocks to shallower
depths. Low temperature K-alteration is associated to oxide miner-
alization and related to the upward circulation of saline brines
derived from syntectonic basins along the detachment fault into
normal faults of the upper plate. The fluid movement may have
been driven by heat derived from either lower-plate rocks or syn-
tectonic magmatism.

The aim of this paper is to analyze the various types of
hydrothermal deposits in extensional environments and unrelated
to magmatic activity in order to:

� Complete and broaden the typology of mineral deposits from
extensional environments suggested by Long (1992a,b).

� Propose a new regional metallogenic model to serve as a basis
for analyzing the potential mining areas affected by rifting
and guide exploration from the perspective of the metallotects.

To achieve these objectives, we herein analyze the mineraliza-
tions related to rifting at a global scale in order to establish a gen-
eralized regional model regarding the physicochemical
characteristics of the mineralizing fluids and the origin of the
chemical elements.
2. Mineralization models related to faults in a rift environment

The reconnaissance of mineral deposits formed within an
extensional environment but unrelated to magmatic activity led
to the definition of the detachment-related mineralization deposits
model proposed by Long (1992a,b) involving Mn bedded and vein
deposits, Ba-F veins, and Cu-Fe-Pb-Ag-Au replacement and vein
deposits. Other deposits not considered in this classification but
formed in the same geological and tectonic setting were identified
as separate models, i.e. polymetallic deposits of U-Ni-Co-As-Ag
with subordinated Bi-Cu-Pb-Zn also known as five-element veins
Fig. 1. Location of mineral deposits mentioned in the text and in grey the main Mesozoic
1991; Guiraud, 1998; Drake, 2005; Ziegler and Dèzes, 2006; Robertson, 2007; Roberts a
(Lefebure, 1996), Se-rich polymetallic deposits and the Pb-Ag-Zn
simple veins (Beaudoin and Sangster, 1992).

The general characteristics and examples of the major districts
at a global scale of the abovementioned deposits are hereafter
described. The location of these deposits and the main rift zones
of the word are illustrated in Fig. 1 and those of Argentina in par-
ticular are depicted in Fig. 2.
2.1. Deposit models

2.1.1. Mn deposits
Deposits of Mn related to detachment faults and the associated

structures (Long, 1992a,b) are characterized by propylitic alter-
ation, brecciation associated with veins, and the presence of exten-
sive potassium metasomatism generally preceding the formation
of the deposits and not always spatially associated with the miner-
alization. The mineralization usually occurs in the form of veins,
although stratabound deposits hosted in sin-rift sedimentary
sequences are also observed.

The general formation mechanism of these deposits was sum-
marized by Spencer (1991), who suggested that the hydrothermal
fluids associated with ore deposits at detachment levels retain Mn
because of their acidic properties. Neutralization of these fluids by
interaction with meteoric water results in the subsequent deposi-
tion of Mn with a characteristic mineralogy of highly oxidizing
environments. Mn is deposited directly into unconsolidated sedi-
ments or veins near the surface. Ba, Pb, K and Sr anomalies are fre-
quent within the ore, while the elements characteristically
associated with epithermal systems linked to magmatism (As, Sb,
Hg, Tl) occur in very low proportions and typically within the range
of the geochemical background (Derby, 2012).

The stratiform deposits reach several hundred meters in length
while generally not exceeding 20 meters in thickness. The mineral-
ogy includes psilomelane, romanechite, potassium cryptomelane,
ramsdellite and pyrolusite. Mn grades are low, usually between 4
and 14%.

The vein-type deposits present grades of up to 40% Mn but of
reduced tonnage compared with stratiform deposits. When Mn
veins are hosted in stratified rocks, they are usually associated with
stratiform deposits. The mineralogy includes cryptomelane, hol-
landite, coronadite, psilomelane, romanechite and ramsdellite.
The main gangue minerals are calcite and chalcedony/opal
whereas barite veinlets can also be found. It should be noted that
this type of mineralization does not at deeper levels change into
rift systems of the world (Masson and Miles, 1983; Milanovsky, 1983; Gilder et al.,
nd Bally, 2012).



Fig. 2. Location of mineral deposits and their relationship with rift structures in
Argentina.
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a paragenesis typical of reducing environments (rhodochrosite), as
is the case of the epithermal systems linked to continental volcanic
arc environments. In contrast, the disappearance of the Mn assem-
blages, which are replaced by Fe oxides together with quartz and
occasionally fluorite and barite, is observed (e.g., Leal et al., 2008).

The presence of alkaline basalts underlying Mn deposits is com-
mon and, locally, they can be channeled through faults and remo-
bilize stratiform mineralizations (Derby, 2012). Examples of this
type of deposit are District Artillery Park, Arizona, USA (Derby,
2012); Santa Rosa, Mexico (Rodríguez-Díaz et al., 2013); Sierra de
Ambargasta, Argentina (Leal et al., 2008); and San Rafael Massif,
Argentina (Mallimacci et al., 2010).

The Mn deposits from Sierra de Ambargasta, hosted in Protero-
zoic granites and rhyodacites, were partially mined from the early
1900’s until 1980 and produced �450,000 t of Mn (Leal et al.,
2008). Such deposits include �90 veins controlled by a dextral
shear system related to N–S lineaments resulting from the break-
ing up of Gondwana. The ore paragenesis consists of hollandite,
pyrolusite, ramsdellite, romanèchite and cryptomelane with mas-
sive, breccia, botroydal and drussy textures. The gangue minerals
are goethite, hematite, calcite, opal, barite, and minor fluorite,
quartz and chalcedony. Geochemical anomalies in Pb, Cu and par-
ticularly Au can be occasionally identified. Pervasive alteration
affects the host rocks with an assemblage of opal, quartz and adu-
laria along with minor calcite and epidote close to the contact with
the veins. Outward, this assemblage grades to a white mica-
chlorite alteration (Leal et al., 2008). Fluid-inclusion studies reveal
that the mineralizing fluids had low temperatures (<150 �C) and
salinities (<5 equivalent wt% NaCl) whereas isotopic data (d13C,
d18O and d34S) on gangue minerals are consistent with a dominant
meteoric source (Leal et al., 2008). K/Ar dating of cryptomelane
yields a Lower Cretaceous age for the mineralization
(134.5 ± 3 Ma, Brodtkorb and Etcheverry, 2000) with Mn probably
sourced by basic magmatism linked with the breaking up of Gond-
wana (Leal et al., 2008).

The Mn deposits from the San Rafael Massif are hosted in the
upper section of the Gondwanan volcanic sequence known as the
Choiyoi Magmatic Cycle. The lower section of this sequence (Early
Permian) exhibits geochemical features typical of a magmatic arc
setting whereas the upper section (Late Permian) displays
transitional geochemical characteristics between subduction and
continental intraplate settings (Kleiman and Japas, 2009 and refer-
ences therein). These Mn deposits were partially mined between
the 1950’s and the 1970’s, with ore between 21% and 45% of Mn
and calculated total reserves of �390,000 t (Mallimacci et al.,
2010). The ore bodies are tabular and lenticular with a length of
up to 600 m, a thickness of up to 7 m and mainly NW, NE and EW
striking. They consist of psilomelane, criptomelane, hollandite,
coronadite, pirolusite, and minor wad, jacobsite, manganite, grox-
thite, ramsdellite, todorokite, hausmannite and calcofanite with
massive, crustiform, colloform and breccia textures. The gangue
minerals are Fe oxides, calcite, opal, chalcedony and quartz.
Significant geochemical anomalies in Pb, Zn and Mo can be
frequently identified. In the contact with the veins, the host rocks
present pervasive argillitization and silicification with scarce
disseminated pyrite and quartz veinlets (Malvicini and Delpino,
1989; Mallimacci et al., 2010).

