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or smaller areas, because of their low level of detail. Because several districts in the Deseado Massif still need to be
explored, prospectivity maps produced with higher detail would be more helpful for exploration in this region.
We mapped prospectivity for low- and intermediate-sulfidation epithermal deposits (LISEDs) in the Deseado
Massif at both regional and district scales, producing two different prospectivity models, one at regional scale

ﬁﬂ?arld;rospectivity and the other at district-scale. The models were obtained from two datasets of geological evidence layers by
Epithermal deposits the weights-of-evidence (WofE) method. We used more deposits than in previous studies, and we applied the
Deseado Massif leave-one-out cross validation (LOOCV) method, which allowed using all deposits for training and validating
Weights-of-evidence the models. To ensure statistical robustness, the regional and district-scale models were selected amongst six
Mineral exploration combinations of geological evidence layers based on results from conditional independence tests.

The regional-scale model (1000 m spatial resolution), was generated with readily available data, including a lith-
ological layer with limited detail and accuracy, a clay alteration layer derived from a Landsat 5/7 band ratio, and a
map of proximity to regional-scale structures. The district-scale model (100 m spatial resolution) was generated
from evidence layers that were more detailed, accurate and diverse than the regional-scale layers. They were also
more cumbersome to process and combine to cover large areas. The evidence layers included clay alteration and
silica abundance derived from ASTER data, and a map of lineament densities. The use of these evidence layers was
restricted to areas of favourable lithologies, which were derived from a geological map of higher detail and accu-
racy than the one used for the regional-scale prospectivity mapping.
The two prospectivity models were compared and their suitability for prediction of the prospectivity in the
district-scale area was determined. During the modelling process, the spatial association of the different types
of evidence and the mineral deposits were calculated. Based on these results the relative importance of the dif-
ferent evidence layers could be determined. It could be inferred which type of geological evidence could poten-
tially improve the modelling results by additional investigation and better representation.
We conclude that prospectivity mapping for LISEDs at regional and district-scales were successfully carried out
by using WofE and LOOCV methods. Our regional-scale prospectivity model was better than previous
prospectivity models of the Deseado Massif. Our district-scale prospectivity model showed to be more effective,
reliable and useful than the regional-scale model for mapping at district level. This resulted from the use of higher
resolution evidential layers, higher detail and accuracy of the geological maps, and the application of ASTER data
instead of Landsat ETM + data. District-scale prospectivity mapping could be further improved by: a) a more ac-
curate determination of the age of mineralization relative to that of lithological units in the districts; b) more ac-
curate and detailed mapping of the favourable units than what is currently available; c) a better understanding of
the relationships between LISEDs and the geological evidence used in this research, in particular the relationship
with hydrothermal clay alteration, and the method of detection of the clay minerals; and d) inclusion of other
data layers, such as geochemistry and geophysics, that have not been used in this study.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction
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http://dx.doi.org/10.1016/j.oregeorev.2014.12.007
0169-1368/© 2014 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2014.12.007&domain=pdf
http://dx.doi.org/10.1016/j.oregeorev.2014.12.007
mailto:pandrada@fomicruz.com
http://dx.doi.org/10.1016/j.oregeorev.2014.12.007
http://www.sciencedirect.com/science/journal/01691368
www.elsevier.com/locate/oregeorev

P. Andrada de Palomera et al. / Ore Geology Reviews 71 (2015) 484-501 485

for this type of deposits (Schalamuk et al., 1997, 2002). The exploration
activities resulted in the discovery of several new epithermal deposits,
of which five have undergone mining, namely Cerro Vanguardia
(Zubia et al., 1999), Manantial Espejo (Echeveste, 2010), Mina Marta
(Paez et al.,, 2011), San José (Dietrich et al., 2012), and Lomada de
Leiva (Sandefur, 2007). Other deposits are in advanced stages of explo-
ration, such as Cerro Negro (Shatwell et al., 2011), Cerro Moro
(Coupland, 2009), La Josefina (Andrada de Palomera et al., 2012;
Schalamuk et al.,, 1999), El Dorado-Monserrat (Echavarria, 2004;
Echavarria et al., 2005), and Bajo Pobre (Schalamuk et al., 1997; Zubia
and Genini, 2003).

Identification of exploration targets by mineral prospecting often in-
cludes reviews of available information, interpretation of remote sens-
ing data, geological mapping, and geochemical and geophysical
surveys (Marjoribanks, 2010; Moon et al., 2006); and more recently,
GIS-based mapping of mineral prospectivity (e.g., Behnia, 2007;
Boleneus et al., 2001; Carranza and Sadeghi, 2010; Ford and Hart,
2013; Gonzélez-Alvarez et al., 2010; Nykinen and Ojala, 2007; Porwal
et al.,, 2010; Raines, 1999). GIS-based methods convey objectivity and
reproducibility, making them useful for assigning priorities to explora-
tion targets, helping with the assessment of different types of geological
evidence, and justifying the need of additional investigation.

There are different GIS-based methods for mapping mineral
prospectivity, these include logistic regression (Harris and Pan, 1999),
the use of evidential belief functions (Carranza and Hale, 2003), fuzzy
logic (Carranza and Hale, 2001; Porwal et al., 2003), neural network
techniques (Singer and Kouda, 1999), weights-of-evidence modelling
(Bonham-Carter et al., 1989), and Bayesian network classifiers
(Porwal et al., 2006). Weights-of-evidence (WofE) technique is trans-
parent and easy to interpret compared to alternative methods, such as
neural networks, neuro-fuzzy, and Bayesian network classifiers
(Agterberg, 2011; Agterberg and Cheng, 2002; Bonham-Carter et al.,
1989; Ford and Hart, 2013; Porwal et al., 2010). Logistic regression is
computationally intensive and its regression coefficients are hard to in-
terpret (Deng, 2009), and although weighted logistic regression pro-
duces unbiased probabilities, its coefficients generally have relatively
large variances (Agterberg, 2011). Fuzzy logic allows the use of
multiclass variables but, up to a certain degree, it depends on reliable
and correct exploration models. WofE is considered to provide conser-
vative estimates and is suitable for areas that are only partially studied
(de Quadros et al., 2006). In addition, WofE allows using zero weights
for unknown or missing data, avoiding the exclusion of some layers of
evidence, as in logistic regressions (Agterberg, 2011; Bonham-Carter
et al., 1989; Deng, 2009).

A limitation of WofE is the requirement for conditional indepen-
dence (CI) between layers of evidence. If this requirement is violated,
then bias of estimated probabilities will result (Agterberg, 2011). In
general, the bias leads to overestimation of probabilities. The degrada-
tion of performance increases with the number of predictor variables
(Singer and Kouda, 1999). Therefore, the assumption of conditional in-
dependence should be tested when applying WofE modelling
(Bonham-Carter et al.,, 1989).

In the Deseado Massif, regional-scale GIS-based favourability map-
ping of low-sulfidation epithermal deposits was tested by Carranza
and Andrada de Palomera (2005) by using evidential belief functions
and a limited number of training deposits. Their resultant regional-
scale prospectivity maps provided limited help in guiding exploration
within districts or smaller areas, partially because of their low level of
detail. Prospectivity maps produced with higher detail and adequate ef-
fectiveness will be more helpful in guiding the exploration in those
areas, and prospectivity mapping in the Deseado Massif could be im-
proved by acquiring the most relevant types of geological evidence for
the epithermal deposits being sought and representing them by the
most suitable layers of evidence.

This study has three main objectives: (a) to map prospectivity of
low- and intermediate-sulfidation epithermal deposits (LISEDs) in the

Deseado Massif by training models with most deposits currently
known in the region; (b) to test whether more detailed and diverse geo-
logical evidence can improve prospectivity mapping, particularly at
district-scale; and (c) to determine the types of evidence that should
be investigated further to improve prospectivity mapping in the
Deseado Massif, mainly at district or larger scales. To reach these objec-
tives, the GIS-based WofE method, and the leave-one-out cross valida-
tion method (LOOCV) were applied to two datasets with different
levels of detail. The results of mapping with each dataset were com-
pared, and the contributions of different types of evidence to the
models' predictions were assessed to determine the types of evidence
that need further investigation to improve prospectivity.

2. Geology and epithermal mineralization of the Deseado Massif
2.1. Stratigraphy of the Deseado Massif

The oldest rocks in the Deseado Massif (Fig. 1) belong to the La
Modesta Formation of Upper Precambrian to Lower Paleozoic age
(Schalamuk et al., 2002). These include schists, phyllites, slates, quartz-
ites, gneisses, and amphibolites, which are intruded by granitic and
tonalitic rocks with ductile to ductile-fragile deformation (Giacosa
et al., 2002; Ramos, 2002a). The formation is unconformably overlain
by continental sediments of the La Golondrina, La Juanita, and El
Tranquilo Formations. The Permian La Golondrina and La Juanita Forma-
tions include quartz-feldspathic sandstones, siltstones, lithic sand-
stones, and conglomerates. These are present only in the eastern part
of the Deseado Massif (Fig. 1). The El Tranquilo Formation of Middle
or Upper Triassic age (De Giusto et al., 1980) consists of alternating
fine- to coarse-grained quartz sandstones, shales, fine-grained con-
glomerates (Sanders, 2000), and intercalations of syn-sedimentary vol-
canic materials.

