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Brazil is a major producer and exporter of mineral commodities, being a global player
regarding Nb, Fe, Mn, Ta, Al, graphite and ornamental stones, and is a relevant exporter at
least of Ni, Mg, Sn, Cr, Au, Cu, and kaolin. However, our mineral potential goes far beyond
this group of important commodities and the production is still not reflected in the
Brazilian Gross Domestic Product. Recognizing the importance of the mining sector for
the economic and social development of the country, the Federal Government of Brazil,
through the Ministry of Mines and Energy and the Secretary of Geology, Mining, and
Mineral Transformation are acting to revitalize the mining industry in Brazil and to create an
investment-friendly environment, ensuring regulatory stability and legal certainty, and the
increase of the geological knowledge of the Brazilian territory.

The Geological Survey of Brazil (CPRM) is responsible for the last topic. Massive
investments in geochemistry and airborne geophysical surveys, geological mapping and
metallogenic studies have been undertaken in the last years. Considering that the Brazilian
territory is still immature in terms of mineral exploration, projects have been focused in the
main mineral provinces to sustain discoveries in these sectors, and in other potential areas
aiming to identify priority sites for investments and exploration opportunities.

Part of this effort is summarized in this “"CATALOG OF PROSPECTIVITY MAPS OF
SELECTED AREAS FROM BRAZIL". The catalog presents a compilation of prospectivity
maps of nine areas from eight different Precambrian provinces/districts. The results suggest
favorable areas for prospecting for metals, including gold, copper, lead, zinc, and iron.

The Geological Survey of Brazil fulfills its institutional role in providing pre-competitive
geoscience information hoping it can be useful for your work.

This catalog is available in hard copy and can also be downloaded free of charge from
www.cprm.gov.br.

Esteves Pedro Colnago
President

José Leonardo Silva Andriotti
Director of Geology and Mineral Resources
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INTRODUCTION
Evandro L. Klein, Felipe M. Tavares, Débora R. Matos

Brazil is a major producer and exporter of mineral commaodities. The country is a global
player regarding Nb, Fe, Mn, Ta, Al, graphite and ornamental stones, and is a relevant
exporter at least of Ni, Mg, Sn, Cr, Au, Cu, and kaolin. However, our mineral potential goes
far beyond this group of important commodities and the production is still not reflected
in the Brazilian Gross Domestic Product. Therefore, in addition to the political, economic,
environmental, and regulatory aspects, efforts must be made in order to improve the
geological and metallogenic knowledge of the Brazilian territory.

Regarding this last topic, the Geological Survey of Brazil (CPRM) carried out massive
investments in geochemistry and airborne geophysical surveys, geological mapping and
metallogenic studies in the last years. Furthermore, considering that the Brazilian territory
is still immature in terms of mineral exploration, projects have been focused in the main
mineral provinces to sustain discoveries in these sectors, and in other potential areas aiming
to identify priority sites for investments and exploration opportunities.

As part of this effort to produce pre-competitive geoscientific information, CPRM
is developing a mineral assessment program, in order to support decision-makers of
the mineral industry with assertive information. The program includes the revision or
determination of critical controls for different mineral systems, mineral potential modeling,
and favorability mapping, as well as estimates of undiscovered resources.

The first results of the assessment program are summarized in this “Catalog of favorability
maps of selected areas from Brazil”. The catalog presents a compilation of favorability maps
of nine areas from eight different Precambrian provinces/districts (Figure 1), and the results
suggest favorable areas to prospect for five different metals. In the Amazonian Craton,
the studies include assessments for copper and gold in IOCG (Cinzento Lineament of the
Carajas Mineral Province) and volcanic-hosted massive sulfide + orogenic deposits, along
with sedimentary-supergene iron (southeastern Guiana Shield), intrusion-related gold
systems (Tocantinzinho Lineament of the Tapajés Mineral Province, and Juma District), and
Broken Hill Type polymetallic Zn-Pb-Cu-Au mineralization (Sunsas Orogen), whereas, in the
Gurupi Belt, the assessment is provided for orogenic gold. In the Neoproterozoic Borborema
Province, our studies focused on copper and iron from I0CG systems (Jaibara Basin), and
in copper-lead-zinc SEDEX mineralization (Martinépole Group). Last, studies indicate
favorability for porphyry-related copper and gold in the Brasilia Belt (Goias Magmatic Arc).




Figure 1 | Simplified tectonic-chronologic map of Brazil with the location of the areas focused in this report.







DATA INTEGRATION AND TARGET GENERATION

_ Guilherme Ferreira da Silva, Sulsiene Machado de Souza Gaia
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B INTRODUCTION

The development of a reproducible approach to identify sites with high potential for
exploitation of a mineral commodity is the central objective of mineral favorability (or also
prospectivity) studies (JOLY et al., 2012). This approach requires a broad set of information
consistent from a multiparametric perspective, applicable to the scale of interest. Thus,
prospecting models are attempts to emulate the mineralizing forming process, including
fluid and metals transport, deposition and dispersion to detect new targets based on
established mineral system criteria.

The favorability model can be built based on predefined information (knowledge-driven
model) or even based on signatures of a known mineral deposit (data-driven model). Thus,
mineral research can be developed through regional knowledge of a geological model
for mineralization or similarities of conditions between previously known ore deposits
(CARRANZA,2008; JOLY et al., 2012).

Prior knowledge-driven models are often suitable for areas where geological knowledge
is limited (greenfield) or the tools available are scarce, with interpreters relying on classical
mineralization models and trying to estimate the expected type of response from each field.
If the conjunction of responses is as expected, a target is generated to be verified. Otherwise,
the mineralization model is changed, or the area is discarded. These models have the
advantage of being more versatile but are highly biased and depend solely on the experience
of the prospecting team and the similarity between the deposits (CARRANZA,2008).

The favorability maps presented in this catalog were constructed by several authors,
experts in each geological setting, using the Mineral Systems concept as a guidance tool
in the searching for favorable areas in different parts of Brazil, as an initiative of the Mineral
Resources Department of the Geological Survey of Brazil, since 2016. All methods used
integration tools in aiming to build Knowledge-Driven Favorability Maps systematically and
in semi-detail scales. In the following paragraphs, we discuss the fundamental concepts that
have driven modelling in all maps.

B MINERAL SYSTEMS

The Mineral Systems concept, initially developed by Wyborn et al. (1994), derives from the
analogous understanding of Petroleum Systems, widespread in the petroleum industry
from the mid-1980s. Petroleum Systems categorize all processes and geological elements
necessary for the formation and storage of gas and oil. Likewise, Mineral Systems were
defined as “all geological factors that control the generation and preservation of mineral
deposits, whose processes are related to the mobilization of ore from source to the region
of concentration, transport and accumulation, and their subsequent preservation
throughout geological history” (WYBORN et al., 1994).

Still, according to Wyborn et al. (1994), most ore bodies are less than 1km? in expression,
thus not constituting a significant target for mineral prospecting. Fortunately, although
the deposits are not very large in area and are the result of an extraordinary coincidence
of specific geological processes, these processes can be mapped at regional scales and
are an essential key to the prospecting process (Figure 2). In other words, although the
deposit areas consist of hundreds of meters, the total system of interaction between fluid-
embedding rock-mineralization can extend over a few tens of kilometers, being detectable
by specific tools (WYBORN et al., 1994).



Critical factors for characterizing any mineral system include:

1. The energy source (sometimes related to thermal gradient);

2. Source of fluids, binder compounds, metals and other components of mineralization;
3. Pathways of migration of the mineralizing fluid;

4. Structures or mechanisms of concentration;

5. Chemical and physical conditions for mineralization deposition.

As foreseen by McCuaig et al. (2010), the Mineral Systems concept has evolved (KNOX-
ROBINSON;WYBORN,1997; HRONSKY; GROVES,2008; CZARNOTA et al., 2010; MCCUAIG;
HRONSKY,2014) as it has been gradually accepted by industry and academia, being widely
applied more than two decades after its introduction (e.g. ALMASI et al., 2017; FORD et
al., 2019). It is emphasized that the structuring line of the Mineral Systems concept is
associated with the understanding of various geological processes that operate at all scales
rather than focusing on understanding the particular characteristics of specific deposits at
their local scale.

McCuaig and Hronsky (2014) postulated that the existence of a mineral deposit is
conditional upon the overlapping of at least three critical factors, namely Fertility,
Geodynamic Favorability and Lithospheric Architecture, followed by a subsequent
Preservation of ore concentration zones in a system (Figure 3). Fertility is a tendency of
a region or geological epoch to be more favorable to the formation of mineral deposits
than others. It varies according to the crust evolution at different times (e.g. rift and
collision processes, supercontinents formation, among others). Lithospheric architecture
is related to structural patterns associated with mineralization, such as structural trends
or oreshoots, as well as crustal dimension structures, which cut layers from basement to

Figure 2 | Mineral systems conceptual model emphasizing the Figure 3 | Critical factors to the formation and preservation of a
critical components observed in the ore-forming processes mineral deposit (MCCUAIG; HRONSKY, 2014).

and mappablecriteria that can be used in the construction of

favorability maps (modified from HAGEMANN;CASSIDY, 2000).
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top and are often used as conduits by mineralizing fluids in the migration process. This
criterion is fundamental in hydrothermal processes, but it is also relevant in the formation
of magmatism-associated mineral deposits, such as porphyry, greisen or other intrusion-
related deposits.

With the evolution of dating techniques, it was possible to realize that large mineral
deposits occur at minimal times in geologic history (MCCUAIG; HRONSKY, 2014). Thus,
deposits that are distant for hundreds of kilometers from each other may have been formed
at the same epoch and geodynamic conditions, within similar situations. This broader,
integrated and multi-scaled look to all processes involved in the formation of mineral
deposits is an advantage of this approach, which allows several mineralization styles to be
identified in a single Mineral System.

Mineral Systems can be classified into three major groups: a) orthomagmatic, b)
hydrothermal or magmatic-hydrothermal, and c) sedimentary mineral systems (HAGEMANN
etal., 2016). Our focus is in the magmatic-hydrothermal systems, that are rich in Au, Ag, Cu,
Pb, Zn, Sn, Mo and ETR, being triggered by geologic events such as plate movement, crustal
block collision and microplate accretion (GOLDFARB et al., 1997; SQUIRE; MILLER, 2003;
COOKE et al., 2005). Fluids in this system can originate from mantle, magmas, metamorphic
devolatilization, and surface water reactions, interacting with the surrounding rocks and
dissolving minerals, sulfides, oxides and elements.

Complexities such as overprinting of mineral systems are also present (e.g. Cinzento
area), considering that, on a regional scale, mineral systems integrate the tectonic and
geodynamic evolution of the terrain and may settle in different temporal windows, but
occupying the same environment.

B DATA PROCESSING

The systematic data processing was conducted on ESRI® GIS platform ArcGIS™ for desktop,
using Spatial Analyst extension and Spatial Data Modeler tools for ArcGIS™ (SAWATZKY et
al., 2009), in order to: (1) determine the spatial and temporal distribution of mineralizing
processes to understand the critical ore-controlling factors; (2) translate that processes into
mappable features and extract information to establish a mineral deposit model; (3) indicate
mineral of interest favorable zones with knowledge-driven methods.

Several functionalities were used to highlight favorable spatial features, such as proximity
analysis by the use of Euclidean distance and by defining a buffer zone that is considered by
the specialist as favorable to the occurrence of a mineral deposit. It is applicable to faults and
its intersections, rock contacts, outcrop observations, zones of hydrothermal halos influence,
among others. Furthermore, density analysis (Kernel, point and line densities) are applied
to faults and lineaments to highlight possible areas of strong structural permeability, which
could favor the circulation of hydrothermal fluids.

The magnetic data was managed by the application of filters, such as upward
continuation to evaluate the deep structures, as well as the selection of Analytic Signal and
Magnetic Vector Inversion anomalies, in positive association with known mineral deposits.

Gammaspectrometric data was processed in aiming to underline K-enrichment zones
related to hydrothermal alteration. The F factor method (GNOJEK; PRICHYSTAL, 1985; DE
QUADROS et al., 2003) measure K abundance relative to Th/U and Th/K ratios, being useful
to indicate hydrothermal alteration zones. The deviation of ideal potassium content, Kd
(SAUNDERS et al., 1987; PIRES,1995), is calculated based on K normalization by Th as a
lithological control and can be used to identify anomalous potassium enrichment zones.
Furthermore, low Th/K ratios can also be used to identify areas enriched in K and are good
indicators of hydrothermal alteration. The combination of these three products helps in
the identification of potassium alteration zones, mainly associated with the presence of
K-feldspar and/or sericite/muscovite.