Based on K-Ar dating, we have previously defined two episodes
of Mn mineralization, an Upper Cretaceous and a Lower Miocene
one, with the Mn derived from deep sources and the upper section
of the Choiyoi Magmatic Cycle (Rubinstein and Zappettini, 2015).
In that study, we argued that the Upper Cretaceous mineralization
stage is genetically linked to the Triassic rifting that followed the
extensional collapse of the Choiyoi Magmatic Cycle (represented
by the upper section) and remained active until the Upper Creta-
ceous, while the Miocene stage is associated with an Early Miocene
back-arc extensional regime related to the change in the subduc-
tion parameters in the Central Andes.
2.1.2. Se-rich polymetallic deposits
This group includes two subtypes (Simon et al., 1997): veins

with Se, U, Cu, Co and Ni, and veins with Se, Au and EGP.
The first subtype consists of Cu, Co and Ni selenides and urani-

nite veins which are formed by oxidizing hydrothermal fluids. The
typical example is Niederschlema - Alberoda, Germany. This
deposit was formed during the Jurassic, when oxidizing hydrother-
mal solutions altered Permian uranium veins hosted in Variscan
granitoids and introduced Mg, Se, Pb, Cu and Ag leached from
the metamorphic host rocks. During the Cretaceous, a new parage-
nesis including native metals, Co-Ni-Fe arsenides and Bi sulfides
was originated by partial dissolution and replacement (Förster
et al., 2003, 2004).

Another example is the Rožná deposit, Czech Republic, which
was formed in multiple episodes and is characterized by significant
pre-mineralization hematitization originated by circulation of
deep oxidants supercritical fluids and the presence of basinal
brines. The mineralization is associated with the formation of
transtensional grabens in the Bohemian Massif (Pešek et al.
2001) and was remobilized as a result of the initial stage of rifting
in the region of Tethys-Central Atlantic during the mid to upper
Triassic. Fluid circulation was controlled by pressure and tempera-
ture gradients in the initial stage of the graben formation and
ceased due to tectonic inversion (Kríbek et al., 2009).
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Other examples include Champagne, France (Johan et al., 1982);
Otish Mountains, Canada (Johan et al., 1987); Kitka River Valley,
Finland (Vuorelaine et al., 1964); Santa Brigida, Argentina
(Brodtkorb, 1999); and Talampaya, Argentina (Zappettini et al.,
2015).

The Santa Brigida deposit, with 0.036 Mt of 0.064% U, is hosted
in Ordovician metamorphites affected by weak propylitization. The
ore paragenesis consists of pitchblende, bornite, chalcopyrite,
umangite, clausthalite, tiemannite, onofrite, eukairite, gold, silver
and fischesserite along with secondary covellite, idaite, berzelian-
ite, native Se and secondary uranium minerals (Brodtkorb, 1999).
The Talampaya deposit includes 9 veins with predominantly
NW-SE and subordinate NS strikes and hosted in Ordovician-
Silurian granites. They mainly consist of barite and fluorite with
minor Se and Cu minerals including umangite, klockmannite and
clausthalite (Zappettini et al., 2015). Although there are not
stratigraphic or isotopic constrains for the age of these deposits,
they are preliminarly included within this model based on their
mineralogy.

Vikre (2005) described Ag-rich deposits with Se in mining dis-
tricts from the northern sector of the Great Basin, USA. The depos-
its were formed c.16–14.5 Ma, at a time of extensional tectonics
and the development of bimodal volcanism (basalt-rhyolite). The
paragenesis consists of Ag selenides (naumannite, aguilarite), Pb-
Sb-Hg-Cu selenides (tiemannite, clausthalite, antimonselite,
berzelianite) and native selenium, and frequently occurs near the
surface and in association with sinters. The selenides can be found
in association with sulfates in relatively oxidized thermal deposits
where sulfides, except for cinnabar, are unstable. A high thermal
gradient and Se/S ratio in the cooled hydrothermal fluid facilitate
the transport of significant amounts of Ag, Au and other metals
towards the paleosurface. Apparently, such transport occurs in
the form of complex selenides, as suggested by fluid inclusion
microthermometry and S isotope fractionation. Although the sub-
sequent depression of the water table caused fluid boiling, H2S
exsolution and oxidation into H2SO4, the leaching of sinter and vol-
caniclastic deposits, and the widespread formation of alunite, pri-
mary selenides were preserved (Vikre, 2005).

In Argentina, in the area of Cerro Cacheuta, there is an Ag-Se
deposit hosted in the synrift sequence of the Cuyo Basin, which
locally consists of Middle-Upper Triassic continental sedimentary
and volcaniclastic deposits and Middle Triassic basalts (Ramos
and Kay, 1991; Spalletti et al., 2008). The deposit is made up of
irregular and discontinuous veinlets of up to 4 cm in thickness
with an ore paragenesis of naumannite, umangite, eskebornite,
klockmannite, clausthalite, krutaite, bornhardtite-tyrrelite and
trogtalite (Brodtkorb and Paar, 2013). Based on the geological set-
ting, this mineralization could be genetically linked to the Meso-
zoic rifting.

Veins with Se, Au and EGP were usually referred to as apomag-
matic or telethermal veins given that they are often hosted in sed-
imentary rocks of various ages and with no apparent connection to
igneous bodies. Lindgren (1928) referred to them as belonging to
the Au-selenides deposits to differentiate them from those depos-
its which contain sulfides. Simon et al. (1997) grouped such depos-
its into the selenide telethermal veins model.

In general, these deposits, which usually are of no economic
interest, consist of small veins or veinlets of carbonate (±quartz,
barite) with abundant hematite, selenides of Cu, Co, Ni, Pb, Hg
and EGP, a few sulfides, and Au and EGP, especially palladium.
The characteristics of the mineralizing fluids and the precipitation
conditions were described by Shepherd et al. (2005). The miner-
alogical association indicates precipitation from oxidized fluids or
brines with high chloride content. Conditions of low temperature,
low pH, high fO2 and high levels of chlorides favor the transport of
Au and PGE as chlorinated complexes. The precipitation of these
metals is related to the destabilization of the chlorinated com-
plexes by the mixing with calcium-rich fluids, the dilution with
meteoric waters or the interaction with reducing lithologies. The
genesis of the Trogtal and Tilkerode deposits, Germany, has been
associated with a mixture of reducing and oxidizing basinal brines
(Cabral et al., 2012) in a Permo-Triassic rift-related basin environ-
ment (Shepherd et al., 2005).

Examples of this subtype of Se-rich polymetallic deposits are
the aforementioned Tilkerode (Tischendorf, 1959; Wallis, 1994)
and Trogtal (Ramdohr and Schmitt, 1955; Cabral et al., 2012)
deposits, Germany; Caué (Clark et al., 1974; Cabral and Lehmann,
2007) and Serra Pelada (Cabral et al., 2002; Cabral and Lehmann,
2007; Grainger et al., 2008), Brazil; Copper Hills, Australia
(Nickel, 2002); Bleïda Far West, Morocco (El Ghorfi et al., 2006);
Hope’s Nose, England (Stanley et al., 1990); El Dragón, Bolivia
(Grundmann et al., 1990); and Cerro Cacho and Los Llantenes,
Argentina (Brodtkorb and Crosta, 2010).

Cerro Cacho is hosted in a sequence composed of a Grenvillian
basement intruded by carboniferous granites and pegmatites over-
lain by carboniferous sedimentary deposits which in turn are
intruded by Middle to Upper Triassic dolerites (228 ± 5 and
223 ± 4 Ma, Fauqué and Caminos, 2006). The ore occurs in the form
of thin veinlets of up to 30 mm of thickness hosted in calcite veins
of a thickness between 50 and 300 mm and NE to EW striking. The
ore paragenesis mainly consists of umangite, klockmannite, tie-
mannite, eucairite and clausthalite along with Cu-sulfides (chal-
copyrite, bornite, chalcocite, digenite and idaite) in a calcite
gangue. Locally, berzelianite, ferroselite, eskebornite, naumannite,
tyrrellite, trogtalitakrutaite-penroseite, bellidoite, crookesite,
chameanite, bukovite, cadmoselite, hakite, brodtkorbite, meren-
skyite, gold and fischesserite can also be found. Supergene pro-
cesses produced azurite, malachite, calcomenite, schmiederite,
atacamite and paraatacamite, and Fe-oxides (see Brodtkorb and
Crosta, 2010 and references therein).

