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ABSTRACT 

The prediction of shapes, orientation and distribution of gold-bearing oreshoots, both on a local 

deposit scale and regionally, presents a findamental challenge to the mining industry worldwide. 

Indeed, the success of exploration prograrns and rnining operations are greatly intluenced by the 

accuracy of these predictions. In this regard. the Ouro Fino Mine. a shear zone-hosted gold 

deposit in the Minas Gerais State. Brazil, was examined to evaluate the geometry of oreshoots. 

shape. spatial orientation. and their distribution and relation to hydrothermal metamorphism. 

In the present study. field mapping, structural geology. geostatistics. whole rock and mineral 

chcmistry, were used as investigation tools. To estimate the interdependence of rock fabric 

elernents and gold distribution. an innovative method linkincg structural geolo+g and geostatistical 

was developed, The combination of these two standalone fields resulted in a stepwise method 

terrned Ore Drposir Srr-zlcr~o-al Ann!vsis, which provides a better understanding of the way 

rninerdized fluids have percolated and focused at the deposit site. 

At Ouro Fino. the gold mineralization event is synchronous with the final pulses of shear zone 

devrloprnent. during the Pan-African Orogeny (1.0 to 0.45 Ga). The first development of the 

shear zone is registered in the transformation of country rock biotite gneiss to biotite mylonite. 

This was followed by intense retrograde alteration which produced the muscovite phyllonite in 

domains of high fluid tc rock ratios. The phyllonite aomains are hosted within the much wider 

mylonite zones. 

Geochemical and alteration profiles show that the phyllonite domains are strikingly dissimilar 

from their surroundings. Mass balance calculations and alçebnic analysis substantiate that 

biotite gneiss and biotite mylonite are drastically modified in ore zones. Fluid focusing promoted 

intense muscovite alteration. In addition, gamet minera1 chemistry contrasts greatly between 

barren and auriferous zones and is a reflection of P-T paths. Thermobarometric systematics show 

that the biotite mylonites, muscovite phyllonites, and ore assemblage experienced upper 

greenschist to lower amphibolite conditions. In contrast, P-T path systematics suggest high 

amphibolite facies conditions for the biotite gneisses which host the shear zone. 

Two sets of structural surfaces were evident in the open pit, S-C and the C-C' pairs. These 

surfaces were later counterclockwise rotated to produce asymmetrical folds at the microscopie, 



hand specimen, and outcrop scales. The tectonic vergence of these structural markers. generated 

within oblique ramp regirne. indicates eastward movement toward the Sào Francisco Craton. 

Within this frarnework. gold was precipitated along the permeability paths facilitated by the rock 

fabrics. The resultant penneable zones are pipe shaped and lie ai two orientations: either dipping 

to the East. or subhorizontal and lying dong the strike of the main shear zone- The pipes together 

form a latticc work or "fish net-type structure". and the oreshoots are aligned alortg these pipes. 

Ore Dc.pclsir Srrrrcm-d Ana(~:vis. as a combination of structural geolokw and geostatistics. 

devised and presented in this work. has direct application in the mining industry. Its main goal is 

to integrate structural measurements together with assaying, creating a particular method where 

structurally controlled deposits are nurnerically modeled. Predictions of oreshoot geometry. 

orientation. and location are the consequence of modeling an ore deposit. Although the method 

was initially devised for shear zone-hosted gold deposit, it exhibits a broader applicability, and 

can also be successfully applied to other stmcturally controlled deposits with minor 

modifications. 
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LIST OF ABBREVXATIONS 

Minera1 Abbreviations afier Kretz ( 1983). and extended by Bucher and Frey ( 1994) 

Ab 
Alm 
A h  
Ais 
An 
Ann 

AP 
APY 
Bt 
Cal 
CCP 
Cel 
Ch1 
Dol 
Drv 
E P 
Fe 1 
Grs 
G rt 
Ilm 
K fs 
KY 

albite 
almandine 
allanite 
alurninosi licate 
anorthite 
annite 
apatite 
arsenopy rite 
biotite 
cakite 
chalcopyrite 
celadonite 
chlorite 
dolomite 
dravite 
epidote 
feldspar 
grossular 
gamet 
ilmenite 
k-feldspar 
kyanite 

Lo 
Mrg 
Ms 
Pg 
Phe 
Ph1 
Pl 
Po 
p rp 
fy 
Qtz 
Rt 
Sd 
Ser 
s P 
SPI 
SPS 
S t 
Tt n 
Tur 
Zrn 

Other Abbreviations and Acronyms 

CCMC 
CGS 
CVRD 
DOCEGEO 
GGS 
IMA 
PER 
PMS 
P P ~  
PPm 
P P ~ *  
PUGS 
RPdMS 
wt% 
SFC 
X 

loellingite 
margarite 
muscovite 
paragonite 
phengite 
phlogopite 
plagioclase 
pyrrhotite 
PYroPe 
pyrite 
quartz 
rutile 
siderite 
sericite 
sphalerite 
spinel 
spessartine 
staurolite 
titanite 
tourmaline 
zircon 

Corrego do Cedro Metamorphic Cornpiex 
Confisco Granitic Suite 
Companhia do Vale do Rio Doce 
Rio Doce Geologia e Mineracao 
Gonituba Granitic Suite 
Itacambira Monte Azul 
Pearce Element Ratio 
Paciencia Monzonitic Suite 
parts per billion 
parts per million 
parts per million (logarithm of the modified gold values + 0.7 1)  
Pedra do Urubu Granitic Suite 
Riacho dos Machados Metamorphic Suite 
weight percent 
Sào Francisco Craton 
mole fraction 



1. Introduction 

For millennia, gold has been a substance highly valued by the human society. It is a rare metal, 

and is norrnally present in rocks at concentrations of a few parts per billion. Today, the econornic 

boundary for mineral exploitation of this metal oscillates near the part per miIIion Ievel, 

representing a thousandfold concentration. Therefore, there is great interest in the understanding 

of the naturaI processes which concentrate gold to econornic levels, with the hope that this will 

lead to more efficient exploration and mining technologies. 