The processing of geochemical data is given by the analysis of watershed associated
with stream sediment and pan-concentrate data. Statistical indicators determine pathfinder
elements in association with the sought mineral. Thus, anomalous catchment basin maps
are generated to verify their distribution in relation to mineralization sites.
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B FAVORABILITY MODELLING

The predictive models of favorable areas are generally empirical models, which depict
locations where mineral deposits of the type sought plausibly exist (CARRANZA, 2008).
There are two conventional knowledge-driven techniques, namely the multi-class index
overlay and the fuzzy logic. For data integration and modelling, both methods were used to
build the favorability maps presented in this volume.

Multi-Class Index Overlay

This technique uses a mathematical concept similar to that of Boolean algebra, where

the value of each class of evidence is added when there is an intersection of two or more

predictive vectors. The more intersections of predictive vectors occur in a specific map

region, the higher the score assigned to the intersection zone. Finally, to generate a

favorability map, the classes were then combined or summed (S), following the equation

below: T = T (Proe) (W) whereP, represents the assigned score according to the
T oy relevance of that map to mineral favorability, W_serve the

assigned weights (generally, positive integers) that

vary with the representativeness and reliability of the survey and n is the total number

of evidence maps used in the modelling (CARRANZA, 2008). The weighting process is a

subjective process and can be based on field observations and knowledge of the geologist.

Fuzzy Logic

Fuzzy logic (AN et al., 1992; BONHAM-CARTER,1994; BROWN et al., 2003; ELLIOTT et al., 2016)
is a sophisticated mathematical tool that converts the likelihood of a determined feature
related to the processes of interest into a continuous range of possibilities, varying from

0 to 1, where the more completely an evidence belongs to a favorable fuzzy set, the closer
its value is to 1. It is composed by three main processing stages (Figure 4): (1) fuzzification

of evidential data; (2) integration of fuzzy evidential maps with the aid of appropriate fuzzy
set operators; (3) defuzzification of fuzzy mineral favorability output in order to aid its
interpretation and validation.

This technique allows the specialist to
select the evidential layers that are believed
to be the most critical for the particular style
of mineralization (ZHANG; ZHOU, 2015) being
targeted, thereby taking into account the
statistics of each evidential feature and the
background values within the study area.

There are several fuzzy membership
functions that assist the fuzzification process.
After defining the fuzzy membership
functions for each evidential map, a variety
of operators can be used to combine the
membership values, integrating all the
information into a single-output fuzzy set.
Five fuzzy operators are commonly used in
fuzzy mineral favorability modelling: Fuzzy
AND, Fuzzy OR, Fuzzy algebraic PRODUCT,
Fuzzy algebraic SUM, and Fuzzy GAMMA (y)
operator. These fuzzy operators are useful
in mineral favorability mapping mainly
because each of them or a combination of
any of them can emulate the conceptual
model of geological processes involved in ore

Figure 4 | Main processing stages of the fuzzy logic formation. The description of each of these
modelling (modified from Carranza, 2008). operators is listed in table 1.
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Table 1 | Description of the fuzzy operators.
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Any of the fuzzy operators can be applied to combine evidential maps according to
inferences about the relationships of processes and spatial features that indicate the
presence of a mineral deposit. In every step, at least two evidential maps are combined,
forming a series of logical rules that sequentially combine evidential fuzzy maps. The fuzzy
inference network reflects the knowledge of how the mineral deposits were created and
which spatial features indicate where mineral deposits of the type sought may occur. Thus,
it adequately represents the conceptual model of mineral favorability.

B MODEL VALIDATION

After the generation of a predictive favorability model, it shows high scores colored

zones for the areas with most evidential class intersection and most likely targets for
mineral discoveries. The evaluation of the map is quantified through examination whether
the generated targets actually predict known deposits location. For this analysis, only
occurrences that are understood as formed into analyzed mineral system conditions are
selected, in order to work as training sites.

All favorability maps in this volume were tested by comparing the number of occurrences
within each classified area with its total area. The results are plotted in a graph of the
percentage of training sites and research areas versus the final prospective weights. Two
evolution lines must plot, showing that as the prospective score increases, the research area
decreases considerably. Another test was used in the fuzzy map, the Receiver Operating
Characteristics (ROC) (NYKANEN et al., 2015) and the Area Under the Curve (AUC) graphs. The
training sites are compared to the indicated favorable areas in order to check the accuracy
of the model and to measure the relationship between them. The higher this relationship,
the closer the ROC curve is to the upper left corner of the ROC graph. The AUC value is
a quantitative expression of this relationship, in the range of 0.5 to 1, which corresponds
respectively to the random and deterministic relationships, being desirable the value be
closeto 1.

Reducing the research area is a crucial process to reduce costs and risks in mineral
exploration, being the main objective of the mineral favorability maps. The coherence
of the final prospective map indicates that the integration of knowledge-based data is
an effective tool in reducing the area of mineral research. The final maps are constructed
without any layers directly related to mineralization, such as mineral deposit sites or location
of occurrences or drilling. They are produced from a set of independent concepts that
effectively translate the understanding of the system mineral in GIS-based vectors, leading
prospectors to mineralization.
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COPPER-GOLD FAVORABILITY IN THE THE CINZENTO
SHEAR ZONE, CARAJAS MINERAL PROVINCE

Felipe Mattos Tavares, Junny Kyley Mastop Oliveira, Antonia Railine da Costa Silva,
Iago Sousa Lima Costa, Rafael Bittencourt Lima

B INTRODUCTION

The Carajas region, in northern Brazil, hosts a world-class polymetallic mineral province
(Carajas Mineral Province), with giant iron deposits and large resources of copper and gold,
mostly related to iron oxide-copper-gold (I0CG) deposits. Other important resources include
manganese, nickel, tin, EGP, REE, among others. Since the region has a complex geodynamic
history, mineral potential modelling can be challenging, due to the overprinting of different
mineral systems in several metallogenic epochs.

The Geological Survey of Brazil (CPRM) has developed geological, geophysical and
geochemical data integration in the Cinzento shear zone, northern Carajas, as to assess
favourable targets to mineral exploration. Thus, we present here the results of the favorability
mapping using the mineral systems approach applied to exploration targeting techniques.

B TECTONOSTRATIGRAPHIC FRAMEWORK

There are three main rock generation ages in Carajas Mineral Province tectonostratigraphic
evolution, namely in the Mesoarchaean (3.02-2.83 Ga), the Neoarchaean (2.76-2.55 Ga)

and the Paleoproterozoic (1.88 Ga) (Figure 5). The oldest rocks are gneisses, greenstone
belts and granitoids developed under an orogenic system reported as the Itacaiunas Belt
(ARAUJO et al., 1988;,TAVARES et al., 2018). The peak metamorphism has been dated at

2.85 Ga and metamorphic fabrics are of medium to high amphibolite facies (MACHADO

et al., 1991, TAVARES, 2015). This rock association represents the basement of the
[tacaiunasSupergroup (2.76-2.70 Ga), a Neoarchaean, marine meta-volcano-sedimentary
sequence probably related to intraplate extension (DOCEGEO, 1988). Coeval bimodal
magmatism is represented by several A-type granites and mafic—ultramafic intrusions.
Smaller late stage granitic intrusions persisted until 2.55 Ga. Three other sedimentary
sequences covered the Mesoarchean basement during the Paleoproterozoic, the marine
Buritirama Formation (Siderian, SALGADO et al., 2019), the marine to continental Aguas
Claras Formation (Rhyacian, NOGUEIRA et al., 1995) and the continental Caninana Formation
(Orosirian, PEREIRA et al., 2009). At about 1.88 Ga, the region experienced an anorogenic
magmatic event, which also affected all the central-eastern side of the Amazonian Craton
and is known as the Uatuma magmatism. This event produced a second generation of
A-type granites in the province (DALLUAGNOLet al., 2005), emplaced at shallower depths
and related to widespread hydrothermal activity in a brittle, fluid dominated extensional
environment.

Neoarchaean and Siderian rocks were majorly deformed and metamorphosed in the
Paleoproterozoic. There are two events of ductile to ductile-brittle deformation and
metamorphism that can be recognized. The oldest one is the Transamazonian Orogenic
Cycle (2.20-2.05 Ga), a collisional system that agglutinated several Archaean nuclei and
Rhyacian magmatic arcs and greenstone belts (CORDANI et al., 1984;TAVARES et al., 2018),
related in the province to low greenschist (south) to high amphibolite (north) metamorphic
fabrics and structures. To the north, the Archaean units are limited by a collisional suture
from Rhyacian plutonic assemblages that are imbricated over the province. The youngest
one is the Sereno Event, an intracontinental orogeny correlated to Orosirian accretionary-
collisional belts that surrounded the Amazonian protocraton at 2.00-1.98 Ga (TAVARES et al.,
2018). Sereno fabrics are of very low grade, from sub-greenschist to greenschist facies.



Figure 5 | Map of Tectonostratigraphic Associations of Carajas Province showing the location of the Cinzento Project area

(black line polygon).
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The Mesoarchaean main structural trend is ductile in character and of an E-W direction,
while the Transamazonian trend varies between ENE-WSW and NE-SW. The Sereno structures
are widespread, although less penetrative and of a ductile-brittle style, in an X-shaped pair of
oblique structures in WNW-ESE and ENE-WSW directions (TAVARES et al., 2018).

B GEOLOGY AND METALLOGENESIS OF THE COPPER
AND GOLD RESOURCES

The Cinzento region registers at least three mineralization events for Cu and/or Au:

a) in the Neoarchean (2.76 Ga), when deep basement discontinuities were reactivated
as extensional faults during the deposition of the ItacaiinasSupergroup, leading to the
formation of syngenetic Cu-Zn volcanic massive sulphides (VMS) deposits;

b) still in the Neoarchean (2.55 Ga), a large-scale hydrothermal system chronologically and
spatially related to the late-stage A-type magmatism, generating IOCG deposits;

¢) in the Paleoproterozoic, contemporary to the 1.88 Ga A-type magmatism, that generated
different polymetallic, granite-related deposits, such as Cu-Au-W-Mo-Sn and Cu-Au-Fe-Mo-
Co-REE’s. Some authors believe that a second generation of IOCG deposits were formed in
this epoch, although in the Cinzento region they were not yet recognized.

The |IOCG orebodies are located along major structures or in their vicinities, with a wide
range of host rocks (yet some lithotypes are more favourable for mineralization). The
deposits share several characteristics, such as large (kilometric) hydrothermal halos, an
intense Fe metasomatism associated with the occurrence of low sulphidation sulphides,
LREE enrichment, high yet variable amounts of Co, Ni, Pb, Zn, As, Bi, W and U, spatial




and chronological correlation to A-type granitic plutons/dykes and breccia-like textures
(TALLARICO, 2005;XAVIER et al., 2012;GRAINGER et al., 2008) However, Archaean and
Palaeoproterozoic orebodies differ from each other in their hydrothermal assemblage and
ore minerals, reflecting variations in the fluid oxidation stage, pH, fO2 and fS2 (GRAINGER
et al., 2008; MORETO et al., 2015). Older deposits are magnetite-rich and thought to be
formed at deeper crustal levels, while the secondary younger orebodies are haematite-
rich (although can present magnetite as well), silica saturated and developed in shallower
environments (XAVIER et al., 2012). In addition, the older deposits were deformed and
metamorphosed by the Paleoproterozoic orogenic events, while the younger deposits are
post-tectonic, preserving their original textures and mineralogy (TAVARES et al., 2017).

Some of the largest Cu-Au deposits were proven to be related to hydrothermal
overprinting of at least two mineralization events, like the Pojuca-Gameleira-GrotaFunda
system (Table 1). Pollard et al. (2018) suggest that at least part of the Orosirian components
was inherited and reworked from previous I0CG hydrothermal alteration.

B PROSPECTIVITY CRITERIA FOR CU-AU MINERALIZATION

Relevant factors were defined regarding the ore generation, transport, and trapping.
Subsequently, we attempted to find representative and mappable features of these
factors, based on information from the CPRM public database (http://geosgb.cprm.gov.br).
The selected data were processed, rasterized and scored, concerning their importance

in the ore forming process resulting in evidence maps. Furthermore, each evidence map
received a weight related to the degree of uncertainty and reliability of the original data
(Table 2). The modeling was performed in a GIS environment, in the ArcGIS program
(Spatial Analyst extension). For the modeling, we used the multi-class overlaying method,
in which the value of each class of evidence is added when there is an intersection of two
or more predictive vectors.

