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The gold deposit at La Josefina, in the Deseado Massif of Argentina, is a low-sulfidation epithermal deposit
with some features of the intermediate sulfidation style; the Au occurs in quartz veins and hydrothermal
breccias hosted by acid pyroclastic rocks produced by Jurassic bimodal volcanism. Exploration for this deposit
type uses geochemical data for vectoring to mineralized rocks. Although a general suite of elements with
anomalous concentrations around low-sulfidation deposits is known, that suite varies amongst individual de-
posits, which should be studied individually. The aim of this study was to determine, in the La Josefina depos-
it, geochemical indicators of Au-rich rocks at different scales and to assess the effects of weathering on those
indicators. To reach these objectives, a mineralized zone (hosting Au-rich veins) and a non-mineralized zone
(hosting barren veins) were compared in terms of vein mineralogy, alteration minerals and geochemistry.
These zones were also compared with estimated element concentrations of the protolith. Element concentra-
tions in the mineralized zone were then plotted against distance to the Au-rich veins, separating the dataset
into two subsets: one from strongly oxidized rocks and the other fromweakly oxidized rocks, considering the
degree of oxidation as indicative of relative degree of weathering. Based on alteration and vein mineralogy, we
interpret that the mineralized zone was hydrothermally active before, during and after Au-mineralization, while
the non-mineralized zone was active only before Au-mineralization. Therefore, differences in element concentra-
tions between the estimated protolith and the non-mineralized zone represent geochemical changes produced
before mineralization, whereas differences between mineralized and non-mineralized zones represent changes
produced during and after mineralization. We conclude that in rhyolitic to rhyodacitic pyroclastic rocks of the
study area, affected by predominantly argillic and silicic hydrothermal alterations, high concentrations of Au, Cu,
Hg, V, Co and P, and low concentrations of Ba are probably the best deposit-scale geochemical indicators to distin-
guish Au-mineralized zones from non-mineralized zones. High concentrations of As, Mn, Fe, Pb, Cr, Ni, MgO and Zn
(as well as high values of chlorite-carbonate-pyrite index), and low concentrations of Be and CaO can also distin-
guish mineralized from non-mineralized zones. High concentrations of Au, Cu, Pb, As, Hg, and Co indicate Au-rich
zones, independently of lithology and alteration, because they were introduced into the veins and host rocks to-
gether with Au. At detailed-scale, the concentrations of 15 elements vary with distance to Au-rich veins; therefore,
those elements are considered potential indicators of proximity to Au-rich veins. Of those elements, Au, P, Cu, Pb,
Hg, Ba and MgO are the strongest indicators of proximity to the Au-rich veins. In strongly oxidized rocks, some in-
dicators ofmineralized zones (Co,Mn, Pb, Zn andMgO) and some indicators of proximity toAu-rich veins (P, Au, Cu,
Hg and Ba) should be used with caution or be avoided because weathering modifies their quality as indicators.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The Deseado Massif, in the south of Argentina (Fig. 1), is a geolog-
ical and metallogenic province (Schalamuk et al., 1999), which is rec-
ognized as a valuable region for gold exploration. Most of the Au

in this province is hosted in low-sulfidation epithermal deposits
(Schalamuk et al., 1998; Schalamuk et al., 2002), although some of
them exhibit features of the intermediate-sulfidation style (Cedillo
Frey et al., 2009; Echavarría et al., 2005; Gonzalez Guillot et al.,
2004; Jovic et al., 2004; Moreira et al., 2004a). Several of the Au de-
posits in the Deseado Massif, including the La Josefina epithermal
low-sulfidation deposit, are currently under exploration using abun-
dant geochemical data.

Surface geochemical data are used to interpret and map near-
surface Au-rich zones with possible extensions at depth. Subsequent-
ly, subsurface geochemistry is used to confirm the presence and size
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of the Au-rich zones at different depths. The Au in these zones usually
occurs in breccias and veins, which are mainly composed of quartz
and minor adularia, calcite, barite and sulfides. Some mineralized
veins and breccias are small or covered by debris and, thus, difficult to
detect at the surface. In these cases, geochemical haloes around veins
can be used over areas of few hundreds of metres wide (deposit-
scale) to indicate the presence and location of mineralized veins. If
mineralized veins are detected at the surface or their presence at
depth is inferred, areas of tens of metres wide (detailed-scale) around
veins are investigated by drilling. The aim of drilling is to cross the
mineralized veins at different vertical levels; but often, drilling fails in
finding the veins at the expected depths because they either pinched-
out orwere displaced by faults. However, the drillhole lithogeochemical
data can help to determine if veins may be located nearby or if that is
unlikely.

For any one of the above-mentioned applications of geochemical
data in the Deseado Massif, variations of element concentrations
around mineralized rocks should be well known. Such variations in
element concentrations have been studied in several low-sulfidation
deposits (Berger and Silberman, 1985; John et al., 2003; Mauk and
Simpson, 2007; Murakami and Feebrey, 2001; Silberman and
Berger, 1985; Warren et al., 2007) and general guidelines have been
summarized for such deposits (Cooke and Simmons, 2000; Hayba
et al., 1985; Hedenquist et al., 2000; Pirajno, 1992). However, as
pointed out by some authors and due to the high variability of

element contents within the epithermal environment (Hedenquist
et al., 2000; Silberman and Berger, 1985), it would be very difficult
to establish either a generalized element distribution model applica-
ble to every deposit or a suite of elements that is always anomalous.
Therefore, each deposit or district should be studied separately to
know which elements to use and how to use them during
exploration.

The geochemical indicators of mineralized zones at deposit-scale
in the La Josefina and similar deposits in the Deseado Massif are not
well known, and variations in element concentrations at detailed-
scale in particular are poorly known elsewhere. In addition, if geo-
chemical data are obtained at or close to the ground surface, the likely
effects of weathering on element distribution patterns around miner-
al deposits should be known. This issue is usually overlooked during
exploration, but is essential for proper interpretation of exploration
geochemical data. The effects of chemical weathering on primary ele-
ment dispersion patterns around mineral deposits are unknown in
the Deseado Massif. Several researchers (e.g., Duzgoren-Aydin and
Aydin, 2009; Duzgoren-Aydin et al., 2002; Malpas et al., 2001; Scott,
2001) studied the effects of chemical weathering, but only in areas
not related to mineral deposits or with deposits and climatic condi-
tions different to those in the Deseado Massif.

This study, carried out in the Veta Norte area of the La Josefina de-
posit (Fig. 1), had three objectives. The first was to determine geo-
chemical indicators that can be used to distinguish deposit-scale

Fig. 1. Location and general geology of the La Josefina deposit. Lithology modified from Moreira (2005). Magnetic lineaments extracted from Peñalva et al. (2005).
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hydrothermally altered zones hosting Au-rich veins. The general
approach used for this objective was to find out the modifications
that different hydrothermal alterations produced on the lithogeo-
chemistry, particularly those modifications produced during Au-
mineralization. The second objective was to determine geochemical
indicators that can be used to estimate proximity to Au-rich veins.
For this, we studied detailed-scale variations of element concentra-
tions with proximity to Au-rich veins. The third objective was to
find out the effects of chemical weathering on element concentra-
tions, to assess the usefulness of geochemical data extracted from
the upper parts of the ground profiles. For this, we compared element
concentrations at different depths but at a constant distance from Au-
rich veins. The results of this study can increase the efficiency of geo-
chemical surveys for mineral exploration in the La Josefina and simi-
lar deposits.

2. Regional geology

The oldest rocks in the western part of the DeseadoMassif are pre-
Permian low-grade metamorphic rocks of the La Modesta Formation.
Those rocks are covered by a sequence of intra-continental sedimen-
tary rocks including a Lower Permian syn-extensional rift sequence of
the La Golondrina and La Juanita Formations and a Triassic to Early
Jurassic sag sequence of the El Tranquilo and Roca Blanca Formations
(Giacosa et al., 2010).

During theMiddle to Late Jurassic, a generalized extension produced
the break-up of Gondwana and the opening of the South Atlantic Ocean,
generating a series of NNW-trending half-grabens (Ramos, 2002).
These events occurred simultaneously with subduction in the western
margin of the southern South America (Echavarría et al., 2005). The ex-
tensional tectonism and concomitant subduction resulted in volcanism,
which filled the NNW-trending grabens with thick volcanic sequences.
These volcanic sequences, which are present in Argentina, Chile and
probably Antarctica (Pankhurst et al., 1998), constitute the Chon Aike
Siliceous Large Igneous Province.

The Jurassic volcanism produced a bimodal volcanic suite of rocks.
A minor proportion of the volcanic suite is composed of rocks of the
Bajo Pobre and Cerro Leon Formations, which are mainly andesitic
in composition (Panza and Haller, 2002) and represent a syn-rift
stage (Giacosa et al., 2010). In the Bajo Pobre Formation, the predom-
inant rocks are lavas, but there are minor ash flow tuffs and volcanic
agglomerates. The Cerro Leon Formation consists of subvolcanic in-
trusions, which are likely intrusive equivalents of the Bajo Pobre For-
mation (de Barrio et al., 1999; Jovic et al., 2011). A major proportion
of the volcanic suite is composed of late-rift deposits. These deposits
are predominantly ignimbrites and minor fall tuffs and lava flows of
the Chon Aike and La Matilde Formations, which are mainly rhyolitic
and subordinately dacitic in composition (Panza and Haller, 2002).

The Jurassic volcanic rocks are overlain by the Cretaceous Bajo
Grande and Baquero Formations. The Bajo Grande Formation, of
Barremian age (Panza, 1998), is composed of conglomerates, sand-
stones and tuffites deposited in alluvial and lacustrine environments
during a post-rift thermal subsidence. The Baquero Formation, of
Aptian age (Corbella, 2005), is composed of tuffs and sandstones de-
posited during a sag phase (Giacosa et al., 2010). During the Cenozoic,
several generations of basaltic flows covered the older rocks. From
older to younger, they are Las Mercedes basalts of 63–64 Ma, Cerro
del Doce basalts of 40–60 Ma, Alma Gaucha basalts of 23–30 Ma
(Panza and Franchi, 2002) and finally, Quaternary basalts from the
La Angelita Formation.

3. Geology of the study area

Rocks of the La Modesta and Bajo Pobre Formations are located at
ca. 4 km to the W and WSW of the study area (Fig. 1). The Bajo Pobre
Formation is also present at ca. 2 km to the N. Lava flows of the Cerro

del Doce basalts and the La Angelita Formation cover large portions of
the La Josefina district (Fig. 1). However, the predominant formation
in the district, and the only one outcropping in the study area, is the
Chon Aike Formation (Fig. 1).