Los Llantenes deposit, primarily hosted in Ordovician metamor-
phic rocks, was mined for Hg during a short time in the 1960’s and
1600 kg of this metal were obtained. The deposit consists of vein-
lets some centimeters thick and some tens of meters long, located
in ENE-WSW and NE-SW faults (Brodtkorb, 1999). The hypogene
ore paragenesis is complex and includes bornite, chalcopyrite, cin-
nabar and metacinnabar, umangite, tiemannite, clausthalite,
eukairite, eskebornite, stilleite, naumannite, klockmannite, ono-
frite, ferroselite, fischesserite, berzelianite, onofrite, aguilarite,
chrysstanleyita, jagueite and native Au and Hg-bearing silver in a
calcite with minor quartz and barite gangue. In addition to Cu car-
bonates, sulfates, oxides and halides, and Fe oxides, the supergene
assemblage comprises the Se minerals schmiederite, chalcomenite
and molybdomenite as well as native Se (Brodtkorb and Crosta,
2010 and references therein). New field work and petrological data
reveal that this mineralization is also hosted in Middle to Upper
Triassic alkaline hypabyssal gabbros that intrude the Ordovician
metamorphic rocks. Besides, the RREE pattern of the ore samples
is very similar to that of the gabbros, thus suggesting a common
source for the magmatism and the mineralizing fluids which
allows assigning a Triassic age to these Se deposits (Zappettini
et al., 2015).

2.1.3. U-Ni-Co-As-Ag polymetallic deposits with subordinated Bi-Cu-
Pb-Zn (five-element veins)

According to Lefebure (1996), the deposits assigned to this
model are related to hydrothermal systems in which fluids ascend
along faults developed in a crustal extension setting, depositing
metals 1 to 4 km deep. The fluids are brines with temperatures
between 150 �C and 250 �C, which originated both in the later
stages of the magmas differentiation and in relation with convec-
tive flow of water in country rocks. The source of metals could
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be sulfides-rich stratigraphic levels and carbonaceous shales
interbedded in the stratigraphic sequence.

The geotectonic setting corresponds to an intracratonic rift or
traction-elongation zone of back-arc developed in a continental
crust in which deposits are often post-tectonic (Lefebure, 1996).
Kissin (1992) proposed a general genetic model in which, in a rift
environment, an anomalous heat flow generates temperatures of
around 400 �C 10 km deep. These conditions favor the mobilization
of formational brines and other connate waters that migrate along
the extensional faults. High salinity and temperatures favor the
migration of Co, Ni and Ag. The mineralogical variations result
from changes in the redox conditions and a mixing with meteoric
water.

These deposits are characterized by open space filling textures
and a complex paragenetic association which includes Ni-Co
arsenides, Co, Ni, Fe and Sb sulfarsenide, Bi and Ag sulfides and ura-
ninite, and, more rarely, Au. In some deposits, uraninite proves of
economic interest (Lefebure, 1996).

Examples of such deposits are Cobalt, Ontario, Canada (Berry
and Petruk, 1971); Kongsberg-Modum, Norway (Bjerkgård,
2012); Purísima-Rumicruz (López, 2011); and Carrizal, Argentina
(Morello and Rubinstein, 1997).

The Purísima-Rumicruz deposit, hosted in Ordovician platform
sedimentary rocks, was mined between the 1940’s and the
1970’s for barite, Pb and Cu and thereafter sporadically explored
by different mining companies. Its average Cu grade is of 4% while
that of Pb ranges from 1% to 7%, that of Ni, between 0.01% and 0.3%,
and, for Ag, the grade reaches up to 270 ppm. The mineralization
occurs in the form of veins of up to 0.5 m of thickness, usually with
breccia texture and withWNW and subordinate EW and NS strikes.
The ore paragenesis, which underwent an important supergene
alteration, includes galena, pyrite, chalcopyrite, Zn-bearing
tetrahedrite-tenantite, chalcosite, nickelite, gersdorffite and Co-
gersdorffite, ullmanite, pitchblende, bornite, digenite, and mil-
lerite. The gangue mainly consists of calcite with minor ankerite,
dolomite and siderite, variable barite and scarce quartz. Fluid
inclusion studies conducted in quartz indicate that the mineraliz-
ing fluids had temperatures of between 150 �C and 250 �C, and
salinities between 5 and 12 equivalent wt% NaCl, whereas isotopic
data (d13C, d18O and d34S) reveal a sedimentary/metamorphic
source (López, 2011). Based on a Pb/Pb model age of 235 Ma in sul-
fides and considering the dispersion of the isotopic data and the
mineralization structural controls consistent with an extensional
tectonic regime associated with the Mesozoic rifting in northwest-
ern Argentina, Lopez (2011) suggested a Jurassic- Lower Creta-
ceous age for this five-element type mineralization, with the Pb
sourced by the Ordovician host rocks.

The Carrizal deposit is hosted in continental sedimentary rocks
of Carboniferous age intruded by Permian Choiyoi Magmatic Cycle
volcanics. The mineralization occurs mainly in the form of blind
veins with NS striking, breccia texture and ore grades between
0.02% and 0.7% U3O8. The ore paragenesis consists mainly of ram-
melsbergite, gersdorffite, hypogene anabergite and pitchblende
along with subordinate pyrite, niquelite and bismutite with scarce
dolomite gangue. The sedimentary host rocks exhibit pervasive
and veinlet-type carbonatization. The chemical composition of
gersdorffite suggests formation temperatures of between 200 �C
and 300 �C (Morello and Rubinstein, 1997). Crystallographic
parameter data of pitchblende obtained by Morello and
Rubinstein (1997) suggest an Upper Triassic age (�205 Ma) which
enabled the linking of this mineralization with the extensional tec-
tonic regime that prevailed in Southwest Gondwana during the
Mesozoic.

Simple U veins linked to rifting settings may also be included
within such model, as is the case of the Las Termas deposit in
Argentina. This deposit, which has been explored by the Comisión
Nacional de Energía Atómica (Argentina) since the 1980’s, bears U
contents of between 0.1% and 9.2% U3O8. It consists of veins com-
posed of pitchblende and pyrite in a fluorite gangue which are
hosted in a Lower Paleozoic metamorphic basement intruded by
alkaline basalts of �130 Ma. An U/Pb dating on pitchblende
returned an age of 113,6 ± 3,2 Ma, which falls within the age range
of the alkaline magmatism genetically tied to the Mesozoic rifting
in northwestern Argentina (Morello et al., 2011).

2.1.4. Simple Pb-Ag-Zn deposits
These deposits include veins of base metals (Pb-Zn-Ag) hosted

in clastic metasedimentary sequences (Beaudoin and Sangster,
1992). Such veins are associated with subsidiary fault zones related
to major crustal faults and located in orogenic environments with
or without the presence of arc magmatism. They are late-tectonic
and associated with extensional settings where the thinning of
the crust and the rise of the upper mantle occurs. Consequently,
a thermal disequilibrium as well as the generation of deep frac-
tures and block rotation leading to fluid convection occurs. In this
model, the deep crustal fault zones are considered first-order chan-
nels for the circulation of hydrothermal fluids, which connect deep
with shallow reservoirs leading to a mixture of sources for Pb, S
and fluid which is reflected in the isotopic characteristics of the
minerals (Beaudoin and Sangster, 1992). The role of metamor-
phism is related to the generation of fluids by dehydration or
water/rock exchange at high temperature. The ore paragenesis
consists of galena and sphalerite along with minor pyrite, chal-
copyrite and silver sulfosalts whereas the gangue minerals include
siderite, quartz, dolomite and calcite. Pb/(Pb + Zn) ratios range
from 0.51 to 0.72 and Au is usually absent or present in very low
contents.

Beaudoin and Sangster (1992) emphasized the presence of
other vein-type mineral systems associated with this model in
some of the districts studied and cited the presence of F-Ba and
‘‘five-element” veins in the Freiberg district but ruled out a link
between them.

Examples of simple Pb-Ag-Zn deposits are Coeur d’Alene, USA.
(Bennett and Venkatakrishnan, 1982); Pribram, Czech Republic
(Beaudoin and Sangster, 1992); Pumahuasi (Segal et al., 1999),
Paramillos de Uspallata (Carrasquero et al., 2013) and Castaño
Viejo (Cardó, 1999), Argentina.