In the case of Cinzento shear zone, we modelled in three stages, following the criteria
of each Cu-Au ore forming event. The evidence maps for the VMS system were: lithotypes
(metavolcanic and chemical metasedimentary rocks of the ItacaiiinasSupergroup)
and contacts between them, deep structures (mapped through Euler deconvolution),
geochemical signature (Zn-Cu-Fe-Au-Ag) and distribution of metamorphosed chloritic
alteration (dalmatianites), a regional footprint to the exalathive systems. To the IOCG
system (2.5 arapéGeladoMetagranite) and their contacts, deep structures, ductile structural
lineaments E-W and WNW-ESE, geochemical signature (Cu-Au-U-Th-Fe-Ce-La-K-Ni-Co-
Mo-B-Ag-Cr-Ti), distribution of mapped Ca-Na, K, Fe metasomatism, gammaspectrometry
anomalies and magnetic anomalies. For the 1.88 Ga deposits, the evidence maps were:
brittle to ductile-brittle structural lineaments in NW-SE/E-W and NE-SW directions,
shallow structures, geochemical signature (Cu-Au-U-Th-Fe-Yb-Ag-Ti-Sn-Bi), distribution
of mapped Si-Ca-Fe metasomatism, distribution of silica-rich hydrothermal breccias and
gammaspectrometric anomalies (uranium concentrations normalized using thorium).

The integration of the three products generated a favorability map for Cu-Au of the
Cinzento shear zone, with five prospective classes. The location of known deposits was used
to evaluate the quality of the product generated. The classes with the highest prospectivity
index (8.44% of the project area) mapped 51% of known Cu and Au occurrences, attesting to
the good correlation between potential classes and ore occurrence.

This work allowed the identification of new target areas, therefore helping to reduce
costs, time and risk in mineral exploration.

Original maps can be assessed at http:/rigeo.cprm.gov.br/jspui/handle/doc/20333

o
o]

Catalog of Prospectivity Maps of Selected Areas from Brazil



MINERALIZING EVENTS

EVIDENCE MAPS vMs 25 gem | el

MODEL | 10CG 10CG

e
©

Catalog of Prospectivity Maps of Selected Areas from Brazil

Table 2 | Weights of Evidential Maps for each mineralizing event in the Cinzento Shear Zone.




I FAVORABILITY MAP

Figure 6 | Copper-Gold Favorability Map in the Cinzento Shear Zone, Carajas Mineral Province.
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Figure 7 | Evidence Maps of the Copper-Gold Favorability in the Cinzento Shear Zone, Carajas Mineral Province.
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PROSPECTIVITY MAPPING AND MINERAL SYSTEM
ANALYSIS OF THE RENCA AREA, SE GUIANA SHIELD

Leandro Duarte Campos

B INTRODUCTION

The Brazilian government created the RENCA (National Copper and Associated Minerals
Reserve) in 1984 in order to protect the potentially poly-mineral district from foreign
investment. Since that, only government owned companies were able to explore the
Reserve. Exploration conducted mainly during the 1970s and the 1980s focused on gold,
iron and base metal. Main results were: (i) one small copper discovery in the Ipitinga Group
that intercepted Tm @ 0.7% Cu, 6.5g/tAu, 489/t Ag (Melo et al. 1985); (ii) an iron ore potential
resource estimated in 2 Bton @ 39-63% also in the Ipitinga Group (Jorge Jodo et al. 1978);
(iii) a lode gold district with un-estimated artisanal production and one reported mine with
estimated resource of 10 ton @ 26g/t Au (Klein and Rosa-Costa 2003). Besides that, Oliveira et
al. (1988) reported phosphate laterite, niobium and rare earth elements discovery potential
related to mafic-ultramafic intrusive bodies.

Recently, the Geological Survey of Brazil conducted geological mapping, petrological
and geochronological studies that allowed a more detailed understanding of the
geodynamic evolution and the mineral systems within the Reserve (Rosa-Costa et al.
2017). In order to build an exploration model for the RENCA, Campos et al. (2017) used the
mineral system concept (McCuaig and Hronsky 2014, and references therein) to produce
multi-mineral prospectivity maps for copper, gold, iron ore, and Nb-rare earth. The final
target maps integrated the entire historical database, such as detailed geological maps,
diamond drilling, regional and detailed soil/stream sediment geochemistry, together with
new geological concepts and airborne geophysical surveys published by the Geological
Survey of Brazil.

B TECTONOSTRATIGRAPHIC FRAMEWORK

The RENCA sits on the northern portion of the Amazonian Craton, at the Guiana Shield
(Figure5). This portion of the Guiana Shield comprises metasedimentary and metavolcanic
rocks, granites, ultramafic intrusive complexes and middle to high-grade metamorphic
rocks with ages ranging from the Paleoproterozoic to the Mesoarchean (Rosa-Costa et al.
2017). Archean and Paleoproterozoic rocks form preferentially NW-SE trends that follow

the general tectonic orientation of the Ipitinga Group, interpreted to represent a Rhyacian
greenstone belt (c.a. 2.1 Ga), and the suture zone between two distinct tectonic blocks,

the Archean Amapa and the Paleoproterozoic Carecuru blocks. Rosa-Costa et. al. (2017)
grouped the lithoestratigraphic units as follows. (1) Mesoarchean basement rocks that
comprise orthognaisses of the Tumucumaque Complex (2849 + 6 Ma). (2) Neoarchean rocks
with Paleoproterozoic granulite metamorphism including the Jari-Guaribas Complex, the
Baixo Mapari Complex, the Iratapuru Complex, the Ananai Complex (2597 + 4 Ma), and

the Noucouru Intrusive Suite. (3) Neoarchean gneisses and migmatites of the Guianense
Complex (2652 + 4 to 2605 + 3 Ma). (4) Neoarchean granites such as the Anauerapucu
Granite (2791 + 23 Ma) and the Riozinho Granite (2626 + 5 Ma). (5) Rhyacian deformed
basins, represented by the Vila Nova and the Ipitinga groups, which comprise metavolcanic
and metasedimentary rocks that host the copper, gold and iron ore mineral systems.

(6) Rhyacian deformed granites represented by the Carecuru Suite (2140 + 1 Ma), the Charuto
Granite (2218 + 3 Ma), the Igarapé Cumaru Granite (2185 + 4 Ma), Urucupata Alaskite (2146
+3 Ma), and the Sucuriju metagranite. (7) Syn-tectonic granites comprising the Paru Granite



(2098 + 2 Ma), the Igarapé Urucu Suite, and the the Igarapé Careta Suite (2074 + 5). (8)
Paleoproterozoic mafic and ultramafic intrusions represented by the Dicé metadiorite (c.a.
2.20 Ga). (9) Statherian anorogenic granites represented by the Mapuera Suite (1.89 to 1.86 Ga).
(10) The Mapari alkaline intrusive complex (1753 + 3 Ma). (11) Ediacarian mafic and ultramafic
alkaline complexes such as the Maicuru and the Maraconai intrusions that host phosphate
laterite resources. (12) Phanerozoic sedimentary and volcanic rocks of the Amazonas Basin.

The lithological framework of the RENCA defines a complex geodynamic evolution from
the Archean to the Phanerozoic of the eastern Amazonian Craton. Despite its composite
nature, the main metallogenic episode is related to the evolution of a Paleoproterozoic
orogenic cycle that correlates to the Transamazonian belts of the southern Amazonian
Craton and to the West-African Rhyacian belts (Rosa-Costa et al. 2006, 2009). The
metamorphic peak is estimated to have occurred between 2.10 and 2.08 Ga (Rosa-Costa et
al. 2009). This event is responsible for the isotopic reset and tectonic reworking of the Amapa
Block, and for its suture with the Carecuru Block. The suture zone is marked by steep and
deep magnetic and gravimetric structures, both related to the eastern limit of the Ipitinga
Group (Rosa-Costa et al. 2017).

B GOLD MINERAL SYSTEM

Gold is by far the most reported mineral occurrence in the RENCA. There are 93 listed
artisanal gold production zones with the majority of those related to the metasedimentary
rocks of the Ipitinga Group. Klein and Rosa-Costa (2003) described several occurrences

that consist mostly of small lode gold deposits with variable grades. The gold veins were
mainly controlled by shortening and transcurrent structures related to the Paleoproterozoic
evolution of the Ipitinga Group. Klein and Fuzikawa (2010) reported that the gold
mineralization formed from low-salinity aqueous-carbonic fluids with an isotopic signature
similar to those of orogenic gold deposits. Moreover, Klein et al. (2009) determined galena
Pb-Pb ages between 2016 and 2113 Ma, which despite the large age interval are consistent
with the Paleoproterozoic metamorphic peak.

B COPPER MINERAL SYSTEM

Faraco (1990, 1997), suggested a VMS model for the copper mineralization located at the
northern portion of the Ipitinga Group. The host rocks are mainly hydrothermally-altered
tholeiitic and komatiitic metabasalts (quartz-chlorite schist/anthophyllite-cordierite schist)
and tectonic breccia with quartz, actinolite, chlorite, cummingtonite, talc, and apatite. An
external alteration halo is marked by anthophyllite-cordierite schists that are products of the
regional metamorphism of quartz-chlorite shales, the latter generated from oceanic floor
alteration. The sulfide assemblage consists mainly of pyrrhotite, pyrite, chalcopyrite, and
minor sphalerite.

Faraco (1997) describes the massive sulfide mineralization as controlled by an NW-
SE trend, along narrow and irregular layers and breccia zones at the contact of mafic to
ultramafic volcanic rock and banded iron formation. The total extension of the copper
mineralization is still unknown. Only four drill holes were performed in a restricted
area. However, geochemical and geophysical anomalies, as well as favorable geological
conditions, point to a possible along-strike continuation of the intercepted mineralization
for more than 20 km (Campos et al. 2017).
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B IRON ORE MINERAL SYSTEM

Occurrences of iron ore in the RENCA are invariably related to banded iron formations and
ferruginous quartzites of the metasedimentary sequences of the Ipitinga Group. Jorge Jodo
et al. (1978) described the metasedimentary rocks as compact hematite, itabirites (quartz-
hematite interlayered rock), banded ferruginous quartzites, quartzites, and amphibolites.
Three iron ore samples yielded 39.66%, 58.33% and 63.23% Fe. Based on the volume of three
similar-relief residual plateaus (4 km x 1.5 km each) with an estimated iron ore layer of 50 m
thick, the authors calculated a “possible geological resource” of 2,367 Mt of Fe.
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B PHOSPHATE, TI, NB AND REE MINERAL SYSTEM

Phosphate, Ti, Nb, and REE resources are related to primary and supergene concentrations
in the Maicuru (alkaline-ultrabasic-carbonatitic) and Maraconai (alkaline-ultrabasic) intrusive
complexes, located in the southwest portion of the RENCA. This alkaline ultrabasic magmatism
is related to the extensional tectonics in the Neoproterozoic (Lemos and Gaspar, 2002).

Both intrusive complexes form high relief semi-circular structures that are similar to table-
top mountains. This condition favored the development of phosphate-enriched supergene
crusts. These crusts also concentrate accessory minerals rich in Ti, Nb, and Co. Circular
structures with strong magnetic response and low radiometric signature were considered
the main prospective control for this system.

B MULTY-COMMODITY PROSPECTIVITY ANALYSIS

For the analysis, integration and interpretation of the data we used the mineral system
concept (Hronsky and MacCuaig 2014, and references therein), which considers that mineral
deposits are local expressions of much larger processes that occur on a continental scale
that focus mass and energy flows in certain regions of the crust. To generate district-scale
targets lused the knowledge-driven multi-class overlay method from Carranza (2009). This
method is most suitable for data integration at that scale.

From data integration, evidence maps were generated to represent each geological
process associated with the formation of one or more mineralizing system. For the present
study, | scored and combined every distinct map specifically according to the related mineral
system. Then, evidence maps were integrated into specific sets related to the critical factor(s)
of the mineralizing system, and later the final maps of each set were summed together to
generate a final predictive map.

