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ARTICLE

Favorability potential for IOCG type
deposits in the Riacho do Pontal Belt:
new insights for identifying prospects

of IOCG-type deposits in NE Brazil

Sérgio Roberto Bacelar Hithn!?* (), Adalene Moreira Silva?

ABSTRACT: Archean iron oxide-copper-gold (IOCG) deposits have been systematically described in the world class Carajds IOCG district, Amazo-
nian region of Brazil. More recently, several Neoproterozoic (ca 1.13 to 0.96 Ga) IOCG deposits have been identified in the Riacho do Pontal mobile
belt situated in the Borborema Province on the northern border of the Sio Francisco Craton. In these Neoproterozoic deposits, several copper occurrences
have been mapped along shear zones. The primary hydrothermal mineral associations resulted in sodic, calcic-potassic and potassic-ferric alteration.
The copper grades of the main prospects range berween 0.5 and 0.8 wt% with an average of ~0.7 wr%. This study uses a fuzzy logic approach to create
regional to district scale predictive exploration models. Specifically, multi-parameter geologic, geochemical, remote sensing, and airborne geophysical data
incorporated into regional and local models predict known copper mineralization and, importantly, highlight prospective areas for new IOCG targets
in the Borborema Province. At district scale, multiple higher resolution geological, soil geochemical, and airborne geophysical data that cover the Riacho
do Pontal Belt, were analyzed. A drilling exploration program implemented on target RIA4 validated these model results. Drill hole RIA4-DH0001

crosscuts a mineralized zone with 32 m of 1.15 wt% copper.

KEYWORDS: copper; iron oxide-copper-gold; shear zones; hydrothermal alteration; fuzzy logic; Borborema Province.

INTRODUCTION copper deposits of the Carajés Mineral Province such as

Salobo, Sossego, Cristalino and Igarapé Bahia-Alemio

Iron Oxide-Copper-Gold (I0CG) deposits include a deposits (Hithn & Nascimento 1997, Lindenmayer 2003,
wide spectrum of copper deposits types showing high con- Tallarico er al. 2005, Monteiro e al. 2008, Grainger ez al.

tent of magnetite and/or hematite with low titanium content 2008, Groves et al. 2010, Juliani ef 2/. 2016), which show
(Hitzman ez al. 1992). Their age of formation ranges from many similarities with other IOCG deposits (Hitzman
Archean to Phanerozoic. The mineralizations are frequently et al. 1992, Hitzman 2000), led to a boom in exploratory
associated with intrusive magmatic bodies (Hitzman 2000, activity in Brazil.

Pollard 2001, Williams ez «/. 2005, Williams 2010, Xavier The significance of the Neoproterozoic copper depos-
er al. 2008, Xavier er al. 2010) and are commonly found its of the Borborema Province as potential IOCG depos-
in breccias, veins, stockworks or lenses with polymetallic its was first emphasized by Maas ez al. (2003), Machado
enrichments (Cu, Au, Ag, B, U and REE) that are tectoni- (2006) and Hiihn ez al. (2011). These authors interpreted
cally-controlled along shear zones. Interest in IOCG depos- the geological and geochemical signature of copper occur-
its was boosted after the discovery in 1975 of the Olympic rences associated with quartz-hematite breccias in the region
Dam deposit and the consolidation of the mineral poten- of Mandacaru, Sio Julido, Fronteiras and Pio IX, Campos
tial of the Gawler range region in South Australia. In the Sales and Aurora as a succession of [OCG mineralizations,
late 1990s, a reinterpretation of the typology of Archean formed as a response of intensive hydrothermal alteration
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in km-scale shear zones (Hiithn ez 2/. 2014). The most
important deposit is the Riacho Seco Copper Project (5 Mt
@ 0.8% Cu), which is part of the Riacho do Pontal Fold
Belt (RPFB) and was discovered by Companhia Baiana de
Pesquisa Mineral (CBPM) in 1974. The mineral potential
of the RPFB is still unknown due to a lack of systematic
exploration activities and elaborate academic studies.

The main objective of this paper is to integrate an exten-
sive geophysical, geological and geochemical dataset using
a fuzzy modeling approach in order to build a robust and
rigorous protocol adapted for exploration of the Riacho do
Pontal IOCG district. The data integration revealed new
high-quality targets of potential interest for mining explo-
ration. The economic interest of one of these targets was
validated by a drill core campaign.