During the Lower Jurassic, after the deposition of the El Tranquilo
Formation, I-type granitic rocks of the La Leona Formation were intrud-
ed in the NE of the region (Marquez et al., 2002; Varela et al., 1991).
These rocks are calc-alkaline granodiorites, granites, adamellites,
tonalites and diorites (Godeas, 1985). During the remainder of the Ju-
rassic, abundant pyroclastic materials corresponding to the Roca Blanca,
Bajo Pobre, Chon Aike, and La Matilde Formations were deposited.
These formations filled NNW-trending grabens produced by the gener-
alized extension that broke-up Gondwanaland.

The Roca Blanca Formation of Lower Jurassic (Liassic) age comprises a
sub-aerial sequence of tuffs, sandstones, mudstones and volcanoclastic—
sedimentary rocks. It has a maximum thickness of 900 m (Panza, 1982)
and was deposited in active rift basins (Sanders, 2000).

The Bajo Pobre Formation of middle Jurassic age is composed of pre-
dominant porphyritic to aphanitic olivine basalts, subordinate porphy-
ritic andesites and basaltic agglomerates, and minor mafic tuffs,
conglomerates and sandstones (Sanders, 2000). Its thickness varies
from 150 to 200 m in most outcrops, but locally reaches up to 600 m
(Panza, 1994a). Related to the magmatic episode that produced the
Bajo Pobre Formation, hypabyssal porphyritic andesites of the Cerro
Leon Formation intruded the EI Tranquilo, Bajo Pobre and Roca Blanca
Formations (Panza, 1982). These are likely intrusive equivalents of the
Bajo Pobre Formation (de Barrio et al., 1999; Jovic et al., 2011), and
are covered unconformably by the Bahia Laura Group.

During the Middle to Upper Jurassic, rocks of the Bahia Laura Group
(Feruglio, 1949; Lesta and Ferello, 1972) formed a pyroclastic volcanic—
sedimentary complex of predominantly rhyolitic and partly dacitic
composition. The volcanism that produced the Bahia Laura Group prob-
ably lasted for about 50 Ma (Schalamuk et al., 1999); having radiometric
ages of 177-125 Ma. However, the age of the Bahia Laura Group in rela-
tion to the Bajo Pobre Formation is controversial, and radiometric ages
of these two units, obtained in different sectors of the Deseado Massif,
show some overlap. The Bahia Laura Group is composed of the Chon
Aike and La Matilde Formations.
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Fig. 1. Location and lithology of the study area, extracted from seven geological maps at 1:250,000 scale, published by the Argentinean Geological Mining Service.

The Chon Aike Formation is a thick sequence of rhyolitic to
rhyodacitic ignimbrites, with subordinate agglomerates and volcanic
breccias, and scarce tuffs and rhyolitic lava domes (Panza, 1994a). The
individual ignimbrite layers are compact and usually of 5 to 15 m
thick, but locally reaching 30 m. The thickness of the whole formation
is difficult to determine because of upper and lower erosional bound-
aries (Panza, 1982), but in general it varies between 200 and 600 m
(Panza, 1994a), reaching occasionally 1200 m (Sanders, 2000). The
Chon Aike Formation is intercalated with the La Matilde Formation.
Stratigraphic relationships between the two formations are not very
well understood because of rapid lateral changes of facies and thickness
of the volcanic pile (de Barrio et al., 1986).

The La Matilde Formation includes mainly tuffs and volcaniclastic-
sedimentary rocks with intercalations of thin ignimbrite layers (Panza,
1994a). The tuffs are dominant, generally fine-grained or slightly
sandy, either glassy or crystalline, and usually compact. The thickness
of this formation is also difficult to determine, but Panza (1994a) in-
ferred a maximum thickness of 150 m for part of the region. This forma-
tion represents a continental fluvial and partly lagoon environment
contemporaneous with intense volcanic activity in distal areas.

During the last part of the Jurassic (Kimmeridgian-Tithonian) and
the Cretaceous, continental sediments of the Bajo Grande and Baqueré
Formations were deposited. The Bajo Grande Formation of Upper Juras-
sic to Lower Cretaceous age is a continental sequence lying unconform-
ably over the Chon Aike Formation (de Barrio et al., 1986); its thickness

is variable between 80 and 350 m (Panza and Marin, 1998). The
Baquerd6 Formation of lower Cretaceous age lies on an angular unconfor-
mity over the Bajo Grande Formation. It has a thickness of 100-140 m
and is composed of conglomerates, sandstones, siltstones, and shales
in its lower member, and a sequence of rhythmically intercalated
cinerites and tuffs in its upper member (Panza and Marin, 1998).

The Cretaceous rocks of the Bajo Grande and Baquer6 Formations
were partially covered by Upper Cretaceous basalts and the Sarmiento
Formation (Feruglio, 1949). Later, subaqueous sediments of the Patago-
nia Formation (Upper Oligocene) followed by continental sediments of
the Santa Cruz Formation (Miocene) were deposited. Finally, large Mio-
Pliocene basaltic lava flows covered the older lithologies.

2.2. Structural geology and geodynamic setting of the Deseado Massif

The Deseado Massif is structurally characterized by rigid blocks that
were deformed into gentle folds with limbs dipping less than 20°
(Fernandez et al., 1996). Several tectonic events produced a series of
grabens, half-grabens, and horsts, which are slightly tilted to the east
and have a complex internal structure with transverse faults (Ramos,
2002b). There are several fault systems in different sectors of the
Deseado Massif, but the most widely observed ones (Table 1) are the
El Tranquilo, Bajo Grande (Panza, 1982), La Frisia, and Zanjén del
Pescado systems (Reimer et al., 1996).
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Table 1
Characteristics of the four most widely observed faults systems in the Deseado Massif (ex-
tracted from Panza, 1982, 1994a; Reimer et al., 1996).

System Movement/azimuth

Principal direction Conjugated direction
El Tranquilo sinistral / 143°-160° dextral / 57°-65°
Bajo Grande sinistral / 116°-130° dextral / 21°-36°
La Frisia dextral / 170° sinistral / 40°

Zanjon del Pescado sinistral / 15° dextral / 145°

The tectonic events affecting the area during the Paleozoic included
a Cambrian to Devonian compressional to transpressional deformation
(Deseado orogen) along NNW trending fractures (Giacosa et al.,
2010). During the Permian to Triassic, there was extensional brittle de-
formation along NNW fractures, which produced the La Golondrina rift.
This period includes the emplacement of the La Golondrina, El Tranquilo
and La Leona Formations.

The evolution of the Deseado Massif during the Mesozoic is closely
related to the breakup of Gondwana and the opening of the South Atlan-
tic Ocean (Reimer et al., 1996; Ramos, 2002b). However, some details of
its geodynamic evolution are still not clear. During the Jurassic, the
western margin of southern South America was a subducting margin
(Gust et al., 1985; Nelson et al., 1980), while the backarc area was un-
dergoing extension. Contemporaneous with this tectonism a wide-
spread bimodal volcanism occurred, which included the deposition of
the Roca Blanca, Bajo Pobre, Chon Aike and La Matilde Formations.

According to some authors (Echavarria et al., 2005; Uliana et al.,
1985), the Jurassic extension produced large, NNW-trending half-
grabens, bounded by steeply dipping normal faults, most of which
were reactivated structures of the former Permo-Triassic rift (Gust
et al,, 1985; Echavarria et al., 2005). According to Giacosa et al. (2010)
however, the most relevant structures produced by the Jurassic rifting
were large WNW transtensional faults that crosscut and interacted
with pre-existing NNW Paleozoic orogenic structures. The general ex-
tension would have also produced NNE structures, and purely extensive
NW-oriented faults.

During the Cretaceous, SW-NE compression produced tectonic in-
version and reactivation of WNW and NW normal faults, as well as
thrusting, wrenching, intense folding, and formation of NW (or NNW)
trending anticlines (Giacosa et al., 2010). During the Cenozoic, general
E-W compression of the Andean orogeny produced tectonic inversion
again, reactivating mainly pre-existing N to NNE normal faults, and
uplifting a series of narrow and sub-meridional ranges, one of which di-
vides the entire Deseado Massif into two structural domains (Giacosa
et al., 2010; Japas et al.,, 2013). The eastern domain shows well-
preserved WNW Jurassic and Cretaceous structures; while the western
domain, more influenced by the Andean deformation, shows strong
NNW trends, probably influenced by the inherited Paleozoic fabric
(Giacosa et al., 2010). The predominance of different directions of frac-
turing in different sectors of the Deseado Massif may have been the re-
sult of differential tectonic rotations (Japas et al., 2013) that were
observed in the area, and may have occurred in the Jurassic or early Cre-
taceous (Somoza et al., 2008).

2.3. Epithermal gold mineralization in the Deseado Massif

Most Au-Ag deposits in the Deseado Massif are of the low-
sulfidation epithermal style (Schalamuk et al., 1997, 2002). They are
characterized by multi-episodic quartz veins, and partly by stockworks,
breccias and disseminations. The ore is composed of native gold, elec-
trum, native silver, argentite, and variable amounts of pyrargirite,
freibergite, petzite and other sulfosalts. Occasionally, precious metals
are associated with sulfides such as galena, sphalerite, and chalcopyrite.
The gangues consist mainly of different varieties of silica, together with
pyrite, arsenopyrite, calcite, barite, adularia, rhodochrosite, siderite, and

rare monazite. As in other low-sulfidation epithermal deposits, boiling
has often been considered the main cause of Au precipitation in the
Deseado Massif (Echavarria, 2004; Echavarria et al., 2005; Moreira,
2005; Rios et al., 2000). The ore-minerals in these deposits precipitated
in the temperature range 150-300 °C (Fernandez et al., 2008), which is
consistent with temperature of formation of other epithermal deposits
(Simmons et al., 2005). Interpretation of stable isotopic data of several
deposits (Echavarria, 2004; Guido, 2002, 2004; Moreira, 2005) together
with salinity estimates of fluid inclusions, suggested that the epithermal
fluids were mixtures of magmatic and meteoric fluids (Fernandez et al.,
2008).