An integration of academic and mine industry research, which embraces geology, mine 

engineering and mine exploration, should evolve to a multidiscipIinary approach to understand 

the gold concentration processes. Consequentiy. this merging of fields will eventuaIly produce 

new findings, along with new methods and/or combination of current ones. 

Early exploration strategies recognized the frequent association of gold with quartz veins; and, as 

we know today, this rneans a massive flow of "geo-fluids". Currently, we recognize more 

diverse environments which lead to gold concentration: laterites, faults, thmsts, shear zones 

(zones of intense plastic deformation), etc., but in al1 cases there is evidence for massive flow of 

cold, warm, and hot fluids. 

This thesis examines a typical shear-zone hosted gold deposit in Central-Eastern Brazil - the 

Ouro Fino Mine. These gold deposit types occur worldwide, and result from the interplay of 

several processes including: fluid extraction and focusing; chemical ground preparation; gold 

extraction-transport-precipitation, and structural and regional tectonic specialization. In a sense, 

these interacting components comprise a multi-system environment. Such deposits possess an 



internal organization, usually unique in each case, mirnoring a specific pattern. Hence. the pattern 

recorded by the mineralization process is the key toward developing new techniques for minera1 

exploration. 

Major questions to be evaluated include: 

What was the geochernical and structural environment in which gold was deposited? 

What are the unique strucrural. rnineralogical and geochemical features associated with the 

formation of the gold deposit: and at what stage of evolution was the ore formation most 

efficient? 

What was the evoIving pattern from reactant rock to the product rock? 

Was the mineralization process influenced by the structural framework? What was the extent 

of this interaction? How can we measure this interaction using geostatistical methods? 

Did the regional metarnorphism evolve progressively into the shear zone site, or did they both 

represent the output of two different events? 

What can we leam from the study of the deposit that could help in designing a regional 

strategy for gold exploration in the area? 

The style of analysis organization based on Fawcett and Downs ( 1994) was used to delineate the 

questions to be evaluated throughout this thesis. The foIlowing arguments will be tested against 

the gathered data. The main questions farmulated in the previous section, which here are 

constrained into arguments, had their origin during the field work mapping of the Ouro Fino 

Mine and they have set the fnme of this analysis. 

a)MultipIe mineral deposits and tectonic process internal consistency argument: 



i f :  

the shear zone-related mineralization process is enveloped by a larger tectonic process: 

the mineralization process is a centripetal event toward specific sites: 

these sites are constrained by physico-chernical interactions pinpointed throughout the area 

under tectonic influence; 

this larger tectonic process is fertile for a specific mineralization to occur. 

then: 

there should be more than one focusing spot. and if so, the mineral deposit distribution should 

echo the interna1 consistency of the larger tectonic event. Evaluation of these features should 

aid in the design of an exploration program for the area. 

b)Grade-structure relationship argument: 

if:  

the tectonic process is constrained by regional tensors, and so are the focusing areas in which 

rnineralization takes place: 

the regionai tensors dictate the stmctural patterns found in mineral deposits; 

the mineralization process is coeval or overlaps the structural evolution of a minera1 deposit at 

sorne time; 

then: 

there should be an interplay between grade and structure. 

the relationship should reflect the degree of interaction. 

c)Grade-structure relationship estimation argument: 

if: 



through structural analysis of  a given mineral deposit it is possible to describe the spatial 

orientation of the  fabric elements, and therefore the stress-strain interactions that have 

occurred in the study area; 

through structural semi-vario-mphic analysis it is possible to describe the spatial orientation 

of the grade distribution: and shape of the minera1 deposit; 

structure and grade have evolved simultaneously at some time; 

then: 

it should be possible to estimate accurately the structure-grade relationship. 

the degree of match should characterize this relationship. 

d)Regional metamorphism and shear zone related metamorphism as  par t  of two different 

events argument: 

if: 

the regional rnetamorphism is equivalent to middle-to-upper amphibolite facies; 

the shear zone-related gold deposit took place over regional metamorphosed 

achieved the greenschist equivalent facies; 

t hen: 

rocks; and 

the second event should represent a metarnorphic retrogression over rocks under similar or 

Iower temperature conditions than the altering fluids. 

e)Regional metamorphism and shear zone alteration metamorphism as part of one single 

event argument: 

if: 

the regional metamorphism and the shear zone events are evoiving counterparts of the same 

larger tectonic event; 



the shear zone- related rocks show a retrogressive paragenesis; 

then: 

the alteration process should be due to fluid-rock interactions in lower temperature conditions 

than the enveloping rocks. 

OPressure conditions during the mineralization-alteration event argument: 

if: 

the regionaI metamophic rocks are indeed part of an early tectonic event: 

the shear zone-related goId deposit, positioned in the basement. is part of a younger event, 

which has also affected supracmstal rocks; 

the supracrustal units were part of a fold-ttinist belt during this younger event, which has slid 

over basement rocks in a compressive decollement-like structure; 

the shear zone-related gold deposit is presentIy located near the edge of the infrastructure and 

suprastructure. 

then: 

the pressure conditions in which the alteration-mineraiization processes occured should 

closeIy reflect the stacking of supracmstal units; othenvise it should reflect the sarne pressure 

conditions of the regionaI metamorphism: 

the vertical load should be due to either the original thickness of the units andlor fold-thst  

duplication; 

1.2 Thesis Structure 

The thesis is broken down into eight chapters, plus appendices, including the Introduction, as 

foIlows: 



Chapter two presents a sumrnary of previous work. and discusses the stratipphic and 

tectonic features that occur in the basement window and surrounding rocks. Sorne regional 

features are characterized along with the major exposed tectonic units; available 

geochronological data is also presented and integrated with the regional geology. This chapter 

presents the regional framework in which the study deposit occurs. and involves the main 

features of the Ouro Fino Shear Zone (OFSZ) systern, The objective is to provide a surnrnary 

of the main tectonic features that have influenced the local geo Io_~  at the Ouro Fino Mine. 

Chapter three. presents the results of the field work undertaken during this research. The 

cenerai geology of the Ouro Fino Mine is described, including the mine map and its stmctures 
C 

and domains. Descriptions of the rock types are covered. 