GEOLOGICAL SETTING AND
COPPER MINERALIZATION

The RPFB is part of the Borborema Province located in
the northern part of the Sao Francisco Craton (Brito-Neves
1975, 1983, Almeida ez al. 1976) in Northeast Brazil (Fig. 1).
It represents Meso to Neoproterozoic sequences that were

deformed during the Brazilian orogeny (Fuck ez a/. 1993).
The Borborema Province is limited to the south by the Sao
Francisco Craton, to the west by the Parnaiba Basin and to
the north and east by the sedimentary basins of the coastal
margin (Fig. 1).

Using gravimetric and magnetic data, Oliveira & Medeiros
(2000) subdivided the Borborema Province into five major
tectonic blocks. They are:

B Médio Coreat

Ceari (or Cearense);

Rio Grande do Norte;

the Transverse or Central zone;

the South or External zone (Fig. 1).

On the basis of geological and structural studies, Jardim
de S4 er al. (1992) proposed that the Borborema Province
is composed of different domains that experienced distinct
tectono-metamorphic evolutions, .e., a gneissic-migmatitic
basement and different supracrustal units showing different
tectonic-stratigraphic evolution. Santos (1996), using a litho-
stratigraphic approach, identified a variety of sedimentary ter-
rains, which were grouped into three main belts defined as the
northern, transverse and southern (external) belts (e.g., Santos
etal. 1997, Jardim de S4 1994, Brito-Neves ez 2/. 2000, 2005).

Figure 1. (A) Tectonic positioning of the regional geology of Northeast Brazil in relation to Craton Sdo Francisco
and Borborema Province; (B) simplified tectonic map of Sdo Francisco Craton and regional geological map of
Borborema Province (BP) showing the Riacho do Pontal Belt (Gomes 1998, Oliveira & Medeiros 2000).
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Detrital zircons collected in the meta-sedimentary rocks
forming the Borborema Province show a range of U-Pb ages
between 980 and 1199 Ma, which were interpreted to reflect
a maximum depositional age related to Brazilian orogeny
(Oliveira ez al. 2006). Granite zircon U-Pb ages show the
occurrence of two main types of intrusive bodies: pre-col-
lisional granitoids such as the 628 * 12 Ma old Camard
tonalite and 571 to 584 Ma old syn-collisional granites
(e.g., Angico and Pedra Furada granites; Bueno ez a/. 2009).

The limit of the Borborema Province with the northern
border of the Sao Francisco Craton (Fig. 1) has been mapped
by thrust shear zones and is interpreted as a Brazilian colli-
sional zone developed during a convergence episode of Neo
to Mesoproterozoic age (Alkmim et al. 1993).

Exploration activities conducted during the 1970s, which
were focused on volcanogenic massive sulfide mineralization
(Franklin ez a/. 1981, Lindenmayer 1981), led to the discov-
ery of the Caraiba mine (24 MT@ 1,8 % Cu). The Caraiba
mine occurs on the north portion of Sao Francisco Craton
and is part of the Vale do Curacd district (Fig. 1B). It has
been described as having a magmatic origin in several stud-
ies (Delgado & Sousa 1975, Lindenmayer 1981, Oliveira &
Tarney 1995). According to Garcia (2013), the formation
of the Vale do Curagd district is characterized by a multi-
phase evolutionary history, which includes:

B a primary magmatic mineralization stage at ca. 2.6 Ga;

B development of the Itabuna-Salvador-Cura¢d metamor-
phic zone at ca. 2.08 Ga;

B remobilization during orogenic collapse and emplace-
ment of an IOCG system at ca. 2.04 Ga, associated with
mineralization epigenetics (Teixeira et a/. 2010, Fraguas
2012, Garcia 2013);

B uplift of the orogen and late stage metasomatism at ca.

1.92 Ga.

The Riacho do Pontal Prospect

According to Bueno ez /. (2009) and Hiihn ez al.
(2014), the central portion of the Riacho do Pontal pros-
pect is mainly composed by gneisses and tonalites of the
Sobradinho Remanso Complex (Fig. 2). This geological
unit lays in contact to the South with dolomitic marble
and subordinated quartzites of the Macururé Group and
is intruded by syn-collisional granites towards the south.
The rocks of the Macururé Group are thrusted over the Sao
Francisco Craton.