Several deposits in the Deseado Massif show evidence of an
intermediate-sulfidation state of the mineralizing environment
(Andrada de Palomera et al., 2012; Gonzalez Guillot et al., 2004; Guido
et al., 2005; Jovic et al., 2004; Dietrich et al., 2012; Moreira et al.,
2004). Although low-sulfidation (LS) and intermediate-sulfidation (IS)
epithermal deposits are relatively similar, they show also some differ-
ences (Einaudi et al., 2003; Hedenquist et al., 2000; John, 2001; Sillitoe
and Hedenquist, 2003). Similarities are in the shape of the deposit and
the way of emplacement, that involve the formation of veins and vein-
lets. Other similarities are in the types of gangue minerals, and style of
alteration, that include the formation of illite, smectites, white micas
and propylitic mineral assemblages. The main differences between the
two types of deposits are: a) FeS content (mol.%) of sphalerite: 1-20
for IS and 20-40 for LS deposits; b) salinity (wt.% NaCl eq.) in fluid inclu-
sions: <1 in LS deposits and > ~3 in IS deposits; ¢) abundance of sulfides,
typically < 1-2 vol.% in LS and > 5 vol.% in IS deposits; d) sulfide assem-
blages, including increased abundances of tetrahedrite-tennantite in IS
deposits; and e) higher amounts of base metals, Ag, Mn and Ba in IS de-
posits, and higher amounts of Au, As and Hg in LS deposits. Characteris-
tic features of IS state of mineralizing environment were observed in
several deposits in the Deseado Massif. Two of these have been classi-
fied as intermediate-sulfidation epithermal deposits (i.e., Martha and
San José).

The dominant styles of hydrothermal alteration related to LISEDs in
the Deseado Massif are silicification and argillic alteration. Silicification
is the most conspicuous type of alteration since it results in features
that are resistant to erosion that can easily be recognized in the field.
These features form excellent exploration targets for the Au-Ag de-
posits (Schalamuk et al., 2002). At deeper levels of the epithermal
paleo-systems, silicification occurred in narrow zones around
epithermal fluid pathways (Andrada de Palomera et al., 2012). At sur-
face levels, silicification resulted in the formation of wider blanket-
shape silica-rich zones. In addition, silica sinters were formed at the sur-
face at, for instance, Manantial Espejo, La Josefina, and El Macanudo
(Schalamuk et al., 1997). Argillic alteration halos, consisting of illite,
illite-smectite, and kaolinite formed around the narrow silicified zones
that were associated with veins. The argillic alteration may grade out-
wards to propylitic alteration halos (Dietrich et al., 2012; Mykietiuk
et al, 2005). Propylitic alteration can be formed by hydrothermal alter-
ation but it can also be the product of earlier deuteric alteration that is
unrelated to the formation of epithermal systems (Hedenquist et al.,
2000). In the upper parts of the epithermal paleo-systems, the silicified
zones are often associated with kaolinite-rich blankets (Rolando and
Fernandez, 1996; Mykietiuk et al., 2005), which may have been pro-
duced by precipitation from steam-heated waters near the paleo-
water table (Fernandez et al., 2008). Supergene minerals such as limo-
nite, manganese oxides, and scarce alunite and gypsum, have also
been identified and may reflect exposure of sulfide-bearing rocks to
weathering processes.

The epithermal deposits in the Deseado Massif formed in a backarc
rift setting (Echavarria et al., 2005) and are temporally associated with
Jurassic bimodal volcanism (Schalamuk et al., 2002). Radiometric dating
of alteration minerals indicate that the mineralization occurred during
the Jurassic, and probably the upper Jurassic, as pointed out by
Fernandez et al. (2008). However the detailed correlations with the
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age of the volcanic host rocks are arguably, because most dates were de-
rived from K/Ar or Ar/Ar methods, which are potentially unreliable due
to possible loss of argon. The age of part of the mineralization in the
Huevos Verdes system (around 140 Ma) is amongst the youngest re-
ported ages in the Deseado Massif (Dietrich et al., 2012), yet, these min-
eralized rocks are in the Bahia Laura Group and no other mineralization
has been reported in younger Formations in the Deseado Massif. The
Chon Aike Formation is the most frequently occurring host rock of
LISEDs, but the Bajo Pobre Formation and occasionally the La
Golondrina, La Leona, Roca Blanca, and La Matilde Formations also
host some of those deposits (Schalamuk et al., 1997). Because of the
temporal association of LISEDs with Jurassic volcanism, and the seem-
ingly lack of mineralization in the Bajo Grande and younger Formations,
we considered that those formations postdate the epithermal minerali-
zation events and are therefore, not associated with that mineralization.

The Au-Ag deposits in the Deseado Massif are structurally controlled
(Dietrich et al.,, 2012; Fernandez et al., 2008). The epithermal vein sys-
tems were controlled by a dilatation direction consistent with the
SW-NE Jurassic extension (Giacosa et al., 2010). The NNW to NW-
trending faults produced the most continuous and wider veins with
the highest Au-Ag grades. Locally, faults with NE-SW orientation are
predominant controls on mineralization, mainly in the eastern sector
of the Deseado Massif (Andrada de Palomera and Carranza, 2005); how-
ever, they produced generally thin and discontinuous mineralized
veins, with low Au-Ag grades (Echavarria et al., 2005). NNE shear
zones in La Josefina (Moreira et al., 2008), San Jose (Dietrich et al.,
2012) and El Dorado-Monserrat (Echavarria et al.,, 2005), may have pro-
duced local extension and ore deposition in opening bends along gener-
al NW oriented fractures. Although many deposits are spatially
associated with NE (40-60°) oriented regional faults, the faults with ori-
entations between 140° and 170° are more efficient evidence of LISEDs
occurrence than the NE-trending faults, whereas faults with orienta-
tions between 120° and 130° show weak or no spatial association
with epithermal deposits (Carranza and Andrada de Palomera, 2005).
This is consistent with the poor mineralization of WNW-oriented
veins in districts such as San José (Dietrich et al., 2012).

In the western sector of the Deseado Massif, the mineralization was
controlled along three predominant orientations: 160-170°, 140-150°,
and 120-130° (Andrada de Palomera and Carranza, 2005). Orientations
of 160-170° likely represent regional-scale faults limiting large blocks in
the Deseado Massif (Ramos, 2002b) and are probably related to graben
formation; the orientations of these faults coincide with those of the La
Frisia fault system (Table 1). Orientations of 140-150° correspond with
the general trends of the El Tranquilo fault system, which is related to
mineralization in some deposits (e.g., the La Josefina deposit; Moreira
et al., 2008). Orientations of 120-130° correspond with directions of
the Bajo Grande faults system.

3. Methods

The WofE method was used to map prospectivity for LISED in the
Deseado Massif (Fig. 1), using two different geological datasets. One
dataset is relatively general, and was produced from available data
easy to combine for the whole study area. This dataset is hereafter called
the regional-scale dataset, while the whole study area is called the
regional-scale area (70,828 km?), which includes most of the Deseado
Massif. The other dataset, hereafter called the district-scale dataset, con-
tains more detail, and the area it covers is called the district-scale area
(11,947 km?); it was derived from data that are more tedious to process
and more difficult to combine appropriately for the whole regional-
scale area. Regional-scale and district-scale models were produced
from the WofE analysis of the regional- and district-scale datasets, re-
spectively. These two models were selected amongst six models pro-
duced by using different combinations of data layers with the aim of
obtaining statistically robust models, and were tested by means of con-
ditional independence (CI) tests.

The LISED prospectivity was mapped based upon the locations of 65
LISEDs and lithological, structural, and alteration evidence. These fea-
tures were represented in raster maps, with 1000 m and 100 m spatial
resolutions in the regional-and district-scale areas, respectively. The lo-
cations of known LISEDs were digitized from mining cadastral maps,
published maps, and data known by the authors. The relevance of
each geological evidence layer was assessed by WofE modelling.

The WofE calculations and CI tests were carried out using the Spatial
Data Modeller (SDM) (http://www.ige.unicamp.br/sdm/default_e.htm)
module for the ArcGIS software (Sawatzky et al., 2009).

3.1. Weights-of-evidence method

Weights-of-evidence is a quantitative data-driven method that uses
a log-linear form of the Bayesian probability model (Bonham-Carter,
1994). In mineral prospectivity mapping, this method can estimate
the relative importance of individual layers of evidence by statistical
means, minimizing subjective bias in quantifying spatial associations
between every layer of evidence and mineral deposits used for training.
It allows the user to calculate weights for different classes in every evi-
dential layer, and to produce a probability map of the occurrence of the
type of deposits used for training. This can be done even using a limited
number of mineral deposits (Carranza, 2004).