Structural geology is the main focus of Chapter four. Structural semi-variography, as coined 

by Matheron ( 1963). is included here along with structural analysis and mapping to evaluate 

the spatial distribution of gold grade, to discriminate the statistical-mathematical shape of 

mineral deposits, and also to partition the variance into meaningfuI structures. The subsequent 

effect of this approach is to evaluate a cornmon ground for traditional structural analysis and 

structural semivariographic analysis, suggesting an interconnected methodology. This chapter 

also introduces the need to broaden the concept of structural analysis and its general 

application to geoIo+w and mine geology. 

Chapter five presents the mineral chemistry and petrochemistry of the deposit. The main 

purpose is to evaluate contrasting feahxes between rnineralized and non-rnineralized zones. 

Cluster and factor analysis are carried out together wit5 univariate statistics to better describe 

the variability of chemicai eiements in each dornain. Finally the mineral paragenesis and its 

synoptical evolution is outlined. 

In Chapter six the metamorphism and thermobarornetry of the Ouro Fino Mine is discussed 

and modeled. The a~~l icabi l i tv  of various mineral-pairs and internaIlv consistent approaches 



are discussed and applied to both non-rnineralized and mineralized rocks. Later in the chapter. 

the pressure-temperature path of the non-rnineralized rocks is modeled; and the implications 

for the rnineralized rocks are also considered. 

The seventh chapter describes the alteration process. Chernical mass balance and the 

alteration paths are discussed in detail. Constraints from microstructures are also used to 

confront some important assumptions about mass transference. 

Gold precipitation mechanisms. includinz the deposit rnodel, are addressed in the eighth 

chapter. 

The ninth chapter surnrnarizes the main conclusions; and then describes a strategy and 

exploration design suitabie for the area. 

1.3 Methods of Study 

What foltows is a brief outline of the methods that were used during this research. but further 

decailed explanations will be presented as required, in each section. 

During ~March of 1987 trench mapping of the mine was performed. TweIve trenches were 

mapped, comprising a total of 1500 rn, with about 500 fabric element rneasurements (Monteiro, 

1989). In April of 1990. 235 samples were taken from six drill holes. One hundred and fifty thin 

sections were cut, mainiy frorn drill holes 73 and 99, which represent the richest part of the mine. 

The general location of these two data sources is described in Chapters 3 and 4. 

From May 1990 up to May 1993 the petrography and most of the microprobe analyses were 

performed. From the 150 thin sections, 40 were analyzed by electron-microprobe, producing 

1050 points. Before actual microprobe analysis, photornicrographs were taken to keep a register 



of al1 probed points, which aIlowed further recollection and comparison, and aIso helped to build 

a comprehensive photographic atlas of the mine's rock types. structures and textures- 

To evaiuate thin sections, and aid in easy data retrieval and processing, a coordinate system was 

established to catalogue textures. structures, and microprobe points. This system was set up cn a 

regular grid with 1/8" spacing over the thin section; the top of each thin section was labeIed as 

"1 1AA" coordinate. The East-West length label ranges from 1 to 1 1 and the North-South length 

ranges from A to T. In this 2D space. a Bt and a Grt crystal at the "7755" coordinate would be 

labeled as: 77JJBT01 and 77JJGT02. considering that the first point was done on the Bt and the 

second on the Grt (see list of abreviations). This Iabeling is the same as that used for the 

microprobe database that can be found in Appendix 1. The microprobe database includes drill 

hole number and depth of each of the thin sections: the use of grid coordinates, hole numbers, 

and depth aid in the precise location of points and the associated petrographic features. 

Exploration and mine rnapping were continued during June. July and August of 1992. Also 

during this tirne lineament analysis from satellite images1 was undertaken. In addition, aerial 

photographs provided by the mine staff (1: 60.000 - produced by USAF) were used to rnake the 

photolineament rnaps and delineate regional structures. 

During follow-up field work. the open pit mine, enclosing an area of 0.28 km' (1400 by 200 m), 

was mapped. This has been divided by the mine staff into three areas representing three different 

' LandSat MSS 1 :  1.000.000 (bands 114. 316, and 4/70) were purchased fiom EROS Data Center. and radar 

images, 1 : 250.000 From Cruzeiro S.A.-LASA consortium, which were evaluated at the INPE Iaboratories 

(Brazilian National Institute for Space Research). 



gold distribution patterns. and, as will be demonstrated tater, three structural domains. At that 
C 

time, 910 fabric element orientations at 26 mine levels were catalogued and mapped. The base 

map and level profiles were originally rnapped by the mine staff. However. they zre reviewed 

and readapted in this thesis as part of the structural rnapping. 

Following the field work, structural data were processed using StereoNet for Windows'" version 

2.0. Several stereonets were generated for different fabric elernents and different structural 

domains. In each strucniraI domain one synoptic stereonet was finally produced- 

Fifiy samples from the petrographic database were selected for whole-rock major, and trace 

eIement analysis. An additional sample originated from an unusual Fel-Qtz based rock which 

cross-cuts the mineralized zone. Thirty of the selected samples were anatyzed for rare earth 

elements (Appendix II). 

The geochernical and microprobe databases were organized in €xcelT" version 7.0 and Access 

version 7.0. These databases were further analyzed using ~tat is t ica~" for windowsN version 4.5. 

in which Cluster and Factor analysis were carried out together with univariate statistics. 

~ a t h c a d ~ "  for windowsT" version 5.0+ was used to accornplish the pressure-temperature, and 

mineral assemblage reactions. Pressure-temperature-path systematics was accornpiished using the 

software provided by Prof. Frank Spear. The ellipsoid-anisotropy modeling of the deposit was 

performed using the best ellipsoid fitting algorithm provided by the Ph.D. fetlow Sony Winardhy. 

In September of 1993, the mine staff sent an updated gold database of the mine; this database 

includes 37,673 gold assays and the respective 3D location of each point. surferTM for 

windowsT" version 5.0 was used to contour this data to produce the gold landscape of the mine. 



Ground Water Modeling. GMS version 2.0. produced the iso-surfaces of the goid grade that were 

later exported to ReaI3D version 3.3. where they were rendered for evatuation and presentation 

purposes. Semivariograms of the gold grade were assernbled in different dip directions and 

structural domains, which permitted the shape of the mineralization vectors to be defined. GSLIB 

( Deutsch and Journel. 1992) combined with Xgam (Chu, 1994). were used to perform this task. 