Several main shear zones oriented NW-SE occur cut
across by late NE-SW faults. The major ones include Riacho
Seco, Macururé, North and Central shear zones. Riacho Seco
(RSSZ) and Macururé (MSZ) correspond to thrust faults,
while the North (NSZ) and Central (CSZ) are clockwise

strike-slip shear zones.
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GEOPHYSICAL, GEOCHEMICAL
AND GEOLOGICAL CONSTRAINTS

Airborne geophysical survey

Airborne magnetic and gamma-ray survey was flown in
2005 over the Pernambuco-Piauf area using 500-m-spaced
north-south-oriented flight lines, with tie lines flown every
250 m at a nominal altitude of 100 m above ground.
The Pernambuco-Piaui survey consisted of 104,120 km of
high-resolution magnetic gamaespectrometric profiles ori-
ented N-S. Details of the data acquisition protocol, the air-
craft used, and the geophysical sensors utilized can be found
at the Brazil Geological Survey (CPRM 2006).

The flight line magnetic data were corrected for the
International Geomagnetic Reference Field (IGRF) and
interpolated onto a 125 m grid using a bidirectional grid-
ding method. Using the appropriate algorithms to preserve
data fidelity at the original sample location, this method
enhances magnetic features perpendicular to the flight line
direction. The algorithm was based on linear interpolation
along the direction of the flight lines and on Akima spline
interpolation perpendicular to the flight lines. Microleveling
and decorrugation techniques were also applied to the data.
The magnetic anomaly data were reduced-to-the-magnet-
ic-north pole (RTP) assuming an inclination of -20° and a
declination of -22.31°. The results were compared with the
calculation of the amplitude of the analytic signal (ASA).
The ASA is of central interest to locate the spatial distribu-
tion of magnetic sources (Naghibian 1972, Li 2006, Roest
et al. 1992) and evaluate the best solution in accordance
with geological data and interpretation.

In the Riacho do Pontal prospect, a total of 18 cop-
per occurrences located on low magnetic anomalies lining
shear zones was identified using this protocol (Figs. 3, 4,
5 and 6). These shear zones show intense hydrothermal
alteration overprint. To identify the different rock types
affected by these hydrothermal processes, ratios between
gamma-spectrometric channels were used (Ostrovskiy 1975,
Pires 1985). Specifically, the parameter F = K x (eU/eTh)
(Efimov 1978), which establishes to co-evolution of the
abundance of K and the eU/eTh ratio, has been widely
used. Additionally, because of the relative less mobile char-
acter of Th, Saunders ez a/. (1987) and Pires (1985) used
the normalization of K and U by Th to evaluate K anom-
alies along shear zones.

According to Oliveira (2008), it is possible to observe,
on a regional scale, that the supracrustal sequence of the
Riacho do Pontal and Sergipana bands were placed aloctone
with displacements of the order of 30 to 60 km (Jardim de
Sa et al. 1992). Oliveira (2008) showed that the area of the
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Riacho do Pontal Fold Belt has a regional positive gravimet-
ric anomaly with a wavelength of 200 km and an ampli-
tude of 60 mgal. The region has an acromagnetic pattern
characterized by dominant shallow sources defined by pos-
itive E-W linear axis with amplitudes less than 100 n'T and
short wavelengths (10 km). The anomaly is interpreted as
the result of a crustal shortening related to a neoproterozoic
collisional process (Fig. 3).