Given a study area, T, composed of a number of area units N[T] (unit
cells in a raster map) containing a number of deposits N[D] and assum-
ing that each deposit occupies one cell, the prior probability that a ran-
domly selected cell in the map contains a deposit, when no other
information is available, can be estimated as P[D] = N[D] / N[T]. If evi-
dence B (represented by a binary map) is present, the probability of
finding a new deposit can be expressed as a conditional (or posterior)
probability (P[D|B]). The algorithms used as basis of the WofE calcula-
tions can be found in Agterberg and Cheng (2002), Bonham-Carter
(1994), Carranza (2004), and Carranza and Hale (2000).

In WofE modelling, updating of posterior probabilities by the use of
two or more evidence maps (B1 and B2), is only possible if those maps
are approximately conditionally independent of each other with respect
to the pattern of mineral deposits (D) (Agterberg and Cheng, 2002). The
assumption of CI can be verified with two tests.

A pairwise test between binary maps B1 and B2 can be executed be-
fore combining the maps. If B1 and B2 are conditionally independent,
then, in their overlap region the number of predicted D should be
equal to the number of observed D. The possible overlap conditions of
observed and predicted deposits with B1 and B2 can be represented in
a 2 x 2 contingency table, and the divergence between numbers of ob-
served and predicted D can be calculated with the chi-square (X?) statis-
tic (Moor and McCabe, 1999). Values of X? above 3.84, which is the
critical value with one degree of freedom at the 95% significance level
(Davis, 1986), indicate that the assumption of CI has been violated
(Bonham-Carter, 1994). Frequencies in each cell of the contingency
table should be at least 5 (Carranza, 2004; Snedecor and Cochran,
1967); therefore, the X? test of CI was only applicable to the final
regional-scale predictive model.

After all evidence maps are combined, the “new omnibus test” (NOT)
(Agterberg and Cheng, 2002) of CI can be used to test whether the differ-
ence between the number of predicted D (N{D}peq) and that of observed
D (N{D}) is significantly greater than. The NOT is a one-tailed test of the
null hypothesis that N{D}preq — N{D} = 0; being (N{D}prea — N{D}) /
ON{D}preq the test statistic (ON{D}peq = standard deviation of
predicted D). Because the values of NOT are assumed to approximate a
standard normal distribution, the probability that N{D};req — N{D} is sta-
tistically greater than zero can be estimated (from statistical tables). A
probability of 50% is expected when two layers of evidence are condi-
tionally independent; higher probabilities indicate conditional depen-
dence, and when they are greater than 95% or 99% the hypothesis of CI
should be rejected (Agterberg and Cheng, 2002).
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3.2. Preparation of evidence layers

Based on the above-described characteristics of the LISEDs in the
Deseado Massif, and considering the characteristics of these types of de-
posits worldwide, a set of deposit recognition criteria was defined for
each mapping scale (Table 2), and employed for extracting the litholog-
ical, alteration and structural evidence used as input for the WofE
modelling.

3.2.1. Lithology

For prospectivity mapping, lithological units older than the Bajo
Grande Formation were considered favourable for mineralization. The
favourable lithologies include the La Modesta, La Golondrina, La Juanita,
El Tranquilo and Roca Blanca Formations. The Bajo Grande and younger
units were considered unfavourable because they are interpreted as
post-epithermal mineralization.

Lithological evidence was extracted from two sources with differ-
ent detail of mapping, both published by the Argentinean Geological
Mining Service. One is a 1:750,000 scale geological map (Direccién
Nacional del Servicio Geolégico, 1994), hereafter called the “general-
ized lithological map”. The second source is a set of seven geological
maps published at a scale of 1:250,000 (Cobos and Panza, 2003;
Giacosa et al., 1998; Panza, 1994a,b, 2001; Panza and Cobos, 2001;
Panza and Marin, 1998), hereafter called the “detailed lithological
map”. Those maps were georeferenced, and the boundaries of
favourable lithology (Fig. 1) were digitized on-screen. Then, the
resulting maps were converted into binary raster maps of favourable
lithology for LISED occurrence.

Accuracy is not indicated in any of the geological maps, but we esti-
mated the error for the georeferenced maps by comparing the position
of features in the maps (e.g., intersections of roads, small lagoons, etc.)
with their position on well georeferenced Landsat images. The median
of errors for 105 points observed in the detailed lithological map is
268 m, while that of 46 points observed in the generalized lithological
map is 1249 m. Most of these errors are likely products of the original
mapping process, but scanning and georreferencing may have also con-
tributed to them.

3.2.2. Hydrothermal alteration

We considered silicic and clay alterations as good indicators of
LISEDs, and mapped them with remote sensing data, after testing sever-
al techniques of image processing and comparing the results with
ground control areas located in the La Josefina district (Fig. 1). These
areas contained indications of kaolinite alteration, argillic alteration
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(smectite and illite), and silicic rocks (silicified rocks, silica sinter and
opaline bodies).

At regional-scale, the band ratio 5/7 of 11 Landsat 7 ETM + scenes
was used to map clay alteration. The scenes were acquired in different
years, seasons and times (from 1999 to 2002 and from September to
February); therefore, for minimizing the difference in illumination be-
tween scenes, a sun angle correction was applied before calculating
the band ratio; this correction consisted in dividing the pixel value by
the sine of the solar elevation (Prakash, 2001). The band ratio 5/7,
which takes advantage of strong absorption in band 7 (Sabins, 1999)
due to clays (Fig. 2), was preferred to the Crésta technique using
bands 1,4, 5 and 7 (Crésta and Moore, 1989), because the former better
indicates areas of alteration in the La Josefina deposit and it is simpler
to calculate and interpret. After the band ratio was calculated a low
pass 9 x 9 kernel filter was applied to minimize the pepper-salt effect.
Areas with band 5/7 ratio values larger than 1.18 (threshold based on
ground control in the La Josefina deposit) were considered altered. Unfor-
tunately, several lagoons and small wet valleys were identified as altered
areas, presumably because of clays deposited from water. Because
water has a strong absorption in band 5, a mask of DN-pixel values
below 70 in band 5 (empirically determined) was applied to eliminate
false anomalies, finally resulting in a binary regional clay alteration evi-
dence map.

At district-scale, four on-demand ASTER L2 scenes (Abrams et al.,
2002) were used to map clays with short-wave infrared (SWIR)
bands, and silica with thermal infrared (TIR) bands. The SWIR bands
consist of surface reflectance, calculated by NASA after applying atmo-
spheric corrections on ASTER Level-1B data; while the TIR bands consist
of surface emissivity, obtained by separating emissivity from tempera-
ture. The four scenes were acquired at around 14:25 of the 2nd of
March of 2002.

After comparing with the spectral angle mapper classifier, the Crésta
technique, and other band ratios methods, the ASTER band ratio 4/6 was
selected to map clay alterations, for it enhances better the known areas
of alteration in the La Josefina deposit, and it is simpler to generate and
interpret. This ratio, already used by Carranza et al. (2008), is aimed to
detect illite, montmorillonite, and kaolinite (Fig. 2), which are abundant
in LISEDs. The 4/6 band ratio image was then filtered with a 5 x 5 kernel
low pass filter to minimize the pepper-salt effect.

The silica abundance was represented by the Kgjic, index (Miyatake,
2002; MMA], 2000), calculated as Kgica = log ((E[10] + E[11] + E[12]) /
3 /E[13]) * (— 1), where E[n] are values in each ASTER TIR band n. Prior
to calculating this index, a 3 x 3 kernel averaging filter was applied to
reduce the effect of striping. The resultant image shows anomalously

Table 2
Recognition criteria for epithermal deposits in the Deseado Massif at regional- and district-scale, concepts used to define the criteria and sources from which the evidence layers were
derived.
General concepts used to define the deposit recognition criteria Deposit recognition criteria (RC) and sources of evidence
Regional-scale District-scale
Lithology  Only rocks contemporaneous or older than the epithermal RC: outcropping rocks older than the Bajo RC: outcropping rocks older than the Bajo
mineralizing events are mineralized. Bajo Grande and younger Grande Formation. Grande Formation.
Formations were not recognized as hosts of epithermal deposits in Evidence extracted from a generalized Evidence extracted from a detailed
the Deseado Massif. lithological map lithological map. Used to restrict the area to
analyse with WofE.
Alteration The epithermal paleo-systems deposited silica and some kaolinite RC: abundance of kaolinite, illite, smectite and RC: abundance of kaolinite, illite, and
in veins; silicification is immediately around veins; illite and probably chlorite. smectite.
smectite surrounding the silicification; and chlorite-rich propylitic Evidence extracted from Landsat (band ratio  Evidence extracted from ASTER (band ratio
alterations surrounding laterally and below the other alterations,  5/7). 4/6).
and may occasionally be unrelated to the epithermal system RC: abundance of silica.
(deuteric). Silica and kaolinite were also deposited in the upper Evidence extracted from ASTER (Ksjjica index).
parts of paleo-systems above the zone of fluid boiling.
Structures Regional-scale structural zones with orientations from NW-SE RC: proximity to 140-170° oriented fracture ~ RC: overall rock permeability

quadrants were produced or reactivated by general SW-NE
extension at the time of mineralization, and therefore, some of
them likely acted as the main conduits for ascendant paleo-fluids.

zones.

Evidence extracted from different remote
sensing products (lineaments digitized at

Evidence extracted from different remote
sensing datasets (density of lineaments
digitized at displayed scale ~1:100,000).