~ o r e l ~ r a w ~ "  version 4.0 and ~ h o t o ~ h o ~ ~ "  version 2.5.1 were used to produce the final graphic 

and photographie art. The present report was wrïtten with wordTk1 for ~ i n d o w s "  version 7.0, 

using a rnodified version of "thesis ternplate". The appendices are presented in two forms at the 

end of this thesis: a) hard copy; and b) cornputer disks (4). 



2. Regional Geology 

2.1 Introduction 

Understanding the relationship between aiteration processes and the regional factors in a goId mine 

is important for accessing the mineral deposit through ô mult i-scaie and complementai-y approach. 

Integation of different scale-related observations permits one to outline. demonstrate. and evaluate 

some of the questions highlighted in the previous chapter. and itemized in section 1.3. 

2.2 Locarion and Physiogruphic Aspects of the Study A rea 

The Ouro Fino Mine is located about 14 km to the Southwest of the Riacho dos Machados Town. 

in the North of Minas Gerais State - Brazil. It is about 560 km Northeast of the State Capital. 

Belo Horizonte. 

Cumbicas International Airport. Sào Paulo City. is the main entrance, by air, to Brazil. The flight 

from Sao Paulo-Sào Paulo State to Belo Horizonte-Minas Gerais State usually takes about one 

hour. The access from Belo Horizonte can be through Montes Claros, traveling 440 km on the 

BR-040 and BR-135 roads. There are aIso three weekly flights by jet, and daiIy flights by 

turbojet. from Belo Horizonte to Montes Claros. From Montes Claros to Riacho dos Machados 

the trip is about 152 Km using the BR-251 and BR-120 highways. Finally, the Mine is reached 

f?om Riacho dos Machados by 25 km of unpaved road (Figure 2- 1). 



Figure 2-1. Location and access to Ouro Fino Mine. 

The tropical clirnate of the region alternates between humid and dry semons, with a focuse$ 

period of rain from November through February - and precipitation is approximately 800 



rnm/year. The average annual temperature ranges between 22 to 2 6 ' ~  (Pontes et. al.. 1974). The 

vesetation. a transition between serrados and caatingas, is sparse and mainly consists of cacré 

and srnall thorny bushes. The drainage systern is intermittent; only the main rivers carry water 

year round. The water supply for the area is obtained from an artificial lake close to the town of 

Janauba. 

2.3 Geotogical Sem'tzgs 

The Precarnbrian of Brazil is represented by five cratonic units: the Amazônico: the Siio Luiz: 

the Siio Francisco; the Luiz AIves: and the Rio de Ia Plata. These domains of the South .4rnerican 

Platform attained stability before the PanAfrican Orogeny, locally known as the Brazilian 

Orogeny (0.45 - 0.7 Ga. after Schobbenhaus et. al., 1984). Eight mobile belts surround these 

cratonic areas: the Nordeste: the Sergipana; the Rio Preto; the Araçuai: the Brasilia; the Sudeste; 

the Paraguai-Araguaia; and the Gurupi (Figure 2-2). 

The study area lies within the N-S trending Araçuai Belt, a Brazilian age mobile beIt which 

borders the Eastern side of the Sào Francisco Craton (SFC) in the state of Minas Gerais, Brazil. 

Tectonic interactions between the craton and the bordering belt, in a basement-cover 

relationship, created the regiorial setting for the study area. The region has been strongly affected 

by the Brazilian orogenic event with a general West tectonic displacement, fonning subhorizontal 

detachment with connected thrusting, strike-slip shear zones and associated folding (Uhlein et. 

al., 1992, Marshak & Alkimin, 1989; and Chemale Jr. et. al., 1993), see Figure 2-3. 

A common feature in the Araçuai belt is the presence of basement windows, which are also N-S 

elongated in the interior, where the thrusting tectonics strongly deforrned the Meso to Neo- 

Proterozoic rocks with the involvement of basernent rocks. Two basement windows that share 



similar evolutionary history and tectonic features are evident at the Eastern border of the SFC in 

Minas Gerais State: the Gouveia Window, near the Diamantina Town; and the "ltacarnbira- 

Monte Anil Bloco" (Crocco-Rodrigues et al. 1993), in the vicinity of Riacho dos Machados 

Town. This structure is hereafier referred to as the itacarnbira-Monte AzuI Window, or for 

simplicity IMA Window (Figure 2 4 ) .  The tenn Window is prefered over "B~OCO'', or Block, 

because of its relationship with eroded t h s t  sheets exposing older basement rocks (Bates and 

Jackson. 1995). 
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Figure 2-2. Brazilian age mobile be ls  and their related cratonic areas (after Schobbenhaus et. al.. 1984). 



Figure 2-5 

L/ 

O Figure 2-7 
Satellite Image 1 

Figure 2-3. (4) Geologic outline of the Sào Francisco Craton and its Eastern belts (Mascarenhas et. al.. 
1984). 1 )  Archean; 2) Early Proterozoic; 3 )  Middle Proterozoic; 3) Upper Proterozoic; 5) Phanerozoic: 
and 6) Cratonic Limits.(B) Detail of (A). focussing in on the snidy area ; it includes the E-W schemaric 
profiles' location of IMA and Gouveia basement windows (Figure 2-4); and highlights the areas which 
will bc presented in Figure 2-5 and Figure 2-7. 

Espinhaço Supergroup 

Figure 2-4. East-West schematic profile of lMA Window (Profile BB' on Figure 2-3 based on a field 
traverse at the Western edge of the window-cover contact, combined with the work of Pedrosa-Soares et 

[al., ( 1992a). 1 

The most recent geologic outline of the IMA Window, has been produced by DOCEGEO (Rio 

Doce Geologia e Mineraçào) and its subcontractors since 1985, which culminated with the Ouro 



Fino Mine discovery in 1987. the only known cgold deposit in the window. Afier 1987, al1 efforts 

were directed toward understanding the generat features that could lead to new findings. Sorne of 

the results have been presented by Crocco-Rodrigues et. al. (1993) and Guimariies et. al. (1993). 

Although they focused their work at the basernent site. several features connecting supra- and 

infrastructure were also discussed. 