Stream sediment and soil geochemistry
The stream and soil sediments geochemical data were
used in the data integration to identify new exploration
targets. The geochemical data available for the Riacho do
Pontal project include major and trace element composi-
tions of both stream and soil sediments. Stream sediments
were collected in active river beds and analyzed by the Brazil
Geological Survey. A total of 194 stream sediments was

Figure 2. Simplified local geological map of the Riacho do Pontal prospect (after Bueno et al. 2009). The red dashed
polygon Ria4 is approached in validation of the potential targets.
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Figure 3. Regional Bouguer anomaly map showing the
signature of the Sdo Francisco Craton and surrounding
Brazilian fold belt. The black polygon outline the
Riacho do Pontal prospect studied here.

obtained over an area of 1816 km?. Each sample represents
the sum of different fractions of sediments collected over an
area of about 5.000 to 10.000 m?. The samples were dried
at 60°C, sieved to a fraction of < 80 mesh, and sprayed to
a fraction of < 150 mesh. The samples were dissolved using
aqua regia (3:1 HCI:HNO,). The chemical analyses were
performed using a combination of ICP-AES and ICP-MS.

Figure 5. Map showing the local geologic structures
at Riacho do Pontal prospect; (A) features related to
copper occurrences at the Riacho do Pontal and Riacho
Seco prospect; (B, C) Rose diagram showing major NW
and NE shears.

Figure 4. Stream sediment samples and catchment basins processing used at the Riacho do Pontal prospect.
The black polygon RIA4 is approached in validation of the potential targets.

5

Brazilian Journal of Geology



Favorability potential for IOCG type deposits in the Riacho do Pontal Belt

Using a digital terrain model (DTM), sediment geo-
chemical data were processed at a sub-basin scale according
to the following protocol (Buarque 2007, Fig. 4):

B extraction of drainage effect without generating depressions;
B generation of a matrix file with the direction of flow
for each cell;

generation of a cumulative flow matrix file for each cell;
extraction of drainage network;

conversion to vector file;

delimitation of watershed areas, with the definition of
values corresponding to the direction of flow in the
basin, for each drainage section;

B generation of the map of sub-basins (Carranza 8 Hale 1997).

The samples were interpolated in a grid using barriers
for each catchment basin and a minimum curvature spline
technique. Figure 4 shows the geochemical stream sediment
samples and catchment basin maps that were generated.

Stream sediment grid data were interpreted and integrated
with geophysical and geological data.

Soils are poorly developed in the Riacho do Pontal pros-
pect as weathering is limited in this arid climate with no
apparent laterite profile. The collected samples are mainly
composed of siltstones and sandstones containing abun-
dant angular fragments, hence arguing for limited trans-
port. These sediments may therefore reflect the nature of
the immediately underlying host rock. However, due to
high grade metamorphism and, potentially, hydrother-
mal alteration, the protoliths are seldom recognizable.
A total of 1.494 soil samples was collected along NW-SE
trending line profiles up to 1.6 km in length, which were
obtained throughout the area labeled RIA4 in Figure 3.
Samples were analysed by AR/ICP-OES (ME-ICP41) for
33 elements and by FA-ICP (PGM-ICP23) for Au, Ptand
Pd. The chemical soil data were interpolated in a grid using
kriging data processing.

Figure 6. Ternary image of the Riacho do Pontal prospect area showing the distribution of potassium (K, red),
thorium (Th, blue) and uranium (U, green). The yellow polygon RIA4 is approached in validation of the

potential targets.
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Geological and drill
core geochemical data

The geological map of the Riacho do Pontal prospect was
constructed using regional maps available at CPRM and data
obtained from Vale exploration (Vale S.A. 2009). The struc-
tural interpretation was performed using Aster images and
airborne magnetic derivative products. In addition, four drill
holes representing 1295,30 m of cores were performed during
the exploration campaign. Among these, only three holes
were analysed for their major and trace element composi-
tions. The fourth drill hole RCB-RIA4-DH00001 was anal-
ysed down to 63 m depth only. All samples were digested by
Agua Regia technique and analysed by ICP-OES (ME-ICP41)
for 33 elements and FA/ICP-OES for Au (Shriver 2009).

RESULTS

Geological and structural data

The Riacho do Pontal prospect has a strong NW-oriented
structural fabric that is represented by major shear zones.
The mainly units of the Riacho do Pontal prospect are
characterized by rocks composed of gneiss and migmatites.
The metasedimentary cover is composed of quartzite and
schists. Petrographic studies using Energy Dispersive X-ray
Spectrometry coupled with Scanning Electron Microscope

allowed the characterization of hydrothermal mineral sig-
nature (Hithn ez a/. 2014). Hydrothermal alteration led to
a pervasive calcic-potassic and calcic-ferric overprint of the
host gneisses and migmatites. Early stage sodic hydrothermal
is distal in relation with areas with calcic-potassic and potas-
sic-ferric alteration with higher strain rate. The hydrothermal
alteration process led to a replacement of metamorphic min-
erals of banded gneiss by hydrothermal assemblages (Tab. 1).