For the composition of the final prospectivity maps Campos et al. (2017) used the following
predictive maps. (1) Isotopic maps, which represent large scale processes related to rock
generation with potential for the generation of mineralizing fluids; (2) geological maps,
depicting potential host rocks and fluid generation areas; (3) deep structures, which represent
the main areas of fluid circulation in the crust; (4) geological contact map, representing
the main zones of deposition of mineralizing fluids; (5) structure density, termination and
intersection maps, which represent favorable zones of space opening for mineralization;

(6) radiometric map of hydrothermal alteration, which represents zones of active circulation
of mineralizing fluids; (7) geochemical maps of soil and stream sediments, which are the main
anomalous zones in elements related to mineralizing systems. Each evidence map was scored
and weighted according to the proposed table by Campos et al. (2017).

As a main result of the work, the evidence maps were integrated to generate prospective
targets for copper (VMS system), gold (orogenic system), iron (supergene system) and
phosphate (alkaline ultrabasic system). All final maps successfully indicated known
mineralization and highlighted new areas with potential for new discoveries.

Original maps can be assessed at http://rigeo.cprm.gov.br/jspui/handle/doc/18967
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I FAVORABILITY MAP

Figure 8 | Gold Favorability Map in the Renca Area, SE Guiana Shield.
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Figure 9 | Evidence Maps of the Gold Favorability in the Renca Area, SE Guiana Shield.
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PREDICTIVE POTENTIAL MAPPING FOR

INTRUSION-RELATED GOLD IN THE EASTERN
TOCANTINZINHO TREND, TAPAJOS MINERAL
PROVINCE, AMAZONIAN CRATON

Sulsiene Machado de Souza Gaia, Marcelo Lacerda Vasquez, Felipe Mattos Tavares

B INTRODUCTION

The demand for investment attractiveness in mineral production has driven research around
the indication of favorable areas to the occurrence of a certain mineral asset. In this sense,
the Geological Survey of Brazil (CPRM) has been developing geological, geophysical and
geochemical data integration to predict favorable targets to mineral exploration.

The Tapajés Mineral Province (TMP) corresponds to a Paleoproterozoic tectonic domain in
the central part of the Amazonian Craton (Figure 10), which hosts gold deposits of different
types and styles, representing different portions of a single structure-controlled mineral system.

Figure 10 | A) Tectonic domain of southeastern Amazonian Craton and location of the study area; B)
Geological map of the study area (after Vasquez et al. 2017).
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Other resources include diamond, copper and tin. The main gold deposits are concentrated
in the central-eastern part, and oriented along the WNW-ESE Tocantinzinho Trend. This
structural corridor marks a strong control of the mineralization by brittle shear zones. We
present here the results of a favorability study for intrusion-related (IR) gold in this portion
of the TMP, applying the mineral systems approach to exploration targeting techniques.

B GEOLOGICAL AND TECTONIC SETTING

The TGP represents an Orosirian accretion to an Archean crust (Carajas Province) that was
partially reworked and provided a source for the rocks of this province (SANTOS et al. 2004;
LAMARAQO et al. 2005; VASQUEZ et al. 2017).

The following Orosirian volcanic-plutonic and sedimentary events can be distinguished
in TGP: (1) 2050-2000 Ma - Deposition of a foreland basin (Castelo dos Sonhos Formation)
in eastern part and a forearc basin (Jacareacanga Group) in western part, emplacement of
calc-alkaline granitoids (Cuit-Cuitt Complex) and extrusion of their correspondent volcanic
rocks (Comandante Arara Formation); (2) 2000-1950 Ma - Extrusion of high-K calc-alkaline to
shoshonitic felsic volcanic rocks (Vila Riozinho Formation) and emplacement of
high-K calc-alkaline granites (Creporizéo Suite and Older Sao Jorge Granite); (3) 1900-1850Ma
- Emplacement of calc-alkaline granitoids (Tropas Suite), sedimentation of arc basins
(Abacaxis, Sequeiro, and Buiugcu Formations), emplacement of high-K calc-alkaline granites
(Parauari Suite and Younger Sao Jorge Granite) and gabbros (Ingarana Suite), extrusion
of high-K calc-alkaline felsic (Salustiano Formation) and mafic (Bom Jardim Formation)
volcanic rocks and deposition of volcaniclastic rocks (Aruri, Tocantinzinho, and Novo
Progresso Formations), emplacement of alkaline (A2-type) granites (Maloquinha Suite) and
extrusion of their correspondent volcanic rocks (Moraes Almeida Formation) and formation
of continental rift basins (Coatd Formation). The emplacement of dacite, andesite, and
lamprophyre (spessartite and vogesite) dikes represent the latest pulses of high-K
calc-alkaline magmatism.

These Orosirian events (except the deposition of Castelo dos Sonhos Formation) are
related to magmatic arcs accreted to a continental margin: 2050-2000 Ma events to the
Cuiu-Cuiu magmatic arc (CMA) and 1900-1850 Ma events to Tropas magmatic arc (TMA).
There is controversy about whether 2000-1950 Ma events represent other magmatic arcs
(SANTOS et al., 2004), late igneous pulses of CMA (LAMARAO et al., 2002) or transcurrent
post-collisional magmatism (VASQUEZ et al., 2002). Another controversy is about whether
late high-K calc-alkaline suites and volcanic formations represent younger magmatic arc
(SANTOS et al. 2004) or late stage of the TMA (VASQUEZ et al., 2017).

Three deformation events are recognized in the TMP (KLEIN et al., 2002), which
affected the rocks and provided conditions to concentration, transport and deposition
of gold. The Jacareacanga Group and Cuiu-Cuit Complex rocks from southwestern
PGT were affected by ductile to ductile-brittle deformation (D1), recognized through
subvertical NNW-SSE faults and shear zones. The second event (D2) of ca. 1960 Ma
affected the oldest rocks of PGT and controlled the emplacement of the granites of
the Creporizao Suite, through transcurrent brittle-ductile shear zones of NW-SE and
NNW-SSE directions, resulting from a progressive compressive event of E-W direction.
A third event (D3) corresponds to subhorizontal ductile-brittle shear zones oriented
to N-S that controlled the emplacement of tonalites of the Tropas Suite at ca. 1900 Ma.
The progressive deformation resulted in the change to NW-SE and WNW-ESE brittle
transcurrent shear zones that controlled the emplacement of granites of the Parauari
Suite and gabbros of the Ingarana Suite at ca. 1880 Ma. A younger extensional brittle
event marks of E-W fault systems that controlled the formation of sedimentary basin
of the Coatd Formation at ca. 1850 Ma.

B CHARACTERISTICS OF THE GOLD DEPOSITS

Primary (hypogene) gold has been explored in PGT since the 1990 decade. In the study
area there are well known deposits such as Palito, Tocantinzinho and Sao Jorge and other



deposits that need more research (Agua Branca, Mamoal, Sao Chico, Sdo Domingos and
Sédo Jodo). These eight depositss were selected as training sites to test the favorability model.
The main style of mineralization comprises quartz veins, with secondary stockwork and
dissemination, and the three styles may occur in the same deposit (e.g. Sdo Jorge). The gold
is associated with sulfides, mainly pyrite and chalcopyrite, and some sphalerite, galena, and
pyrrhotite. The deposits have hydrothermal halos of variable influence, being the major part
of the deposits surrounded by a sericitic envelope. The orebodies occur mainly in structures
such as shear zones and have a strong spatial correlation with the emplacement of mafic
dikes along these structures in contact zones. There were two mineralization episodes in
TMP, one at ca.1960 Ma and other at ca. 1860 Ma (LAFON; COUTINHO, 2008). In the study
area, the younger event is present in the Sao Chico deposit (VASQUEZ et al., 2017), but
probably is also present in other important deposit sites (e.g. Palito).

B FAVORABILITY CRITERIA FOR IR-GOLD MINERALIZATION

The mineral system approach (WYBORN et al., 1994; CZARNOTA et al., 2010) looks for broad
similarities between deposits, considering the fundamental physical and chemical processes
involved in the formation of mineral deposits. In this sense, several relevant factors were
defined regarding the ore source, transport, trapping and deposition in an IR gold system.
The main source data for this work was obtained from CPRM'’s project Sdo Domingos-Jardim
do Ouro (VASQUEZ et al., 2017), and the modeling was performed in a GIS environment, in
the ArcGIS software platform, using the Spatial Analyst extension and the ArcSDM tools.

The selected data were processed, rasterized and classified, concerning their importance
in the mineral system, each one resulting in an evidence map. They were grouped
and combined to represent each ore-forming process, producing intermediate maps.
Furthermore, the intermediate maps were combined to generate the mineral system model
(Figure 11). All evidential maps were generated by the use of fuzzy memberships, and the
intermediate maps and the model were generated and combined using the fuzzy operators,
following the criteria presented in Table 3. This technique has the advantage of resulting in a
continuous range of possibilities, allowing a gradual approximation of the exact solution and
going beyond the Boolean logic of only favorable or not favorable responses.

The evidence maps for the IR-gold system were: favorable host rocks (major potential
to Younger Séao Jorge Granite, Parauari and Creporizédo Suites), intrusive contacts (from
the most favorable host granitoids and intrusions related to the 1900-1850 event), NW-
SE and NE-SW shear zones (extracted from magnetic, gammaspectrometry, imagery and
field data), lineaments density (automatically extracted from digital elevation model),
mafic dikes proximity (occurrences of mafic dikes of lamprophyres and andesites, closely
related to mineralization), proximity to intersections between E-W and NW-SE structures,
gammaspectrometry anomalies to highlight intense hydrothermal alteration zones, mainly
potassic and sericitic zones (F parameter, anomalous potassium and Th/K ratio), magnetic
anomalies based on deposits signature and geochemical signature from stream sediment
analysis (Au, Ag-Sn-Mn, and Mo-Bi).

The integration of the four intermediate maps that represent the four key mineral
system components (energy/source, migration, trap and deposition/outflow) resulted
in a favorability map for IR-gold in the central-eastern part of TGP, where the highest
favorability values (over 80%) are concentrated in 2% of the total area, significantly reducing
the indicated areas. 62.5% of known deposits were mapped in areas of favorability values
over 60%, attesting the good correlation between favorable values and the training sites.
Furthermore, the model was tested in comparison with known gold deposits using Receiver
Operating Characteristics (ROC) and the Area Under the Curve (AUC) graphs (Figure 12). The
results of validation showed an accuracy of 95% and a confidence interval of 0.797-0.969.
The results demonstrated the usefulness of fuzzy modeling in mineral exploration.
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Figure 11 | Intrusion Related-gold system modelling flowchart for the study area.

Figure 12 | The ROC (Receiver
Operating Characteristics) curve and
AUC (Area Under the Curve) show that
the model of favorable areas is distant
of randomic choices, attesting its
effectiveness to predict
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Figure 13 | Intrusion-Related Gold Favorability Map in the Eastern Tocantinzinho Trend,
Tapajos Mineral Province, Amazonian Craton
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Figure 14 | Evidence Maps of the Intrusion-Related Gold Favorability in the Eastern Tocantinzinho Trend, Tapajés Mineral
Province, Amazonian Craton



GOLD FAVORABILITY AT JUMA GOLD DISTRICT,
SOUTHEAST AMAZONAS STATE

I  :cul Eigenheer Meloni, Matheus Silva Simées, Michele Zorzetti Pitarello

B INTRODUCTION

Since the occupation of the southeast part of Amazonas
State, in the 1970s, a modest gold production on artisanal
mines (garimpos) has been going on in this region. In 2007,

a gold rush occurred there, attracting thousands of people
driven by the discovery of high-grade superficial deposits at
the Eldorado do Jumagarimpo, where it has been estimated
that around 2~10 tons of gold were extracted by rudimentary
means, in a short period of time. This region, known as

Juma Gold District (Figure 15), is localized in the geological
context of the JuruenaOrogen (DUARTE et al., 2019; SOUZA
et al., 2005), which is inserted in the Rondoénia-Juruena
geochronological province) of the Amazon craton (SANTOS
et al., 2000). The extension of this orogen to the south, in the
northern part of Mato Grosso State, hosts the well-known

Figure 15 | Study Area Location. Alta Floresta-Juruena Gold Province. Despite its potential
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for gold, indicated by the presence of numerous gold

occurrences and the favorable geological context, mineral exploration activities in the Juma
Gold District are still scarce.

In order to provide a better geological knowledge base for future investments in
the area, the Geological Survey of Brazil (CPRM) has developed geological, geophysical
and geochemical data integration in the Juma Gold District. Thus, we present here a
synthesis of the current knowledge about the metallogeny of gold in the area, and
the results of the favorability mapping using the mineral systems approach applied to
exploration targeting techniques.