Locally, rock permeability is an important control for fluid flow and 1:1,500,000 or smaller displayed scale).

mineral deposition.
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Fig. 2. Spectra of four common alteration minerals (Grove et al., 1992 — JPL1 data) and their relationships with ASTER and Landsat 7 ETM + data.

high values, coincident with siliceous outcrops. An image of band ratio
13/12 showed similar results but the image of the Kg;j;c, index showed
better definition of siliceous outcrops.

The district-scale alteration data from the studied areas were classi-
fied based on percentiles of 4/6 band ratios and Kgjjic, index, producing
evidence maps for the spatial analysis at the district scale.

3.2.3. Structures

In epithermal systems, areas of structural weakness can act as path-
ways of hydrothermal fluids, and localize mineralization. However,
structural controls on mineralization may be scale-dependant, and
therefore, while structural zones should be distinguished for regional-
scale exploration (White and Hedenquist, 1990), they may not be useful
for target generation at larger scales (Austin and Blenkinsop, 2009),
where local controls (even small fractures) should be considered be-
cause they modify rock permeability and may control the location of
deposits.

In this study, regional structural controls, predominant in the west-
ern sector of the Deseado Massif, were considered representative for the
whole area of study because they are the most persistent structural con-
trols throughout the entire region (Andrada de Palomera and Carranza,
2005). Regional structural features trending 140-150° and 160-170°
were combined and referred to as NW to NNW trending structural con-
trols (140-170°). Regional structural features with orientations of 120-
130° were not used because they show weak or no spatial association
with LISEDs (Carranza and Andrada de Palomera, 2005).

Regional-scale fault zones with orientations of 140-170° were in-
ferred from lineaments digitized on-screen at a scale of 1:1,500,000 or
smaller, mainly on Landsat and 90 m resolution shaded-relief images,
derived from Shuttle Radar Topography Mission data. To enhance line-
aments with different orientations, several directions of illumination
were applied as done by Asadi (2000) and Carranza (2002). Inferred
fault zones were represented by linear patterns of 2000 m width,
which were buffered outwards in steps of 2000 m, up to 20,000 m, pro-
ducing a map of proximity to regional-scale structures.

Lineaments for the district-scale modelling were digitized on images
displayed on-screen at a scale of around 1:100,000. Following Carranza
(2002), Dinger et al. (2002), Koike et al. (1995), Hung et al. (2005) and
Lepage et al. (2000), we considered most lineaments as representative
of fractures (either faults or joints). Landsat R-G-B colour composite 7-
4-1 were the mostly used images, but combinations of the 7-4-1 com-
posite with shaded-relief images, and edge-enhanced band 7 images,
were also used. Density of lineaments (total length of lineaments per
pixel area) was calculated for an output resolution of 2000 m; the
pixel size of the lineament density image was then reduced to 500 m,

and the image resampled to 100 m resolution. Finally, density values
were classified using percentiles of lineament density, and prepared as
an evidence map.

3.3. Spatial association analysis and predictive mapping

The spatial associations of LISEDs with lithology, hydrothermal alter-
ation, and structures were investigated using positive and negative
weights (W and W), the contrast (C), and the studentized contrast
(SigC), derived from the WofE calculations. These spatial association pa-
rameters were calculated for patterns in six evidence maps, including
the binary patterns of lithological and clay alteration regional maps,
the cumulative classes in the map of proximity to regional structures,
and the cumulative classes in the evidence maps of clay alteration
(band ratio 4/6), silica (Ksilica index), and density of lineaments.

Each of the six mentioned evidence maps were generalized to a bi-
nary map with one class (predictor pattern present) carrying the
value of W™, and the other (predictor pattern absent) carrying the
value of W™, For each multiclass evidence map, a cumulative class
with optimum spatial association with LISEDs was defined as that
with the highest C, being SigC> 2, and was used as threshold for the gen-
eralization. The predictor pattern present includes from the percentile
class 90-100 to the class with optimum spatial association; the predic-
tor pattern absent includes the remaining cumulative classes. For the re-
gional evidence maps of lithology and clay alteration, no generalization
was necessary. The binary maps were then used for the pairwise CI test
described earlier.

These binary predictor maps can also be used to calculate the poste-
rior probability maps, but the SDM software does this directly from the
weights tables, as well as carrying out the NOT test for conditional inde-
pendence, without the need of generating binary maps. The posterior
probability maps were later re-classified into binary favourability
maps; posterior probabilities higher than the prior probability were
considered favourable to explore for LISEDs, while those lower than
the prior probability were considered unfavourable.

3.4. Assessment of predictions at regional- and district-scales

Seven indicators were used to evaluate the effectiveness and useful-
ness of mapping at the district and regional scales: success rate, predic-
tion rate, weights, C, SigC, NOT test of CI, and percentage of area
reduction when determining favourable areas.

The success rate was based on the total number of deposits N[D], for
training as well as validating, and calculated as the percentage of N[D]
located in favourable areas of the favourability map, and considered
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indicative of the goodness of fit and overall efficiency of the model's pre-
dictions. The prediction rate was based on the leave-one-out cross vali-
dation (LOOCV) method, and calculated using the procedure of spatial
association analysis and posterior probability and favourability maps
calculation that was repeated N[D] times, selecting a different training
set of N[D] — 1 deposits every time; the resulting favourability map
was validated with the single deposit left out. Then, the prediction rate
is defined as the percentage of the N|D] instances with the validation
deposit located in favourable cells, and also considered as indicative of
the efficacy of the predictive models and favourability maps.

Then, we compared the predictions inside the district-scale area
based on the regional- and district-scale models. This allowed us to
evaluate the effectiveness and usefulness of each model.

4. Results
4.1. Cl tests of the different models

The results of testing the CI for six different contrasting models are
shown in Table 3. For regional-scale mapping, using the generalized
lithological map and the alteration and regional structural evidence
layers (model Reg-1), the results from NOT are sufficient to accept the
assumption of CI, although they indicate that there is considerable con-
ditional dependence between layers. In addition, values from the X? test
of CI for the pair of structural and lithological evidence layers (3.53) is
very close to the 3.84 critical value, suggesting relatively high condition-
al dependence between these two layers. The structural-alteration and
alteration-lithology pairs show low X2 values.

By using the detailed lithological map and the alteration and region-
al structural evidence layers (model Reg-2), the results from NOT are
less satisfactory than with the previous dataset. Results from NOT indi-
cate that the hypothesis of CI could still be accepted, but the “CI ratio”
(simple ratio N{D} / N{D}prea), is below 0.85, which may indicate a CI
problem (Bonham-Carter, 1994).

Because models Reg-1 and Reg-2 show relatively high conditional
dependence, probably resulting from pairs that include lithology, two
other models (Reg-3 and Reg-4) were produced based on restricting
the area for WofE calculations to only the favourable lithology, and car-
rying out the predictions using the alteration and structural evidence
layers. Restricting the area to the favourable lithology of the generalized
lithological map (model Reg-3), only 51 training deposits were used.
The remaining 14 deposits are in areas mapped as unfavourable lithol-
ogy; although it is known that most of them are in reality hosted by
favourable lithological units, reflecting the effects of low accuracy of
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the generalized lithological map. Restricting the area to the favourable
lithology of the detailed lithological map (model Reg-4), allows using
most of the original training deposits, reflecting the higher accuracy of
the detailed lithological map in contrast to the generalized lithological
map. For both of these models (Reg-3 and Reg-4), values from NOT de-
creased below 50%, the value of the NOT statistic is negative, and the CI
ratio is above 1, because the number of predicted deposits is lower than
the number of training deposits. This may have resulted from a decrease
of spatial association noticed for the structural evidence when using
Reg-3 and Reg-4, probably as a consequence of omitting some deposits;
and because of decreasing the number of predictor maps, with poten-
tially negative effects (Harris and Sanborn-Barrie, 2006), although
with the positive effect of decreasing the conditional dependence,
which agrees with the idea of Agterberg and Cheng (2002) that CI de-
creases as additional map layers are included.

For district-scale mapping, two models (Dist-1 and Dist-2) were
tested. Model Dist-1 (Table 3) included 18 training deposits, located in
the district-scale area, and four evidence layers: clay alteration (ratio
4/6), silica abundance (Kgjjica index), detailed lithology and density of
lineaments. The results from the CI test were not satisfactory; the
NOT-probability is relatively high and the CI ratio is too low, showing
that there is relatively high conditional dependence. Model Dist-2 was
produced only with data restricted to areas of favourable lithology of
the detailed lithological map. Evidence layers of clay alteration (ratio
4/6), silica abundance (Ks;j;ca index) and density of lineaments, as well
as the 17 deposits located in the restricted area, were used in this
model. The CI tests for this dataset improved significantly, with the CI
ratio and NOT probability very close to the optimum values for a condi-
tionally independent dataset.

Finally, model Reg-1 was selected as the most suitable for regional-
scale predictions, because it is statistically robust, and it uses for the
WofE calculations in the whole study area all the training deposits and
all three evidence layers. Model Dist-2 was selected as the most suitable
prospectivity model for district-scale predictions, because it yields satis-
factory results from the CI tests, and the number of training deposits
remained almost the same after the lithological restriction.