The Chon Aike Formation in the study area includes several volca-
nic lithofacies of similar mineralogical compositions. This formation is
mainly composed of ignimbrites, consisting of quartz, sanidine, pla-
gioclase and biotite. In the basal part of the formation, there are
crystal-rich ignimbrites with an average of 20% crystals of quartz,
sanidine, plagioclase and biotite, and locally with fiammes (Moreira,
2005). Over these rocks, there are lithic and pumice-rich ignimbrites
with abundant matrix and fiammes, showing moderate to high de-
gree of welding (Moreira, 2005). Intercalated with the ignimbrites
are scarce layers of laminated fine-grained fall tuffs and reworked
volcaniclastic rocks; those layers are b1 m thick and are composed
of quartz, plagioclase, sanidine and biotite. In addition, there are
clast-supported volcanic breccias with fragments of up to 40 cm com-
posed of acid lavas and crystal-rich ignimbrites. These breccias have a
light grey matrix with lithic and pumice fragments of up to 5 mm. The
Chon Aike Formation includes also lava flows outcropping a few hun-
dred metres to the west outside the study area. Some fragments of
the mentioned breccias may have come from these lavas. The lavas
have aphanitic textures and less than 10% of microphenocrysts
(Moreira, 2005); their groundmass is composed of quartz, potassic
feldspars and scarce plagioclase and their phenocrysts are mainly pla-
gioclase, biotite and scarce quartz and sanidine. Moreira (2005) men-
tioned the presence of lavas in the northern part of the study area,
although these rocks have not been detected in trenches and bore-
holes drilled there.

The development of the vein system in the La Josefina epithermal
deposit was strongly structurally controlled. The controlling struc-
tures were two main fractures of NNE orientation, one of which is lo-
cated at ca. 300 m to the west of the study area (Fig. 1). The locations
of these two main fractures were inferred from the interpretation of
two regional aeromagnetic lineaments (Peñalva et al., 2005). These
two lineaments were interpreted as part of a shear zone with sinistral
displacements produced by a principal stress (σ1) directed at ca. 340°
and an extensional direction (σ3) with azimuth of 70–80° (Moreira
et al., 2008). Within this framework of stress and under the Jurassic
general extensional environment, NNW trending veins were devel-
oped in dextral-slip faults (Moreira et al., 2008). Those veins were
later dissected by WNW trending dextral-slip faults.

4. Mineralization in the study area

Most features of the La Josefina deposit are of the low-sulfidation
epithermal style (Rios et al., 2000; Schalamuk et al., 1998). The min-
erals of economic significance include Au and Ag, which are contained
in quartz veins, veinlets and hydrothermal breccias that often include
adularia. The veins include mainly open-space textures, predomi-
nantly comb and saccharoidal, but also colloform–crustiform and
bladed textures. Other typical features of low-sulfidation deposits
present in La Josefina are siliceous and calcareous sinter deposits.
However, the common barite in the veins, the salinity of fluid inclu-
sions reaching 15 wt.% NaCl eq. (Rios et al., 2000) and the FeS content
of sphalerite from 2.72 to 5.2 mol% (Moreira et al., 2004a) are proba-
bly more typical features of intermediate-sulfidation deposits.

The Au–Ag-rich veins and related hydrothermal alterations at
La Josefina are genetically related to the Jurassic volcanism. The ages
of the Jurassic Chon Aike Formation, 153±3.6 Ma to 148.8±3.6 Ma
(Arribas et al., 1996; Moreira et al., 2009), and the age of the hydro-
thermal alterations (156±2 Ma) may overlap (Fernández et al.,
1999). This temporal overlap is inferred from the positions of veins
in the volcanic sequence of the Chon Aike Formation. Most of the
veins and veinlets are hosted in the older units of the Chon Aike For-
mation, while siliceous and calcareous deposits, interpreted as the
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upper part of the epithermal paleo-system, seem to rest below the
youngest units of this formation. This implies that the La Josefina hy-
drothermal system was temporally constrained in the Chon Aike
Formation. The similar Pb isotopes ratios calculated for the volcanic
rocks and for sulfides in the epithermal veins also indicate a genetic
link between the Jurassic volcanic rocks and the mineralization
(Moreira et al., 2005).

Different areas in the La Josefina deposit represent different levels
of an epithermal paleo-system. The Veta Norte, Central, Paredones
and Piedra Labrada areas (Fig. 1) are interpreted as relatively deep
levels of the paleo-system because they include veins of predomi-
nantly coarse crystalline quartz, some calcite and adularia, and the
temperatures of homogenization in fluid inclusions reach up to
290 °C. In contrast, the Sinter, Subsinter and Lejano areas (Fig. 1)
are interpreted as the upper levels of the paleo-system. In the last
three areas, quartz veinlets are scarce and there are siliceous and cal-
careous deposits interpreted as evidence of paleo-surface (Moreira
et al., 2002b). Pervasive silicification and abundant kaolinite, typically
produced by steam-heated waters in the upper parts of epithermal
paleo-systems, are also present in the Sinter, Subsinter and Lejano
areas.

In the Veta Norte area, the Au-mineralization is associated mainly
with NNW trending quartz veins. These veins are located along a
NNW–SSE trending zone measuring ca. 200 m wide and more than
1300 m long. In this zone, the activity of faults during the Jurassic,
coupled with inflections along them, favoured the formation of the

quartz veins and hydrothermal breccias in sectors with local exten-
sion, but hindered their formation in sectors with local compression.
Thus, the veins are discontinuous, both at the surface and in the sub-
surface, and show variable widths and directions. These observations
support the interpretations of Moreira et al. (2008) about the pres-
ence of several WNW–ESE syn-mineralization fractures (Fig. 2) and
the likely arrangement of fractures and veins at depth, which are
discontinuous.

The study area is located in the northern part of the Veta Norte
area, which includes the Flaca East, Flaca West, Amanda and Cecilia
veins (Fig. 2). The Flaca East and West (FEW) veins are parallel and
ca. 30 m apart. They have thicknesses of up to 0.3 m, strikes of
310–330° and dips of almost 80° to the ENE. The FEW veins are
hosted in volcanic breccias of the Chon Aike Formation. The Amanda
and Cecilia (AC) veins are composed of several sub-parallel veins,
veinlets and hydrothermal breccias. They have variable thicknesses,
reaching occasionally 3 m. They have strikes of 315–335° and dips
of 60–90° to the ENE, although some veinlets dip ca. 70° to the
WSW. The AC veins are hosted by lithic and pumice-rich ignimbrites,
crystal-rich ignimbrites and volcanic breccias of the Chon Aike
Formation.

In the AC veins, the predominant gangue minerals are quartz
and chalcedony, but there is minor adularia, barite, opal and calcite.
In the Central area (Fig. 1), rhombic adularia, probably contemporary
with Au precipitation, yielded temperatures of homogenization of
250–270 °C and salinity of 4.6 wt.% NaCl eq. (Moreira, 2005). In the

Fig. 2. Map of the study area in the northern portion of the Veta Norte area. Boreholes were drilled sub-parallel to the cross sections, towards SW.
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AC veins, adularia was identified at 75 m vertical depth in borehole
SVN-D08-198 and at more than 250 m vertical depth in borehole
SVN-D08-190 (Fig. 2). In several veins and veinlets, adularia co-
exists with comb quartz, banded quartz, pyrite and chalcopyrite. Bar-
ite mainly occurs in the centre of the AC veins and is often replaced by
opal or chalcedony, forming lattice-bladed textures. It is also present
in fragments of some breccias cemented with opal and iron oxides.
Barite was considered a relatively late mineral, deposited at less
than 100 °C and crystallized from a fluid with salinity of 4–5 wt.%
NaCl eq. (Rios et al., 2000).

In the AC veins, the ore minerals are mainly native Au, electrum
and silver sulfosalts. Native Au occurs as irregular grains in quartz
with saccharoidal and comb textures, or as inclusions in oxidized py-
rite or disseminated in iron oxides filling fractures. Gold grains have a
mean composition of 80.6% Au, 18.5% Ag, and traces of Bi, Te, and As
(Schalamuk et al., 1998). Some of the observed Au may have been
dissolved and re-deposited by supergene processes (Moreira, 2005;
Schalamuk et al., 1998). The Au grains frequently show zonation
with yellower colour (higher gold purity) towards their boundaries,
suggesting the mobilization of Ag after partial dissolution of Au grains
(Schalamuk et al., 1998). Electrum occurs mostly in coarse quartz;
it has no zonation and has concentrations of 48–60% of Au and
40–52% of Ag (Schalamuk et al., 1998).

Pyrite, galena, chalcopyrite, tetrahedrite, sphalerite, bornite and
hematite are also present in the AC veins. Pyrite is the most abundant
and widespread sulfide; it occurs abundantly as fillings in the AC and
FEW veins and as disseminations in the host rocks. Galena is the most
abundant base metal sulfide, and it contains up to 0.03 wt.% Se, up to
0.18 wt.% Ag, 0.08 wt.% Cu, 0.13 wt.% Cd and 0.05 wt.% Au (Schalamuk
et al., 1998). Chalcopyrite contains up to 0.01 wt.% Se, some Te, traces
of Ag and Sb, and 0.04 wt.% Au (Schalamuk et al., 1998). Tetrahedrite
was identified as inclusions in pyrite, galena and sphalerite (Moreira,
2005). Sphalerite is in association with pyrite and in paragenesis with
galena and chalcopyrite (Moreira et al., 2004a). Fluid inclusions in
sphalerite of the AC veins showed salinities of 1.7–3.4 wt.% NaCl eq.
and homogenization temperatures of 190–200 °C (Moreira et al.,
2004a). The FeS content in sphalerite varies from 2.72 to 5.21 FeS
mol% (Moreira et al., 2004a).

Rios et al. (2000) re-interpreted a paragenetic sequence published
by Schalamuk et al. (1998). In this reinterpretation, there are three
stages (Fig. 3). The “initial stage” and the “main stage” are hypogene,
in contrast to a “supergene” third stage. Adularia was probably the
first mineral deposited in the sequence. According to Schalamuk
et al. (1998), Au was likely deposited from the end of the initial
stage but mainly during the main stage and was later re-mobilized
and concentrated during the supergene stage, resulting in high local
Au concentrations. Rios et al. (2000) showed that barite precipitated
at the end of the main stage, which is consistent with its occurrence
in the veins as a late filling material; but those authors also showed
that the precipitations of adularia and specularite did not overlap
with that of Au. This contrasts with (a) the interpretations of
Moreira (2005) that the precipitations of adularia and Au were likely
contemporaneous, and with (b) the observations that the specularite
is often associated with native Au and high Au contents (Moreira,
2005; Moreira et al., 2004a). Moreover, adularia is often considered
as an indication of boiling, which was interpreted as the most likely
cause of Au precipitation in the La Josefina deposit (Moreira, 2005;
Rios et al., 2000). Therefore, in this research, we adopted a paragenetic
sequence modified from that of Rios et al. (2000) considering that
precipitations of adularia, Au and sphalerite were partly contempora-
neous (Fig. 3) (cf. Schalamuk et al., 1998).

In the AC veins, Moreira (2005) recognized seven types of “vein fill-
ings” but their temporal relationships are unknown. Those types of vein
fillings are: (1) quartz with colloform banded, saccharoidal and comb
textures, abundant pyrite, and some chalcopyrite, bornite, galena and
sphalerite; (2) quartz with colloform banded and saccharoidal textures,

banded red opal, and clays; (3) abundant comb quartz (partly ame-
thyst), scarce coarse saccharoidal quartz, some adularia, calcite, native
gold, pyrite, chalcopyrite, bornite, specularite, galena, sphalerite, tetra-
hedrite and silver minerals; (4) veinlets of barite and comb quartz;
(5) coarse comb quartz; (6) breccias with opal and oxides of Fe and
Mn; and (7) veinlets of coarse comb quartz with up to 90% sulfides, in-
cluding pyrite, galena, sphalerite and chalcopyrite.