B TECTONOSTRATIGRAPHIC FRAMEWORK

The Juma Gold District is located near the boundary of two geochronological domains of
the southern Amazon craton: the Tapajés (2.10-1.88 Ga), and Juruena (1.82-1.53 Ga) domains
(SANTOS, 2003).

The oldest rocks exposed in the Juma Gold District are low-grade metagreywackes
attributed to the Abacaxis Formation (SANTOS et al., 2000), which are intruded by the
Chuim Granite (1.85 Ga). The latter, together with the Arraia Granite (1.84 Ga), are thought to
represent transitional magmatic events between the final evolution of the Tapajés Domain
and the installation of the JuruenaOrogen, of which the Colider Group (1.82-1.78 Ga) is the
first litho-stratigraphic unit in the area, where it is composed mainly of quartz-rich rhyolitic
pyroclastic rocks. In the Statherian, a rift basin is believed to have begun opening in the
area, accompanied by predominantly felsic bimodal volcanism. The Pedro Sara Formation
(1.76-1.74 Ga) represents most of the felsic component of this volcanism, which is composed
mainly of quartz-poor rhyolitic pyroclastic rocks. Partially intercalated, the Camait (<1.75 Ga)
and the Vila do Carmo (>1.57 Ga) formations represent, respectively, alluvial fans and
deltaic sediments, with a few beds of felsic pyroclastic rocks. Some basaltic flows and sills
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are present in the Camaiuformation, which display the mafic component of the bimodal
volcanism. In the Calymmian, a widespread mafic magmatism occurred in area, represented
mainly by large exposures of tholeiitic olivine-gabbro sills of the Mata-Mata Suite (1.57-1.53
Ga; OLIVEIRA; LIRA, 2019; ALMEIDA; COSTA, 2016). This mafic magmatism is considered to be
associated with A-type rapakivi granites of the Serra da Providéncia Suite (1.53-1.51 Ga), and
felsic volcanic rocks of the Gavidao Group (1.53-1.50 Ga), both of which have been described
a few tens of kilometers away from the Juma Gold District (OLIVEIRA; LIRA, 2019; ALMEIDA;
COSTA, 2016). Together, these three units define a stage of anorogenic, intracontinental
bimodal magmatism in the region. During the Mesoproterozoic and Neoproterozoic eras,
continental sedimentary sequences of the Prainha (~1.41 Ga) and Sucunduri Formations
covered parts of the study area, and currently are preserved in sites believed to be paleo
structural lows. Sedimentary sequences deposited in the context of the Paleozoic Alta
Tapajos Basin are locally present in the area, represented by the Silurian-Devonian Juma
Formation, which is composed of the lower Borrachudo Member, and the upper Sao
Benedito Member. The lower unit is composed mainly of carbonaceous mudstone and

fine sandstones, and the upper unit is composed mainly of siltstones and fine to medium
sandstones enriched with phosphatic minerals. Jurassic quartz-arenites of the Rio das
Pombas Formation locally cover older rocks at higher elevations.

B STRUCTURAL EVOLUTION

For the most part, the rocks in the Juma Gold District show very little to no metamorphic
effects, and deformation is mainly in the brittle regime, controlled by normal faults. Where
present, metamorphism is of low-grade and restricted to the vicinities of regional structures.
Locally, some thin-skinned tectonic folding is present in the volcano-sedimentary sequences.

The oldest deformation event preserved on the area, registered as slaty cleavage,
is observable only in a restricted part of the study area, where the metagreywackes of
the Abacaxis Formation occur. This deformation is considered to be related with later
compressive events of the Tapajés Domain (> ~1.85 Ga), with a N-S structural trend.

The extensional tectonics associated with the rift system installed in the Statherian (<1.75 Ga)
was controlled by normal and transtensional faults, with main directions NE-SW and NW-SE,
but also reactivated older N-S structures from the basement. Synchronous volcanism during
this event produced widespread hydrothermal alteration at shallow crustal level.

At around 1.55 Ga, voluminous mafic magmatism of the Mata-mata Suite was associated
with extensional reactivation of older structures, which functioned as preferential pathways
to the emplacement of the mafic intrusions of the Mata-mata Suite. At ~1.50 Ga the Juma
District suffered distal effects from the QuatroCachoeiras Orogeny (OLIVEIRA; LIRA, 2019),
with main compression in the NE-SW direction, locally producing thin skinned deformation
on the volcano-sedimentary sequences of the Camait and Vila do Carmo formations, and
low-grade metamorphism focused on reactivated older large-scale structures.

At around 1.30 Ga, distal effects of the SunsasOrogen affected the area in the form
of strike-slip faulting (OLIVEIRA; LIRA, 2019), although it is not yet clear how much it has
affected The Juma Gold District.

Normal faulting is believed to have occurred in the Paleozoic as the Alto Tapajos Basin
formed. These faults, many of which are probably reactivated proterozoic structures, may have
been active until the Cretaceus, placing Paleoproterozoic and Fanerozoic rocks side by side.

B GEOLOGY AND METALLOGENESIS OF GOLD OCCURENCES

Although current knowledge about the mineral system responsible for the formation of
the gold mineralization of the Juma District is still in a reconnaissance stage, recent works
developed by the SGB/CPRM showed that many of them are associated with geological
characteristics similar to those found on classic low sulfidation epithermal systems, as
defined by Sillitoe&Hedenquist (2003). For example, many of the mineralization are
associated with centimeter- to meter-size quartz veins and breccias, which may show
drusiform, microcrystalline, comb, and lattice-bladed textures. These textures indicate that



these hydrothermal deposits formed in a frankly extensional, epizonal, structural setting.
Hydrothermal alteration mineral assemblages include sericite, illite, calcite, florencite and
quartz veinlets with adularia. Sulfides are the most probable ore minerals, although their
presence is only inferred through relicts such as limonite masses and boxwork textures on
quartz veins, due to all of the current known exposures being strongly oxidized.

The Statherian volcano-sedimentary sequence of the Pedro Sara, Camaiu and Vila do
Carmo formations host most of the mineralization, although all of the older units also host
at least some gold occurrence. Frequently, the mineralization occurs near the contact with
mafic intrusions, which may also host mineralization. It is not yet clear the age of these
mafic intrusions, but many of them are considered likely to belong to the Calymmian
Mata-Mata Suite.

Many of the mineralizations are spatially associated with, and locally hosted in, regional
NE- and NW-trending ductile to brittle faults which are thought to have formed in the
Statherian, and been reactivated in later events.

Based on the age of the host rocks of the mineralizations, and their characteristics, two
events are most probably responsible for their generation:

a) In the Statherian (1.75 Ga), shallow hydrothermal systems associated with bimodal sub-
aerial to shallow sub-aqueous volcanism formed in the context of a rift basin during the later
stages in the evolution of the JuruenaOrogen. This geotectonic context can be considered
favorable for the formation of low-sulfidation epithermal gold deposits according to the
classification of Sillitoe&Hedenquist (2003). This interpretation is also supported by a close
spatial relationship between the gold occurrences and the Pedro Sara, Vila do Carmo

and Camaiu formations. On the other hand, this event cannot explain the presence of
mineralizations in gabbros of the younger Mata-Mata Suite;

b) In the Calymmian (~1.55 Ga), the extensive plume-related mafic magmatism might
have provided the heat motor and the source of precious metal for the formation of the
mineralizations. The crustal intumescence provoked by the placing of a mantle plume can
have produced a reopening of older structures, promoting pathways for the formation of
shallow hydrothermal systems.

Since with our current knowledge it is not yet possible to determine the exact timing of the
mineralizations, the prospectivity model was build taking both hypotheses into consideration.

[2X]
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B PROSPECTIVITY CRITERIA FOR AU MINERALIZATION

The prospectivity criteria used for the modelling were defined based on the four critical
factors for the generation of ore deposits, according to the Mineral Systems approach
(MCCUAIG; HRONSKY, 2014): whole lithosphere architecture, transient favorable
geodynamics, fertility, and preservation of the primary depositional zone.

Fertility

Isotopic Sm-Nd data of Statherian volcanic rocks in the study area show model ages
between 2,2 - 2,9 G, and detrital zircon U-Pb age determinations from Statherian sandstones
frequently show Archean populations (BRITO et al., 2010). These data suggest that there
might exist an Archean basement in the area, that could be eroding by the time the
mineralizations formed. Although speculatively, we infer that the presence of an Archean
basement, possibly tectonically reworked in the Paleoproterozoic, was an important fertility
factor in the area since, in general, terrains of this age are highly prospective for gold in the
Amazon Craton (e.g. Rio Maria Domain; Carajas Mineral Province). The vectorization of these
elements was done through a reclassified lithological map of the district.

Transient favorable geodynamics

A superimposed rifting over an orogenic system is recognized as favorable for the
generation of low sulfidation epithermal deposits, especially when associated with bimodal
magmatism (HRONSKY et al., 2012). This geodynamic moment was represented in the model

Catalog of Prospectivity Maps of Selected Areas from Brazil
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by a reclassified lithological map. In this geodynamic setting, ore can be deposited from
shallow convective hydrothermal systems. To map zones where the hydrothermal alteration
may have occurred more intensely, the following 6 evidential maps were generated:

a) three maps based on geochemical anomaly in soil of As, Ba and Ag;

b) two maps based on gold and florencite grains in stream sediment pan concentrates.

¢) one map representing zones of high K radiometric signal from airborne gamma-
spectrometric data.

Whole lithosphere architecture

The importance of regional geological structures that extend to the basement on the
control of the distribution of hydrothermal mineralizations has been widely recognized (e.g.
MCCUAIG; HRONSKY,2014). For the prospectivity model, one evidential map representing
these structures was done through the interpretation of airborne magnetometry and
satellite gravity data. A buffer of 3 km was drawn around the delimited structures.

Normal and transtensional faults related to rift opening, function as important
conditioning factors for the dynamics of the potentially mineralizing hydrothermal fluids.in
this setting, by actively creating and impeding rock permeability (ROWLAND; SIBSON,2004).
To represent these prospective elements on the model, a structural map was made based
on field data and interpretation of magnetometry images. From this map, the structures
interpreted as being related to the rift moment, were used for the creation of three
evidential maps, representing the following:

a) distance from the center of faults, with descending prospectivity score from 0 until 750 m;

b) spatial density of structures;
¢) spatial density of intersections between deep structures and rift related faults.

Preservation

The preservation of epithermal mineralizations on Proterozoic terrains is rare, in great part
due to their formation near the surface (<1500 m in depth). Nevertheless, several cases have
been reported on the Amazon Craton (e.g.JULIANI et al., 2005). Some factors that may have
contributed to their preservation on the Juma Gold District is their formation on the context
of a rift basin with active sediment deposition, followed by rapid burial, and the tectonic
stability after the formation of the deposits.
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CRITICAL

FACTORS VECTORS EVIDENTIAL MAPS SCORES  WEIGHS OBSERVATIONS

WHOLE LITHOSPHERE ARCHITECTURE

IDW interpolation. ~1/3
Geochemical area coverage.

anomaly in soilv

K Radiometric K Extracted from airborne
metasomatism anomalies gamma-spectrometry

Table 4 | Criteria for evidence maps in each key mineral system component for Juma area.
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Figure 16 | Gold Favorability Map in the Juma Gold District, Southeast Amazonas State
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Figure 17 | Evidence maps of the Gold Favorability in the Juma Gold District, Southeast Amazonas State



ZINC-LEAD-COPPER-GOLD FAVORABILITY IN THE
NOVA BRASILANDIA DISTRICT, SUNSAS PROVINCE,
AMAZONIAN CRATON

I G ustavo Negrello Bergami, Guilherme Ferreira da Silva

B INTRODUCTION

The Nova Brasilandia District is located in north-western Brazil and presents a series of
occurrences of zinc, lead, copper and gold-rich gossans that define a possible polymetallic
mineral district of BHT (Broken Hill Type) deposits. The region also displays minor occurrences
of lode gold, manganese, magmatic phosphate, and sedimentary-hosted copper.

With the goal of assessing favorable targets to mineral exploration, the Geological Survey
of Brazil (CPRM) has developed geological, geophysical and geochemical data integration
in the host unit of the BHT mineralization, the Migrantindpolis Formation, of the Nova
Brasilandia Group. Therefore, the results of the favorability mapping allied to a mineral
systems approach are presented here.

—
[\

Figure 18 | Southwestern Amazonian Craton simplified map, showing the approximated limits of the main
geochronological provinces, mobile belts and tectonic elements. (PRADO et al., 2016).