4.2. Spatial association analysis and predictive mapping in the regional-
scale area

The results of the spatial association analysis (Table 4) show that the
highest and most reliable values of contrast (highest C and SigC) are for
the lithological evidence (Fig. 3a), while the lowest are for the clay alter-
ation evidence (Fig. 3b). The cumulative class 10,000-12,000 m from

Table 3
Results of the tests of conditional independence produced from six models.
Model Study area Predictor evidence layers No of Cl NOT NOT Remarks
deposits ratio statistic  probability
Reg-1 Complete regional-scale area 3 layers: generalized 65 0.89 0.6588 74.50% Sufficient to pass the tests. The X° test shows conditional
lithology, clay alteration, dependence between structural and lithological evidence layers.
structures
Reg-2 Complete regional-scale area 3 layers: detailed 65 0.84 0.9228 82.20% NOT probability is sufficient to pass but CI ratio indicates a
lithology, clay alteration, problem.
structures
Reg-3  Favourable lithologies of 2 layers: clay alteration, 51 1.03 —0.1516 44.00% NOT probability < 50%, Cl ratio > 1 and negative values for NOT
generalized lithological map  structures statistic may indicate problems. Area restriction decreased the
in the regional-scale area number of deposits because of low map accuracy.
Reg-4 Favourable lithologies of 2 layers: clay alteration, 60 1.02 —0.1327 44.70% NOT probability < 50%, Cl ratio > 1 and negative values for NOT
detailed lithological map in  structures statistic may indicate problems.
the regional-scale area
Dist-1 Complete district-scale area 4 layers: detailed 18 0.46 1.1099 86.60% Relatively high conditional dependence.
lithology, clay alteration,
silica alteration,
structures
Dist-2  Favourable lithologies of 3 layers: clay alteration, 17 0.99 0.0288 51.10% Results of CI tests improved by restricting the study area to

silica alteration,
structures

detailed lithological map in
the district-scale area

favourable lithology.
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Table 4

Results from the spatial association analysis between regional-scale evidence and LISEDs, including weights (W), contrasts (C), and studentized contrast (SigC). Favourable lithology
includes the Chon Aike, La Matilde and Bajo Pobre Formations. Underlined classes show optimum spatial association with LISEDs, and were considered as predictor patterns.

Binary and cumulative Cumulative pixels Cumulative deposits w+ w~ C SigC
evidence classes in evidence class in evidence class
Favourable lithology 25917 51 0.7640 —1.0804 1.8442 6.1102
Clay alteration 25,144 43 0.6232 —0.6453 1.2685 4.8372
Structures — 140-170° 0Om 2312 8 1.3297 —0.0982 1.4280 3.7763
0-2000 m 7168 23 1.2540 —0.3303 1.5843 6.1006
2000-4000 m 12,148 31 1.0243 —0.4602 1.4845 5.9732
4000-6000 m 17,009 38 0.8910 —0.6043 1.4954 5.9374
6000-8000 m 21,805 44 0.7890 —0.7624 1.5514 5.8466
8000-10,000 m 26,379 49 0.7061 —0.9364 1.6425 5.7023
10,000-12,000 m 30,582 53 0.6366 —1.1249 1.7614 5.5082
12,000-14,000 m 34,446 53 0.5174 —1.0239 1.5413 4.8198
14,000-16,000 m 38,022 55 0.4556 —1.1028 1.5583 45319
16,000-18,000 m 41,317 57 0.4081 —1.2201 1.6282 43117
18,000-20,000 m 43,902 57 0.3473 —1.1284 1.4757 3.9079
>20,000 70,828 65 0.0002 6.9927 —6.9929 —0.4945

regional-scale structures shows optimum spatial association with
LISEDs, including high number of deposits and showing high C and
SigC (Table 4). Therefore, the 12,000 m distance around structures be-
came the external border of the predictor pattern present, in the
regional-scale predictor map (Fig. 3¢). The predictor maps (Figs. 3a, b,
c) represent results from the spatial association analysis (Table 4) that
can be used for the generation of the posterior probability map and
for the tests of CI.

The pairwise test of CI for the regional-scale binary predictor maps
(Figs. 3a, b, c) shows values of X? below the critical value of 3.84
(Fig. 3d), suggesting that the assumption of CI is valid, and that the pre-
dictor maps can be used for the regional-scale prediction of LISEDs oc-
currence. This prediction is represented by the regional-scale posterior
probability map (Fig. 4), which includes eight discrete values of posteri-
or probability, and predicts a total of 73 deposits, which is 12% more
than the observed number of deposits.
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Fig. 3. a), b), ) Binary predictor maps representing results from the spatial association analysis (Table 5) of the regional-scale dataset corresponding to model Reg-1 (Table 4). These maps
are useful for conditional independence tests and generating posterior probability maps. d) Results of pairwise test of conditional independence for the predictor maps.
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Fig. 4. Regional-scale posterior probability map. Classes of posterior probability are discrete values produced directly from the WofE calculations.

Posterior probabilities higher than the prior probability, which is
0.000918, were considered favourable for LISEDs occurrence, while
those lower than the prior probability were considered unfavourable,
obtaining the favourability map in Fig. 5. This favourability map shows
that about 35% of the regional-scale area is favourable for LISEDs discov-
ery. The favourable area contains 54 of the 65 deposits used for training;
therefore, the regional scale predictive model has about 83% success
rate. In addition, 54 out of 65 of the predictions resultant from the
LOOCV method, predicted as favourable the cells corresponding to vali-
dation deposits; therefore, the “Prediction Rate” is equal to the “Success
Rate” (83%).

4.3. Spatial association analysis and predictive mapping in the district-scale
area

The district-scale prospectivity mapping was carried out with the
district-scale dataset restricted to the areas of favourable lithology of
the detailed lithological map (model Dist-2 in Table 3). This restricted
area includes 17 training deposits and 5260.54 km? (526,054 cells),
which is 44% of the total district-scale area. Therefore, the prior proba-
bility of LISEDs in the restricted area is 0.000032.

From the spatial association analysis of the district-scale evidence
layers (Table 5), the lowest value of Cis for the band ratio 4/6, which rep-
resents clay alteration; higher values are for the K., index, representing
silica abundance, and for density of lineaments. The optimum spatial

association for band ratio 4/6 occurs in the cumulative percentile class
90-100, which includes only 35% of the deposits. In contrast, the cumu-
lative classes with optimum spatial association for density of lineaments
and Kg;jjic, index include 88% and 94% of the deposits respectively.

Three predictor maps (Fig. 6), represent the generalization of cumu-
lative percentile classes of evidence (Table 5) into binary maps. These
maps show predictor patterns present and absent, which carry respec-
tively the W7 and W~ weights calculated for the classes with optimal
spatial association with the training deposits.

The final results from the district-scale prospectivity mapping are a
posterior probability map and a favourability map (Fig. 7a, b). The
district-scale posterior probability map (Fig. 7a) shows all eight discrete
classes of posterior probability produced by the WofE calculations. The
district-scale favourability map (Fig. 7b), shows as favourable for LISEDs
occurrence, the areas in which the posterior probability is higher than
the prior probability.

Using the district-scale geological dataset, the prospective area, ini-
tially equivalent to the total district-scale area (11,946.65 km?), was re-
duced to 44% (5260.54 km?) by considering only the favourable
lithologies, and it was further reduced to 12.7% of the total
(1520.68 km?) by applying WofE. This relatively small percentage of
the initial area is the area that is favourable for discovery of LISEDs in
the district-scale area.

Sixteen out of 17 training deposits are in areas identified as
favourable for LISEDs occurrence; therefore, the success rate is 94.12%.
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In addition, from the LOOCV method, 14 deposits left-out successively
for validation were predicted as favourable areas in the 17 predictions;
therefore, the prediction rate is 82.35%.

4.4. Assessment of regional- and district-scale predictions

The comparison of predictions by the regional- and district-scale
models in the district-scale area provided an assessment of the relative
effectiveness of the two models for predicting favourable areas for dis-
covering new deposits. The regional-scale model predicted 57.1% of
the district-scale area as favourable, while the district-scale model pre-
dicted as favourable only 12.7% of the same area. In addition, 3.3% of the
areas predicted as unfavourable by the regional-scale dataset in the
district-scale area, are predicted as favourable by the district-scale
model. Considering only the area of favourable lithology of the detailed
lithological map, in the district-scale area, a confusion matrix (Table 6)
shows that: (a) the regional-scale model delineates 83.8% of the consid-
ered area as favourable (i.e., 100 « (440,931 / 526,054), while the
district-scale model delineates 28.9% of the same area as favourable
(i.e., 100 = (152,068 / 526,054); (b) only 30.6% of the area mapped as
favourable by the regional-scale model was also mapped as favourable
by the district-scale model (i.e., 100 = 135,040 / 440,931); and (c) 20%
of the areas predicted as unfavourable by the regional-scale model are
indicated as favourable by the district-scale model (i.e., 100 « 17,028 /
85,123).