The Pumahuasi deposit, which is hosted in Ordovician meta-
morphic rocks overlain by Cretacic sedimentary rift deposit, was
mined during the early twentieth century with ore grades between
8% and 35% of Pb and Zn and between 53 g/t and 100 g/t of Ag, and
total reserves of 0.15 Mt (Segal et al., 1999 and references therein).
The mineralization occurs in the form of veins of up to 0.4 m of
thickness and with predominantly EW strike hosted in a NNW-
SSE shear belt that forms part of a sinistral Riedel system. The
ore paragenesis includes galena, sphalerite, chalcopyrite,
arsenopyrite, tetrahedrite-tennantite, covellite and digenite and
the gangue consists of a quartz, barite and siderite. S and Pb iso-
tope data suggest that the S was leached from the local country
rock by circulating waters, whereas the Pb derives from the upper
crust and rocks formed during repeated orogenic cycles (Segal
et al., 1999). According to the stratigraphic controls, this deposit
would have formed between the Silurian and the Jurassic; how-
ever, the similarity between the Pb isotope data and those of the
Purísima-Rumicruz deposit would enable the constraining of the
age to the Triassic-Jurassic (Zappettini et al., 2015).

Castaño Viejo was sporadically mined and explored between
the 1860’s and the 1980’s, with ore grades between 3% and 9% of
Pb, of up to 7.4% of Zn, between 114 g/t to 507 g/t of Ag and of
up to 2 g/t of Au, and total reserves of 800,000 t (Cardó, 1999 and
references therein). The deposit includes � 30 veins with predom-
inantly E-W strike and hosted in the Permian Choiyoi Magmatic
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Cycle volcanics. The veins are of up to �1 m of thickness and of up
to �500 m of length and display banded, drusy and rarely breccias
textures. The ore paragenesis consists mainly of sphalerite, Ag-
galena, pyrite and chalcopyrite along with minor chalcocite and
tetrahedrite in a quartz and carbonate (calcite and siderite)
gangue. Supergene processes produced scarce anglesite, cerusite,
goslarite, malachite, azurite, calcantite and limonites along with
secondary chalcocite and covellite (Cardó, 1999). K/Ar dating on
the subvolcanic host rock yielded a Middle Triassic age
(237 ± 12 Ma) which enables the linking of this mineralization
with the Mesozoic rifting of Southwest Gondwana.

The Paramillos de Uspallata deposit includes thirty-three veins
hosted in the Mesozoic synrift volcano-sedimentary sequence of
the Cuyo Basin. This deposit was discontinuously mined from the
seventeenth century until the early 1980s and produced nearly
414.000t of ore at �2.5% Pb, 3.5% Zn and 475 g/t Ag. The veins
are of up to �2 m of thickness and of up to �2500 m of length
and display crustiform, cockade and breccias textures and predom-
inantly NW and WNW and subordinate WSW strikes. The parage-
netic sequence consists of a galena and sphalerite intergrowth,
minor chalcopyrite and scarce pyrite in a siderite with minor
quartz gangue. These sulfides are variably replaced by freibergite
which in turn is variably replaced by boulangerite and owyheeite.
This sequence ends with arsenopyrite and marcasite in a quartz
gangue. Wall-rock alteration surrounding the veins includes perva-
sive sericitization and carbonatization and veinlet-type silicifica-
tion (Carrasquero et al., 2013). Fluid inclusion studies conducted
in quartz, siderite and sphalerite show that the mineralizing fluids
had low temperatures (between 160� and 250 �C) and moderate
salinities (5 to 19 equivalent wt% NaCl), whereas the isotopic data
(d34S and d18O) obtained in sulfides, quartz and siderite suggest a
mixture of magmatic and meteoric sources (Garrido et al., 2001).
Pb isotopes obtained for galena not only are consistent with a mix-
ture of sources typical of the simple Pb-Ag-Zn deposits but also
plot in the ‘‘Mesozoic Array” line defined by Paiement et al.
(2012), suggesting a link with the Cuyo Basin Mesozoic rifting
(Zappettini et al. (2015).

2.1.5. Cu-Au deposits in detachment fault zones
This model (Long, 1992a,b) includes polymetallic deposits

where the main ore consists of Cu and Au massive replacements,
stockworks and veins in detachment fault zones. These deposits
are characteristic of extensional environments and, at regional
scale, are related to half-grabens and hydrographically closed
basins syntectonic with the extensional deformation within the
upper block of the detachment fault zone. The best-studied depos-
its related to this model are located in eastern California and south-
western Arizona, USA, and include the Bullard (Spencer and
Reynolds, 1992), Northern Plomosa (Duncan, 1990) and Copper-
stone (Spencer et al., 1988) districts.

Detachment fault-controlled low-sulfidation gold mineraliza-
tion can be considered a local variant of the Cu-Au deposits in
detachment zones. Au mineralization is located in massive, tabular
ore bodies above the detachment fault zone, and in open-space fill-
ing ores along listric faults. The ores are in zones with strong sili-
cification and brecciation, which are synchronous with
detachment faulting. Mineralization is composed exclusively of
Au and electrum (with Au/Ag �3), with traces of Au-Ag tellurides,
arsenopyrite and galena, in a gangue of quartz and carbonates,
similar to mesothermal Au veins. Alteration consists of quartz,
adularia, chlorite, sericite, calcite, pyrite and clay minerals and iso-
topic data suggest the involvement of metamorphic fluids. Depos-
its of this type include Riverside Pass, in southeastern California,
USA (Wilkinson et al., 1988), Ada Tepe, in Bulgaria (Marchev
et al., 2004), and Ernesto-Lavrinha, in the Guapore Gold Belt, Brazil
(Puritch et al., 2016). Sr isotope data from the Ada Tepe deposit
reveal a metamorphic origin for hydrothermal fluids, which is con-
sistent with the available Pb isotope data; however, a contribution
from an igneous source is not ruled out.

The Cu-Au detachment deposit model is interpreted as a repre-
sentative of the Iron Oxide Copper Gold (IOCG) clan related to flu-
ids of evaporitic origin (Barton, 2014). Indeed, the IOCG clan
includes various deposit types that share similar features, such as
hypogene magnetite and/or hematite, scarcity of sulfides and
enrichment in a suite of distinctive minor elements (P-F-Co-Ni-V-
Cr-As-Ag-U-REE), although varying considerably in form, size,
and degrees of enrichment. Notably, some IOCG deposits are asso-
ciated with distal Co–Ag–As– (Ni–U) veins (e.g., Great Bear, Mumin
et al., 2007). IOCG type mineralizations can be hosted in various
tectonic settings although shallow- to mid-crustal intracratonic,
intra-arc or back-arc continental extensional settings, as well as
late- or post-orogenic settings are the most prospective. Some of
these types of mineralizations lack coeval magmatism and this
group includes the Cu-Au detachment-related deposits. Although
Cu-Au deposits in detachment fault zones contain relatively little
magnetite and high-temperature alteration, they share some char-
acteristics with the IOCG clan, such as low-temperature K-
metasomatism and hematite-rich mineralization (Barton, 2014).

The non-magmatic IOCG end member is associated with evap-
oritic fluids mobilized by deeper-seated intrusions, which drive a
hydrothermal convection cell. However, in this sub-model, an
alternative genetic scenario involves metamorphic-hydrothermal
fluids derived from distinctive crustal sources (involving a meta-
evaporitic or mantle source for the Cl/F with regional plumbing)
by metamorphic devolatilization and water–rock interaction at
depth (Barton, 2014).