In the FEW veins, Moreira (2005) recognized a single type of vein
filling (at ground surface level) composed of comb and saccharoidal
quartz, some specularite and pyrite, abundant rhombic adularia
along the contact with the host rocks, and probably native Au. Al-
though not present as vein filling at ground surface level, scarce cal-
cite veinlets were observed in the subsurface.

The characteristics of vein fillings in the AC and FEW veins suggest
that the FEW veins were likely coeval with one of the earliest hydro-
thermal events observed in the AC veins. Because of their similar
quartz textures and mineralogy (including adularia), the vein fillings
of the FEW veins are probably temporally correlated with some of
type (3) vein fillings of the AC veins, excluding chalcopyrite, bornite,
galena, sphalerite, tetrahedrite and silver minerals. Furthermore, the
presence of adularia, which is an early mineral (Rios et al., 2000;
Schalamuk et al., 1998), suggests that the FEW veins and the type
(3) vein fillings in the AC veins were formed during the early stages
of formation of the system of veins.

Some general physico-chemical conditions during the formation
of type (3) vein fillings in the AC veins can be inferred from data on
fluid inclusions in adularia and sphalerite. Those vein fillings were,
at least partially, deposited at about 250–270 °C from fluids with sa-
linities of ca. 4.6 wt.% NaCl eq. The fluid salinities, the FeS content in
sphalerite, with a mean value of 4.93 mol% (Moreira et al., 2002a),
and the presence of tetrahedrite suggest that the type (3) vein fillings,
and probably the native Au, were deposited from an intermediate sul-
fidation fluid.

Types (4) and (6) vein fillings in the AC veins were deposited dur-
ing the latest stages of the formation of veins. Type (4) vein fillings
were likely formed at b100 °C and salinities of 4–5 wt.% NaCl eq.,
which were the conditions prevailing during the precipitation of

?

?
?

Initial stage Main stage Supergene

Pyrite

Quartz

Adularia

Barite

Gold

Specularite

Electrum

Galena

Sphalerite

Tetrahedrite

Chalcopyrite

Opal-Chalcedony

Marcasite

Argentite

Chalcocite

Covellite

Limonite

Cerussite

Alteration

Propylitic

Sericite-Illite

Kaolinite

Silicification

Vein minerals

Fig. 3. Paragenetic sequence of the La Josefina deposit (modified from Rios et al., 2000).
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barite in the centre of the veins as a late stage mineral. However,
there was possibly at least one later stage of vein fillings because bar-
ite was replaced by low temperature silica and was observed in frag-
ments of breccias cemented with opal, chalcedony and iron oxides.
Type (6) vein fillings possibly represent this later stage. In the Piedra
Labrada area, barite and red opal were found at a late stage; both
were described as cement of breccias formed by fracturing of a vein
filling with saccharoidal quartz, pseudomorphs of calcite and oxides
of Fe and Mn (Moreira, 2005). The other vein fillings described for
the AC veins must have formed between the deposition of adularia
and that of barite.

5. Methods

In this study, a geological framework for geochemical data analy-
sis and interpretation was established using information from litera-
ture and from descriptions of 21 diamond drill cores. The literature
was used to establish the general characteristics of the La Josefina de-
posit and especially those of the study area. The descriptions of the
drill cores were used to delineate the location of hydrothermal
veins and breccias, to determine the predominant types of hydrother-
mal alterations, and to represent veins and alterations in four vertical
cross sections (VNS01b, VNS03b, VNS04b and VNS05b), which are
parallel to the directions of the drillholes (Fig. 2). After setting up
the geological framework, geochemical data from the same 21 drill
cores were studied, first at deposit-scale (few hundred metres) and
then at detailed-scale (tens of metres). Geochemical data from pub-
lished literature were used to represent the composition of the origi-
nal fresh rocks; we referred to those fresh rocks as “estimated
protolith” (EP).

5.1. Geochemical data

The geochemical data include assays of samples from the drill
cores. The drill cores were split in two halves with a diamond saw,
and one of the halves was sampled at intervals of 0.3–2 m length (av-
erage of 1 m). The length of the sampled intervals was adjusted to ob-
tain a homogeneous core sample. When possible, veins were sampled
separately from their host rocks. For calculations involved in analyses
of the data (see below), we represented every sample as a point at the
centre of the sampled interval.

The samples were analysed for 28 elements using different tech-
niques. ALS-Chemex laboratories determined the concentrations of
Au by fire assay, Hg by an aqua regia digestion followed by cold
vapour-AAS, and the remaining elements by ICP after digestion with
four acids (HF, HNO3, HClO4, and HCl). Samples with more than
100 ppm Ag or more than 5 ppm Au were re-analysed for those
elements with a gravimetric method. The samples from drillhole
DDH-01 and most of the samples from drillhole VN-01 were analysed
by Fomicuz S.E. for Au only, using aqua regia and methyl isobutyl
ketone (MIBK) extraction. Because the digestion and limit of detec-
tion of this method is different from that of the fire assay, the concen-
trations determined by it were used to indicate the presence of
mineralized rocks but not for statistical calculations.

Concentrations of minor and trace elements in the “estimated pro-
tolith" (EP) were represented by global average abundances in gran-
ites, reported by Levinson (1974), while concentrations of P, Mn and
major elements were represented by median concentrations calculat-
ed from 28 samples of fresh rhyolitic and rhyodacitic ignimbrites of
the Chon Aike Formation, collected near the study area by Alperin
et al. (2007).

In addition to the individual elements, the K2O/Na2O ratio, the alter-
ation index (AI) of Ishikawa et al. (1976) and the chlorite-carbonate-
pyrite index (CCPI) of Large et al. (2001) were calculated. The AI
(100(MgO+K2O)/(MgO+K2O+CaO+Na2O)) indicates the break-
down of sodic plagioclase and volcanic glass and their replacement

by sericite and chlorite, through losses of Na and Ca and gains in K
and Mg. An increase in CCPI (100(MgO+FeO)/(MgO+FeO+K2O+
Na2O))may indicate the formation of chlorite,Mg-Fe carbonates, pyrite,
magnetite or hematite (Large et al., 2001).

The K2O/Na2O, AI and CCPI were used for two objectives. The first
objective was to verify that the 28 samples from Alperin et al. (2007),
used for calculating concentrations in the EP, represented fresh rocks.
The calculated values of K2O/Na2O, AI and CCPI for each of those
samples are within the ranges for unaltered rhyolitic–dacitic rocks,
which are of b2.5 for K2O/Na2O (Páez et al., 2010), 20–60 for AI and
10–60 for CCPI (Gifkins et al., 2005; Large et al., 2001). The
second objective was to test these three variables as possible geo-
chemical indicators of proximity to mineralized rocks.

5.2. Subdivision of datasets

Based on various criteria (i.e., Au contents, degree of oxidation of
rocks, predominant hydrothermal alterations, position relative to
the system of veins and distance to mineralized paleo-conduits), an
initial geochemical dataset of 1426 samples, assayed for 28 elements,
was divided into several datasets used for different parts of the
research.

Based on overall Au contents, a mineralized zone (MZ) and a non-
mineralized zone (NMZ) were distinguished in the study area. The
MZ, which includes the Amanda and Cecilia (AC) veins (Fig. 2);
shows a Au-rich vertical interval extending from ground surface to
at least 250 m depth, with up to 71.1 ppm Au at 120 m depth. The
NMZ, which includes the Flaca East and Flaca West (FEW) veins
(Fig. 2), shows low Au concentrations, reaching only 0.19 ppm at
ground surface and 0.038 ppm in drillholes. In addition, more than
70% of the samples collected in the NMZ yielded Au concentrations
of b0.005 ppm, which is the detection limit (DL) for Au. The absence
of high Au contents in the NMZ extends from ground surface to at
least 50 m vertical depth.

Regarding the degree of oxidation of the rocks, the vertical inter-
val in which the sulfides (predominantly pyrite) have been complete-
ly destroyed and which has abundant Fe-oxides or oxyhydroxides
was considered an interval of strong oxidation. This interval has its
base at 750 m above sea level (Fig. 4) and extends upwards, for
25–30 m, up to the ground surface. Rocks in the interval of strong ox-
idation were classified as “strongly oxidized”, while those located
below were classified as “weakly oxidized”. Because oxidation is one
of the processes that contribute to chemical weathering, the degree
of oxidation was considered a proxy for the degree of weathering. It
was not possible to estimate the absolute degree of weathering and
its maximum depth because of the lack of specific studies.

Considering the predominant types of hydrothermal alteration of
the rocks in the MZ, samples located in the footwall of the system of
veins were discarded because hydrothermal alterations in that sector
are different from those in the system of veins and its hanging wall,
and thus their geochemistry is expected to be different. The small
number of samples in the footwall prevented their evaluation as a
separate group. The samples from the NMZ were used irrespective
of their location relative to the veins because the same types of alter-
ation predominate in the whole cross section.

For the distance to mineralized paleo-conduits criterion, quartz
veinlets, siliceous hydrothermal breccias and sulfide veinlets with
Au concentrations >0.5 ppm were interpreted as “mineralized
paleo-conduits” (MPCs) of epithermal fluids. They were traced in
each cross section based on the descriptions of the drill cores. Then,
the distance from each sample to the nearest MPC in every cross
section was calculated using 10 m wide buffer polygons generated
around and perpendicular to the borders of the MPCs (Fig. 4). Only
samples up to 60 m from the MPCs were used because the samples
in more distant intervals were scarce. In addition, 32 samples
located in the deeper part of borehole SVN-D07-001 were discarded
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because their positions relative to mineralized veins were uncertain;
there may be mineralized veins a few metres beyond the end of
that borehole.

5.3. Statistical treatment of the geochemical data

Because the concentrations of several elements in some subsets of
data show asymmetric distributions, which cannot be adequately de-
scribed by the mean and standard deviation, most of the geochemical
data were studied using the median, first and third quartiles. Those
statistics, however, were not used to describe the variability of con-
centrations of the elements that show either concentrations with
bimodal distributions or concentrations below DL in >15% of the
samples from certain datasets, (e.g., Au, Ag, As, and Sb in the NMZ
and Ag, Sb, and Bi in the MZ). In any of those two situations, the me-
dian and quartiles would inadequately represent the element concen-
trations in the datasets. Therefore, those concentration data were
represented by other methods explained in sub-Sections 5.4 and 5.5.

5.4. Geochemical study at deposit-scale

For the deposit-scale geochemical study, the median element con-
centrations from three datasets were compared. First, element con-
centrations in the EP were compared with the concentrations in 35
samples from the NMZ. Then, concentrations in the EP were com-
pared with the concentrations in 704 samples from the MZ. Finally,
the element concentrations in the MZ were compared with those in

the NMZ. The data from the mineralized and non-mineralized zones
were extracted from weakly oxidized host rocks in the system of
veins and their hanging wall, avoiding samples fromMPCs, for testing
only the modifications produced in host rocks around the MPCs.