5. Discussion
5.1. Prospectivity mapping for LISEDs in the Deseado Massif

The relatively high success-rate and prediction-rate of the
favourability maps imply that both the regional- and district-scale pre-
dictive models are effective and useful guides for exploration of LISEDs
in the Deseado Massif. However, the equal values for success-rate and
prediction-rate for the regional-scale model is unexpected because, as
expressed by Chung and Fabbri (2003), we assume that the predictive
model is correct and therefore, the success rate should be higher than
the prediction rate. This may indicate problems with the regional-
scale predictive model or with the data from which the model derives.
Although difficult to compare exhaustively, the success-rate (83%) for
our regional-scale model, is slightly higher than the 80% obtained for
the same region by Carranza and Andrada de Palomera (2005) for
areas with moderate and high potential for epithermal deposits. On
the other hand, our prediction rate (83%) is lower than their prediction
rate (97.91%). Although this gives the impression of a better validation
for the model produced by Carranza and Andrada de Palomera
(2005), it is more likely that their prediction rate, noticeable higher
than their success rate, indicates problems with their predictive
model. These problems may have been partially solved with the
regional-scale model we produced, because of the use of different
methods of mapping and validation, allowing us to use more training
deposits.
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Table 5

495

Results from the spatial association analysis between LISEDs and district-scale evidence layers inside areas of favourable lithology of the high-resolution lithological map. The spatial as-
sociation parameters include weights (W), contrast (C), and studentized contrast (SigC). Underlined classes show optimum spatial association and were considered predictor patterns.

Evidence maps Cumulative evidence Cumulative pixels Cumulative deposits W+ W— C SigC
classes (percentiles) in evidence class in evidence class
K-index 90-100 43,382 3 0.7608 —0.1081 0.8689 1.3657
80-90 91,928 7 0.8571 —0.3386 1.1957 2.4263
70-80 143,040 9 0.6663 —0.4365 1.1028 2.2694
60-70 194,299 12 0.6477 —0.7628 1.4105 2.6499
50-60 243,551 14 0.5759 —1.1129 1.6889 2.6545
40-50 302,387 16 0.4931 —1.9780 24711 2.3973
30-40 364,670 17 0.3658 —6.2568 6.6226 0.6621
20-30 421,846 17 0.2202 —5.8194 6.0396 0.6038
10-20 479,139 17 0.0928 —5.0213 51142 0.5113
0-10 526,054 17 —0.0006 10.3399 —10.3405 —0.7311
Band Ratio 4/6 90-100 44,909 6 1.4194 —0.3461 1.7655 3.4785
80-90 98,637 9 1.0380 —0.5461 1.5842 3.2601
70-80 148,994 10 0.7309 —0.5543 1.2852 2.6079
60-70 214,013 10 0.3688 —0.3650 0.7338 1.4890
50-60 269,569 10 0.1380 —0.1690 0.3069 0.6228
40-50 326,392 13 0.2090 —0.4782 0.6872 1.2019
30-40 381,592 14 0.1269 —0.4422 0.5691 0.8945
20-30 431,552 15 0.0729 —0.4233 0.4961 0.6591
10-20 482,235 16 0.0263 —0.3479 0.3742 0.3631
0-10 526,054 17 —0.0006 10.3399 —10.3405 —0.7311
Density of Lineaments 90-100 52,489 4 0.8579 —0.1632 1.0211 1.7858
80-90 105,018 10 1.0807 —0.6646 1.7453 3.5416
70-80 157,585 14 1.0113 —1.3786 2.3899 3.7565
60-70 210,164 15 0.7924 —1.6301 2.4225 3.2180
50-60 262,824 15 0.5688 —1.4477 2.0165 2.6787
40-50 315,400 16 0.4510 —1.9181 2.3690 2.2983
30-40 368,066 17 0.3566 —6.2355 6.5921 0.6590
20-30 420,741 17 0.2228 —5.8299 6.0528 0.6051
10-20 473,388 17 0.1049 —5.137 5.2419 0.5240
0-10 526,054 17 —0.0006 10.3399 —10.3405 —0.7311

Total pixels = 526,054 Total pixels with deposits = 17

Results of CI tests obtained by using different layers of evidence in
various combinations for prospectivity mapping, show that the litholog-
ical evidence layers produce relatively high conditional dependence
with other layers (mainly structural evidence), regardless of the accura-
cy of the lithological map. This is expected because styles and density of
fractures, and partially the alteration style, depend on rock type. To
avoid this dependency and produce statistically robust WofE analyses,
the lithological layer should be modified or used in a different way.
Our results suggest that lithology should be used as restrictor instead
of predictor layer, because as such, the information conveyed by that
layer would be used for the prospectivity mapping but not in the statis-
tical analysis. In addition, this practice proved to have strong influence
in the area reduction. The restriction by favourable lithology is a reason-
able practice because it is known a priori that lithologies deposited after
the events of epithermal mineralization cannot host this type of
mineralization.

However, there are two caveats for using the lithological layer to re-
strict the study area. Favourable lithologies and mineralized rocks are
sometimes masked by thin layers of unfavourable lithology (young
gravels or basalts) like in the San José district (Dietrich et al., 2012;
Shatwell et al,, 2011). Therefore, some areas discarded based on litholo-
gy alone may still contain mineralization beneath unfavourable litholo-
gies. Other than field evidence, large (reactivated) structures may be the
only indication of prospective ground underneath unfavourable litholo-
gies. The regional-scale structural zones used for regional-scale map-
ping may provide that indication when the structures were
reactivated or their detection is not totally hindered by younger de-
posits. The other caveat is that low accuracy of the lithological maps
may lead to erroneous determinations. This may result in discarding
areas that otherwise may be favourable, or may cause training deposits
to be erroneously left out of the WofE calculations. This modifies the
spatial associations between deposits and the other evidence layers.

Our results suggest that predictive mapping with the district-scale
model in favourable areas, already delineated by our regional-scale pre-
dictive model, seems a reasonable practice to sequentially concentrate
exploration efforts, mainly if the initial prospective areas have
regional-scale dimensions. This is consistent with the sequential ap-
proach commonly carried out during mineral exploration. In addition,
this approach is logical and feasible if we consider the differences in
area reduction produced by the regional and district-scale models. In
the district-scale area however, 3.3% of the areas predicted as
unfavourable by the regional-scale dataset, are predicted as favourable
by the district-scale model. This suggests a percentage of potentially
mineralized areas that could be discarded if the predictive mapping is
applied sequentially, or if the district-scale model is not applied at all.
Therefore, the more effective approach may include the use of both
mapping models in parallel, as independent tools.

5.2. Regional-scale vs. district-scale prospectivity mapping

Some advantages of the district-scale model over the regional-scale
model for mapping districts or smaller areas include: a) its higher effi-
ciency, which is suggested by the success-rate and prediction-rate of
the favourability maps; b) the stronger spatial associations of LISEDs
with the district-scale evidence layers, interpreted from slightly higher
values of C in the district-scale model; c) higher conditional indepen-
dence for district-scale evidence layers, which indicates that the abso-
lute posterior probabilities yielded by the district-scale model are
more reliable than those from the regional-scale model; d) the higher
levels of detail and spatial resolution; and e) the much higher reduction
of favourable area. While the district-scale model indicates as
favourable only 12.7% of the district-scale area, the regional-scale
model indicates as favourable 57.1% of the same area. The latter is
even larger than the area covered by only the favourable lithology of
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the detailed lithological map (44% of the district-scale area). Consider-
ing only the area of favourable lithology in the detailed lithological
map (5260.54 km?), the regional-scale model reduced the potentially
favourable areas to 83.8% of the initial area, while the district-scale
model reduced it to only 28.9% of the same area. This indicates a higher
usefulness of the district-scale model, because the aim of prospectivity
mapping is to focus on favourable areas for follow up exploration.

These slightly more useful and efficient results of the district-scale
model may be a consequence of using ASTER instead of Landsat, more
accurate and detailed geological maps, and therefore higher resolution
predictor maps. ASTER allowed including silica abundance as evidence,
which had a beneficial influence in prospectivity mapping because silic-
ification is one of the predominant type of alteration in this type of de-
posits in the Deseado Massif. In addition, the higher spectral resolution
of ASTER may help to detect only the clay alteration minerals that pre-
dominate close to the mineralization. The higher spatial resolution of
predictor maps in the district-scale model, permits higher details in
the final maps, and the inclusion of small areas with favourable litholo-
gies in the calculations. This avoids losing prospective ground and as-
sures that most of the available deposits are used in the analysis. In
the regional-scale model, the coarser spatial resolution of predictor
maps and lower detail and accuracy of lithological evidence causes the
areal extent of some formations (e.g., La Modesta) to become almost
negligible in the calculations at regional-scale, because of the restricted
size of their outcrops.

Potential disadvantages of district-scale models in the Deseado Mas-
sif are the limited availability of some data, the limited quality of avail-
able data, and the more demanding data processing. As well as in other
regions of the world (Ford and Hart, 2013), data availability and quality
are restricted in the Deseado Massif;, the relatively low accuracy of avail-
able geological maps is an example of that. Positioning errors estimated
for the geological maps used in this research are well above those rec-
ommended by the National Map Accuracy Standards of 1947 (U.S.
Bureau of the Budget, 1947). This standard recommends that no more
than 10% of the tested points should exceed an error of ~127 m for
1:250,000 scale maps and ~381 m for 1:750,000 scale maps, while the
medians of errors for our geological maps are 268 and 1249 m for the re-
spective scales. The use of ASTER involves a more demanding data pro-
cessing and the difficulty of combining several scenes because of
calibration differences.

5.3. Assessing the usefulness of evidence layers and improving the
prospectivity mapping

Results of the predictive modelling procedures helped to assess the
usefulness of the different types of evidence used in this research, and
to infer which of them should be further investigated for improving
the predictive models. Those investigations may include new exercises
of prospectivity mapping as well as studies in specific subjects related
to ore deposits geology.
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Table 6

Confusion matrix derived from cross operation of regional- and district-scale favourability
maps, in areas of favourable lithology of the district-scale area. Values are number of
100x100m cells in the maps.