The basement isiand and its surroundings are composed of two major tectonic units: the 

basement; and the cover. The description of the stratigraphic features starts with the older units. 

and follows the evolution of the _eeoIogic events recognized in this region to the present. 

2.3.1 Itacambira-Monte Azul Basement Window 

The IMA window is a 30 Km wide and 100 Km long basernent structure surrounded by the 

Araçuai Belt. and is limited by the Meso- to Neo-Proterozoic cover of Espinhaço and Sào 

Francisco Supergroups. This structure was formed during the Brazilian Orogeny. 

Guimaràes et. al. (1993), based on geological mapping at scale 1:50,000, recognize six 

stratigraphic units within the IMA Window (Figure 2-5): a) Corrego do Cedro Metarnorphic 

Complex - CCMC; b) Riacho dos Machados Metamorphic Suite - RMMS; c) Pedra do Urubu 

Granitic Suite - PUGS; d) Gorutuba Granitic Suite - GGS; e) Paciência Monzonitic Suite - PMS; 

f )  Confisco Granitic Suite - CGS. 

The Corrego do Cedro Metamorphic Complex-CCMC includes banded gneiss with layers of 

arnphibolite, and migmatitic structures with schlieren and nebulitic features. There are similar 

shallowly dipping folds with subvertical limbs and axes dipping to the North and South. The 



geologic contacts with the other units are always faults or shear zones. The metarnorphic grade of 

this unit has not been reported. 

Special interest has been focussed on the Riacho dos Machados Group (Guimaràes et. al.. 1993) 

in which the Ouro Fino Shear Zone System occurs. This Group is part of the basement. and 

because of its complex structural and metamorphic pattern compared to the cover, the term Suite 

shouId be used instead of Group (Petri et. al.. 1982; and Schoch, 1989). Therefore, throughout 

the present report, it is going to be referred to as Riacho dos Machados Metamorphic Suite 

(RMMS). RMMS. includes ortho and parametamorphic rocks, such as: metabasic rocks; garnet- 

biotite; quartzo-feldspathic: and mafic schists. The metamorphic grade of this unit is arnphibolite. 

Gold bearing muscovite-rich phyIIonites of the shear zone are also inciuded in this unit. 

The Pedra do Urubu Granitic Suite-PUGS is composed of mostly granitic rocks, contrasting with 

Gorutuba Granitic Suite-GGS which is mainly composed of tonaiitic rocks. Minor amounts of 

biotite are reported in both suites, and they contain porphyritic textures, with feldspars being the 

most common phenocryst. These suites have a foliation caused by onented felsic minerals. There 

is local migmatite, which led Guimaràes et. ai. (1993) to suggest a minimum metamorphic grade 

equivalent to amphibolite. 

The Paciência Monzonitic Suite-PMS is monzonitic and quartz-monzonitic rocks, with Kfs 

phenocrysts in a matnx of quartz, plagioclase, biotite, and amphibole. A slight metamorphic 

foIiation has formed uncier greenschist facies conditions. 



The Confisco Granitic Suite-CGS is dominated by small granitic bodies. sometimes as aplites. 

intruding the earlier units. There is an incipient foliation, and is represented by an equivalent 

proportion of quartz. K-feldspar. and plagioclase. with accessory biotite. 

Shear zones Gisrupt the rocks of the CCMC. PUGS. and GGS units. These shear zones are 

represented by mylonitic rocks with muscovite and quartz. and are similar to those of the RMMS. 

Crocco-Rodrigues et. al. (1993) reported that the contacts among CMMC. PUGS. GGS and 

RMMS are high-angle reverse ductile faults - dipping at 45' to 70'. sirnilar to those found within 

these units. 

Siga Jr. et. al. (1987a & 1987b) determined the age of the undivided basal cornplex in the M A  

Window using Rb/% and PbPb methods. Both methods indicate an Archean age of about 

378W130 Ma. They also found ages clustering between 2.0 and 1.8 Ga. U/Pb in zircon ages from 

the Gouveia Windows basal complexes which are also similar (Machado et. al., 1989), ranging 

from 2839kI4 Ma to 1844fr15 Ma. These results suggest an Archean age for the rocks, with 

important metamorphic reworking during the Early Proterozoic. The IMA and Gouveia Windows 

basernent complex have also WAr and U P b  (zircon overgrowth) ages, from 574t10 Ma to 

67W18 Ma and 5 1225 Ma (Siga Jr. et. al., 1987a; and Machado et. al., 1989). 

Based on structural cornparisons with the CCMC rocks, and considering the geochronological 

events described by Siga Jr. et. al. ( 1987a) in the IMA Window, Guirnaràes et. ai. (1993) 

suggested an Early Proterozoic origin for the RMMS, with subsequent metamorphism. The 

formation of Pedra do Uïubu and Gorutuba Granitic Suites has been credited to the same period. 

They also suggest the formation of Paciëncia Monzonitic Suite and Confisco Granitic Suite pre- 

or sin-Brazilian Orogeny, that is, Late Proterozoic to Early PaIeozoic. 
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gure 2-5. Geology of pan of IM A Window (afier Guirnaràes et. al., 1993). 

2.3.2 Itacambira-Monte Azui Covec 

The cover rocks are composed of hvo supergroups: the Espinhaço Supergroup; and the Sào 

Francisco Supergroup (Figure 2-6). These supergroups represent the Brazilian age fold-thmst 

belt (Marshak and Alkimin, 1989; Llhlein and Trompette, 1992). 

The Espinhaço Supergroup is composed of basal metasandstones and metapelites interbeded with 

metaconglomerate; and is represented by the Sao Joao da Chapada and Sopa Brumadinho 



Formations. These formations are overlain by the thick succession of eolian metasandstones of 

the Galho do Miguel Formation (Marshak and Alkimin, 1989; Sholl and Fogaça, 1979). These 

rocks form the Diamantina Group, and are considered to be continental and transitional marine 

sedimentary sequences. respectively. The upper Conselheiro da Mata Group is alternating 

rnetapelite and metasandstone Iayers with interbedded lenses of marble at their stratigraphie top. 