B TECTONOSTRATIGRAPHIC FRAMEWORK

The study area comprises five main periods of rock formation in its tectonostratigraphic
evolution. The first is Paleoproterozoic (Statherian; 1.76 Ga), followed by three periods in the
Mesoproterozoic (Calymmian; 1.55 Ga and Stenian; 1.24 and 1.0 Ga) and one Neoproterozoic
(900 Ma). The oldest rocks are tonalitic and granodioritic gneisses, as well as paragneisses
and calc-silicate rocks related to an active margin continental arc. On the basement

rocks, the peak metamorphism has been dated at 1.63 Ga and has reached metamorphic
conditions of the granulite facies (SCANDOLARA, 2006). After that, at 1.55 Ga, anorogenic,
A-type magmatism took place, with the generation of the Serra da Providéncia Suite. During

Catalog of Prospectivity Maps of Selected Areas from Brazil
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the same period, another anorogenic suite and sedimentary rocks were being formed to
the south of the area. These rocks were then metamorphosed at 1.46 Ga (RIZZOTTO et

al., 2013) and 1.33 Ga, under high-amphibolite to granulite facies, giving origin to the Sao
Felipe Complex, composed of A-type orthogneisses and paragneisses. Continental rifting
took place at ca. 1.24 Ga and allowed the deposition of the Migrantinépolis Formation as
well as the development of a proto-oceanic crust represented by the Rio Branco Formation.
Late orogenic to anorogenic magmatism of A-type granites led to the generation of two
suites, the Rio Pardo Suite (1.1 Ga) and the Costa Marques Suite (1.0-0.9 Ga), as well as the
emplacement of a mafic-ultramafic suite of the same age of the latter, the Novo Mundo
Suite. Synchronous sedimentation gave origin to two sedimentary sequences, the Terra
Boa and Palmeiral formations. During the Neoproterozoic and the Phanerozoic, another
sedimentary phase took place, giving origin to the rocks of the Parecis Basin, represented
by glacial-marine sediments on its base (Pedra Redonda Formation; ADORNO et al., 2017),
followed by shallow continental shelf sediments of the Fazenda da Casa Branca Formation,
both of Neoproterozoic age, which are covered by continental sediments of the Parecis
Group of Cretaceous age.

The ore host rocks were deformed under ductile to ductile-brittle high amphibolite, to the
north, and up to granulite, to the south, metamorphism during the Sunséas Orogenic Cycle
(1.11 - 1.0 Ga), a transpressional to compressional intra-continental orogeny. These rocks are
limited by a transpressive shear zone with the Calymmian basement rocks to the south and
are covered by the Neoproterozoic and Phanerozoic sedimentary rocks to the north. The
main structural trend is WNW, with tectonic transport to the south, with steeply-dipping shear
zones to the NW direction. There is also a pair of brittle extensional structures, in NW and ENE
directions, related to the opening of the Neoproterozoic Basins (BERGAMI; PRADO, 2019).

B GEOLOGY AND METALLOGENESIS
OF THE ZINC-LEAD-COPPER-GOLD RESOURCES

Formed during a continental rift context, the BHT mineralization developed at two known stages:
a) in the Stenian (1.24 Ga), syngenetic Zn-Pb-Cu-Au volcanic-hosted massive sulfides (VHMS)
deposits were formed through the reactivation of deep basement discontinuities

as extensional faults during the deposition of the Migrantinépolis Formation;

b) also in the Stenian (1.1 Ga), during the deformation, metamorphism, and metasomatism
of the sedimentary rocks and the VHMS deposits, the sulfides were reworked and
recrystallized, leading to an increase of the metal grades.

The massive sulfide orebodies are located along major, northwest-trending structures,
and are hosted by psammitic gneissic rocks at the transition between the pelitic and
volcanic units and the psammitic units. There is an association of the mineralized rocks and
the presence of gahnite and also garnet and sillimanite on stream concentrates, along with
anomalous quantities of Pb, Zn, Cu, Fe, Ba, In and Sb in stream sediments, spatial correlation
with quartz veins, lenses of calc-silicate rocks and amphibolites. The ore is composed mainly
of sphalerite, galena, pyrite, pyrrhotite, quartz and calcite, shows breccia-like textures,
veinlets, and disseminated textures on a metasedimentary rock, although the mineralization
only appears as gossans on the surface. The occurrences display a positive magnetic
response due to the presence of pyrrhotite, which seems to be the only magnetic mineral in
the region.

B PROSPECTIVITY CRITERIA FOR ZN-PB-CU-AU MINERALIZATION

Following a hybrid, data and knowledge-driven approach, important proxies for the
mineralization were chosen, related to the ore formation, transport, and trapping and

then related to features on map. The information was separated in lithostructural data,
geodynamic data, and data related to the mineralizing fluid. This data is then rasterized

and scored, giving origin to evidence maps, that are then given weights due to their degree
of uncertainty and reliability of the original data. We used a GIS environment to generate the
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models (ESRI ArcGis - Spatial Analyst extension), and used a method based on multi-class
overlaying, with the addition of the value of each class of evidence where an intersection
of two or more predictive vectors happens.

For the BHT system at the Nova Brasilandia Belt, we used the following evidence maps:
pan concentrates (average of the relative proportions of gahnite, sillimanite, and garnet;
Figure 19), stream sediment signature (Pb, Zn, Cu, Fe, Ba, In and Sb; Figure 20), spatial
distribution of mapped quartz veins (Figure 21), total magnetic gradient (Figure 22),
lithotypes (gossans, paragneisses, schist, amphibolite, calc-silicate rocks, quartzite and
granites from the Suite Rio Pardo; in this order of importance; Figure 23), and proximity
to calc-silicate rocks and amphibolites (Figure 24).

Brittle and ductile structural lineaments (Figures 25 and 26) and deep structures
(determined as lineaments with more continuity and greater magnetic field intensity; Figure 27),
as well as high fertility terrains (the Nova Brasilandia Basin, separated through the Bouguer
Anomaly map; Figure 28), were also used as proxies for the evidence maps.

The vectors generated were then weighted according to the data’s level of confidence
(Table 5) and accuracy and are combined to form a six-class favorability map for the Nova
Brasilandia District. The highest prospectivity classes corresponded to 3.79% of the project
area and encompassed 64% of the Zn-Pb-Cu-Au known occurrences, and that shows
the good correlation between the favorable classes and mineralization. In sum, this cost-
effective initiative defined new prospective areas, thus helping the development of the
mineral exploration industry in Brazil.

Original maps can be assessed at http:/rigeo.cprm.gov.br/jspui/handle/doc/20937

KNOWLEDGE AREA MAP WEIGHT COMMENTARY

Well distributed grid, systematic
mineralometric separation

Pan Concentrate 5

HYDROTHERMAL
ALTERATION

Important marker, but non-

Quartz Veins 3 systematized identification

Detailed geological map
Lithology 4 (1:50,000) in the Nova Brasilandia
Basin

FRAMEWORK

Interpreted from remote sensors;

Ductile Structures 2 many confirmed on the field

Channeling of mineralized fluids;

DED SIS R needs better characterization

GEODYNAMIC

Table 5 | Criteria for evidence maps in each key mineral system component for Nova Brasilandia area.
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Figure 29 | Zinc-Lead-Copper-Gold Favorability Map in the Nova Brasilandia District, Sunsas

Province, Amazonian Craton
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Figure 30 | Evidence Maps of the Zinc-Lead-Copper-Gold Favorability in the Nova Brasilandia District, Sunsas Province,
Amazonian Craton.
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PROSPECTIVITY MAPPING AND MINERAL SYSTEM
ANALYSIS OF THE GURUPI BELT

Leandro Duarte Campos

B INTRODUCTION

The Gurupi Belt is a mid-tier gold province located in northeastern Brazil, at the border of
the Pard and the Maranhéo states. Besides an estimated historical production of 16 tons of
gold (KLEIN, 2014), the Gurupi Belt hosts c.a. 5 million ounces of gold resources divided into
three known deposits: i) Cachoeira (1.35 Moz @ 1.4 g/t Au, MOSHER, 2013); ii) Chega Tudo
(1.26 Moz @ 0.67 g/t Au, MACHADO, 2011); iii) Cipoeiro (2.42 Moz @ 0.87 g/t Au, MACHADO,
2011). Despite being a largely well-known district for artisanal gold production, poor access
conditions, the lack of outcropping rocks due to intense weathering, and thick overburden,
especially difficult direct exploration techniques and hinder new mineral discoveries. In
this regard, | propose to use indirect methods of data survey such as airborne geophysics
together with regional stream sediment geochemistry to build integrated maps of mineral
prospectivity and generate new gold exploration targets.

In order to produce reliable predictive maps of mineral prospectivity | used the mineral
system concept (MCCUAIG; HRONSKY, 2014 and references therein), which is based on
the translation of strong geological fundamentals into a set of vector maps that are
integrated to form a final exploration target map. The final target map used new geological,
geophysical and geochemical database recently published by the Geological Survey of Brazil
for the Gurupi Belt (CAMPOS et al., 2017).

B TECTONOSTRATIGRAPHIC FRAMEWORK

The Gurupi Belt consists of sedimentary rocks, granites and low- to high-grade metamorphic
rocks of varying ages ranging from 2695 Ma to 549 Ma (PALHETA et al., 2009; KLEIN et al.,
2012; KLEIN et al., 2017 and references therein). These rock units mainly form NW-SE striking
trends that follow the general tectonic orientations on the belt. Klein et al. (2017) grouped
the lithostratigraphic units into various tectonic sections as follows. (1) Basement Complex
— which comprises the Archean Igarapé Grande metatonalite (2695 + 3 Ma). (2) Rhyacian
plutonic assemblages — which consist of deformed granites, represented by the Itapeva
Complex (2167 + 3 Ma), the Cantdo Granite (2163 + 4 Ma), the Tromai Suite (2165-2148 Ma)
and the Murid Amphibolite (2150 + 8 Ma). (3) Rhyacian basins, represented by the volcano-
sedimentary Chega Tudo Formation (2160-2148 Ma), and the siliciclastic Igarapé de Areia
(<2078 Ma) and Santa Luzia do Para Formation (ca. 2163 Ma) formations. (4) Post-collision
syn-tectonic plutonic suites — comprising the Japiin Intrusive Suite (2116-2089 Ma), the Anelis
quartz-syenite (2100 = 21 Ma) and the Timbozal granite (2084 + 5 Ma). (5) Neoproterozoic
passive margin basins - represented by the Gurupi Group (<980 Ma) and the Cabeca de
Porco Formation (591-980 Ma). (6) The Neoproterozoic Caramujinho Metatonalite (624 +
16 Ma). (7) Neoproterozoic-Cambrian continental rift basin, comprising the Pirid Formation
(<591 Ma).

The above-mentioned rock associations define at least two tectonic cycles for the Gurupi
Belt. In the Rhyacian the tectonic evolution is marked by the amalgamation of island-
arc basins, oceanic crust fragments, arc-related and collisional granites (KLEIN; MOURA,
2008; KLEIN et al., 2012). The Rhyacian metamorphic peak is estimated to have occurred
between 2066 + 17 Ma and 2100 + 15 Ma (KLEIN et al., 2017). The Neoproterozoic-Cambrian
associations are related to the Brasiliano/Pan-African orogeny. This event provided isotopic
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resetting and tectonic reworking of the south margin of the Sao Luis-West African plate,
with basin formation and limited magmatism (KLEIN et al., 2012, 2017). Neoproterozoic
metamorphism is estimated to have occurred between 624 and 549 Ma (KLEIN et al.,

2017). The geochronological boundary and main deformational corridor that divides the
Neoproterozoic and the Paleoproterozoic belts is defined by the Tentugal shear zone, which
is a NW-SE strike slip sinistral structure (HASUI et al., 1984; KLEIN et al., 2005).

B GOLD MINERALIZATION

The orogenic gold deposits of the Gurupi Belt, as defined by Klein (2014), are all hosted in
structures related to the Tentugal shear zone. Most deposits and occurrences are hosted
by rocks of the Chega Tudo Formation and fewer deposits and occurrences are hosted by
the calc-alkaline granites of the Tromai Intrusive Suite, gabbros, and siliciclastic rocks of the
Igarapé de Areia. The geological and genetic controls of the deposits are very similar in both
supracrustal and granitic rocks. Ore bodies tend to be parallel to the main structural grain
of the host rocks, but may also be slightly discordant. At the deposit scale, they are confined
to discrete fragile-ductile faults. Known ore bodies are generally discontinuous, subvertical,
and cylindrical (KLEIN, 2014).