The IOCG systems of Northwest Queensland include epigenetic
mineralization consisting of small deposits located in intraconti-
nental and continental environments (North Australian Craton)
and larger deposits facing the passive continental margin affected
by rifting.Most of these depositswere generated at the time of basin
inversion and intrusion ofmainly felsicmagmas. Hot saline and oxi-
dizing fluids of either magmatic or metamorphic origin are inter-
preted to be responsible for the transport of Cu and Au (Hutton
et al., 2012). Characteristically, hydrothermal Cu ± Au mineraliza-
tion overprints earlier Fe oxide concentrations of different origins,
and K and Na-Ca alterations are common and usually widespread.
In particular, the unusual Monakoff IOCG deposit (Williams et al.,
2015), located to the northeast of Cloncurry within the Eastern Suc-
cession of the Mount Isa Inlier, is characterized by an enrichment in
Co, Ag, As, Mn, REE, U, Pb, Zn and Sr, high concentrations of F and Ba
and the overprinting of a late Co-As-Au-Bi mineralization. The min-
eralization, which is probably linked to granitic intrusions, results
from the mixing of an oxidized F, Ba, REE and U-rich fluid with a
reduced S-bearing fluid. Evidence of extension with associated K-
enriched zones and U-rich zones has also been found (Austin
et al., 2016). It is noteworthy that the Olympic Dam deposit occurs
in an F-rich silicic large igneous province (McPhie et al., 2011).

IOCG deposits in the Andean region were emplaced in an exten-
sional regime, but are greatly different from the tectonic setting
considered herein. Moreover, a link with magmatism is evident
and the participation of deeply derived magmatic fluids is favored;
involvement of brines from external sources is unlikely, although
their local participation cannot be precluded (Sillitoe, 2003). In
Argentina, the most favorable regions for the targeting of this
deposit model are the Mesozoic back-arc, and intracontinental
extensional basins and the associated magmatism developed to
the east of the Andes (Cuyania and Pampia terranes).
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2.1.6. Almadén-type Hg deposits
The cinnabar from Almadén deposit is likely to have been

mostly remobilized–crystallized during the regional extensional
tectonic events, capturing Pb from the host sedimentary sequence,
mobilized by large-scale, long-term hydrothermal convective cells
(Palero-Fernández et al., 2015). Hg mineralization occurs in strata-
bound and stockwork deposits consisting of cinnabar as a major
phase, with minor pyrite and Hg and traces of quartz, dolomite-
ankerite, barite and siderite. Hydrothermal alteration includes a
proximal pyrophyllite-kaolinite-illite-quartz assemblage and distal
(quartz)-illite-chlorite-(pyrophyllite) or rectorite-(chlorite) assem-
blages (Higueras et al., 1999). The alteration process also affected
the alkaline mafic rocks of the region, resulting in an assemblage
of Cr-illite, fuchsite, Cr- chlorite, dolomite (Morata et al., 2001),
which can be considered a listwanite-type alteration. Total produc-
tion at Almadén reached 7 Mt, averaging 3.5% Hg. Fluid inclusion
studies conducted in quartz from the proximal alteration assem-
blage indicate low to moderate salinities (1 ± 13 equivalent wt%
NaCl) and temperatures (150–375 �C, mode at 220 �C) and deposi-
tion depth of � 1.8 km (Higueras et al., 1999). The Pb isotope ratios
are heterogeneous and are interpreted as representing Pb extrac-
tion during various events related to the main extensional or
transtensional tectonic events (late Ordovician - Devonian, Per-
mian - Triassic and Late Jurassic - Early Cretaceous) in the region
(Higueras et al., 2005; Palero-Fernández et al. 2015).

2.1.7. Fluorite deposits
Fluorite-barite epigenetic vein deposits are the main source of

fluorine worldwide. This model, which corresponds to veins hosted
in breccias and shear zones along faults that are essentially located
in tectonic environments underlain by sialic crust, was summa-
rized by Hora (1996a). In orogenic belts, veins are related to
post-tectonic intrusions or alkaline rocks associated with rifts
located close to suture zones, tensional rifts, grabens and linea-
ments. The ore bodies are tabular or lenticular and may exceed
1000 m long, with thicknesses up to 20 m. In many cases, they
are composed only of fluorite, but quartz, chalcedony, barite, Ca-
Fe-Mg carbonates and minor sulfides, such as galena, sphalerite,
chalcopyrite and pyrite, could also occur. Associated pervasive
potassic alteration is common.

Typical examples of this deposit model are the districts located
along the Rio Grande graben in western USA, which extends over
800 km, the Baikal rift zone in Russia and Mongolia, which extends
over more than 1500 km (Mats and Perepelova, 2011; Zorin et al.,
2003), and the San Rafael Massif (Rubinstein and Zappettini, 2015)
and North Patagonian Massif (Aliotta 1999) districts in Argentina.
In all cases, the mineralization is located within normal or en éch-
elon faults, associated with rift systems.

Fluorite ore deposits from the San Rafael Massif are hosted in
the upper section of a Gondwanan Choiyoi Magmatic Cycle (see
Mn deposit from the San Rafael Massif). Some of these fluorite
deposits were partially mined between the early 1940’s and the
early 1980’s, with ore grades up to 90% CaF2 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 lengths of up to 900 m, thicknesses of up to
4 m and mainly NNW and E-W striking. The deposits consist of one
or two generations of fluorite with colloform, crustiform, cockade
and breccia textures. The paragenetic sequence begins with
lattice-bladed calcite, and is followed by the first generation, which
consists of coarse crystals of fluorite, and the second generation,
which is composed of fine fluorite aggregates intergrown with
minor quartz. Each fluorite generation is followed by a silicification
stage that leads to quartz with typical epithermal textures. Scarce
pyrite and arsenopyrite are sporadically recognized. Fluid inclusion
studies conducted in fluorite from two different deposits have
revealed that the mineralizing fluids had low temperature
(�<200 �C) and low salinity (<2 equivalent wt% NaCl). In the host
rocks, the fluorite veins develop pervasive argillization and silicifi-
cation along with disseminated pyrite, interstitial fluorite and
quartz veinlets (Rubinstein and Zappettini, 2015 and references
therein). Based on a Sm/Nd isochrone age in fluorites (194–
216 Ma) and geochemical data, we have previously argued that
these fluorite deposits were formed during the Upper Triassic-
Lower Jurassic as a result of the Triassic rifting that followed the
extensional collapse of the Choiyoi Magmatic Cycle and triggered
hydrothermal activity at regional scale in the San Rafael Massif,
with the F derived from a mantle source and the REE from the
upper section of the Choiyoi Magmatic Cycle (Rubinstein and
Zappettini, 2015).

Fluorite deposits from the North Patagonian Massif are hosted
in a thick Lower Triassic –Jurassic volcanic sequence (Marifil, Los
Menucos and Garamilla Formations, see Ramos and Aguirre-
Urreta, 2000). This sequence is part of the Mesozoic Patagonian
Silicic Large Igneous Province that resulted from the crustal melt-
ing linked to the Gondwana breakup (Pankhurst et al., 2000) and,
locally, is structurally characterized by half-graben systems
(Cicciarelli, 1990). Some of these deposits were partially mined
between the 1960’s and the early 1980’s, with total mineral
resources of 8,161,000 t and an average F2Ca grade between 30
and 50%. The systems consist of �150 veins with lengths of up to
1600 m, thicknesses of up to 10 m and mainly E-W to N55�E strik-
ing. They are composed of fluorite, chalcedony, quartz and minor
calcite; locally, barite, adularia, zeolites, rodocrosite and scarce sul-
fides (pyrite, galena, sphalerite and chalcopyrite) can also be found.
In the host rocks, the fluorite veins develop pervasive sericitization
and silicification and minor argillitization and zeolitization. Fluid
inclusion studies have revealed that the mineralizing fluids had
temperatures between 100 and 300 �C and salinities of up to 2
equivalent wt% NaCl (Aliotta, 1999 and references therein).
According to Cicciarelli (1990), the vein emplacement is controlled
by the half-graben system due to the extensional tectonic regime
linked to the Gondwana breakup that also led to crustal thinning
and triggered melting processes in the base of the crust, all of
which resulting in an abundant rhyolitic magmatism whose late
fluids would be responsible for the fluorite mineralization.

2.1.8. Barite vein deposits
This model includes veins consisting essentially of barite,

hosted in faults, fractures and shear zones that fall within the gen-
eral model of barite veins in various tectonic environments defined
by Clark and Orris (1991). Hora (1996b) indicated that the veins
tend to be located in and around the basin margins in both conti-
nental rift and continental margin settings. The mineralization is
controlled by high-angle faults and, locally, it occurs as strata-
bound and irregular bodies. The veins have an extension that can
exceed 1 km, are up to 20 m thick and are exploited up to 500
meters deep.