The upper part is considered to be marine. Facies succession in this group is sirnilar to Atlantic- 

-pe  marginal basins, which are thought to start with continental sedimentation, followed by a 

transitional unit, and cuiminated with dominantly manne rocks (Kiang et. al., 1988). 
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Figure 2-6. Stratigraphie uniü of the Cover sequence: including the Espinhaço and Sào Franciscf 
Supergroups (afier Marshak and Alkirnim. 1989). 



The estirnated thickness of the Espinhaço Supergroup is about 3000 rn (Sholl and Fogaçz, 1979). 

The geologic contact with the Sào Francisco Supergroup is gradational in sorne Iocalities (Pflug 

and Renger, 1973). and an erosional unconformity elsewhere (Marshak and AIkimin. 1989). 

Along the western margin of the Cordilheira do Espinhaço. the contact is tectonic (Magalhàes, 

1988). 

The Sào Francisco Supergroup is subdivided into two groups. The older unit is the Macaubas 

Group. which represents sedimentation of glacial origin (Karfunkel and Karfiinkel, 1976). 

Overlying the glacial deposits is the Bambui Group. which consists of two sedimentary 

sequences. carbonates and mark of a shallow-water marine platform environment, overiain by 

sandstones and shales from a fluvial. shallow-water marine environment (Marshak and Alkimin, 

1 989). The estirnated thickness of this Supergroup is about 900 m (Kiang et. al., I 988). 

Machado et. al. (1989) deterrnined ages of rocks from the Espinhaço Supergroup by U/Pb dating 

of zircons. They suggest that the beginning of "Espinhaço sedimentation" is constrained by the 

youngest ages of the basernent upon which it rests (1844k15 Ma), and by the acid magmatisrn of 

its inaucgural formations (1715- Ma), the Sào Joào da Chapada and Sopa Brurnadinho 

Formations. The conclusion of Espinhaço sedimentation is defined by basic dikes (906t2 Ma), 

which predate the Macaubas Group. Machado et. a1. ( 1989), contrarily to the established belief 

(Schobbenhaus et. al., 1984, and Almeida and Hasui, 1984), which have also indicated that the 

metamorphism and deformation of the Espinhaço Supergroup is of Brazilian age. 

Furthermore, structural compansions between Espinhaço and Sào Francisco Supergroups 

confimi a single compressive event consolidated the BraziIian Orogeny (Marshak and Alkimin, 

1989; Pedrosa-Soares et. al., 1992b; and Farid et. al., 1994). Trompette et. al. (1 992), based on 



structural mapping, the Sào Francisco Craton was divided into two units: the Sào Francisco 

Craton to the West; and Salvador Craton to the East. The area in which the two cratons are 

sutured is called the Paramirin Province, which includes the Espinhaço and Sào Francisco 

Supergroups. 

Sedirnentation of the Macaubas Group. which is at the base of the Sào Francisco Supergroup. has 

poorly constrained age limits. Quadros (1987) determined an age of 650 Ma. based on 

Acritarcbae. a marine rnicrofossil from the Macaubas Group. This is in agreement with 570 to 

680 Ma X 6 ~ r / x 7 ~ r  ages obtained from carbonate rocks (Kawashita et. al.. 1987). However. 

Pedrosa-Soares et.al.( 1 992b) determined an age of 793+90 Ma, for ortho-amphi bolites in the 

distaI segment of the Macaubas Group, the Salinas Formation, using the Sm-Nd method. 

There is little geochronological data for the Bambui Group. However. G~vmnosoienides and 

Linnela avis. colurnnar stromatolites, constrain sedimentation between 600 and 800 Ma 

(Marchese, 1974; Dardene, 1979; and WaIter, 1972 in: Schobbenhaus, 1984). At present, the 

geochronology of the Sào Francisco Supergroup is still under debate, but certainly this 

sedimentation is limited between 906t2 Ma (Machado et. al., 1989) and the BraziIian Orogeny 

(600 to 500 Ga, Siga Ir., 1987). 

2.3.3 Tectonic Features 

The outstanding tectonic feature of the M A  Window is the interface between basement and 

cover. This physical boudary is characterized by décollement faults (Ramsay and Huber, 1983a). 

The décollement faults of the Eastern border dip to the East and those of the Western border dip 

to the West or East, depending on the edge structure. As can be seen in the Northem sector of 



the satellite image, the Eastern dip of the décollement is shallower than the Western dip (Fi-gure 

3-7. and Figure 2-8). 

On the satellite image. and its interpretation map, three main domains are highlighted (Figure 2- 

7. and Figure 2-8): 1) IMA Window: 2) Eastern domain: and 3)Western dornain. These domains 

are the product of different rheologic behavior durincg the iast tectonic event; that is, the Brazifian 

Orogeny, in which a fold-thmst belt. with an average tectonic transport towards WNW (Uhlein 

et. al.. 1992) was pushed towards the craronic area. Less deformation is then expected from East 

toward West. culrninatin~ with no deformation in sedimentav rocks overlying the craton. 

On the Eastern domain the Espinhaço Supergroup is evident. Here thmst sheets bearing North 

are molded against the Eastern part of the IMA window. The Western limit of the IMA Window 

is less evident because of the decrease in deformation. On the Western domain, the Sào 

Francisco Supergroup is progressively less deformend toward the stratigraphic top. The physical 

limit is defined by the westeriy, steeply dipping thmst sheets of the Macaubas Group. On a field 

traverse near the Ouro Fino Mine, sorne overturned sheets have also been identified. 

Considering the vector of tectonic transport during the Brazilian Orogeny (Figure 2-3, Figure 3- 

7, and Figure 2-8). the faults with a strike beanng at ~ 6 0 ' ~  should represent transfer faults. 

Faults striking at ~ 7 5 ' ~  (right-handed) and ~ 4 5 ' ~  (left-handed) make a conjugate Riedel shear 

system. Major photolineaments cross-cutting the three structural domains are slightly refracted 

on a counterclockvvise rotation (Figure 2-8). 



Figure 2-7. SatcIIite image showing the [MA Window and its surrounding areas. See Figure 2-8 for 
geoiogical boundaries and scale. 