Three styles of mineralization have been described by Klein (2014): (1) Quartz veins
and sets of veins with varying length and thickness, with restricted alteration halos, low
sulfide content and free gold. (2) Quartz-carbonate sulfide veins, gold sulfide stringers and
disseminations in altered host rocks. In addition to free gold, this style shows gold deposited
on both quartz and sulfide microfractures, especially pyrite and arsenopyrite. Gold was
deposited in microfractures on quartz and sulfide grains; gold also occurs as inclusions of
single particles as Au-arsenopyrite (+ sphalerite) included in pyrite; and as trace elements in
pyrite and arsenopyrite, together with Bi, As, Sb and Te. Mineralization is interpreted to have
formed during Paleoproterozoic post-collisional evolution.

Bl OROGENIC GOLD PROSPECTIVITY

To generate district-scale targets | used the knowledge-driven multi-class overlay method
from Carranza (2008). This method is most suitable for data integration at district scale. For
each vector (v) in an evidential map (e) it was assigned a score, P(ve), between 0 and 10,
according to the importance of the mapped process in the formation of the mineral deposit.
In addition, each evidential map is also associated with a weight, W(e), relative to the degree
of uncertainty and reliability of the database that originated the evidential map. Finally, to
generate a final predictive map each class was then combined, or summed (S K), following
the equation (eq. 1) proposed by Carranza (2008).

Equation 1.

The knowledge-driven multi-class overlay technique uses a mathematical concept similar
to the Boolean algebra, where the value of each class of evidence is added when there is an
intersection of two or more predictive vectors. The understanding of the auriferous mineral
system of the Gurupi Belt was divided into three main spheres of knowledge: 1) geodynamic
evolution; 2) structural framework; 3) hydrothermal alteration. Each sphere of knowledge
may be represented by mutually intersecting circles, similarly to the logical Venn diagram
concept. The more predictive vector intersections occur in a specific region of the map, the
higher the score assigned to the intersection zone.

To reflect the geodynamic evolution and the processes associated to the generation
and primary migration of mineralizing fluids, | constructed and combined three evidential
maps: i) Sm-Nd model age map associated with simplified geology of the Gurupi Belt,

ii) metamorphic isograde map, and iii) translithospheric structures with mapped mafic
intrusive bodies. To represent the structural framework, | combined three evidential maps:
i) distribution of main shear zones strike direction and foliation traces; ii) foliation trace
density; iii) fault and fractures strike direction distribution. To represent hydrothermally
altered zones | combined four evidential maps: i) interest areas extracted from the ternary



RGB, K/Th ratio (red), F factor (green) and Kd (blue); ii) arsenic distribution in stream
sediments; iii) antimony distribution in stream sediments; iv) mercury distribution in
stream sediments.

The final target map was generated summing the three combination maps. High score,
warm color zones are the areas of most evidential class intersection, and are the most likely
targets for mineral discoveries. The efficiency of targeting using any knowledge-driven, or
process-based technique can be measured by comparing the relation of the number of gold
occurrences within each classified polygon to its total area. Search area reduction is a key
process for reducing cost and risk on mineral exploration. Gold occurrences were obtained
from the Geological Survey of Brazil mineral resource databased (GeoSGB®). This mineral
resource database includes gold deposits, prospects, artisanal diggings, gold bearing quartz
veins/hydrothermal alteration, and high grade pan concentrate samples. For this analysis, |
considered only primary (hypogene) gold occurrences. Figure 1 shows that with increasing
predictive score, the search area diminishes considerably. For example, within scores from
5 to 3, interpreted as high prospectively targets, 37 % of gold occurrences are found within
7 % of the project area.

Original maps can be assessed at http://rigeo.cprm.gov.br/jspui/handle/doc/18041
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Figure 31 | Percentage of gold deposits and occurrences within predictive score from the final map
(blue line), and the percentage of the area occupied by each respective score polygon (red line).
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! FAVORABILITY MAP

Figure 32 | Gold Favorability Map in the Gurupi Belt, NE Brazil.



! EVIDENCE MAPS

Figure 33 | Evidence Maps of the Gold Favorability in the Gurupi Belt, NE Brazil.
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COPPER-LEAD-ZINC FAVORABILITY IN THE
SUPRACRUSTALS SEQUENCE OF MARTINOPOLE GROUP,
MEDIO COREAU DOMAIN, BORBOREMA PROVINCE

Tercyo Rinaldo Gongalves Pinéo, Alex Franca Lima,
Maria Dulcinea Madureira Rolim Bessa, Mariane Dornas Martins, Felipe Rocha Abreu

B INTRODUCTION

The Geological Survey of Brazil (CPRM) developed a project in the northwest portion of the
Ceara State, northeast of Brazil, to investigate the metallogenic potential and identify more
favorable areas to prospect for metals. We identified Neoproterozoic Martinépole Group

is a supracrustal sequence, which hosts Cu-Pb-Zn sulfide mineralization. Other important
resources include silver, manganese, and iron. The obtained geological, geophysical and
geochemical data were integrated and the results are presented as Cu-Pb-Zn favorability
map, produced by the knowledge-driven modeling technique, which uses the mineral
system concept.

B GEOLOGICAL FRAMEWORK

The study area is located in northwest portion of the Borborema Province, which was
consolidated during the Brasiliano/Pan-African orogenic cycle by the agglutination of the
Sao Luis — West Africa, and Sdo Francisco — Congo cratons around 600 Ma (ALMEIDA et
al.,1981) (Figure 34).

The Granja Complex represents the basement of the Martinépole Group and is composed
of TTG orthogneisses, paragneisses and granulites of Paleoproterozoic age (2.3 Ga) (SANTOS,
1999). The Martinépole Group is formed by a meta-volcano-sedimentary sequence deposited
in a passive continental margin between 800 and 750 Ma (SANTOS, 1999) and subsequently
deformed during the Brasiliano/Pan-African orogenic cycle (~600 Ma), and metamorphosed
into greenschist to amphibolite facies conditions. The base of the Martinépole Group
comprises the Goiabeira Formation, which consists of schists, quartzites and paragneisses.
This formation is overlain by the Sao Joaquim Formation, which is composed of
quartzites. The upper Covao Formation comprises schists and phyllites, while the top unit
corresponding to the Santa Terezinha Formation, with phyllites, carbonate phyllites, marbles,
quartzites, meta-cherts, calc-silicatic rocks, BIF, and meta-volcanic rocks, dated by zircon
U-Pb at 777 Ma (crystallization age). This uppermost formation hosts distinct deposits
and mineral occurrences, especially of copper, lead, zinc, manganese and iron, which are
grouped into three separate targets: Uruoca target, Pedra Verde mine and Serra de Sao
José target.

B GEOLOGY AND METALLOGENESIS OF THE COPPER,
LEAD AND ZINC RESOURCES

Field observations and data compiled from the literature indicate the potential for SEDEX-
type deposits, formed in a passive continental margin between 800 and 750 Ma, followed by
hydrothermal reconcentration along the NE-SW structures, during the Brasiliano/Pan-African
Orogeny (~600 Ma).

The Uruoca Target is composed of phyllites and quartzites with mylonitic structure,
metachert, hydrothermal breccia, meta-rhyodacite, and laterite covers. The metachert contains
layers of manganese-iron oxide and widespread bornite and pyrite. The hydrothermal breccia
has common box-work texture and is distributed along a NE-SW shear zone.

The manganese mineralization at Uruoca is associated with laterites aligned in the
NE-SW direction, with iron hydroxide, hematite, magnetite and quartz fragments filling



Figure 34 | Geological map of project area.
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box-works. The presence of manganese layers and phyllites, both intercalated and folded,
suggests a syngenetic occurrence with superimposed weathering processes. Chalcopyrite,
pyrite, bornite, sphalerite and galena in fractures and also in veins of meta-carbonate rocks
(marbles, carbonaceous phyllites, and calc-silicate rocks) associated with felsic metavolcanic
rocks were described from boreholes samples (PRADO et al., 1981).

The Pedra Verde mine is formed by altered phyllite transitioning to carbonated phyllite.
The altered phyllite is 22 m thick and contains malachite and azurite as the main secondary
copper minerals. The ore is zoned and marked by chalcocite-bornite-chalcopyrite-pyrite-
galena-sphalerite (COLLINS; LOUREIRO, 1971). The sulfides occur in two distinct ways:
deformed along the mylonitic foliation of the host carbonaceous phyllite, and along
carbonate veins indicating a hydrothermal concentration (MATOS, 2012).

The Serra de Sao José target has barite with associated Ni (500 ppm) and Co (500 ppm)
anomalies in folded BIF. The local geology comprises marbles, phyllites, schists, meta-
greywackes, meta-cherts and BIF (PRADO et al., 1979). The geophysical data indicates the
possible continuity of the target underneath the Silurian sediments of the Parnaiba Basin.

B PROSPECTIVITY CRITERIA FOR CU-PB-ZN MINERALIZATION

For modeling, we used geological data, stream sediment geochemical analyses, and
airborne geophysical maps. All the data were employed according to their participation in
the generation, transport, and trapping of metallic ores.

Initially the selected data were processed, rasterized and scored, concerning their
importance in the ore forming process resulting in evidence maps. Then, each evidence
map received a weight related to the degree of uncertainty and reliability of the original
data. The modeling was performed in a GIS environment, using the ArcGIS software
(Spatial Analyst extension). For the modeling, we used the multi-class overlaying method,
in which the value of each class of evidence is added when there is an intersection of two
or more predictive vectors.

We produced eleven evidence maps for the Martindpole Group, including: i) lithology,

ii) outcrops, iii) airborne magnetic anomaly, iv) deep structural lineaments (generated by
modeling of airborne magnetic data), v) shear zones, vi) shear zone density, vii) intersection
of fragile and ductile structures, viii) airborne radiometric data, ix) copper geochemical
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anomaly, x) lead geochemical anomaly and xi) zinc geochemical anomaly. The last three
evidence maps were produced by processing of results of geochemical analysis of stream
sediments collected.

The modelling of all evidence maps resulted in a favorability map for Cu-Pb-Zn of the
Martinépole Group, which shows that the most important favorability zone is associated
with NE-SW shear zones and represent an area with major possibility to accumulate Cu-Pb-
Zn sulfides.

The location of known mineral occurrences was used to evaluate the quality of the
product generated. The classes with the highest prospectivity index (5% of the project area)
mapped 47% of known occurrences, attesting to the good correlation between potential
classes and ore occurrence.

Original maps can be assessed at http://rigeo.cprm.gov.br/jspui/handle/doc/21399



I FAVORABILITY MAP

Figure 35 | Copper-Lead-Zinc Favorability Map in the Supracrustals Sequence of Martinépole Group, Medio
Coreau Domain, Borborema Province.



! EVIDENCE MAPS

Figure 36 | Evidence Maps of the Copper-Lead-Zinc Favorability in the Supracrustals Sequence of Martinépole Group,
Medio Coreat Domain, Borborema Province
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COPPER-IRON FAVORABILITY IN THE CAMBRIAN
JAIBARAS SEDIMENTARY BASIN, MEDIO COREAU
DOMAIN, BORBOREMA PROVINCE

Tercyo Rinaldo Goncalves Pinéo, Alex Franca Lima,
Maria Dulcinea Madureira Rolim Bessa, Mariane Dornas Martins, Felipe Rocha Abreu

B INTRODUCTION

The Geological Survey of Brazil (CPRM) developed a project on the northwest portion of
Ceara State, northeast of Brazil, with the objective to determine their metallogenic potential
and identify more favorable areas to prospect for metallic minerals. In the east portion of
the study area has a sedimentary basin, named Jaibaras Basin, which is in contact with two
granite batholiths. Next to these contacts we find the occurrences of disseminated copper
and iron sulfides, and of iron oxides within fractures and as metric fragments.

The geological, geophysical and geochemical data obtained on this project were
worked together to identify favorable targets to Cu-Fe mineral exploration. The results
were presented on Cu-Fe favorability map, produced by the knowledge-driven modeling
technique, which uses the mineral system concept.

| GEOLOGICAL FRAMEWORK

The study area is located in northwest portion of the Borborema Province, which was
consolidated during the Brasiliano/Pan-African orogenic cycle by the agglutination of the
Sao Luis — West Africa, and Sao Francisco — Congo cratons around 600 Ma (ALMEIDA et al.,
1981) (Figure 37).