To help in the interpretation of the data, the differences between
datasets were represented as percentages of one of the datasets. Dif-
ferences between the EP concentrations and the median concentra-
tions in the MZ and NMZ were represented as percentage of the EP
concentrations. Similarly, differences betweenmedian concentrations
in the NMZ andmedian concentrations in the MZwere represented as
percentage of the former. The differences between concentrations in
the EP and in the NMZ (or MZ) were not calculated if concentrations
in the NMZ (or MZ) were below DL and if the DL was higher than the
concentration in the EP (calculated with other analytical method).
That is because it was uncertain whether the element concentration
increased or decreased, depending on how low the actual concentra-
tion (expressed as below DL) is. For instance, if the concentrations of
Ag are 0.04 ppm in the EP and b0.5 ppm in the NMZ, while the DL is
0.5 ppm, and if the actual Ag concentration in the NMZ is between
0.04 and 0.5 ppm, the Ag concentration would have increased. How-
ever, if the actual Ag concentration in the NMZ is below 0.04 ppm,
the Ag concentration would have decreased.

If the number of samples with element concentrations below DL
was b15% of the total number of samples in a subset of data, the
median was used to represent the overall element concentrations in
that subset. For the calculation of the median, data below DL
were replaced with half of the DL (Carranza, 2011; Reimann and

Fig. 4. Vertical cross sections of the mineralized zone (VNS01b/04b/05b) and non-mineralized zone (VNS03b) showing the drillcore samples used during this research and buffers
at every 10 m from mineralized paleo-conduits.
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Filzmoser, 2000). This transformation allowed comparison of median
concentrations between datasets.

In contrast, when the number of samples with element concentra-
tions below DL was >15% of the total number of samples in a subset
of data, or when the element concentrations showed bimodal distri-
butions, the median was not used. The concentrations of elements
showing bimodal distributions in some datasets were represented
by the concentrations of the two modes observed in the histograms;
then, those two mode concentrations were compared with the medi-
an concentrations in other datasets. When >15% of the samples in a
subset of data showed concentrations of an element below DL, a me-
dian value was calculated by replacing data below DL to the value of
the DL; the median element concentration in that subset of data
should be lower than the calculated median value. Then, that calcu-
lated value was compared with median concentrations from other
datasets.

In the NMZ, the distributions of several elements were bimodal.
For some of those elements, one of the modes was produced by the
concentrations in 12 samples from a lithological unit different from
those in the rest of the cross section. This lithological unit is com-
posed of polymictic volcanic breccias, containing thin veinlets of cal-
cite or dolomite and fragments with 1–1.5% disseminated pyrite; it
includes abundant black fragments (probably of limestone). These
breccias are geochemically different from others in the study area;
they show low K2O, Hg, Be, relatively high Al2O3, As, Pb and Cd, and
high Na2O, FeO, CaO, MgO, TiO2, Cu, Sr, V, Co, Cr, Ni, P and Mn. The
source of materials composing those breccias are likely different
from the Chon Aike Formation (e.g., Bajo Pobre Formation). The sam-
ples from those rocks were omitted from this study, leaving 35 sam-
ples in the final dataset. In this final dataset, only Zn, Na2O and CaO,
and the AI and K2O/Na2O showed bimodal distributions.

For cross-validating the comparisons of concentrations between
the EP and the MZ and NMZ, the “isocon” method of mass balance
(Grant, 1986) was applied. The method is derived from the mass
balance equations of Gresens (1967), which can be used to
calculate gains and losses of elements in altered rocks. Grant
(1986) combined volume and density into mass, and derived the
equation:

CA
i ¼ MO

=MA CO
i þ ΔCi

� �

where CiA and CiO are the concentrations of element i in the altered
rock and the protolith, respectively; MA is the rock mass of the al-
tered rock, MO is the rock mass in the protolith and ΔCi is the
change in concentration of element i.

The equation above means that the evaluation of gains and losses
of elements depends on the overall rock-mass change of the studied
rocks. The rock-mass change can be calculated using elements that
were immobile during the alteration, for which ΔCi=0. If the values
of CiO are plotted against values of CiA, the immobile elements plot on
a straight line that passes through the origin, and has slope MO/MA;
this line is called an “isocon”. The slope of the isocon defines the over-
all rock-mass change (e.g., slope=1 if rock-mass change=0), and is
used to calculate mass gains and losses of elements that were mobile
during alteration.

Element gains and losses, produced by hydrothermal alteration in
the mineralized and non-mineralized zones, were calculated. For that
calculation, a rearrangement of the equation above was used (i.e.,
ΔCi=(MA/MO) CiA−CiO), in which (MA/MO) is the inverse of the
slope of the isocon.

5.5. Geochemical study at detailed-scale

Data of element concentrations and alteration indices of samples
from the MZ and at different distances from the MPCs were plotted in

clustered boxplots. Element concentrations in 801 samples fromweakly
oxidized rocks and in 263 samples from strongly oxidized rocks were
used. These samples were extracted from 20 diamond drillcores and
only from the system of veins and its hanging wall. For every element
and alteration index, data from strongly oxidized and weakly oxidized
rocks were represented in separate boxplots for every distance interval
fromMPCs. The 0 m interval includes samples inside the definedMPCs,
while the other intervals include samples outside the MPCs and were
defined at every 10 m from the MPCs. In the boxplots, the boxes repre-
sent the median, first and third quartiles, while the ends of T-bars rep-
resent 1.5 times the inter-quartile range and the values beyond the ends
of T-bars are outliers.

The boxplots were used to evaluate (i) the contrast between MPCs
and host rocks, (ii) the variations of element concentrations with dis-
tance from MPCs, and (iii) the contrast of concentrations between
strongly oxidized and weakly oxidized rocks. Curves connecting me-
dian concentrations between distance intervals were called “models
of compositional variation”. Parts of those curves were considered
“compositional drifts” when the median concentrations increased or
decreased constantly for at least two consecutive intervals. In host-
rock dominated materials, the compositional drifts were described
by two quantities: “range” and “strength”. The range is the distance
from the MPCs up to which the compositional drift is preserved. The
strength is a measure of the overall slope of the curve that connects
median concentrations along a compositional drift.

Most elements with concentrations showing bimodal distribu-
tions or with concentrations below DL in >15% of the samples, were
not studied with boxplots. In the MZ, data for TiO2, Sr and Mn exhibit
bimodal distributions. The two populations observed for TiO2 and Sr
could not be separated; therefore, these two variables were not
represented in the boxplots. In contrast, the two Mn populations
were separated; one corresponding to strongly oxidized rocks and
the other to weakly oxidized rocks. Because strongly and weakly ox-
idized rocks are separated in the boxplots, the concentrations of Mn
were represented in those plots. Concentrations of Ag, Sb, Bi, Mo, W
and Cd were below DL in >15% of the samples; hence, they were
not plotted in boxplots.

For Ag, Sb, Bi, Mo, W and Cd, some evaluations were still possible,
however. They were carried out to find out the overall differences in
element concentrations between the MPCs (interval 0 m) and adja-
cent host rocks (interval 1–10 m). For this evaluation, we compared
the values of two parameters between these two intervals; one of
the parameters was the percentage of cases below DL and the other
was the median concentration in the interval, calculated with data
below DL substituted by the DL.

6. Results and discussion

6.1. Hydrothermal alteration in the study area

The hydrothermal alterations (silicic, argillic and propylitic) in the
host rocks often overlap along the studied cross sections (Fig. 5). Per-
vasive silicification occurs generally in hydrothermal breccias or at
b5 m from veins and veinlets; less commonly, it occurs in patches far-
ther away from the veins. Argillic alteration includes clays (illite, ka-
olinite, scarce smectites and interstratified illite/smectite), which
replaced fragments and matrix or were directly deposited in frac-
tures. Propylitic alteration includes mainly chlorite and pyrite; locally
it includes calcite, predominant in the deeper parts of the profiles,
and very scarce epidote. In the studied cross sections, the spatial
link between hydrothermal alterations and veins is only clear for
silicification. Most of the rocks affected by silicification are close to
veins or veinlets. In cross sections VNS01b and VNS04b (Fig. 5), the
pattern of silicification at depth is similar to that of the AC veins.
Argillic and propylitic alterations do not show a regular pattern relat-
ed to the veins; instead they show a slightly different distribution
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related to depth. In general, argillic alteration predominates in the
upper part of the profiles, while propylitic alteration predominates
in the deeper parts and is absent in the upper parts; both argillic
and propylitic alterations are crossed by veins and related silicic alter-
ation (Fig. 5). However, the limited information from the footwall of
the Amanda vein, mainly at shallow depth, hinders a more accurate
interpretation of the distribution of hydrothermal alterations.

Based on location, predominant hydrothermal alteration and vein
mineralogy, three sectors are distinguished in the cross sections of
the MZ. The first sector contains the AC veins and surrounding vein-
lets (Fig. 5), and is referred to here as the “system of veins”. This sec-
tor includes hydrothermal breccias, abundant veinlets of crystalline
quartz with various textures, abundant pyrite and subordinate chal-
copyrite, galena, sphalerite, tetrahedrite and bornite. In the system
of veins, the distinctive alteration is silicic, which in most cases is
overprinted by argillic alteration. The second sector is the “hanging
wall” of the system of veins. In this sector, crystalline quartz is almost
absent; abundant pyrite and locally chalcopyrite, galena and sphaler-
ite are disseminated and occasionally form veinlets; in the zone of
strong oxidation, Fe oxides predominate instead of the sulfides. In
the hanging wall, the predominant hydrothermal alteration is argillic,
but there is subordinate propylitic alteration; chlorite is locally abun-
dant, mainly at deeper locations, and often related to sulfides sur-
rounding veinlets or disseminated in the groundmass. Veinlets with
Au concentrations >0.5 ppm are thin and scarce (in VNS01b and
VNS05b). The third sector is the “footwall” of the system of veins,
wherein there are scarce veinlets of crystalline quartz and propylitic
alteration predominates.

In the NMZ, it is apparent that, despite of limited information, the
system of veins, footwall and hanging wall are different in character
from those in the MZ. The system of veins, which includes the FEW
veins, is composed of only a few crystalline quartz veinlets with
some limonite and Mn oxides and with adularia at ground surface.
The hanging wall of the FEW veins includes scarce Fe and Mn oxides
and very scarce veinlets of chalcedony, and it has no sulfides. The
footwall of the veins includes veinlets and disseminations of pyrite
and veinlets of calcite. The hydrothermal alteration in the whole pro-
file is a mixture of argillic and silicic alterations. Unlike in the MZ,
both argillic and silicic alterations around the FEW veins are weak
and argillic alteration only includes illite.

In the MZ, the hydrothermal alterations of the hanging wall ex-
tend at least 200 m to the NE of the system of veins. The extent of
the alteration halo in the footwall of the veins is undefined because
of limited information. However, judging from the extents of the al-
terations (mainly propylitic) in cross section VNS01b, the footwall
at ground surface is altered for more than 100 m to the SW. Therefore,
hydrothermal alterations at ground surface cover an area of more
than 400 m wide including the system of veins and its walls.