Other important features in the satellite images are: a) minor lineaments which strike 

approximately to North, and occur, not only in the window area, but also in the cover of the 

Eastern domain; b) semi-circular structures, granitic bodies', rotated minor lineaments, and 

' These semi-circular bodies represent granitic suites rnapped by Costa er. al. (1  976). 



others cut by them; and c) elliptical structures in the cover of the Eastern domain (Figure 2-7 and 

Figure 2-8. Geological map based on satellite image observations; see Figure 2-7. 



following featiires: a) the contact between RMMS 

West, field observations indicate that this fault dips 

Aenal photographs (Figure 2-9) suggest the 

and Macaubas Group is a fault dipping to the I 

at an angle higher than 70'. and at some points it is overtumed; b) the lineaments at RMMS strike 

about ~ 2 0 ' ~ :  c) the lineaments ar CCMC strike North. ~25" .  and ~ 2 0 % ;  d) the GGS 

resembles a syntectonic granitic body with extemal lineaments surrounding it, some are internal. 

and sonle cut through the body, indicating later processes; and e) there are East striking 

linearnents that rotate the ~ 2 0 ' ~  lineaments. in the RMMS. These lineaments are possibly 

related to the ~ 7 5 ' ~  trend observed in smaller scrle satellite image. 
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In Figure 2- t O, four stereonets from Belo ( 1994a) are presented. The gneissic banding (1) stnkes 

to the Nonh and it is steeply dipping (approximately 80') toward East, presenting axial 

symmetry. The minerai lineation (3), including a11 basernent units, is also sreeply dipping 

(approximately 70' to 80') toward the East. In addition, this fabric elernent (3) shows scattering 

along the projection of the gneissic banding plane. The minerai lineation seems to be mainly 

down dip, as observed on the stereonets. The stereonet which refers to the mylonitic foliation for 



RMMS (2) shows two major concentrations with shallower dipping surfaces when compared to 

the gneissic banding. One concentration represents surfaces striking North and the other striking 

approximately 025' and 030°, their dip angle is about the same. 50' to 60' toward East and 

Southeast, respectively. The stereonet which refers to the cover unit (4) shows its mylonitic 

foliation near the second concentration of the mylonitic foliation for the RMMS unit (2). The 

mineral lineation for the cover is about 120% 130: dipping 45'. 

Figure 2- 10. Sçlected stereonets from basement and cover after Belo ( 1994). The contours represent the 
poles to the planes for surfaces or the dip direction for Iines. 

2.3.4 Evolutionary Mode1 for the Itacambira-Monte Azul Window and 

Surrounding Areas 

Three major tectonic events molded the area under investigation (Figure 2-1 1). AIthough there 

are uncertainties in the geochronologic mode1 of the area, reconstmction of the regional 

evolution is possible by complernentary structural data frorn several authors. 



The oldest rocks in the basement are about 2.8 Ga (Siga Jr.. 1987a). Guimaràes et. al. (1993.) 

suggest that this Archean age is contemporaneous with formation of the Corrego do Cedro 

Metamorphic Cornplex. 
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Between 2.0 - 1.8 Ga (Siga Jr., 1987b), deposition and subsequeiit rnetamorphism and 

deformatim of the Riacho dos Machados Metamorphic Suite occurred. The Pedra do Urubu and 



Gorutuba granitic suites were empIaced at this time. This tectono-metamorphic phase is known 

as the Transamazonic event. If the most recent geochronological interpretation (Pedrosa-Soares 

et. al., 1992b) and structural mapping (Alkirnin et. al., 1989; Trompette et. al., 1992: and 

Chemale Jr. et. aI., 1994) of the tectonic units under consideration are accepted this tectonic 

event is only evident in the basement- 

The basement rocks were formed and metamorphosed during the Archean and Transamazonic 

events. Subsequent orogenic events modified the basement rocks and are responsible for the 

cover fold-thmst beit evolution. Early development of the cover sequence comrnenced with 

Northward intrxontinental rifiing at 1.7 Ga and the resultant acidic-alkaline volcanism, and 

finished with the deposition of  the Espinhaço Supergroup, which starts with continental 

sedimentation, evolving to a shaf low-water marine deposits (Marshak & Alkirnin, 1989). 

At 1 .O Ga a new depositional cycle started with the formation of the Macaubas glacial deposits. 

An extensive mafic manifestation (dikes, plugs, lacoliths and phacolits) occurred between 1 .O 

and 0.9 Ga, which is associated with the pre-Brazilian drifiing process (Uhlein and Trompette, 

1992; Uhlein et. al., 1992). 

The inversion tectonics were initiated at 700 to 600 Ma (Almeida, 1981), and transformed the 

Espinhaço Supergroup and part of the Sào Francisco Supergroup cratonic cover into a fold-thst 

belt (Alkimin et. al., 1989; Chemale Jr. et. al., 1993). This is similar to  the mode1 presented by 

Dixon and Liu (1994). The Espinhaço Supergroup, including the Macaubas Group, were thmst 

toward the cratonic area, while dowawarping of the lithosphere at the cratonic margin created the 

foreland basin of the upper SGo Francisco Supergroup (Kiang et. al., 1988). Hence, the inversion 



tectonics indicates that both "Espinhaço" and "Araçuai" mobile beits should be considered as 

constituents of a single fold-thrust belt. 

The "Espinhaço-Araçuai" fold-thmst belt bas a strong foliation with a stretching lineation 

defining the vector of tectonic transport toward the Sào Francisco Craton (Alkimin et. al., 1989; 

Chemale Jr. et. al., 1993). The distal area of the craton has a dciwn-dip stretch iineation in rocks 

at the arnphibolite facies. Both the rake of this stnxtural element and the metarnorphic grade 

decrease toward the cratonic area. The area proximal to the craton features strike-slip fauIts and 

thrust faults with frontal and oblique ramps (Pedrosa-Soares et. al., 1992b). 



3. Mine Geology 

The Riacho dos Machados Metamorphic Suite (RMMS) is the host unit for the Ouro Fino Mine. 

This metarnorphic suite is cut by narrow shear zone systems. striking towards the Northeast, and 

dipping toward Southeast; the contacts among other units, described in the previous chapter, 

involve ductile thrust faults (Belo, 1994b). 