The Riacho do Pontal prospect has a strong NW-SE
oriented structural fabric that is represented by shear zones
identified in Figure 4. Locally, strongly mylonitized rocks
along shear zones define an L-S tectonite fabric. Ore zones
are strongly controlled by restraining bends of shear and
late breccia zones along the bends (Fig. 5). Secondary ore
zones are sub parallel to these major lineaments. Late faults
oriented NE-SW representing a late stage of brittle exten-
sional deformation are frequent in the region.

Geophysical data

Gamma ray spectrometric data have been very useful
for mapping geological units and hydrothermal zones of
Riacho do Pontal prospect (Hiihn ez /. 2014). The ter-
nary image of Figure 6 (RGB colors) represents a compo-
sitional map of U, Th and K. Different subdomains can
be recognized. In the central portion of the area, where
orthogneiss rocks of the Sobradinho Remanso Complex
show outcrops, intense potassic hydrothermal alteration

Table 1. Hydrothermal alteration and mineralogical assemblages related to copper mineralization zones in the

Riacho do Pontal prospect.

Minerals Distal (Sodic)

‘ Plagioclase

Transitional (Calcic-Potassic)

Proximal (Potassic-Ferric)

‘ Chlorite

‘ IImenite

Albite

‘ Amphibole

'Biotite

‘ Garnet

‘ Quartz

‘ Apatite

‘ Hematite

‘ Pyrite

‘ Chalcocite

‘ Chalcopyrite
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can be recognized in the RSSZ and MSZ. This potassic
alteration occurs locally associated with strong enrichments
in hematite and/or magnetite. Specifically, large magnetite
bodies were identified along the NSZ, which cut across
the gneisses of the Complexo Belém do Sao Francisco.
The white areas in the central part of the ternary map along
the RSSZ, the MSZ and the CSZ correspond to intense
siliceous alteration zones.

Figure 6 shows a flowchart that summarizes the enhance-
ment techniques applied to magnetic data of the studied
area. Results generated from the magnetic data include:

B a2 map of the total magnetic intensity (TMI);

B che first order derivatives along two horizontal com-
ponents (Dx, Dy) and one vertical component (DZ);

B the 3D ASA calculated from the TMI (Roest ez 2. 1992).

These data were used to delineate the boundaries of the
sources and assist with the magnetic and structural interpre-
tations of the studied area (Fig. 5), including the amplitude
of the analytical signal and the “worm” method (WM, see
below; Archibald ez 2/. 1999).

Multi-scale Edge Mapping (MED or Worm—WM) is a
process of highlight edges in potential field data (Archibald

etal. 1999). MED involves upward continuation processing

to separate the potential field data into shallow high fre-
quencies associated with short wavelength responses, in
contrast with deeper low frequencies related to long wave-
length responses. The MED processing seeks to decrease the
ambiguity in potential field interpretation and provide useful
information about the general shape and relative depth of
edges, such as faults and geological contacts (Archibald ez al.
1999). In the studied area, the worm linear features repre-
sent irregularities of the potential field data, corresponding
to major geological contacts and shear zones (Figs. 7 and 8).

With the exception of the RSSZ, Figure 7 shows that
the major shear zones mapped on the surface which show
a dominant NW trend dipping 50 degrees to the NE,
overlap relatively well with the WM (MED) structures.
In addition, the two main strike-slip shear zones (CSZ
and NSZ) displaying a subvertical EW trendare strongly
underlined by the WM structures, which indicates that
they represent deeply rooted features. The absence of a
clear overlap with the RSSZ argues for a shallow struc-
ture (Fig. 8). Between the MSZ and RSSZ structures,
second order thrust structures are also quite concor-
dant with the WM data. Note that he Rla4 target is
bounded to the south by a secondary NW-SE trending
shear zone (Fig. 8).