6.2. Timing and relation between mineralization and hydrothermal
alterations

The vein fillings and related hydrothermal alterations in the MZ
occurred during the initial and main stages of the paragenetic se-
quence (Fig. 3), while those in the NMZ zone occurred only during
the earlier part of the initial stage. The MZ includes the same vein

Fig. 5. Hydrothermal alterations in cross sections synthesized from descriptions of drill cores. The system of veins and its footwall and hanging wall are indicated.
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fillings and hydrothermal alterations observed in the NMZ with the
addition of several others previously mentioned for the MZ, including
the ore minerals. This suggests that the hydrothermal products in the
NMZ represent part of those observed in the MZ. A link between
the MZ and NMZ is provided by the correlation of the vein filling in
the FEW veins and part of the type (3) vein filling in the AC veins,
both containing adularia. The presence of adularia, interpreted as an
early mineral, suggests that these two correlated vein fillings are
amongst the earliest deposits in the system of veins. In the NMZ,
the argillic alterations are devoid of kaolinite, which is common in
the MZ. Schalamuk et al. (1998) and Rios et al. (2000) indicated
that kaolinite formed only during the main stage of the paragenetic
sequence (Fig. 3), and Moreira et al. (2004b) explained that kaolinite
might have been derived from alteration of illite or from weathering
in a relatively late stage. Therefore, we interpret that the hydrother-
mal alterations and vein fillings in the NMZ were produced only dur-
ing the early stages of the veins formation, and that the argillization
during these early stages promoted only the formation of illite.

The timing of mineral precipitation in veins and hydrothermal al-
terations may have been strongly controlled by structural movements
during the life of the epithermal system. Dextral movements along
curved fractures (Moreira et al., 2008), may have produced local ex-
tension in the MZ, promoting the opening of fractures, in contrast to
what occurred in the NMZ where the movements along the faults
may have produced no extension. In this context, adularia and quartz
in the NMZ sealed the original fractures, which remained closed,
while in the MZ, the fractures remained open, at least locally, allow-
ing mineral precipitation and formation of several types of vein fill-
ings in the AC veins.

Some relations between Au-mineralization and hydrothermal al-
terations can be inferred from the spatial relationship between alter-
ations and MPCs. Gold-rich veins and breccias are, up to certain
degree, spatially related to silicic alterations; both the high Au con-
centrations and the silicic alterations are located close to the paleo-
conduits. Observed in detail, however, most of the MPCs are partly
or completely surrounded by rocks without silicic alteration, but
only with argillic or locally propylitic alterations. In addition, silicic al-
teration alone is often not in contact with the MPCs, although close to
them (Fig. 5). These observations suggest that Au-mineralization and
silicification occurred during different stages and, probably, under
different physico-chemical conditions of the fluids. Therefore, at the
paleo-level of the system represented by the study area, silicic alter-
ations can be used as indicators of nearby paleo-conduits but they
cannot be used as direct indications of Au-mineralization.

6.3. Geological framework

We consider that the study area represents a portion of a Au–Ag-
rich low-sulfidation epithermal paleo-system, located probably in
and above the vertical levels of boiling. This portion of the paleo-
system includes veins and hydrothermal breccias produced by fluids
at temperatures probably b270 °C andmainly composed of crystalline
quartz, but also some opal, barite and sulfides, and a limited amount of
adularia. Those veins and hydrothermal breccias are hosted mainly by
(Upper Jurassic) rhyolitic ignimbrites, which represent the silicic part
(post-rift) of a bimodal volcanism, deposited during a generalized
extensive event coeval with subduction. In the study area, the hydro-
thermal alterations around the veins are argillic, silicic and propylitic,
in order of abundance. During this study, however, the areas with
abundant propylitic alteration were not evaluated.

6.4. Results of the study at deposit-scale

Three assumptions were considered to interpret the results of
the study at deposit-scale. The first assumption is that the differences
in element concentrations between the EP and the NMZ represent

geochemical modifications induced by hydrothermal alterations dur-
ing a period before mineralization, which is referred to as “alteration
phase 1”. The second assumption is that the differences in element
concentrations between EP and the MZ represent geochemical modi-
fications induced by hydrothermal alterations before, during and after
mineralization. The third assumption is that the differences in ele-
ment concentrations between the mineralized and non-mineralized
zones represent the effects of alterations produced during and after
mineralization, a period referred to as “alteration phase 2”.

6.4.1. Comparison between estimated protolith (EP) and the
non-mineralized zone

The hydrothermal alterations in the NMZ, which occurred during
alteration phase 1, produced minor geochemical changes in the host
rocks. The concentrations of Sr, Hg, V, P and Ti in the NMZ are clearly
lower than in the EP, but less clearly in the cases of Be, Mo, Al2O3,
MgO and Mn (Table 1). The concentrations of Ba, Pb and Fe in the
NMZ are higher than those in the EP, while those of Co, Cu, Cr and
K2O are similar to those in the EP. The CCPI showed a moderate in-
crease in the NMZ compared to the EP (Table 1).

Although with bimodal distributions, the concentrations of Na2O
are clearly lower in the NMZ than in the EP while that of Zn and the
values of AI and K2O/Na2O are at least slightly higher in the NMZ
than in the EP (Fig. 6; Table 1).

6.4.2. Comparison between estimated protolith (EP) and the
mineralized zone

Most geochemical studies of low and intermediate sulfidation
epithermal deposits only considered overall effects produced by sev-
eral alteration stages on lithogeochemistry (e.g., Herrera et al., 1993;
Mauk and Simpson, 2007; Warren et al., 2007; Booden et al., 2011).
The overall effects of alterations that affected the study area in the
La Josefina deposit were inferred by comparing the composition of
the EP with that of the MZ.

In the MZ, the hydrothermal alterations produced an overall
stronger geochemical change (i.e., predominant enrichment of ele-
ments) than in the NMZ. In comparison to the EP, the concentrations
of As, Zn, Pb, Co, FeO, Mn, Au, V, Ba, Cu, Cr and Ni are clearly higher in
the MZ; those of Na2O, CaO and Be are notably lower and those of Hg
and P are slightly lower. The concentrations of MgO, Al2O3 and K2O in
the MZ are similar to those in the EP. Although the concentrations
of Sr in the MZ show bimodal distribution, almost all samples from
that zone show that the Sr concentrations are lower than in the EP
(Fig. 6).

The values of AI and CCPI are higher and K2O/NaO is much higher
in the MZ than in the EP (Table 1). These changes were mainly a func-
tion of the leaching of Na and Ca, rather than addition of K. Therefore,
the K2O/Na2O, as used by other authors to evaluate the intensity of
potassium metasomatism in other deposits (e.g., Echavarría et al.,
2005; Páez et al., 2010), does not seem to be a reliable indicator of po-
tassium metasomatism in the La Josefina deposit.

The overall concentrations of K2O in the EP, MZ and NMZ are sim-
ilar, suggesting that hydrothermal alterations did not add much K to
the rocks, even during the stages of deposition of adularia. In addition,
the median concentration of K2O in the study area (around 4%) is
close to those reported by other authors (e.g., Warren et al., 2007)
for fresh rhyolites and dacites in contrast to higher values reported
for K-metasomatized rocks. Even the median concentration of K (ca.
6% K2O) in the Chon Aike Formation calculated by Peñalva et al.
(2005) is higher than the median concentration of K2O calculated in
this study for either the MZ or the NMZ (Table 1).

In other deposits similar to La Josefina, the overall gains and losses
of some elements agree with those inferred for the study area (alter-
ation phases 1+2), while gains and losses of other elements are sub-
stantially different. The behavior of Na, Ca, Sr, Au, As, Ba, Cu, Pb, Zn
and Al2O3 in the La Josefina deposit, are mostly consistent with
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those described in the literature. General depletions in Na, Ca and Sr
agree with the results of several studies (Gemmell, 2007; Mauk and
Simpson, 2007; Murakami and Feebrey, 2001; Silberman and
Berger, 1985). Gains of Au and As were observed in the Round Moun-
tain, Harsbrouk Mountain, Gosowong, Golden Cross, Yamagano and
Axi deposits, and in some deposits in the northern Great Basin of
the United States (Berger and Silberman, 1985; Gemmell, 2007;
John, 2001; Mauk and Simpson, 2007; Murakami and Feebrey,
2001; Zhai et al., 2009), while gains of Ba were registered by Darce
et al. (1991) and Booden et al. (2011); although Ba concentrations
are considered to have increased particularly in intermediate sulfida-
tion deposits (John, 2001). As in the La Josefina, gains of Cu, Pb and Zn
were observed in the Gosowong deposit (Gemmell, 2007) and some
deposits in the Great Basin (John, 2001); but, losses of these elements
were reported in the Axi deposit (Zhai et al., 2009). Several authors
considered Al2O3 as immobile or weakly mobile (Booden et al.,
2011; Darce et al., 1991; Mauk and Simpson, 2007; Silberman and
Berger, 1985); this is also apparently the case in the La Josefina
deposit.

The behaviors of MgO, FeO, Co, Ni and K2O in the La Josefina de-
posit are different from those described in the literature. Unlike in
La Josefina where MgO is rather immobile, MgO is quite mobile in
other deposits (Booden et al., 2011; Gemmell, 2007; Silberman and

Berger, 1985). Iron was gained in the La Josefina deposit, it was lost
in theWaitekauri Area (Booden et al., 2011), locally lost in the Golden
Cross deposit (Mauk and Simpson, 2007), and slight mobile in the La
Libertad deposit (Darce et al., 1991). Cobalt and Ni were gained in the
La Josefina deposit, but were immobile in the Golden Cross deposit
(Mauk and Simpson, 2007). Potassium, which exhibits weak mobility
in the study area, exhibits gains in altered rocks around many other
deposits of this type (Booden et al., 2011; Darce et al., 1991;
Gemmell, 2007; Mauk and Simpson, 2007; Murakami and Feebrey,
2001; Silberman and Berger, 1985).

Differences amongst deposits show the geochemical variability
amongst them (Hedenquist et al., 2000; Silberman and Berger,
1985). The geochemical variability may be attributed to genetic dif-
ferences amongst deposits, differences that eventually may deserve
a more detailed deposit classification. However, geochemical variabil-
ity amongst deposits may also be attributed to different compositions
of the protolith, and different types of alteration. Gains of K2O, for
instance, are not so noticeable when the protolith is a rhyolitic rock
because of the relatively high initial K2O content (in K-feldspars); in
addition, the gains may be higher in adularia-rich rocks than in illite
and illite/smectite-rich rocks, as was observed by Booden et al.
(2011). In the study area of the La Josefina deposit, the rhyolitic pro-
tolith and the hydrothermal alterations with predominant illite and

Table 1
Comparison of median element concentrations and alteration indices of three datasets: estimated protolith, mineralized zone and non-mineralized zone.