The paragenesis comprises barite associated with quartz/chal-
cedony, with varying proportions of fluorite, calcite and sulfides
such as sphalerite, chalcopyrite, galena and, rarely, silver sulfosalts.
The presence of multiple episodes of mineralization is common
(Hora, 1996b). Fluid inclusion studies (Jessey, 2010) have revealed
homogenization temperatures between 160 and 300 �C and salini-
ties between 10 and 16 equivalent wt% NaCl. Some of the charac-
teristic districts belonging to this model are the Calico Mountains
in California, USA (Jessey, 2010), the Benue Trough Basin in Nigeria
(Oden, 2012) and Santa Victoria in Argentina (Castillo, 1999).

The Santa Victoria district, consisting of veins mainly composed
of barite along with variable quartz and galena and accessory spha-
lerite, chalcopyrite and pyrite, is hosted in a Neoproterozoic to
Ordovician sedimentary sequence. This district, partially mined
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in the 1980’s, produced 20000 t of barite and has calculated total
reserves of �270,000 t (Castillo, 1999). Isotopic studies performed
by Sangster (2001) have shown that the Pb was sourced by the
deep Precambrian basement whereas the S derives from sulfides
of the sedimentary sequence which ultimately result from marine
sulfate reduction. Although there are no stratigraphic or isotopic
constrains for the age of these deposits, based on their mineralogy
and geological setting, similar to that of the Pb-Zn-Ag simple veins
from the Pumahuasi district, they could be preliminary assigned to
this model (Zappettini et al., 2015).
3. Characteristics of mineralizing fluids within rift
environments

3.1. Overview

Conditions in a rift environment give rise to two mineralizing
processes: (a) one caused by the movement of fluids unrelated to
magmatism in areas of thermal anomalies and (b) another one
related to magmatic activity. In the first case, where there is a
favorable source, fluids collect certain elements, producing a min-
eralogical specialization at district scale with inhomogeneities in
the distribution of mineralization types along the region affected
by rifting.

Considering the model where a detachment fault separates a
lower hot block from an upper cold block with the development
of listric and flat normal faults, the forming mechanism of ore
deposits involves a process of retrograde metamorphism in the
lower hot block and the circulation of brines derived from syntec-
tonic basins along detachment faults toward the normal faults
affecting the upper block. Mineralization consists of sulfides or oxi-
des, depending on the redox conditions. Fluid motion would be
linked to the lower block heat or to the presence of syntectonic
magmatism (Reynolds and Lister, 1987).

The isotopic and fluid inclusion data of the groups of deposits
described above allow establishing the physicochemical conditions
Fig. 3. Homogenization temperature vs salinity (% by weight NaCl eq.) diagram, showin
other deposits models for comparison. The A field indicates the ranges of T and salinit
sources cited in this publication, Constantopoulos (1988) and Wilkinson (2001).
of the mineralizing fluids and defining their genesis and relation-
ships between different subtypes.
3.2. Temperature and salinity

The data compiled from the publications previously cited for
each deposit type described in Section 2.1. allow establishing the
temperatures and salinity ranges that define a field (A in Fig. 3)
delimited by homogenization temperatures ranging between 60�
and 430 �C and salinities ranging between 0 and 27 equivalent
wt% NaCl.

The characteristics and behavior of fluids in the detachment and
direct faults environment have been analyzed by Reynolds and
Lister (1987). According to these authors, the variations in the dif-
ferent types of mineralization are related to the presence of two
fluid systems: a deep fluid system mobilized by convection in
the deep parts of the shear zone and a fluid system in the upper
block, where meteoric and connate water prevails at hydrostatic
pressures. Movements in the detached zone juxtapose rocks
affected by the different systems and allow their superposition.

According to the data presented by Baatarstog (2006) for fluo-
rite, barite and Pb-Zn-Ag veins from the Schwarzwald district, Ger-
many, the early fluids correspond to deep brines at temperatures
�350 �C, which, during their ascent, mixed with low-salinity
waters. The mixture of both fluids would have been facilitated by
an increase in the tectonic activity and resulted in the deposition
of mineralization.
3.3. Isotopic characteristics

Overall, the O, S and D isotopes values (Table 1) are consistent
with basinal poral fluids derived from meteoric waters under var-
ious P-T conditions in an environment of active faults.

d34S values indicate formational brines and progressive mixing
with meteoric water. d18O and dD values are within the range of
metamorphic and meteoric fluids, suggesting a progressive oxygen
exchange related to fluid-rock interaction in the basement during
g the schematic distribution of the main deposit types considered in this work and
y fluids mineralization associated with rifting environment failures. Data from the



Table 1
Isotopic characteristics of deposits associated with rifts.

Deposit model d18OSMOW ‰ dD ‰ d34S ‰ References

Simple Pb-Ag-Zn veins �5.5 to +20 . . . +16 to +26 Beaudoin and Sangster (1992)
Barite veins +12 �47 to �71 +12 to +27 Kontak et al. (2006)

Sizaret et al. (2009)
Canals and Cardellach (1996)

Fluorite veins +10 to +30 �1 to �78 . . . Sizaret et al. (2009)
Baatarstog (2006)

Cu-Au in detachment-fault zones �5 to +8 . . . . . . Roddy et al. (1988)
Long (1992b)

Five elements veins +0.5 to +26 +5 to �95 �22 to +20 Kissin (1992)
Se-rich polymetallic veins +4 to +20 �39 a �89 �10 to +28 Kríbek et al. (2009)
Mn veins +6 to +22 . . . +5 a +8 Eggleston et al. (1983)

Leal et al. (2008)
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their ascent, considering that originally basinal brines correspond
to meteoric or sea water (Baatarstog, 2006).

Pb isotopes are relatively homogeneous within each district but
vary between them, suggesting different sources. In general, the
data are grouped between the curves of the lower and upper crusts
(Zartmann and Doe, 1981) in the uranogenic diagram (Fig. 4). This
suggests that Pb derives from a mixture of rocks with a long period
of residence in the upper crust and rocks deformed during repeated
orogenic cycles (Beaudoin and Sangster, 1992), with a contribution
of Pb from the lower crust and even from the mantle (Paiement
et al., 2012). It is noteworthy that the isotopic data for all the min-
eralization considered are grouped following the ‘‘Mesozoic Array”
defined by Paiement et al. (2012) for the Purcell Basin and Coeur
d’Alene deposits, which is interpreted as the result of episodes of
Pb isotopic mixture during the Mesozoic and even the Cenozoic.
The Mesozoic Array is broad, which, according to these authors,
responds to several sedimentary sources.

3.4. Associated hydrothermal alteration

The hydrothermal alteration caused by fluid flow along fault
planes associated with detachment zones at different Eh, pH and
P-T conditions has been described and summarized by Michalski
et al. (2007) (Fig. 5). Rocks of the lower block are usually brecciated
(up to 300 m below the detachment zone according to Long
(1992b)) and affected by propylitic alteration (chlorite-epidote-
calcite) caused by reducing hot fluids, whereas those of the upper
block are affected by low temperature potassium metasomatism
(ranging up to two kilometers above the detachment zone accord-
ing to Long (1992b)) with an assemblage of adularia and K-
Fig. 4. Comparison of Pb isotopic compositions in various deposit models linked to
extensional environments (data from Beaudoin and Sangster, 1992; Sizaret et al.,
2009; López, 2011). The shape of the ‘‘Mesozoic Arrangement” modified from
Paiement et al. (2012) is indicated.
enriched biotite, produced by hot oxidizing meteoric fluids. The
hydrothermal alteration assemblages depend on the permeability
and reactivity of the rocks involved. The release of chemical ele-
ments of interest (metals, Ba, etc) occurs in relation to the fluid
flow and the consequent alteration of the rocks involved. In this
case, the amount of metals released by this mechanism is enough
to form mineral deposits without requiring a deep crustal source
(Michalski et al., 2007). Table 2 shows the hydrothermal alteration
types observed in various models of mineralization formed in this
environment due to different P, T and redox conditions.