Figure 7. Flowchart of operations illustrating the processing of magnetometric data and the transformations of
linear relations in a three component space domain including het anomalous magnetic field (CMA), vertical and
horizontal derivatives DZ, DX and DY, and the analytical signal amplitude (ASA). MED is a process of highlight
edges in potential field data (Hornby et al. 1999, Archibald et al. 1999).
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Stream sediment and
soil geochemistry data

Principal component analysis was applied to seven
multi-element associations (Cu, Ni, Fe, B, La, Cr and Zn) that
characterize the known copper occurrences in the Riacho do
Pontal prospect. (The Riacho Seco copper project is situated
on the NW worm structure parallel to RSSZ in Figure 8).
Analyzing the geostatistical behavior of the stream sediment

geochemical data according to the matrix of self-vectors of
Table 2, it is verified that Cu, Ni, Fe and La show anoma-
lies from the principal component (PC) 6 and have spatial
associations with known copper-gold occurrences (Tab. 1).
The sixth principal component (PC6) has high positive load-
ings for Cu, Ni, Fe, and La. This multi-element geochem-
ical map was used to validate the results of the predictive
mineral potential of the Riacho do Pontal prospect (Fig. 9).

Figure 8. Aeromagnetic worm lineaments with major shear zones and copper occurrences at the Riacho do
Pontal prospect. Worming processing highlights the major and secondary structures. The black polygon RIA4 is

approached in validation of the potential targets.

Table 2. Principal component analyses of stream sediment data from the Riacho do Pontal prospect.

Principal

Components Cu Ni Fe P La Cr Zn

Eigenvectors
1 0,1916204 0,2054073 0,1578991 0,33218070 -0,2501926 0,8951185 -0,01005916
2 0,2473167 0,03362516 0,2337775 0,43689220 -0,7604466 -0,4169447 0,02467909
3 0,0409507 0,02415018 0,0407080 -0,0800833 0,319028 0,157858 0,99849340
4 0,9917154 -0,8331272 -0,965052 0,1239673 0,085005 -0,451941 -0,00032030
5 0,07891539 0,99940824 -0,0541230 | -0,05125238 | -0,0015744 0,003615 -0,09393550
6 0,9566740 0,2465354 0,424739 -0,35370430 0,893393 -0,099972 -0,04368640
7 0,1118552 0,5189384 0,2266562 0,77555328 0,0591650 -0,1566430 | -0,01977967
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The soil sampling at the RIA4 target was projected along
profiles oriented sub-perpendicular to the main NW-SE
structural/geological trend. The soil geochemical results
from the main trend include up to 613 ppm Cu, 23 ppb Au,
162 ppm Zn, 547 ppm Ni, 8.94% Fe and 1.945 ppm Cr
(Shriver 2009). The northern and central-northern portions
of the area show a positive correlation between Cu and Au,
with anomalous values of Cu. A contour map of the Cu
concentrations shows a cluster of anomalous samples near

the gossanic outcrops.

DATA INTEGRATION
AND PROSPECTIVITY MAP

One of the most important decision-making in mineral
exploration is the selection of prospects in a given geological
environment. Conceptual mineral exploration models based
on geology are currently less commonly used than those based
on geophysical and geochemical data. Thus, extensive geolog-
ical knowledge of the exploration model combined with the
predictability of integrating multi-source data can increase the
exploration success rate. This success rate is closely related to
management, and continuous improvement of the database
will allow the exploratory model to evolve. Persistence and
agility in making “stop and go” decisions are critical for
high-potential projects to advance. The approach used in this

paper is the knowledge-driven models for data integration and
target selection (Bonham-Carter 1994, Ford & Hart 2013).

Knowledge-based prospectivity mapping was performed
by extracting the spatial relationships from exploration
datasets based on an exploration model, quantifying and
integrating them using mathematical operators chosen by
the user. The lower potential areas that do not show evi-
dence of mineralization are assigned very low potentials
that are close to, but not exactly, zero. The mathematical
operators, fuzzy algebraic product, fuzzy algebraic sum and
fuzzy gamma are commonly used in fuzzy data integration
(Bonham-Carter 1994, Ford & Hart 2013, Porwal et al.
2003, Silva et al. 2000).