Elements
and indices

DLa Median concentrations % of values BDLc Percentage of change in concentrationsg

EPb NMZd (n=35) MZe (n=704) NMZ MZ From EP to NMZ From EP to MZ From NMZ to MZ

Au (ppm) 0.005 0.004 b0.005 0.0190 26 14 nc 375 >280
Ag (ppm) 0.5 0.040 b0.5 b0.6 94 36 nc nc nc
Cu (ppm) 1 10 9 15 0 2 −10 50 67
Pb (ppm) 2 20 31 110 0 0 55 448 253
Zn (ppm) 2 40 80/300f 445 0 0 Increased 1011 Increased
As (ppm) 5 1.5 b10 52 20 2 nc 3367 >420
Sb (ppm) 5 0.2 b5 b5 100 37 nc nc nc
Hg (ppm) 0.01 0.08 b0.01 0.06 51 1 b−88 −25.0 >500
Bi (ppm) 2 0.1 b2 b3 97 34 nc nc nc
Mo (ppm) 1 2 b1 b2 100 23 b−50 b0 nc
W (ppm) 10 2 b10 b10 100 44 nc nc nc
Ba (ppm) 10 600 1170 890 0 0 95.0 48.0 −24.0
Be (ppm) 0.5 5.0 2.8 1.5 0 2 −44 −70 −46
Sr (ppm) 1 285 63 19/80 0 0 −78.0 Decreased nc
V (ppm) 1 20 5 44 0 0 −75 120 780
Cr (ppm) 1 4 3 7 0 3 −25 75 133
Ni (ppm) 1 0.5 b1 3 26 12 nc 500 >200
Cd (ppm) 0.5 0.2 b0.5 b1.2 86 34 nc nc nc
Co (ppm) 1 1 1 8 14 1 0 700 700
P (ppm) 10 175 80 120 0 0 −54.0 −31.0 50.0
Mn (ppm) 5 387 318 1065.0 0 0 −18.0 175.0 235.0
Al2O3 (%) 0.0189 14.565 12.977 13.119 0 0 −10.9 −9.9 1.1
K2O (%) 0.0121 4.360 4.145 4.410 0 0 −5 1.2 6.4
Na2O (%) 0.0135 2.990 0.08/1.30 0.094 0 1 Decreased −97.0 nc
CaO (%) 0.014 1.675 0.09/1.20 0.056 0 0 Decreased −97.0 Decreased
MgO (%) 0.0166 0.400 0.282 0.365 0 0 −29.5 −8.8 29.3
FeO (%) 0.0129 1.480 1.775 5.369 0 0 20.0 263.0 202.0
TiO2 (%) 0.0167 0.165 0.067 0.06/0.35 0 1 −59.0 nc nc
Al 49.26 64/96 96.70 nc 91.00 nc
CCPl 19.97 29.15 55.27 46.00 171.00 90.00
K2O/Na2O 1.49 4.2/57 46.34 nc 3078.00 684.00

a DL=detection limit of the analytical methods.
b EP=estimated protolith. Concentration of P, Mn, Al2O, K2O, CaO, MgO, FeO andTiO2 in EP, were calculated with 28 samples from Alperin Et al. (2007); for other elements they

are average abundances in granites (Levinson, 1974).
c BDL=below DL.
d NMZ=Non-mineralized zone.
e MZ=Mineralized zone. Symbol “b” indicates that more than 15% of the samples yielded concentrations BDL.
f In bimodal distributions, aproximate concentrations of both modes are indicated in italic characters.
g Negative percentages of chage indicate depletion; positive indicate enrichment. When concentrations in the NMZ (or MZ) are BDL, and the DL is higher than the concentration

in the EP, percentages of change between the EP and the NMZ (or MZ) were not calculated (“nc”), because there may have been either a gain or a loss, depending on the actual
concentration (expressed as below DL). When one of the datasets showed bimodal distribution of an element concentration, percentages of change were not calculated because
a median concentration for that element was not available. If both modes in the bimodal distribution showed a different result (gain/loss) we displayed “nc”; if both modes showed
the same result, we indicated it as “Decreased” or “Increased”.
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abundant chlorite probably explain why K2O exhibits only weak mo-
bility. Because most studied deposits are hosted by andesitic or daci-
tic rocks, the results from those studies are probably not directly
comparable to the La Josefina and similar deposits hosted in rhyolitic
rocks (e.g., Round Mountain and Harsbrouk Mountain).

6.4.3. Isocon method of mass balance
In the application of the isocon method, aluminum was selected

as immobile element. This was the most reasonable choice because
aluminum is relatively immobile in hydrothermal deposits
(Booden et al., 2011; Darce et al., 1991; Mauk and Simpson, 2007;
Silberman and Berger, 1985), and other potential immobile
elements, such as Zr, Th and some REEs are not available in the
dataset, while TiO2 showed a bimodal distribution. The isocon,
which has a slope of 0.89 (Fig. 7), was traced using only the median
concentration of Al2O3 from the NMZ. According to the slope of the
isocon, and in comparison to the EP, the overall rock-mass increased
by about 12% due to alteration. This is likely due to the addition of
sulfides and silica into the host rocks, which probably occupied original
pores of the rock.

The results of applying the isocon method to the datasets (Fig. 7)
show that in the NMZ, Cu, Mn, K2O, Co and Al2O3 are close to (or
on) the isocon, while in the MZ, Al2O3, MgO and K2O are close to
the isocon. Because Al2O3 and K2O are close to the isocon in both
zones, we interpret that they were relatively immobile or that, in gen-
eral, the host rocks did not gain or lost considerable amounts of those
substances during interaction with the hydrothermal fluids.

In general terms and considering some margin of error, the differ-
ences in element concentrations obtained by comparing the concen-
trations in the EP with those in the MZ and NMZ are coincident
with the results produced by the mass balance using the isoconmeth-
od (Fig. 7). Therefore, the general tendencies obtained from the

comparisons without using mass balance analysis are considered reli-
able, and can be used to draw conclusions about the effects of hydro-
thermal alterations on the geochemistry. However, the amount of
overall rock-mass increase gives an idea of the possible error that
should be considered when using the geochemical data without
mass balance analysis.

6.4.4. Comparison between the mineralized and non-mineralized zones
The median concentrations of As, V, Co, Mn, FeO, Au, Pb, Cu, Hg, Cr,

Ni, P andMgO in the MZ are higher than in the NMZ, while those of Ba
and Be are lower, and those of Al2O3 and K2O are similar. Despite
showing bimodal distributions in the NMZ, the concentrations of Zn
in the MZ are clearly higher than in the NMZ, while those of CaO
are clearly lower (Fig. 6; Table 1). In contrast, concentrations of Sb,
Bi, Mo, W and Cd in the MZ could not be compared with those in
the NMZ because they are below DL in >15% of the samples from
both zones. Concentrations of Sr, Na2O and TiO2, and values of AI
and K2O/Na2O could not be compared because they show bimodal
distributions in one of the datasets, and the modes in the histogram
from that dataset are not clearly different from the median of the
other dataset (Fig. 6).

6.5. Result of the study at detailed-scale

Detailed-scale variations in element concentrations with distance
to mineralized veins, are not well documented for low and intermedi-
ate sulfidation deposits. In the Bodie Bluff district, Silberman and
Berger (1985) investigated variations in concentrations of Au, K, Sr,
Ag, Zn, As, Hg, Sb, Mn and Cu with distance from three mineralized
veins, but only up to 7.5 m from the veins, using a limited number
of samples, and considering, along the investigated distance interval,
concentrations of individual samples. For most investigated elements,
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this approach produced strongly irregular variations, which cannot be
used to indicate proximity to mineralized veins. In contrast, we plot-
ted element concentrations as median values of several samples
within distance intervals from MPCs, showing a more continuous
and consistent variation with distance from veins.

Along the studied intervals fromMPCs, the boxplots andmodels of
compositional variation clearly represent the continuous composi-
tional variations of the rocks. For most of the elements, these models
show increasing or decreasing compositional drifts along a few dis-
tance intervals (Fig. 8; Table 2), but the boxplots show strong overlap
between adjacent distance intervals. This shows the strong dispersion
of element concentrations in every interval, which produces relative-
ly large interquartile ranges.

The behaviour of the elements during the formation of MPCs can
be inferred from the geochemical contrast between the 0 m interval,
which represents materials deposited from the hydrothermal fluids,
and the 1–10 m interval, which represents the host rocks. Relative
to their adjacent host rocks, the MPCs (0 m interval) show much
higher concentrations of Au, Cu, As, Hg, Pb and Co, much lower con-
centrations of Al2O3, K2O, Na2O, CaO, MgO and Ba, and slightly
lower concentrations of Mn and P. Despite the high number of sam-
ples with element concentrations below DL, the concentrations of
Ag, Sb, and Bi are clearly higher in the MPCs, where they show a
low percentage of samples with element concentrations below DL
(Table 3). The concentrations of Mo and Cr seem to be similar in the
MPCs and its immediate host rocks, while those of Cd and W seem
to be higher in the MPCs, although they are difficult to evaluate be-
cause of their small differences and the high number of undetermined
values (Table 3). In addition, Ag, Cu, Pb, As, Sb, Bi and Cd are associat-
ed with Au in native gold, electrum, pyrite, chalcopyrite and galena.
These observations suggest that the processes that formed the

mineralized veins and hydrothermal breccias were accompanied by
precipitation of Au, Ag, Cu, As, Hg, Pb, Co, Sb and Bi, and probably
Cd and W.

The studied elements generally show either enrichment or
depletion relative to the EP along the entire 60 m interval from the
MPCs. For some elements, however, both enrichment and depletion
occur at different distances from the MPCs; K2O, MgO, Cu, Hg, Ba
and P (Fig. 8) show both enrichment and depletion in different
parts of that interval. This is important because geochemical data in
the proximity of a MPC may indicate either depletion or enrichment,
depending on the distance from the MPC. The variations of element
concentrations beyond the MPCs represent compositional changes
produced by hydrothermal alterations in the host rocks, and are
more subtle than the changes that include the MPCs. The strongest
overall compositional drifts in host-rock dominated materials are
those of P, Au, Cu, Pb, Hg, Ba and MgO, which reach up to 40 m
from the MPCs, except for Au (Table 4; Fig. 8). Concentrations of
Mn, As, FeO, K2O, Na2O, Al2O3 and Ni show weaker compositional
drifts. Calcium, Co, Be, V and Zn show no clear compositional drifts
in the host rock.

6.6. Geochemical indicators

At deposit-scale, comparison of the MZ with the NMZ, which are
both hydrothermally altered, shows that the concentrations of As, V,
Co, Mn, FeO, Au, Pb, Cu, Hg, Cr, Ni, P, MgO and Zn (and values of
CCPI) are higher in the MZ than in the NMZ, while those of Ba, Be
and CaO are lower in the MZ than in the NMZ. These 18 variables
are therefore, geochemical indicators of the mineralized altered zone.

At detailed-scale, P, Au, Cu, Pb, Hg, Ba and MgO display the stron-
gest compositional drifts, and thus are the best geochemical indicators
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of proximity to mineralized rocks. Manganese, As, FeO, K2O, Na2O,
Al2O3 and Ni show weaker compositional drifts; therefore, they are
poor indicators of proximity to mineralized rocks.

6.7. Effects of weathering

Weathering has affected the concentrations of Cu, Na2O, MgO,
FeO, As, Pb, Co, Ba, Mn and Zn. The most affected elements were Cu,
Pb, Co, Mn, MgO and Zn. The concentrations of these elements in
weakly oxidized and strongly oxidized rocks are clearly different
(Fig. 8). The median concentration of Cu in the strongly oxidized sam-
ples of the MPCs (654 ppm) is notably lower than in the weakly oxi-
dized samples (2620 ppm). In the host rocks, the opposite occurs
(Table 2; Fig. 8b). This suggests that some Cu in the MPCs became
mobile and was re-deposited at a distance. In strongly oxidized

rocks, the median concentrations of MgO, Co, Mn and Zn are lower
than in the weakly oxidized rocks along the whole 60 m interval. In
contrast, concentrations of Pb in the strongly oxidized rocks are
higher along the whole interval (Fig. 8c). The concentrations of
Na2O, Ba, As and FeO were slightly affected by weathering; those of
Na2O and Ba show the effects of weathering only in the MPCs, while
those of As show the effects of weathering only far away from the
MPCs. The other studied elements were not considerably affected by
weathering.

