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PREDICTIVE GEOPHYSICAL MODEL FOR GOLD MINERALIZATION IN THE
QUADRILATERO FERRIFERO, BRAZIL: THE CASE OF CUIABA MINE

ADALENE MOREIRA SILVA 1, ANNE MCCAFFERTY 2 AUGUSTO CESAR BITTENCOURT PIRES!
AND LUIS CLAUDIO RIBEIRO RODRIGUES 3

ABSTRACT  Geophysical and radiometric signatures of the immediate area around the Cuiaba Mine is determined using the probability ratio
mapping technique, a new statistical approach to map favorable host geologic units and mineralized environments. Airborne magnetic,
electromagnetic and radiometric data collected as part of the Rio das Velhas Project were processed to characterize the geophysical and
radiometric signatures at the well-known Cuiaba deposit. Areas with similar signatures to that of Cuiaba were then located in the survey area
to delineate possible unknown deposits and occurrences related to carbonate-sulfide-greenstone-hosted mineralization. This approach allows
for an objective exploration strategy to link geological and geophysical information over large survey areas. The results of this modeling
proceddu_re infer areas of exposed and subsurface Cuiaba-type BIF that are important to gold exploration in the area and require ground follow-
up studies.
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INTRODUCTION The Cuiaba Mine, one of the largest gold mi-ultramafic unit, an intermediate felsic-mafic unit and a clastic-mafic-
nes in Brazil, is hosted by carbonate-sulfide banded iron formation getsic unit (Ladeira 1980). These are overlain by metasedimentary
is the major gold producer in the Quadrilatero Ferrifero (Fig. 1). Thecks of the Maquiné Group.
deposit produces 540 000 tones of ore per year with an average grade 3
of 8 g/t Au and silver as by-product. The cut-off grade is 4.0 g/t gofHE CUIABA MINE: GENERAL CHARACTERISTICS,
and proven gold reserves exceed 180 tones of gold (Ribeiro RodrigDEEFORMATION PATTERN, AND FEATURES OF GENETIC
1998). SIGNIFICANCE Geology of the Deposit The lithological
Banded iron formations (BIF) are by far the most important hosts sequence of the Cuiabd Mine encompasses metavolcanic and
the economically viable gold mineralization in the Rio das Velhasetasedimentary rocks of the Nova Lima Group, which forms the
Greenstone Belt. BIFs have contributed 99% of the total goldwer part of the Rio das Velhas Greenstone Belt sequence (Vial
production, and are associated with different styles of mineralizatiot®88). The structure of the deposit is dominated by a large-scale,
The banded iron formations also have different geological and physicidsed, south-east (303 ®lunging tubular fold (Vieira 1992, Ribei-
properties that can be divided in three types: oxide, carbonate-sulphiddrodrigueset al. 1996b, 1998, Toledo 1997). The locally gold
(Cuiaba-type BIF), and ankerite/ferroan dolomite, quartz arfakaring Cuiaba- Banded Iron-Formation (BIF), varying in thickness
plagioclasel(apa Seca-type B)Rypes (Ribeiro Rodrigues 1998, Sil- from 6 to 15 m, lies between lower mafic metavolcanic rocks
va 1999). The Cuiaba-type BIF consists of alternating sulfide layefgndesites) intercalated with discrete bands of carbonaceous schists
light quartz-carbonate layers and dark quartz-carbonate layers varyamgl metapelites in the footwall, and carbonaceous phyllite and schist,
in thickness from a few millimeters up to one meter (Ribeiro-
Rodrigueset al 1994). ™ +
In the Quadrilatero Ferrifero, many exploration surveys have been oW HEOW y |
conducted based on old prospects, surface geological and geochemnpical
mapping. These efforts were the primary tools responsible for many
gold discoveries. Limited outcrops and a thick weathered soil profile
have been a problem to find new deposits in this region (Ladeira 1980. a5
Pinto 1996, Silva 1999). However, recent technologies have allow 2
emphasis to be placed on the use of geophysical surveying followed
incorporation of various data layers into an expert system and G
(geographic information system) (Silva 1999). = "/ | v
A new approach called probability ratio mapping (legeal. in . Y 48k 7
presg is used in this study to allow for digital integration of severa P
geospatial data layers to determine if there exists a characterig— L
signature over the area immediately surrounding the Cuiab& depo|. g
Additionally, the method is used as a way to evaluate the geophysi
and radiometric signatures of the geologic host to the Cuiaba depo
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GEOLOGIC OVERVIEW The QF is situated in the southern
portion of the S&o Francisco Craton and is composed of Archegn
granite-gneissic terrains (GGTs); Archean Greenstone Belt (Rio dag
Velhas Supergroup); Paleoproterozoic (Minas Supergroup and
Itacolomi Group) and Paleoproterozoic-Mesoproterozoic (Espinhag
Supergroup) supracrustal units (Cordetrél 1980, Chemale Jet al
1994) (Fig. 1).