Application of a fuzzy
model to the study area

‘The parameters were integrated into a prospectivity map
using the fuzzy-logic method first developed by Bonham-Carter
(1994). In the fuzzy theory, the members of a fuzzy set are
expressed on a continuous scale from 0 to 1. Values were
selected to reflect the degree of membership of a database
that has been analyzed based on expert judgment. The various
classes of layers of a set of maps can be expressed in terms of
fuzzy memberships of different sets and can be stored as an
attribute table of a map (Bonham-Carter 1994).

The spatial association between the copper occurrences

and structural features can be analyzed using fuzzy logic

Figure 9. General flow chart of fuzzy data integration modeling using sets of geological, geochemical, structural,
magnetic and anomalous potassium maps to select favorable targets for copper deposits.
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to determine whether potential IOCG targets are in con-
nection with geologic structures. The geochemical, struc-
tural, magnetic and potassium anomalous maps, after being
fuzzified, were combined using fuzzy operators, in order
to generate the final model. Frequently used operators are:
“Fuzzy-AND),” “Fuzzy-OR,” “Fuzzy-Soma,” Fuzzy-Product”
and “Fuzzy-Gamma” (Bonhan-Carter 1994, Carranza &
Hale 2001, Lee 2007).

The structural prediction map integrated a high density
of worm features (density of linear features in the neigh-
borhood of each output raster cell) and buffer (200 m)
around mapped linear features. A fuzzy gamma opera-
tor of 0.9 was used to combine different maps in order
to highlight the potential connectivity between the deep
and shallow structures. Such structures have the poten-
tial to represent preferential conduits for hydrothermal

fluid circulation. The geochemical PC6 prediction map
is represented by Cu, Fe, Ni and La catchment basin
anomalous maps.

The geophysical prediction map selected areas with mag-
netic low signature looking for copper occurrences related to
hematite zones along fault zones. Aiming to map areas with
potassic hydrothermal alterations, the processing of anom-
alous potassium was used (Ostrovskiy 1975, Pires 1985).
The operator fuzzy sum was performed to integrate the
geochemical, structural, magnetic and hydrothermal data.
The final predictor map is shown in Figure 9.

The data integration using fuzzy operators was described by
Raines ez a/. (2000) and Nykinen ez a/. (2008). The Arc-SDM
ArcToolbox can be downloaded http://www.ige.unicamp.br/
sdm (Sawatzky ez al. 2004). The detailed prospective favor-
ability maps of the area are shown in Figures 10 and 11.

Figure 10. The figure shows a set of intermediate layer maps used in fuzzy data integration modeling reclassified
using the fuzzy membership tools: (A) the relevant intersecting structures; (B) high anomalous potassium values;
(C) high analytical signal amplitude values; (D) high positive loadings for Cu, Ni, Fe, and La in the PC6 stream
sediment. The black polygon is described in the second part of this paper.
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In the final favorability model of Figure 11, approxi-
mately 10% of the zones with high potential were identified
to host copper mineralization. In particular, special attention
should be given to the high score areas in the fuzzy classi-
fication, such as the area located between the shear zones
RSSZ and MSZ (including target RIA4) and the targets
along the NSZ and CSZ.

Validation and assessment of the
best targets using a drilling program
Validation of the potential targets of economic interest
represents an important aspect of prospectivity mapping
analysis. In this study, the RIA4 target is one of the best
potential prospects identified by the regional approach.
RIA4 target was selected to validate the exploration model.
Figure 12 shows the flow chart for the fuzzy modeling at

the scale of RIA4. As for regional scale modeling, different
components (structural, soil geochemistry, magnetic, and
hydrothermal maps) were selected for data integration and
were gridded to RIA4 prospect area. Different from the
regional scale modeling, the soil geochemistry, instead of
stream sediment geochemistry, was used as the geochemi-
cal component.

The prospective maps were integrated using fuzzy AND
operator to generate the integrated fuzzy favorability map
for IOCG mineralization in the RIA4 target. The poten-
tial areas for host copper mineralization at the RIA4 tar-
get are shown in the fuzzy favorability map of Figure 13.
The medium- and/or high-priority fuzzy areas account for
over 22% of the study area. From the exploration point of
view only the north central portion of the area was partially
tested by exploratory drilling.