Near the surface where weathering is stronger, the usefulness of
several elements as geochemical indicators of mineralized rocks is a
function of the scale of study. From a deposit-scale perspective,
weathering did not modify considerably the usefulness of the geo-
chemical indicators of mineralized zones because increases in their
concentrations at certain distances from MPCs were compensated

Fig. 8. Boxplots and models of compositional variation with data from the mineralized zone. Distance 0 coincides with the mineralized paleo-conduits. Small circles are regular out-
liers; asterisks are extreme outliers.
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with decreases in their concentrations at other distances. Most ele-
ments show similar overall median concentrations in the strongly ox-
idized and in the weakly oxidized rocks, and thus they can be used as
geochemical indicators of mineralized zones at deposit-scale. From a
detailed-scale perspective, in contrast, weathering decreased the use-
fulness of several elements as geochemical indicators of proximity to
MPCs. Compositional drifts defined by the concentrations of Pb, Na2O,
FeO and Ba, and the values of CCPI in the weakly oxidized rocks disap-
pear or become irregular and weaker in the strongly oxidized rocks
(Table 4). Therefore, these geochemical variables are unsuitable indi-
cators of proximity to MPCs in weathered rocks.

Other authors have studied the effects of weathering on the con-
centrations of Ca, Na, K, Fe, Mg and aluminum in rocks that are similar
to those in La Josefina, although in areas not related to mineral
deposits. In most cases, their results do not agree with ours, except
those showing strong leaching of Mg (Guan et al., 2001; Selby,

1993), which also occurred by weathering in the La Josefina deposit.
In contrast to our results, which show that Fe and aluminum were
almost not modified by weathering, Malpas et al. (2001) found that
the concentrations of these elements were increased by weathering.
In the La Josefina and other areas related to similar mineral deposits it
is plausible that concentrations of FeO were not increased by weather-
ing because of the likely oxidation and subsequent partial leaching
of relatively abundant Fe-sulfides, introduced into the host rocks by
previous hydrothermal alteration; although part of the iron is fixated
in Fe-oxides. Regarding aluminum, we consider it as nearly immobile
during hydrothermal alteration and weathering in the La Josefina and
likely in areas with similar conditions, although it is possible that
minor amounts of aluminum were moved locally by eluvial processes
from the surface to lower soil horizons (Chittleborough, 1991).

Calcium, Na and K were invariably leached by weathering in other
areas (Chan et al., 2007; Guan et al., 2001; Malpas et al., 2001; Selby,

Fig. 8 (continued).
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1993), while in the La Josefina area, those elements were mostly un-
affected by weathering. In the study area, weathering likely had no
opportunity to leach Ca and Na considerably because the concentra-
tions of these elements were already low due to previous hydrother-
mal alterations. The limited modification of K concentrations in the La
Josefina area in contrast to other studied areas may have also been
due to the previous hydrothermal alterations. These alterations prob-
ably transferred some K from K-feldspars of the original host rocks to
other K-rich minerals, predominantly illite, which are not strongly af-
fected by weathering; this resulted in the overall near immobility of K
during hydrothermal alteration, as well as weathering.

6.8. Implications for exploration

In the La Josefina epithermal system, hydrothermally altered
zones that were mineralized with Au likely show different alteration
mineralogy compared to those that were not mineralized. Alterations
prior to Au-mineralization (alteration phase 1) included weak silicifi-
cation and argillization of the host rocks around the veins. Those
argillic alterations are mainly composed of illite, while kaolinite is
absent. Alterations resulting from the complete hydrothermal process
(alteration phases 1 and 2), including the stages of Au-mineralization,
are silicic and argillic, partially overprinted by propylitic. In contrast
to alterations during phase 1, the alterations during phase 2 seem to
have been stronger and included abundant kaolinite as one of the
predominant minerals.

In addition to considering the overall effects on lithogeochemistry
by all alterations that affected the study area, which only shows net
gains and losses (i.e., difference between the initial and final condi-
tions), we attempted to isolate the geochemical modifications of the
host rocks produced during the events of mineralization. This was
done by inferring the changes produced during the two consecutive
alteration phases, 1 and 2, and by integrating data from the
detailed-scale part of the study and from previous mineralogical stud-
ies. Although that isolation cannot be completely accomplished, be-
cause the alterations contemporaneous with mineralization are
overprinted by others, we prefer our approach of considering differ-
ent phases of alteration, rather than the overall effects of all alteration

events. This approach gives more flexibility to extrapolate the results
to other areas of the deposit or to similar deposits, under slightly dif-
ferent conditions to those in the study area.

Elements that were lost or gained during alteration phase 1 in
contrast to alteration phase 2, can be used to effectively distinguish
potentially mineralized zones from barren zones. Alteration phase 1
resulted in losses or no modifications for Au, Cu, Hg, V, Co, Mn,
MgO, Cr and P, while alteration phase 2 resulted in gains of those
elements. The concentrations of Ba increased during alteration
phase 1 but decreased during alteration phase 2. In addition, other
elements experience either loss or gain during both alteration phases;
while concentrations of Pb, Zn and FeO, (and values of CCPI)
increased, and those of Be and CaO decreased. Although it was not
possible to assess the effects of alteration phase 1 on As and Ni
because of the high number of samples with concentrations below
DL, the concentrations of these two elements are higher in the MZ
than in the NMZ. Therefore, all these 18 geochemical variables are
useful geochemical indicators to differentiate between mineralized
and non-mineralized zones, but Au, Cu, Hg, V, Co, Mn, MgO, Cr, Ba
and P are probably the most effective.

These 18 geochemical variables can be used to distinguish
between mineralized and non-mineralized zones in other parts of
the deposit, if the sampling procedure and the general geological
conditions are similar to those of the study area. The sampling pro-
cedure should avoid samples from MPCs and should represent
different distances from them. This can be achieved by sampling
areas of at least a few tens of metres wide and omitting samples
that show values of Au higher than 0.5 ppm. The geological condi-
tions that must be satisfied include the approximate position in
the paleo-system; this is difficult to know at the beginning of
exploration but, at least, indicators of proximity to paleo-surface
such as sinters, blankets of abundant kaolinite or extended perva-
sive silicification should be absent. The geological conditions
should also include relatively homogeneous lithologies of rhyolitic
to rhyodacitic compositions, and the absence of abundant propyli-
tic alteration.

In slightly different geological conditions, however, a few ele-
ments may be useful indicators of mineralized zones. Some elements

Fig. 8 (continued).
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added specifically by alterations contemporaneous with mineraliza-
tion may be identified by integrating the conclusions drawn from
the deposit-scale and detailed-scale studies. By comparing the MPCs
with their adjacent host rocks, we interpreted that Au, Cu, Pb, As,
Hg and Co were deposited preferentially in the MPCs; in addition,
these are some of the elements that experienced gains in the host

rocks during alteration phase 2, which included Au-mineralization.
Besides, in some minerals in the veins, Au shows positive correlations
with Cu, Pb and As. Therefore, Au, Cu, Pb, As, Hg and Co were likely
deposited during the mineralizing process in the veins and host
rocks. This suggests that a relative increase in the concentrations of
Au, Cu, Pb and As, and probably Hg and Co, are good indicators of

Table 2
Statistics for element concentrations in distance intervals from mineralized paleo-conduits, using separate datasets for strongly oxidized and weakly oxidized rocks.

Distance intervals in weakly oxidized rocks (m) Distance intervals in strongly oxidized rocks (m)

0 1–10 11–20 21–30 31–40 41–50 51–60 0 1–10 11–20 21–30 31–40 41–50 51–60

Element Statisticsa n 97 435 161 55 22 16 15 27 140 14 6 20 23 33

Au (ppm) Q1 0.579 0.012 0.005 0.003 0.003 0.005 0.008 1.150 0.023 0.008 0.006 0.003 0.006 0.003
Median 1.845 0.028 0.013 0.005 0.005 0.014 0.009 1.860 0.079 0.015 0.036 0.004 0.008 0.007
Q3 4.780 0.070 0.031 0.008 0.009 0.021 0.019 4.260 0.231 0.023 0.078 0.011 0.019 0.023

Cu (ppm) Q1 311 7 3 3 1 5 4 295 88 13 28 15 17 9
Median 2620 29 9 5 4 8 6 654 206 33 46 25 23 14
Q3 10150 143 31 12 17 29 15 1520 489 55 57 41 40 34

Pb (ppm) Q1 205 59 15 12 9 19 18 1070 352 180 220 82 78 38
Median 667 171 47 32 27 107 28 1990 1030 665 417 360 231 169
Q3 2150 506 228 157 195 321 63 3040 1665 1570 600 820 857 512

Zn (ppm) Q1 250.5 313 270.5 291 258.3 216.3 254 99 129.3 270.3 181.8 86.5 79 107
Median 514 515 374 426 339 354 321 217 215.5 331.5 261.5 154 148 234
Q3 1230 820 593 808 474.8 487.8 409 422 395.5 618 324.3 581 632 385

As (ppm) Q1 111 25 16 15 15 50 27 149 43 13 48 58 99 149
Median 356 59 46 40 29 92 40 330 86 62 63 117 159 260
Q3 1005 120 155 67 55 164 194 589 180 122 194 171 225 336

Hg (ppm) Q1 0.155 0.040 0.030 0.020 0.010 0.020 0.020 0.140 0.040 0.010 0.028 0.020 0.040 0.030
Median 0.380 0.090 0.050 0.030 0.020 0.045 0.080 0.350 0.110 0.030 0.100 0.045 0.060 0.060
Q3 0.970 0.210 0.080 0.070 0.030 0.193 0.190 2.340 0.363 0.075 0.615 0.108 0.100 0.080

Ba (ppm) Q1 80 330 585 1050 878 558 1110 360 460 1100 1003 670 980 440
Median 150 740 1010 1340 1305 785 1310 650 980 1265 1230 1010 1190 1160
Q3 390 1180 1375 1660 1745 958 2150 960 1493 1440 1375 1380 1430 1470

Be (ppm) Q1 0.7 1.1 1.2 1.1 0.9 1.2 0.9 0.8 0.9 1.5 1.7 1.2 1.4 1.4
Median 1.3 1.5 1.5 1.4 1.2 1.5 1.3 1.0 1.2 2.2 2.1 1.4 1.5 1.5
Q3 1.8 2.0 2.0 1.9 1.5 1.9 1.4 2.3 1.6 2.8 2.4 1.8 1.8 1.6

V (ppm) Q1 8 16 26 28 45 33.25 28 107 122 234 295 247.5 230 127
Median 20 42 44 46 62 47.5 48 134 171.5 440.5 447.5 313.5 300 279
Q3 42 60 61.5 60 67 53.25 70 189 267.5 906.5 1220 1245 653 439.5

Ni (ppm) Q1 0.5 1.0 2.0 2.0 3.0 2.0 1.0 0.5 0.5 0.5 0.5 0.5 1.0 1.0
Median 2.0 3.0 4.0 4.0 4.0 3.0 2.0 1.0 1.0 3.0 2.5 2.0 2.0 2.0
Q3 3.0 5.0 5.0 6.0 5.0 4.8 3.0 3.0 3.0 3.3 4.0 3.0 5.0 5.0