The supracrustal units, Minas and Rio das Velhas Supergroupsw
surround and are surrounded by granite-gneiss domes and namgly:
Bacgéo, Caeté, Bonfim, Belo Horizonte and Santa Rita. These domes
consist of polydeformed gneiss, metatonalites to metagranites,
amphibolites, meta-ultramafic rocks, as well as pegmatites formed|in ] ] [ |
amphibolite facies conditions during the Archean and in the ! 2 3 4
Transamazonic Eras (Cordagtial 1980). The contact with adjacent
supracrustal units is tectonic. ) . o . -

The Rio das Velhas Supergroup (RVSG — 3.0-2.7 Ga) is dividedFlggure 1-Geological sketch of Quadrilatero Ferrifero (Modified from Dorr

- . : 69). 1-Granite-gneiss terrains, 2-Rio das Velhas Supergroup, 3-Minas
two groups. The first, Nova Lima Group (NLG) comprises a low upe)rgroup, 4-Esginhago Supergroup, 5-Mafic dykes swgrmgs. P
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upper mafic metavolcanic rocks (basalts), metapelites amthss implies that class is 12 times more likely to be found within the
metavolcanoclastic rocks in the hanging wall. The Cuiaba-type BiEference area than in any other (non-reference) area in the study. The
represents one single (up to 15 m thick) horizon of Algoma-typerathematical basis for the probability ratio technique is well described
carbonaceous-facies BIF and/or ferruginous chert. The rocks exhibit_eeet al (in press).
pronounced compositional banding, characterized by alternating, d&dx this study, classes within the airborne geophysical and radiometric
carbon-stained, carbonate-quartz bands with translucent, quadata are defined as predictive layers and tested against training areas
carbonate and chert bands (Ribeiro Rodrigues 1998). defined by the Cuiaba Mine environment and the Mestre Caetano
Formation. Probability ratios are calculated to determine whether or
Gold mineralization Three styles of gold mineralization can benot there exists a characteristic signature over the mineralized
identified in the Cuiabd Mine: (1) the main mineralization ienvironment and geologic host with a known high potential for gold
stratabound and hosted by sulfide-rich BIF/chert. Subordinate typesiineralization. We infer areas mapped outside the training areas share
of mineralization arshear-related,(2) mafic- or sediment-hosted the same geophysical and radiometric signatures and would be likely
represented by disseminated sulfides, and/or @8prtz veins candidates for gold mineralization.
occurring in bedding-parallel shear zones within metavolcanics or

metasediments (Ribeiro Rodrigues 1998). THE CUIABA PREDICTIVE MODEL Predictive layers against
which the training areas are tested are defined based on the following
BIFFHOSTED MINERALIZATION Economic-grade gold geologic and geophysical rationale3the mapped Mestre Caetano