Figure 11. Final classified fuzzy favorability map showing higher-potential areas. The central portion of the
area was selected for more detailed exploration activities. The red polygon is approached in validation of the

potential targets.
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Two drill holes were located in a high-priority area of the
fuzzy favorability map (Fig. 13). Geologically the two drill
cores were obtained at the site where malachite is hosted in
sheared hematite-biotite-rich rocks. RIA4-DHO00001 cross-
cut the ore zone, which is characterized by pyrite-chalcopy-
rite-bornite with a 32-m thick zone of 1.15% Cu. The geo-
chemical results from drill hole RIA4-DHO00001 show high
values for Au (243 ppb), Ni (1,675 ppm), Cr (4,020 ppm)
and Zn (390 ppm; Shriver 2009).

Drill hole RIA4-DH00002 intersected banded leucogneiss
with silicified zones and several biotite- and amphibole-rich
intervals, some of which contained trace chalcopyrite and
pyrite. This low-grade mineralization area is interpreted as
a zone of trans-tensional deformation (Fig. 14). Drill hole
RIA4-DHO003 was drilled 1.3 km southeast of RIA4-DHO001.
The hole was positioned on the edge of the high-priority
anomaly, crosscutting intense biotite-hematite hydrother-
mal zones with discontinuous mineralized intervals with
low grade copper (0.2 wt%). Drill hole RIA4-DH00004 was
drilled 2.5 km southeast of RIA4-DHO0001 in an area with

malachite occurrences and intersected biotitic leucogneiss,

Figure 13. Fuzzy favorability map showing areas
of medium and/or high priority that have greater
potential to find copper mineralization at the RIA-4
target. Four drill holes were obtained to validate the
exploration favorability model.

Figure 12. Maps of the fuzzy set of evidence layers. Structure, K enrichment, analytical signal and soil geochemistry
were assigned using fuzzy logic weight and the fuzzy logic AND operator. The medium- and/or high-priority areas

account for over 22% of the study area.
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with few and discontinuous garnet-biotite rich intervals and
a very low grade of copper. RIA4-DH00004 was located in
low-potential areas, as illustrated on the fuzzy favorability
map (Fig. 14). The results obtained in the drill holes reported
above validate the exploration used in this work. From an
exploratory point of view, additional probing is recom-
mended in areas of high potentiality in the fuzzy favorabil-
ity map. A geological cross section showing drill holes PCB-
RIA4-DH-01 and DH-02 in the recognized mineralized zone
of the Riacho do Pontal prospect is illustrated in Figure 14.

Finally, Figure 14 provides an overview of the data integra-
tion, including the outcrop mapping, drilling, model valida-
tion, features of the ore zone and the style of mineralization.
In the fuzzy analysis of the Riacho do Pontal Belt, the mod-
erately and highly score fuzzy favorable. The high priority tar-
gets should be investigated by additional exploration activities.

CONCLUSIONS

This study used a knowledge-driven fuzzy method to
produce a prospectivity map of the area of the Riacho do

Pontal prospect. A comparative evaluation of the results was
performed using drill holes in the study area. The results
indicate that the fuzzy method can be used to prioritize a
prospect area. The proposed method can be applied as a
reliable knowledge-based tool for prospective areas of the
Riacho do Pontal Belk.

Regional and district-scale fuzzy models were imple-
mented using prediction maps by processing the follow-
ing exploration datasets: structure density (lineaments and
worms), soil and stream sediment geochemistry data, and
airborne magnetic and gamma ray data.

The fuzzy analysis that was used to assess the Riacho
do Pontal Belt at the regional scale indicated that moder-
ately and highly favorable areas have the potential to host
IOCG deposits. The modeling was validated with a drill-
ing exploration program for the target RIA4. Drill hole
RIA4-DHO001 intersected a 32-m thick mineralized zone
that contained 1.15% Cu.

Finally, in terms of metal endowment, systematic geo-
logical, geochemical and geophysical surveys should be con-
ducted on belts that surround the Sao Francisco Craton as
potential tectonic settings for IOCG deposits.

Figure 14. Overview of data integration of the Riacho do Pontal project showing outcrop mapping, drilling, model
validation, features of the ore zone and mineralization style. High-priority targets should be investigated by

additional exploration activities.
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