Co (ppm) Q1 10 5 5 4 5 5 3 1.0 2.0 1.0 1.0 1.0 2.0 1.0
Median 23 9 9 7 9 7 5 3.0 3.0 4.5 2.0 5.0 3.0 2.0
Q3 89 15 14 10 10 16 12 4.0 4.0 8.5 10.5 7.0 7.0 10.0

P (ppm) Q1 30 60 80 100 433 90 90 60 70 78 165 63 150 90
Median 60 100 140 190 595 230 240 100 90 150 255 95 210 100
Q3 95 170 325 580 673 713 640 190 120 360 270 300 310 170

Mn (ppm) Q1 168 457 671 848 1275 718 901 107 122 234 295 248 230 127
Median 442 875 1170 1345 1645 921 1230 134 172 441 448 314 300 279
Q3 753 1460 1663 1750 2155 1660 1400 189 268 907 1220 1245 653 440

Al2O3 (%) Q1 4.08 11.52 12.26 13.07 13.59 12.48 12.88 6.99 11.47 12.11 12.63 12.52 11.49 12.71
Median 8.33 12.75 13.39 14.07 14.16 14.66 13.17 9.62 12.66 13.92 14.64 13.95 13.41 13.30
Q3 10.94 13.92 14.66 15.30 15.03 15.43 13.94 10.69 13.43 14.73 15.17 14.81 14.30 13.84

K2O (%) Q1 0.42 3.04 4.27 4.41 4.99 3.68 4.92 0.90 2.92 4.68 4.51 4.27 4.28 3.59
Median 1.52 4.01 5.11 5.28 5.52 4.23 5.40 2.00 4.13 4.97 4.90 4.76 4.78 5.22
Q3 2.73 4.89 5.92 6.36 6.02 5.06 6.29 3.17 4.92 5.90 4.97 5.53 5.80 5.65

Na2O (%) Q1 0.01 0.05 0.08 0.07 0.03 0.07 0.09 0.05 0.09 0.11 0.09 0.11 0.05 0.07
Median 0.04 0.09 0.11 0.12 0.13 0.09 0.12 0.09 0.12 0.12 0.11 0.12 0.11 0.09
Q3 0.07 0.12 0.15 0.18 0.16 0.13 0.84 0.12 0.13 0.13 0.14 0.14 0.13 0.11

CaO (%) Q1 0.03 0.06 0.06 0.06 0.17 0.07 0.06 0.04 0.06 0.04 0.06 0.07 0.07 0.06
Median 0.04 0.06 0.06 0.08 0.22 0.08 0.08 0.06 0.08 0.08 0.09 0.08 0.08 0.07
Q3 0.06 0.07 0.07 0.20 0.25 0.22 0.29 0.06 0.10 0.12 0.12 0.10 0.10 0.09

MgO (%) Q1 0.07 0.22 0.27 0.35 0.59 0.31 0.25 0.05 0.10 0.16 0.21 0.27 0.20 0.17
Median 0.15 0.30 0.41 0.50 0.69 0.38 0.40 0.08 0.16 0.23 0.25 0.28 0.25 0.20
Q3 0.23 0.48 0.56 0.70 1.07 0.61 0.78 0.13 0.23 0.27 0.33 0.35 0.28 0.25

FeO (%) Q1 4.51 3.96 3.89 3.45 3.82 4.18 3.74 4.46 2.51 4.91 4.52 3.08 2.60 3.70
Median 9.52 5.71 5.07 4.10 6.17 5.24 5.23 7.79 3.97 6.04 5.69 4.88 3.23 6.85
Q3 15.88 7.64 6.35 5.48 7.56 5.88 5.94 9.40 6.39 8.46 7.04 6.22 4.09 9.82

Al Q1 92.8 95.74 96.19 94.95 93.87 94.48 85.24 90.07 94.45 95.86 95.38 95.23 96.12 96.7
Median 95.01 96.68 96.86 96.63 95.43 96.06 96.6 93.53 95.74 96.4 96.08 96.06 96.81 96.94
Q3 96.53 97.16 97.33 97.19 96.62 96.65 97.2 96.71 96.66 97.11 96.64 97 97.22 97.13

CCPl Q1 62.19 48.01 43.74 39.45 46.75 46.23 40.5 64.87 38.83 42.6 48.02 35.74 36.57 47.43
Median 84.77 59.02 51.52 47.76 54.89 58.51 50.02 77.03 51.49 53.65 54.45 50.48 40.79 58.62
Q3 97.6 69.19 58 56.04 59.8 61.77 53.05 89.91 64.37 64.69 60.51 59.2 54.32 71.92

a Q1=first quartile; Q3=third quartile.
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mineralized zones, even if the hydrothermal alterations and protolith
are slightly different from those in the study area.

In deposit-scale exploration, when geochemical data from ground
surface or close to it are evaluated, the effects of weathering should be
considered. If samples are collected from strongly oxidized parts of
the profile, Au, Hg, V, P, Cr, Ni, Be, CaO, Ba and CCPI can be useful in-
dicators of mineralized zones because they are not considerably af-
fected by weathering. Copper, As and FeO can also be used as
indicators, but one must be cautious with them because they are
more affected by weathering than the elements mentioned above.
In contrast, Co, Mn, Pb, Zn and MgO should not be used because
their concentrations may be strongly modified by weathering in the
upper part of the ground profile.

In the La Josefina and in other deposits under similar conditions as
the study area, the models of compositional variation can be used for
subsurface and surface exploration of relatively well-known zones,
when the mineralized target is expected to be close to the sampled
areas. In subsurface exploration, after drilling and analysing the drill
core samples, the determination of compositional drifts along bore-
holes may suggest the presence of and proximity to mineralized
veins located beyond the borders of the investigated area. The ele-
ments with strongest compositional drifts would be the best to indi-
cate proximity to mineralized rocks. The compositional drifts can

also be useful during surface exploration when relatively detailed
work (e.g., by trenching) is carried out. However, it is probably in
the subsurface where the models are more applicable because of the
detailed character of the surveys and the absence of weathering.

Because of weathering, some elements decreased their potential
as indicators of proximity to MPCs in the study area, while others be-
come unsuitable indicators. In the strongly oxidized rocks, concentra-
tions of Au, Cu, P, Ba, Hg, K2O, As, Al2O3 and Mn show compositional
drifts with shorter ranges (20 or 30 m) than in the weakly oxidized
rocks (Table 4; Fig. 8). Concentrations of Na2O, FeO, V and Ni did
not show compositional drifts in strongly oxidized rocks.

The use of several elements together to indicate proximity toMPCs
and to differentiate between mineralized and non-mineralized zones
is beneficial compared to the use of only the best indicator. Gold is
probably the best indicator for Au-rich areas, but it has disadvantages
like often occurring in low concentrations, showing high variability,
and being transported and concentrated by supergene processes, giv-
ing the erroneous impression that there is a genetic link with the host
rocks and alterations, while there may be only a spatial association.
Using several indicators helps to avoid some of the minor changes
due to variations in the geological conditions and due to variability
in the concentrations of some elements, compensating some of the
variations in one element with correct indications from other ele-
ments, and finally improving the success in recognizing mineralized
areas. In addition, several elements are easier to determine than Au,
and some determinations can be done directly in the field, using for in-
stance gamma ray spectrometers for K or portable X-Ray fluorescence
devices for various elements.

7. Conclusions

For mineral deposits with geological conditions similar to those of
the study area, the most effective deposit-scale geochemical indica-
tors of mineralized zones are Au, Cu, Hg, V, Co, Mn, MgO, Cr, Ba and
P. Other potential indicators although probably less effective are Pb,
Zn, FeO, CCPI, Be, CaO, As and Ni. In addition, it is likely that Cu, Pb,
As, Hg and Co were deposited in the mineralized veins and host
rocks at La Josefina mainly during the Au mineralization stage. There-
fore, Cu, Pb, As, Hg and Co can be used as good indicators of Au-rich
zones even if the geological conditions in those zones are slightly dif-
ferent from those observed during this research.

In detail, the variations in concentrations of several elements in
the study area are functions of the distance from paleo-conduits of
epithermal fluids. In the system of veins and its hanging wall, where
argillic and silicic alterations predominate, the concentrations of 15
elements vary continuously with distance from mineralized paleo-
conduits although only the compositional drifts of P, Au, Cu, Pb, Hg,
Ba and MgO are strong, up to 30 or 40 m. Therefore, these variables
are useful indicators of proximity to Au-rich veins for detailed-scale
geochemical surveys during drilling.

The general effects of weathering on elemental concentrations in
the study area were moderate, but their consequences vary according
to the scale and objective of the geochemical survey. At deposit-scale,
if the objective is to identify potential Au-mineralized zones of a few
hundred of metres wide, the effects of weathering are mild, although
they prevent the use of Co, Mn, Pb, Zn and MgO as indicators because
their concentrations may be strongly modified. At detailed-scale, if
the objective is to estimate proximity to possible Au-rich veins, the
effect of weathering is more significant. It can blur the variations of
elemental concentrations due to mineralization, turning Na2O, FeO,
V and Ni into unsuitable indicators of proximity to Au-rich veins,
and decreasing the usefulness of Au, Cu, P, Ba, Hg, K2O, As, Al2O3
and Mn.

Previous hydrothermal alterations of original rocks likely have
strong influence on the subsequent effects of weathering. This
would depend on the composition of the hydrothermal alteration

Table 3
Median concentrations, and percentage of samples with element concentrations below
detection limit (DL) in weakly oxidized mineralized paleo-conduits and their immedi-
ate host-rocks, for elements that show concentrations below DL in >15% of the sam-
ples of the mineralized zone (not included in Table 2).

Elements Median concentration (ppm) % BDLa

HR (n=435) MPC (n=97) HRb MPCc

Ag 0.8 36 30 3
Sb 6 21 36 7
Bi 3 107 35 3
Mo 2 2 23 21
W 10 30 37 22
Cr 7 6 2 3
Cd 2.2 3 25 9

a % BDL: percentage of samples with values below detection limit.
b HR: host-rock dominated materials (interval 1–10 m).
c MPC: mineralized paleo-conduits dominated materials (interval=0 m).

Table 4
Strengths and ranges of elements that show compositional drifts in weakly oxidized
rocks. The range is the distance frommineralized paleo-conduits, up to which the com-
positional drifts of the median concentration is preserved. Changes in median concen-
trations between every two consecutive distance intervals along the curves were
calculated as percentage of the shorter-range interval. The “strength” is the average
of all the percentages of change between pairs of intervals up to the considered range.

Elements Strengtha Maximun Range (m)

Weakly oxidized Strongly oxidized

Au −57.55 30 20
Cu −47.80 40 20
Pb −40.02 40 60
As −21.28 40 20
Hg −39.26 40 20
Ba 34.58 30 20
V 14.70 40 No drift
Ni 33.33 20 No drift
P 96.29 40 30
Mn 23.66 40 30
Al2O3 3.56 50 30
K2O 11.73 40 20
Na2O 10.78 40 No drift
MgO 32.41 40 40
FeO −15.15 30 No drift
CCPI −10.00 30 No drift

a Strength calculated up to maximum range. Negative values indicate that mean
concentration increase towards MPC.
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minerals and their susceptibility to be affected by weathering. There-
fore, the concepts about effects of weathering developed in areas that
have not undergone hydrothermal alteration should not be directly
applied in areas surrounding mineralized veins.
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