mineralization is associated mainly with six ore shoots, ranging Formation, which is host to the Cuiaba deposit, is used as a training
thickness from 1 to 6 m, contained within the Cuiaba-type BlBrea to predict other favorable host areas for carbonate-sulfide BIF-
horizon. The orebodies consist of alternating sulfide layers, lighbsted-gold mineralizatiofy) the location of Cuiaba and its associated
quartz-carbonate layers and dark quartz-carbonate layers varyingrimeralization is known and used as a training area for the geophysical
thickness from a few millimeters up to one meter (Ribeiro-Rodriguesd radiometric data) the reduced-to-pole magnetic anomaly data
et al 1994). Typical mineralogy of the unmineralized Cuiaba-type BIfap positive magnetization domains associated with Cuiab&jype
includes siderite, ankerite, quartz and minor amounts of calcite andundaries of magnetization sources mapped from the horizontal
carbonaceous matter. The orebodies represent mineralized segmengsaifient of the reduced-to-pole map the important known structures
the Cuiaba-type BIF (> 4 ppm Au) which grade laterally into lowerthat are main controls of the Archean-greenstone-hosted gold deposits
grade or barren BIF. The ore shoots consist of alternating sulfide, liginde) conductivity domains map arfithe potassium data map areas
quartz-carbonate, dark carbonate-quartz and chert layers, varyingimpotassic enrichment attributed to hydrothermal alteration related to
thickness from a few millimeters up to one meter. Pyrite is thiae gold mineralization.
predominant sulfide (> 90 vol.%), and other sulfide phases are
pyrrhotite, arsenopyrite, chalcopyrite, sphalerite and galena. GoldGsiiaba model construction Training areas with circular
fine-grained (< 60 um) and occurs as inclusions, in fractures and aldndfers around the Cuiaba Mine location (radius of 500-, 1000-, and
grain boundaries of pyrite. Silver contents in gold grains vary fromZ00-meters) were constructed to determine zones of influence with
to 24 wt.% (Ribeiro-Rodriguest al 1997). geologic, metallogenetic, and geophysical meaning. The various buffer
The genesis of the gold mineralization at Cuiaba is controversiabyzes were individually evaluated to define an optimum buffer-radius
discussed, involving syngenetic versus epigenetic models. Tt yielded maximum contrast to map the Cuiaba-mineralized
stratiform nature of the mineralization suggests a syngenegavironment. Buffers of 1-km and 2-km yielded poor results in the
concentration of gold during seafloor deposition of sulfide-facies Blform of low probability ratios. The poor results are inferred to reflect
(e.g., Ladeira 1980). However, the results of detailed textural amtbre variable physical and radiometric properties farther from the
structural study of the Cuiaba orebodies (Ribeiro-Rodrigues 1998) dctual deposit. One explanation for the variability is that the geological
not favor this model. According to this author, an epigenetic origin faetting surrounding the mines is highly variable due to a combination
gold mineralization is clearly indicated by: (1) the selective andf local processes such as hydrothermal alteration, deformation and
pervasive replacement of carbonate layers by sulfides. The mineralii#ablogical succession, compared to more regional lithologic
portions of the Cuiaba-type BIF are the result of post-sedimentarpmogeneity away from the immediate deposit environment that is
sulfidation, forming large replacement orebodies. The extensiumaffected by local mineralizing processes. A second explanation may
replacement has imparted a pseudo-syn-sedimentary pattern to the gelah variable thickness and size of the banded iron formation host that
ores, which show alternating sulfide layers and primary quartirould yield different geophysical and radiometric signatures from
carbonate and chert bands; (2) the structural control of the ore shatgposit to deposit.
which are parallel to the Ephase mineral-stretching lineation (Ribei-
ro-Rodrigues 1998).

DATA SETS A variety of regional data sets from Rio das \elha:
Greenstone Belt have been registered and analyzed using a geogra
information system (GIS). The data sets include the Rio das Velh
Project geological map and Rio das Velhas airborne geophysidi
survey data (airborne magnetic, radiometrics, frequency dome
electromagnetics) The data sets were variously processed to prefl
them for the probability ratio analysis. Data layers include a reduce
to-pole magnetic anomaly map, horizontal gradient of the reduced-1 4
pole magnetic anomaly, a terrace-conductivity map from the 4175 t
resistivity data, and a potassium concentration map. Detaile 4
descriptions of the processing steps taken to produce layers for
probability ratio analysis are described in Silva (1999). 1]

OVERVIEW OF THE PROBABILITY RATIO MAPPING
TECHNIQUE In general, the probability ratio method determine:  —
a numerical value that describes the strength of a spatial associa
between a training area and a test class within a predictive layer. Val Potassium Horizontal gradient

resulting from the analysis are called probability ratios or weights and

describe the statistical likelihood that a particular layer will predict tHeigure 2-Probability ratios for reduced-to-pole magnetic data, conductivity
location of a given training region. Weights greater than 1 indicatefata from 4175 Hz resistivity, and potassium data for a 500-m radius area
positive association between the test class and the training regiof” %\‘”d Cuiaba. Height of the bar shows the strength of the spatial association
value less than 1 suggests a negative association; and a value eq@ een the predictive layer and the mine environment. The larger the

imoli d L E | ight of 12 f bility ratio, the greater the association between the Cuiaba deposit
one implies a random association. For example, a weight o O &ironment and the geophysical or radiometric data layer.