The Jaibaras Group was deposited in a graben system developed by the activation of the
Sobral-Pedro Il shear zone. The Jaibaras Group comprises mature siliciclastic continental
sediments grouped in three formations, and by bimodal volcanic rocks (COSTA et al.,

1973). From bottom to top the Jaibaras Group consists of: i) Massapé Formation, which is
composed of polymictic conglomerate without fragments of granitic rocks from adjacent
batholiths; ii) Pacuja Formation, composed predominately of sandstone; iii) Aprazivel
Formation, comprising polymictic conglomerate with fragments of granitic rocks from
adjacent batholiths. The volcanic rocks are grouped in the Parapui Suite (ca. 535 Ma, U-Pb
zircon, GARCIA et al., 2010), composed of basalts and rhyolites, which were emplaced
between the deposition of the Pacuja and Aprazivel formations.

The granites are represented by the Meruoca and Mucambo batholiths. Both comprise
reddish alkali feldspar granite and syenogranite, and formed from 523 to 532 Ma (U-Pb in
zircon, FETTER, 1999; ARCHANJO et al., 2009).

The lack of granitic fragments of the Meruoca and Mucambo batholiths in conglomerates
of the Massapé Formation suggests that the sediment fill of the Jaibaras Basin occurred in
two stages.

B GEOLOGY AND METALLOGENESIS OF THE COPPER AND IRON RESOURCES

Parente et al. (2011) show that the copper and iron mineralization of the Jaibaras Basin are
associated with hydrothermal processes similar to those found in IOCG system, suggesting
the possibility of gold existence in this sedimentary basin. Several types of hydrothermal
alteration were identified, and at least five typologies of copper and iron occurrences were
described by the authors.

Some features of metallic mineralization present in the study area were identified
through field work in the volcanic rocks of the Parapui Suite. Basalts have disseminated
pyrite, chalcopyrite, and magnetite, and epidotization is a common alteration. We have also



Figure 37 | Geological map of the NW Ceara region. The Jaibaras Basin and the Meruoca/Mucambo batholiths are highlighted.
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identified pyrite and chalcopyrite associated with carbonate along fault plane in rhyolites.
Fractures filled by carbonate are also common.

The sandstones of the Pacuja Formation have magnetite and hematite occurring as thin
layers concordant with the sedimentary stratification, suggesting a syngenetic deposition,
and in fractures suggesting hydrothermal remobilization.

A common feature in the east limit of the Meruoca and Mucambo batholiths, in the
contact with Jairabas Basin, is the widespread presence of fractures filled by magnetite and
hematite. In some places, we found metric blocks composed of magnetite and hematite,
with tabular limits, suggesting that they filled fractures.

B PROSPECTIVITY CRITERIA FOR CU-FE MINERALIZATION

For modeling, we used geological data, stream sediment geochemical analyses, and
airborne geophysical maps. All the data were employed according to their participation in
the generation, transport, and trapping of metallic ores.

Initially the selected data were processed, rasterized and scored, concerning theirimportance
in the ore forming process resulting in evidence maps. Then, each evidence map received a
weight related to the degree of uncertainty and reliability of the original data. The modeling
was performed in a GIS environment, using the ArcGIS software (Spatial Analyst extension). For
the modeling, we used the multi-class overlaying method, in which the value of each class of
evidence is added when there is an intersection of two or more predictive vectors.

Were produced nine evidence maps for the Jaibaras Basin, which comprise (Figure39):

i) lithology, ii) outcrops, iii) airborne magnetic anomaly, iv) deep structural lineaments
(generated by modeling of airborne magnetic data), v), lithological contacts vi) copper
geochemical anomaly, vii) iron geochemical anomaly, viii) arsenic geochemical anomaly
and ix) antimony geochemical anomaly. The last four evidence maps were produced by
processing the results of analysis of stream sediments. The used analytical method did not
have detection limit to identify gold, therefore we used arsenic and antimony geochemical
anomaly evidence maps as pathfinder elements.

The modeling of all evidence maps resulted in a favorability map for Cu-Fe of the Jaibaras
Basin. This map shows some favorable zones, with the most important being those clearly
associated with the contact between the Jaibaras Group and the Meruoca/Mucambo batholiths.

Original maps can be assessed at http://rigeo.cprm.gov.br/jspui/handle/doc/21399



I FAVORABILITY MAP

Figure 38 | Copper-Iron Favorability Map in the Cambrian Jaibaras Sedimentary Basin, Medio Coreati Domain,
Borborema Province.



! EVIDENCE MAPS

Figure 39 | Evidence Maps of the Copper-Iron Favorability in the Cambrian Jaibaras Sedimentary Basin,
Medio Coreati Domain, Borborema Province.



REMOBILIZED CU-AU PORPHYRY DEPOSITS
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B INTRODUCTION

The Tocantins Province in central Brazil
hosts several Neoproterozoic mineral
deposits, including important Ni,
Cu, Ag and Au resources. One of the
compartments of the province is the Goias
Magmatic Arc (GMA), in the Brasilia Belt, a
tectonic unit almost 1000 km long, which
hosts a Precambrian Cu-Au porphyry
deposit in its northern segment, which is
singular because of the preservation of the
hydrothermal alteration zones (Figure 40).
Recently some new prospects were
identified in the southern segment of the
GMA, which corroborates the potential of
this tectonic compartment to host similar
deposits. Thus, the Geological Survey
of Brazil (CPRM) has modeled in GIS
environment the favorability of a portion of the southern segment of the GMA for hosting a
remobilized Cu-Au porphyry deposit.

Figure 40 | Study area location.

B TECTONOSTRATIGRAPHIC FRAMEWORK

The tectonic history of Brasilia Belt is marked by an initial island arc stage, followed by

a continental stage culminating with the collision between the Amazonian and Congo-

Sao Francisco cratons during the Neoproterozoic (FUCK et al., 2017). During oceanic-
oceanic subduction, from ca. 900 Ma to ca. 800 Ma, calc-alkaline, juvenile gneisses and
some volcano-sedimentary sequences, such as the Arenépolis Sequence (PIMENTEL;

FUCK, 1992), were formed. Small S-type granitic plutons of ca. 780 Ma are interpreted

as markers of collision between the Sao Francisco-Congo Craton and a continental

block now covered by the Parana Basin (PIMENTEL et al., 1999). Around 750 Ma several
volcanosedimentary sequences and mafic-ultramafic complexes were formed, mainly in
localized rift environments, such as Bom Jardim de Goias sequence (GUIMARAES et al., 2012)
and the great mafic-ultramafic complexes (GIOVANARDI et al., 2017). The youngest calc-alkaline
magmatic event in GMA ranges from ca. 670 Ma to ca. 630 Ma and exhibits isotopic signatures
concordant with a reworked source (LAUX et al., 2005).

This convergence of tectonic plates culminates in the amalgamation between Amazonian
and Séao Francisco-Congo cratons. During all this tectonic dynamics, rocks are compressed
by EW tension and deformation is accommodated along NS-trending foliations and strike-
slip shear zones in the GMA, with secondary NW and NE faults. Posteriorly, those structures
are cut by important transcurrent lineaments, such as NE Transbrasiliano Lineament and NS
Moipora-Novo Brasil Lineament.

Initial deformation features are coeval with the metamorphic peak in the area (ca. 640 Ma;
DELLA GIUSTINA, 2010).
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B GEOLOGY AND METALLOGENESIS OF MAIN DEPOSITS IN GMA

The GMA exhibits two main phases of Cu and Au mineralization, both may be remobilized
by collisional stage. The first mineralization event is associated with the island arc stage,
when the Chapada Cu-Au porphyry deposit was formed, as revealed by the age of the
porphyritic diorite pluton (884 + 6 Ma; OLIVEIRA et al., 2016). It is localized in the intersection
between major NNE and NNW with minor EW faults. This deposit is characterized by typical
hydrothermal zones metamorphosed in amphibolite facies. Argillic alteration is represented
by kyanite-bearing schists and pyrite-bearing quartzites; propylitic zone is marked by
hornblende-epidote gneisses, and potassification is associated mainly with biotite schists.

Another event of Cu and minor Au mineralization occurs in ca. 750 Ma and forms
mainly VMS-type deposits. One of the deposits is the Bom Jardim de Goias VMS, hosted
in intermediate to acid tuffs of the homonymous metavolcano-sedimentary sequence
(GUIMARAES et al., 2012). Mineralization occurs disseminated and as stockworks, suggesting
that it represents a deeper portion of the VMS deposit. Silicification is the larger alteration
zone, with chloritization and epidotization also presents. Bom Jardim de Goias deposit
occurs associated with some NE major faults.

Collisional and post-collisional stages form orogenic and intrusion-related gold deposits,
examples are Posse and Fazenda Nova deposits, respectively. Additionally, several small lode
deposits are registered and may be related to this stage. Oliveira et al. (2016) show that even
magmatic and hydrothermal deposits may be remobilized during collisional stages in GMA.

B FAVORABILITY CRITERIA FOR REMOBILIZED CU-AU
PORPHYRY DEPOSITS IN GMA

Although an important remobilized Cu-Au porphyry deposit is explored in the northern
segment of GMA, similar mineralization has not been yet discovered in the southern
segment. However, it is notable that some important factors for the generation of such
deposits are also present in the meridional portion of GMA. Therefore, the Geological Survey
of Brazil - CPRM has used public data, accessible in the GeoSGB database (http:\\geosgb.
cprm.gov.br), for modeling favorability criteria of ore generation, transport, deposition and
remobilization of such deposits in the southern segment of the GMA. Data were punctuated
and weighted in order to obtain a weighted arithmetic average. Data processing was
performed in GIS environment in a knowledge-driven approach.

For calculating the favorability of the southern GMA for hosting a deposit similar to
Chapada, in northern segment of Brasilia Belt, we used the following evidence maps
for punctuate tectonic framework and geodynamics: isotopic maps (eNd in time of
crystallization, Sm-Nd model age, and 875r/86Sr); Bouguer gravimetric anomaly map;
metamorphic map; lithological map. Isotopic and gravimetric maps may evidence crustal
reworking and thinning, as well as the ascension of metasomatized sub-lithospheric
mantle. Metamorphic map reveals the zones of major fluid generation, which occurs in the
transition between greenschist and amphibolite facies (PHILLIPS; POWELL, 2010). Lithology
shows rocks that may host a Neoproterozoic remobilized Au deposit, as well as indicates
carbonaceous schists, which may be another source for gold.

During remobilization, transport of fluids and metals occurred through major structures
and deposited in structures of second order. Therefore, | used the major deep lineaments,
the ductile-brittle structures, and second order hinge zones and fractures as evidence maps
for transportation and deposition of metal.

Evidence maps for trapping were: hydrothermal zones maps; stream sediment As, Te
and Bi geochemical anomalies; and anomalous K gammaspectrometry map (with eTh
normalization).

Integration of those maps, in a weighted average algebra, yielded a map of confluence of
those factors, which may be interpreted as favorability map for remobilized Cu-Au porphyry
deposit. The known lode gold deposits of the area plot in the zones of greatest or great
favorability, which indicates that this model works well as an approximation for such deposit.
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WEIGHT OF THE EVIDENCE MAPS FOR THE REMOBILIZED CU-AU PORPHYRY DEPOSIT IN GOIAS
MAGMATIC ARC

- EVIDENCE MAPS WEIGHT | MEANING FOR THE MINERAL SYSTEM

Cratonic areas are less susceptible to
Neoproterozoic remobilization.

Gravimetric domains 2

The transition between greenschist
and amphibolite metamorphic facies
produces larges amounts of fluids

riches in H20 and CO2.

TECTONIC FRAMEWORK AND GEODYNAMICS

Metamorphic Map 4

KNOWLEDGE-DRIVEN GIS MODDELLING

CONTROL

Second order structures represent
Second order structures 4 areas of pressure relief, where fluids
tend to be trapped.

STRUCTURAL

Several hydrothermal alteration
zones, such as sericitization,
Hidrothermal alteration areas 5 biotitization and epidotization. Each
one was punctuated according to its
proximity in the porphyry deposit.

HIDROTHERMAL ALTERATION

Table 6 | Criteria for evidence maps in each key mineral system component for Goias Magmatic Arc area.
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Figure 41 | Remobilized Cu-Au Porphyry Deposits Favorability Map in the Southern Segment of the
Goias Magmatic Arc, Brasilia Belt, Tocantins Province.
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