Hydrothermal alteration assemblages cannot be individually
differentiated from those related to hydrothermal fluids linked to
magmatic activity. However, the lateral and in-depth regional dis-
tribution pattern allows their discrimination (cf. Fig. 5).

3.5. Sources of metals and anions

3.5.1. Base metals
Geochemical studies of marine shales indicate that they are

generally enriched in metal elements and can be a source of
metal-rich mineralizing fluids (e.g. Ruffell, 1998). For instance,
the Ordovician marine basin sediments in northwestern Argentina
are a potential source of metals for the five-element deposits in the
region due to their high Ba, Cu, Ag, Pb, As, Ni, Co, Zn and U contents
(López, 2011).

The Pb isotopes from districts of simple polymetallic Pb-Ag-Zn
deposits suggest that this metal derived from the upper crust,
and leached from sedimentary rocks, with variable contributions
of the lower crust (Beaudoin and Sangster, 1992; Paiement et al.,
2012). In the Pumahuasi and Santa Victoria districts, Argentina,
Sangster (2001) came to a similar conclusion, strengthening the
model of a crustal source for Pb without a link with magmatic
activity.

3.5.2. Manganese and Iron
Mn is the second most abundant transition element on the

earth’s surface, where it is naturally mobile under oxidizing condi-
tions. This mobility occurs in a wide range of temperatures and
chemical environments, and can produce stratabound and vein-
type deposits in which anomalous contents of Sr, Ba and As are
common.

The Mn and Fe mineral systems and occurrences associated
with rift environments with restricted development of sea basins
have a volcanogenic origin related to bimodal magmatism. In the
case of Mn veins formed in the absence of marine sequences
(and thus without associated submarine hydrothermal activity),
it has been interpreted that the source of Mn and Fe was the alka-
line basic magmatism related to intracontinental rifting (e.g. Leal
et al., 2008), or the country rocks from which they were leached
(Rubinstein and Zappettini, 2015).



Fig. 5. Idealized model of hydrothermal alteration types associated with a detachment zone (modified from Michalski et al., 2007). Alteration types zoning: potassium
metasomatism (K), sericitization (I), carbonatization (Ca), Celadonite (Ce), hematititization (He), silicification (S), chloritization (Cl).

Table 2
Types of deposits related to areas of rifting and associated hydrothermal alteration.

Deposit model Hydrothermal alteration

Se-rich polymetallic Carbonatization, hematitization, slight
propylitization

Five elements polymetallic Chloritization, carbonatization, argilization,
hematitization

Simple polymetallic Phyllic: sericitization, silicification, piritization
Fluorite and barite veins Phyllic: sericitization, silicification
Mn veins Carbonatization, silicification, caolinization
Cu-Au in detachment-fault

zones
Pre-mineralization K-Metasomatism:
adularitization
Propylitic: Carbonatization, chloritization
Sericitization (illite)
Hematitization. Celadonite in basaltic levels
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The study of the Artillery Mountains District (Arizona, USA)
allowed establishing a model of remobilization of Mn from sedi-
mentary sequences, although the relationship with basalts whose
chemistry is consistent with a possible source of Mn is not ruled
out. In this context, the presence of low temperature K metasoma-
tism, linkable with alkaline brines, could provide a mechanism for
release and mobilization of Mn (Derby, 2012).
3.5.3. Selenium
There are limited studies regarding the availability and release

mechanisms of Se from geological sources in a fluid medium. The
similarity of Se and S results in the replacement of S by Se in rocks
with sulfides (Matamoros-Veloza et al., 2011), which can be lea-
ched as a result of oxidation of sulfides, being the release mecha-
nisms favored in alkaline environments (Dixon, 2007).

In seawater, 80% of the dissolved Se is concentrated as organic
selenides in depths less than 300 m (Cutter and Bruland, 1984).
These data are consistent with the concentration of Se in black
shales of marine basins enriched in metals, with measured values
of 40 ppm (Daba Region, China, Kunli et al., 2003) and up to
300 ppm (Training Phosphoria, Western Phosphate Resource Area,
USA, Ryser et al., 2005). The Se in these sediments is associated
with both organic matter and Fe sulfides, the latter with contents
of up to 0.2% Se (Ryser et al., 2005). Se has also been identified
as selenite and selenate, forming adsorption complexes in Fe
oxides and clays, being this the most easily leachable source
(Ryan and Dittrick, 2001).

3.5.4. Fluorine
The source of fluorine has been subject of debates and different

origins have been proposed to explain the formation of large fluo-
rite districts in the world. Fluorine occurs in rift environments in
anomalous amounts, and, in this context, Van Alstine (1976) high-
lighted its relationship with volcanic systems involving acid alka-
line magmatism. However, Seager et al. (1984) demonstrated
that there is a coincidence between the fluorite mineralization
age and the age of mafic alkaline magmatic episodes.

Tropper and Manning (2007) performed fluorite solubility stud-
ies which indicated that the solubility of this mineral is low to
moderate in water above 600 �C and very soluble in the water-
NaCl system, suggesting that in metamorphic and igneous environ-
ments in the lower crust, saline fluids can be enriched in fluorine
from pre-existing fluorite.

Furthermore, isotopic data of fluid inclusions in fluorite indicate
the presence of Cl of asthenospheric origin (Partey, 2004). Given
that Cl and F have a similar chemical behavior during the degassing
of magma (Thordarson et al., 1995), Partey (2004) considered a
mantle source for fluorine, in coincidence with the model proposed
by Plumlee et al. (1995). Indeed, considering the limited depth of
the burial of acidic volcanics in rift sequences and the P-T condi-
tions required to solubilize fluorite, these can be disregarded as
the main source of fluorine.

3.5.5. Barium
In the deposits analyzed above, Ba is considered to be concen-

trated from the leaching of marine sedimentary sequences. In mar-
ine sediments, Ba is associated with several phases, including
organic matter, carbonates, opal, Fe-Mn oxyhydroxides, silicates
and other terrestrial detrital material (Dehairs et al., 1980). In this
environment, the contribution of Ba released in cold seeps along
fault scarps is important and equivalent to biogenic Ba proportions
(Torres et al., 2002).

The fluids of meteoric origin chemically evolve at depth, pro-
ducing sulfate-rich brines. This process facilitates the mobilization
of Ba, Pb and other metals; however, in some cases, mixing with
formational waters and even with magmatic fluids is not ruled
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out (McLemore et al., 1998). Fluid inclusion studies, isotopic data
and structural information allow disregarding the relationship
between Ba and exhalative sources in several mining districts
(Kontak et al., 2006).
4. Regional metallogenic model

Detachment zones are extensional faults with displacements
that can reach several tens of kilometers. They have been explained
as a product of evolution of shear zones that controlled low-angle
extensional crustal lithospheric processes at high levels (Wernicke,
1981; Spencer and Reynolds, 1989). In these areas, the associated
processes of brecciation, retrograde metamorphism in the lower
block and juxtaposition with non-metamorphosed upper block
rocks, are common. Detachment zones are usually associated at
shallow levels with pull-apart complexes and closely spaced sets
of normal faults (Davis and Lister, 1988).

Two different geotectonic environments of metallogenic inter-
est, involving extensional faults associated with detachment zones
in depth, can be identified:

1) Continental extension in a back-arc setting: this occurs in a
tectonic context of negative roll-back, which favors a rise of
the asthenospheric mantle to shallow levels and generates a
potential source of heat that can induce melting in the litho-
sphere (Lips, 2002). Examples of this setting are the Shadow
Valley, Chemehuevi and Artillery basins in the southwest of
the U.S. Cordillera (Friedmann and Burbank, 1995). In the
back-arc of the Gondwanan arc in South America, the rift
geometry is usually controlled by the reactivation of older
structures (e.g. Cuyo Basin, Ramos and Kay, 1991), being
common the presence of bimodal volcanism (e.g. Neuquén
Basin, Franzese, 2007). In the shallow levels of this environ-
ment, Se-rich polymetallic, simple Ag-Pb-Zn, five-element,
barite and fluorite veins occur. The deep alkaline magma
linked to the rifting process can be the source of F and Mn,
which, once collected by the fluids circulating along direct
faults associated with the detachment zones, generate veins
of these elements.