Conductivity RTP
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The optimum distance was interpreted to be 500-m (Silva 199®)ontana (Leeet al. in press) and mineral resource study in southeast
and was selected not only for geologic but also due to geophysiéddska (McCaffertyet al in press).
constraints. Data from the airborne survey in this study were collected Co-registered pixels were added to create composites of multiple
along flight lines spaced 250 meters apart. At a maximum, five fligldtyers of geophysical and radiometric information. Only those pixels
lines could cross the 500-meter radius test area, which provides #ith probability ratios greater than 2 were considered for incorporation
minimum resolution in defining a spatial feature in the geophysicaito final models. Additionally, each pixel present in final models that
data. incorporated more than one evidential layer represents a either sum of

Prior to modeling, all data were rescaled to values between 1 gmabability ratios between multiple data layers or null values. For this
255 using a histogram equalization transformation also called uniforeason, the minimum weight for any predictive model is 4 (2 + 2). For
distribution stretching. This transformation modifies the values so tieample, for pixels where there is a probability ratio for conductivity
greatest contrast enhancement occurs in the data range with the moshot for magnetization, these pixels are assigned a null value.
values. This technique tends to bring out more detail in areas with
more frequently occurring data serving to emphasize subtle featuTse Cuiaba Model Fig. 3 shows carbonate-sulfide -BIF-hosted
(Silva 1999). Predictive layers tested against the 500-m radius agedd predictive model based on the area around the Cuiaba Mine. This
around Cuiaba include the rescaled reduced-to-pole magnetic anonmagip shows areas with similar geophysical and potassic signatures as
data, the horizontal gradient of reduced-to-pole, conductivity datlat around Cuiaba. Areas in gray scale show levels of probability
calculated from the 4175-Hz resistivity, and potassium data. Figr&tios with values from 12 (light gray) to 32 (black). These areas define
shows a chart of the probability ratio results for the various predictige combination of classes in the magnetization, conductivity and
layers. The x-axis shows relative levels of magnetization, rtp horizongtassium data that is 12 to 32 times more likely to occur over the
gradient, conductivity, and potassium classes from low to high. Thenggion around Cuiaba Mine than another area in the study area. The
axis defines the probability ratio value for a particular clags 2 few areas mapped outside Cuiabd Mine have similar physical
shows where in the geophysical and radiometric data there pi®perties as that of the mineralized environment found at Cuiaba. We
significance to the mine environment around Cuiaba. would infer that these areas may be favorable for gold mineralization.

A final predictive model for the Cuiabéd mineralized environment Detail of the signature around Cuiaba Mine point out few
was generated using an approach that sums probability ratioscahdidates that are interpreted to have the potential to contain similar
various predictive layers at each cell location. This is called a sum-afineralization as that found at Cuiabd, the largest mine operation at
weights approach. This approach has been successfully usecrisent (Fig. 4). The principal potential target of this model (labeled
generate predictive models for regional studies in geologic units aRdtential target A on Fig. 4) occurs outside of the Mestre Caetano
other deposits in the Rio das Velhas Greenstone Belt (Silva 199Bprmation.
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Figure 3-Predictive geophysical model for the Cuiaba-type BIF, based on magnetization, horizontal gradient of reduced-to-pole data, conductivity, and potas
data around Cuiaba Mine. White polygons are mapped host rock (Mestre Caetano Formation). Areas in greyscale show results of probability ratio map
technique with weights from 12 (light gray) to 32 (black). These areas define a strong association of magnetization, conductivity and potassium that is 12 to 32
more likely to occur over the region around Cuiaba Mine than another area in the study area. The few areas mapped outside Cuiaba Mine have similar ph

and radiometric properties as that found at Cuiaba.
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Figure 4-Detail of geophysical signature around Cuiaba Mine. There are few candidates that share the same physical and potassic signatures as the mineraliz
environment around Cuiaba.
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