District-scale map

Favourable Unfavourable Total

Regional-scale map Favourable 135,040 305,891 440,931 83.8%
Unfavourable 17,028 68,095 85,123 16.2%
Total 152,068 373,986 526,054
28.9% 71.1%

The results of the spatial association analyses indicate that lithology,
structures and silica abundance are effective spatial predictors. At
regional-scale, both the lithological and the structural evidence show
strong spatial associations with LISEDs. At district-scale, density of line-
aments (indicative of fracturing and overall permeability), and Kgjjica
index (indicative of silica abundance), showed strong spatial association
and low W™ values. This suggested that most district-scale fractures
mapped in this study were probably contemporaneous or older than
the mineralization, and that areas with low density of fractures and no
silicic alteration are less favourable to find LISEDs. In addition, the rela-
tively large distance from regional structures (12,000 m) to reach the
optimal spatial association with the LISEDs, may indicate that at least
part of the mineralized rocks are hosted in secondary structures around
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the regional structures. This may have been a consequence of the inter-
action of regional NNW-NW structures, which may have acted as fluid
pathways, with other sets of structures (Giacosa et al., 2010), or with
strongly fractured (permeable) rocks.

These strong associations confirm the importance of structural con-
trol on the emplacement of LISEDs in the Deseado Massif, as indicated
by field studies of several authors (e.g., Dietrich et al., 2012;
Echavarria et al., 2005; Fernandez et al., 2008; Moreira et al., 2008;
Schalamuk et al., 1997). It was also observed that siliceous alterations
were strongly related with the mineralizing processes, and that these
zones formed excellent features for deposit recognition in the area, as
stated by Schalamuk et al. (2002).

Clay alteration layers used in this research are the weakest layers of
evidence, which is consistent with results of Carranza and Andrada de
Palomera (2005), but is contrasting with the conspicuous presence of
clay alterations described in epithermal systems (Andrada de
Palomera et al., 2012; Gemmell, 2007; Hedenquist et al., 2000;
Simmons and Browne, 2000; Simmons et al., 2005; Simpson and
Mauk, 2011; Zhai et al., 2009). Presence of clay alteration was amongst
the best predictors in studies by other authors (e.g., Raines, 1999). These
layers show the lowest contrasts in the spatial association analysis at
regional- and district-scales. At district-scale, only about 35% of the de-
posits are located in areas with optimum spatial association of the clay
alteration predictor map, and about 41% of the deposits are in cumula-
tive classes with low C, suggesting that many deposits are located in
areas where clay alteration was either absent or not detected. A possible
explanation is that clay alteration haloes related to these deposits are re-
stricted in size. This has been confirmed in extensively altered areas
where the spatial extent of clay alteration is very small.

This weak spatial association between deposits and clay alteration
may also be due to: (a) clay occurrences in the study area that are genet-
ically unrelated to hydrothermal alteration (e.g., transported or pro-
duced by weathering); (b) the kind of methods that were used to
produce the clay alteration evidence and predictor maps, including filter-
ing and resampling to relatively large cells (mainly at regional-scale).
They may have caused removal of small alteration anomalies, weakening
the spatial association with the deposits; and (c) predominance of sili-
ceous alteration in the centre of the deposits (where training points are
located), which may have obscured clay alteration. This is likely since
most deposits include silicification and stockworks, and some of them
(e.g., Bacon-Mina Martha and Bajo Pobre) are located in areas with low
C of the 4/6 band ratio image and with relatively high silica content (in
the Ksjjica image).

Therefore, the geological evidence representing hydrothermal clay
alteration should be studied in more detail in the Deseado Massif in
order to obtain better results in the prospectivity mapping.

The lack of detailed knowledge about the relationship between LISEDs
and the composition and spatial configuration of alteration envelopes, the
lack of alteration ground-truth to calibrate remote sensing data, and the
relatively coarse spatial and spectral resolutions of the available remote
sensing data are limiting factors for mineral prospectivity mapping of dis-
tricts and smaller areas in the Deseado Massif.

Customization of exploration models for different parts of the
Deseado Massif may lead to improve the prospectivity mapping at dis-
trict or larger scales. The structural differences amongst different sectors
of the Deseado Massif, which were already suggested by Giacosa et al.
(2010) and Japas et al. (2013), and the differences of structural controls
on mineralization inferred by Andrada de Palomera and Carranza
(2005), support the idea of predominant structural controls with slight-
ly different directions in different sectors of the Deseado Massif. Al-
though the structural evidence is probably the clearer example of the
need for local customization, considering differences in patterns and
types of alterations, and determining in detail the ages of mineralization
and volcanic rocks would probably help improving the predictions.

The determination of the temporal limit between favourable and
unfavourable lithologies with higher resolution than that of a formation

can improve the prospectivity mapping in districts or smaller areas. This
is possible because of the short lifespan of hydrothermal systems, which
allows placing the upper limit of the mineralizing events between
members of a formation in the stratigraphic sequence, as it has been
done in some areas of the Deseado Massif (Andrada de Palomera et al.,
2012; Permuy Vidal et al., 2014). Then, this can be used for constraining
more accurately the initial areas to be assessed with WofE or similar
techniques.

Accuracy and spatial detail of the evidence maps, which depend par-
tially on spatial resolution, impact on the quality of the prospectivity
mapping. Because geographic data is scale-dependant (Goodchild,
2011), excessive detail in regional-scale evidence maps (i.e., showing
features hardly distinguishable at that scale) may result in problems,
such as: a) cluttering of maps by fragmentation of areas that would
show homogeneous probabilities at smaller scales; b) difficulties with
handling of more voluminous data of higher resolution maps; and
¢) inefficient use of resources related to the acquisition of more detailed
data (during field campaigns) if the prospectivity maps result from up-
scaling of evidence maps. On the other hand, more detailed evidence
maps are advantageous because they allow increased map accuracy
and a more precise delineation of areas of favourable evidence. Thus,
the necessary detail of the input data depends on the scale at which
the final predictive map will be displayed, and should be in accordance
with the size of the area to be prospected.

In addition to spatial resolution, the spectral resolution of the optical
satellite data affects the modelling results. In the current study, the clay
alteration evidence layer from Landsat ETM + was produced at lower
spectral resolution than that derived from ASTER data. The lower
spectral resolution of Landsat ETM + data causes less detail in the reflec-
tance spectra that were used for the mapping of alteration mineralogy.
Absorption in Landsat band 7 can be caused by a variety of alteration
minerals, including illite, smectite, kaolinite, alunite and chlorite. Since
ASTER imagery has a higher spectral resolution in the wavelength
range of Landsat band 7, the ASTER imagery can be used to discriminate
better between alteration minerals and map more accurately illite,
smectite and kaolinite. Therefore, the use of Landsat data seems ade-
quate for the regional-scale mapping, with 1000 m spatial resolution,
but for the district-scale mapping with 100 m spatial resolution,
ASTER is more suitable because it may focus alteration mapping to
mainly the illite-kaolinite-smectite richer areas, which are better indica-
tors of mineralisation than for instance chlorite.

Finally, although not tested in this research, geochemical and geo-
physical evidence are other layers that could be investigated and includ-
ed in the predictive mapping models. Magnetic and radiometric data are
potentially useful for detection of hidden structures and areas contain-
ing strongly altered rocks.

6. Conclusions

Prospectivity for low- and intermediate-sulfidation epithermal de-
posits was mapped successfully in most of the Deseado Massif, by
using easily obtainable datasets, and applying the weights of evidence
and the leave-one-out cross-validation methods, which allowed using
all available deposits for training the model, as well as for validating it.

Prospecting for low- and intermediate-sulfidation epithermal de-
posits in districts or smaller areas with our district-scale model was
more useful, effective and reliable than using the regional-scale model.
That reflects the efficiency of using more accurate and detailed litholog-
ical maps, the incorporation of silica abundance layer of evidence, the
higher spectral resolution of ASTER, and the use of lithology as restrictor
evidence instead of as predictor evidence. It likely also reflects the
higher resolution of the district-scale predictor maps in contrast to the
regional-scale predictor maps (100 m vs. 1000 m). Therefore, it seems
worthwhile to use the district-scale datasets for prospectivity mapping
in districts or smaller areas in the Deseado Massif.
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The most efficient practice to map mineral prospectivity for low- and
intermediate-sulfidation epithermal deposits in the Deseado Massif,
and probably other regions, is to sequentially apply a district-scale
prospectivity model in areas already indicated as favourable by a
regional-scale prospectivity model. It seems more effective, however,
to apply both models as independent and additive prospective tools,
to avoid dismissing prospective ground that may be discarded by the
regional-scale model.

The district-scale prospectivity models can be improved by investi-
gating, in every district, the relationships between predominant deposit
styles and different types of geological evidence. Most of these investi-
gations should probably focus on hydrothermal alterations and the
ways they can be detected. However, the study of pathfinder elements,
structural controls, and relative age between mineralization and host
rocks, should also be helpful for improving our predictions.

In addition, the accuracy and detail of the geological maps are key
factors for improving the prospectivity mapping in the Deseado Massif
and probably other areas where low and intermediate-sulfidation
epithermal deposits are sought.
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