2) Extension with rift development and production of oceanic
crust in a passive continental margin: the early stages of
continental breakup are characterized by normal faulting
and development of rift systems, with related tholeiitic
and alkaline dikes and basalt flows, bimodal magmatic
suites and, locally, Na- and K-rich magmatic rocks and car-
bonatites. Two mechanisms can lead to this type of rifting
(Ruppel, 1995): a) an active mechanism in which hot mantle
plumes or diapirs initiate the rifting process associated with
predominantly extensive alkaline volcanism (e.g. East Afri-
can Rift, Furman et al., 2016 and references therein); and
b) a passive mechanism related to lithospheric extension
where a lithospheric scale detachment is involved; such is
the case of the Rhine Graben (Lopes Cardoso and Granet,
2003), where Pb-Zn, Mn, fluorite and barite deposits occur
(Fusswinkel et al., 2013).

In the pre-breaking stage of the continent, the continental crust
is under extensional stress and becomes thinner, originating half-
grabens related to detachment zones. The extension accompanied
by a displacement along a main detachment zone causes a non-
uniform extension of the crust and the lithosphere (Becker et al.,
2014). In this environment, extensive rhyolitic magmatism of crus-
tal origin develops (e.g. Marifil Formation in the Argentine epicon-
tinental margin and Whitsunday Volcanic Province in the Eastern
Australia passive margin, Bryan et al., 2000) and fluorite and Mn
mineralizations occur.

Based on the analysis performed on mineral deposits linked to
faults in an extensional context presented in this paper, we pro-
pose to group mineral deposits into three environments that repre-
sent different exposure levels:

1) Mineral deposits in the environment of detachment faults.
This group includes Cu-Au, Au-Ag and Pb-Zn-Ag polymetallic
vein-type, stockwork and replacement deposits and the non-
magmatic end-member of the IOCG model.

2) Mineral deposits associated with high-angle direct faults.
2a) Associated with half-grabens:

i. In areas where the upper block involves felsic (e.g. dominant
rhyolitic) magmatism. This group includes fluorite and Mn
veins.

ii. In areas where the upper block and the sedimentary
sequence filling the half-grabens have associated mafic mag-
matism (diabase, tholeiitic basalts). This group includes Se-
rich polymetallic veins and simple Pb-Zn-Ag veins.

2b) Associated with direct faults that are not linked with half-
grabens in areas where the upper block consists of a sedimentary
or metasedimentary basement. This group includes five-element
veins (with or without U), simple Pb-Ag-Zn veins and barite veins,
whose composition is determined by the availability of elements
leached by fluids of metamorphic or metamorphic-sedimentary
origin.

3) Mineral deposits associated with sedimentary sequences fill-
ing half-grabens. This group includes lacustrine Mn deposits and
stratabound barite deposits. Typical polymetallic SEDEX (Pb-Ag-
Zn) and stratabound Cu, Cu-Co and Cu-U-V deposits also fall into
this group, although they have not been described in this paper
because there is no specific relationship with detachment-related
extension.

Fig. 6 shows the generalized conceptual metallogenic model
defined from the parameters analyzed.
5. Discussion

The analysis of the different tectonic settings described and of
the various types of mineral systems associated with detachment
zones allows highlighting some interesting similarities and differ-
ences. Deposits related to continental extension in a back-arc set-
ting, where the upper block consists of a sedimentary or
metasedimentary basement sequence, tend to be richer in chal-
cophile elements. On the other hand, if the upper block involves
felsic (e.g. dominant rhyolitic) magmatism, F, Mn and Fe deposits
tend to be formed.

These differences can be explained in terms of oxygen fugacity
and S availability, which govern transport and precipitation of met-
als dissolved in the mineralizing fluids, as analyzed by Barton and
Johnson (2000). Increasing chlorine (and fluorine) increases the
solubility and transport of many elements; high-salinity fluids
(such as brines) or fluorine-rich deep-seated fluids can transport
metals more effectively than dilute fluids (Pirajno, in press). On
the other hand, since S is essential to precipitate many metals, par-
ticularly the chalcophile elements including Cu, Zn, Pb and Se, the S
content limits the amount of metals to be precipitated. In contrast,
siderophile and lithophile elements, such as Fe, Mn, REE, P and U,
form oxides, phosphates and carbonates and thus do not depend
on the S concentrations. In an oxidized environment, rich-
chlorine or rich-fluorine and poor-S fluids will precipitate Fe-
oxide-rich parageneses; if there is enough S in a reduced environ-
ment, chalcophile sulfides will form. Also, the origin of fluids needs



Fig. 6. Generalized model of rift-related deposits. 1. Simple Ag-Pb-Zn veins. 2. Mn veins and lacustrine Mn. 3. Se-rich polymetallic veins. 4. Fluorite veins. 5. Barite veins. 6.
Stratabound barite. 7. Five-element-U veins. 8. Five-element veins. 9. Carbonate replacements. 10. Cu-Au-Fe replacements, breccias and veins.
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to be considered: magmatic fluids are usually enriched in S,
whereas, in non-magmatic fluids, the S content depends on the S
availability in the leached sedimentary sequence.

IOCG deposits related to non-magmatic fluids constitute Fe-
oxide-rich, sulfide-poor REE-Cu-Co-Au-Ag-bearing mineralization.
Mn veins form in a similar setting. In an oxidizing environment,
the available Mn in manganous soluble forms is converted into
insoluble manganic forms. Fe+2 and Mn+2 can also be oxidized by
chlorine, forming ferric hydroxide and MnO2. MnO2 also precipi-
tates when reducing deep waters enriched in dissolved Mn+2 and
Fe+2 well up on the shallow region and mix with oxygenated sur-
face water above the redox interface. Extreme Fe fractionation is
caused by a low solubility of Fe in low Eh environments where
Fe precipitates as Fe sulfide. A subsequent increase in Eh and/or
pH of Mn-rich water may produce Mn-rich, Fe-depleted ores. Flu-
orine deposits also prevail in this setting, where bimodal domi-
nantly rhyolitic volcanic rocks are widespread.

Barton and Johnson (2000) describes a modern example, the
Salton Trough rift basin, where active bimodal magmatism drives
the circulation of brines (originated from the evaporites of the
basin), and forms Fe-oxide-(Cu-Au-REE-Co-Ag-U)-bearing veins,
while Pb and Zn remain in solution because of the limited S con-
tent. Associated alteration minerals vary with depth, from shallow
(carbonate-illite-chlorite ± K-feldspar) to intermediate
(biotite ± chlorite ± K-feldspar ± actinolite) and deep (salite-actino
lite-oligoclase-biotite-andradite) assemblages.

Conversely, Cu ± Pb ± Zn ± Ag ± Au ± Co ± Se mineralizations
developed at the top of detachment fault systems (as well as poly-
metallic sedimentary exhalative deposits resulting from dewater-
ing of major sedimentary basins along normal faults) result from
the mixing of hot, reduced, S-rich, metal-bearing ascending fluids
(controlled by the large-scale fault-zone architecture) with cold
high-level oxidized fluids.
6. Conclusions

From a metallogenic point of view, the rift environment ana-
lyzed is characterized by a group of different deposit models,
whose presence can, in turn, be a useful tool to identify this geody-
namic environment. The paragenesis of the different deposit types
is conditioned by the level of exposure and the lithology involved,
both in the lower and the upper blocks, as well as by the filling of
the basins. In addition, the degree of development of the rift and
the geodynamic context determine the presence or absence of
magmatism and its geochemical characteristics, with the resulting
metallogenic implications.

The economic importance of the detachment-related deposits
described in a continental rift setting is mainly related to industrial
minerals. Locally, detachment-related Au deposits as well as Cu-Au
IOCG-type deposits could be found, increasing the economic
potential of this extensional setting. The rift environment itself,
although not necessarily related to detachments, may have signif-
icant economic importance, since it hosts polymetallic SEDEX
deposits, stratabound Cu-Co and Cu-U-V deposits and Algoma-
type BIMFs. If deposits directly related to magmatic activity (e.g.
diamond kimberlites, REE-bearing carbonatites and low-
sulfidation Au-epithermal deposits) are also considered, the eco-
nomic importance of this setting is significantly increased.
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