As described by Docegeo (1991 and 1992. in Fonseca. 1993) the RMMS was composed 

orisinally of mudstone. Qtz arenite, arkose. mafic volcanic, and minor occurrences of ultramafic 

rocks. This whole package was subjected to middle amphibolite facies rnetamorphisrn. Bt schists 

are the rnost prominent rock type, in which Ky, St, Grt and Pl, together with Bt, make up the 

usual minera1 assemblage. 

The mine geology is described using different scales of observation, as suggested by Turner and 

Weiss ( 1  963); geological contacts, hand specirnens, and micro-structural features are linked 

together. Five main rock types are gouped in this study. This simplification is based on major 

distinctive features that relates rock types to the effects caused by the shear zone evolution (see 

sections 3.2 and 3.3); therefore, rock names also reflect this interplay. 

Field investigations have concluded that in the area surrounding the mine, the country rock is 

progressively transformed, within a system of anastomosing shear zones. The formation of St 

stretching lineation - St-ghost - or pseudomorphic substitution by Ms is a striking feature, which 

is sub-collinear to the Bt mineral lineation. Inside the shear zone there is a Qtz-Bt-bearing rock 

enveloping a Qtz-Ms-beanng rock. 



Shear zones. as characterized by Ramsay ( 1980). are highly deformed, narrow, Iinear, and sub- 

paraIIel. zones with sigificant displacement, and can occur in any scale of observation. Ramsay 

discriminated these zones into four different end-members: a) brittle; b) brittle-ductile; c )  ductile- 

brittle; and d) ductile. As indicated by Ramsay, frorn brittle toward ductile shear zones, there is a 

migration in the way rocks respond to stress. varying from cataclastic to ductile flow. The term 

"deformation zone" is used here interchangeably with the meaning of "shear zone". 

The Ouro Fino Mine geology f see Figure 3- 1 ) is characterized by a narrow zone of about 1400 

by 200 m - ore deposit extension ratio of 1 :7. in which the openpit is developed. The contacts of 

this belt with the country rock. as described by the underground and surface ore reserve 

evaluation of Ouro Fino Mine (DOCEGEO, 1992; in Fonseca, 1993), are by t h s t  faults dipping 

between 30 to 40' toward the azimuth of 115'. The general strike of this deformation zone is 

about Xn. 

There are three main geological units: a) granite at the Southeastern end; b) country rock; and c)  

deformation zone (Figure 3-1). The deformation zone is cornposed of a narrower belt of Chl-Bt- 

Ms schists enveloped by Bt schists. Figure 3-2 presents a photomosaic of the open pit, viewed 

from the Southern end of the mine. The direction of the mine's open pit, as observed from the 

map and photomosaic, follows the shear zone general strike. The open pit developrnent was set 

up to approach the pit of exhaustion, or the final pit design. Although high ore selectivity is 

possible due to the equiprnent's size, the pit plan did not consider ore geometric features other 

than the general shear zone surface orientation. 
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Figure 3-1. Ouro Fino Mine open pit geological map. It represents the author's upgrade of thé 
geological sections provided by the mine staff during the field work. combined with trench rnapping 
:Monteiro, 1987). 
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Figure 3-2. Photographic mosaic showing the Northward open pit view, t o m  the leveI 525s 
(A). Details From tevels 820s (B) and 860s (C). The lighter bands represent Ms phyllonite 
and the darker bands are Bt mylonite or Chl-Ser-bearing Bt rnylonite. 



The mine staff has subdivided the mine into three distinct sectors, in which the geology and the 

orebody show different conditions; see Figure 3-! for location. Sector III is at the South-end of 

the mine and it has two panllel bands of Ms schists, separated by a Bt schist unit. They report 

low &grade. but replar  gold distribution at this section. Sector IV is in the middle (lengthwise) of 

the openpit and shows irrergular distribution of Ms schists; in this section the gold grade is 

reported to be erratic. Sector V, at the North-end of the mine, is characterized by a thicker band 

of Ms schist striking North. This area of the mine returns higher eold grades. Sectors I and II. not 

shown on Figure 3-1. are the continuation to the South. and the represent the southern part of the 

soi1 anomaly that unraveled the Ouro Fino Mine. 

Figure 3-3 (see Figure 3-1 for location) presents the profiIe AA' at the North-end of the mine. 

Schematically, defined by DDH-73 and DDH-99 exploratory drill holes. two zones have returned 

17 m of ore at 3 g Adt. and 8 m of ore at 6 g Ault. The surface ore was estimated, by 

DOCEGEO'. From trenching and shallow drill holes. in a grid smaller than 25 m. 

DOCEGEO. Rio Doce Geologia e Mineraçào. is the geological reseach branch of Companhia do Vale do 

Rio Doce (CVRD). 



t 

Figure 3-3. Ouro Fino Mine - AA' Profile at Section DHH(73-99). A and B grades were estimated 
using the gold assays fiom the exploration phase. 

Rocks formed previous to the shear zone are named according to the recommendations of Bucher 

and Frey (1994); however, those formed within the shear zone are named using Sibson's 

classification for fault rocks (1977). They can follow either the cataclastic or mylonitic series, 

depending on the way rocks have assimilated stress. However, these two series can also be 

concurrent along the maturation of the shear zone. 



Minera1 assemblages produced by hydrothermal metamorphism. and overprinting the regional or 

shear zone related petrofabrics, are expressed in the prefix of the rock's narne. usinç the modifier 

"bearing", as in: Chl-Ser-bearing St-Grt-Bt gneiss. The order of mineral appearance, in the 

bearing part of the prefix indicates increasing modal quantities. The limit to inclusion in the 

alteration assemblage in the prefix is set to modal quantities higher than 5%- provided the 

alteration is pervasive in the host assemblage and not defined by a selective alteration. However, 

rocks in which the hydrothermal metamorphism is the essential part. the mineral assemblage 

defines the root rock's narne. as in: Ms phyllonite. 

The mine has five different rock groups based on composition, texture-structure, and formation 

processes: 

1. the regional metamorphic rock, generally referred to as Bt gneiss, is part of the RMMS and 

includes rocks with a rnetapelitic derivative minera1 assembtage at the middle amphibolite 

facies: H y ,  tSt,  +Grt. Bt, PI, and Qtz. This rock group is host to the shear zone 

metamorphism, and is Iocally transfonned by the enveloping hydrothermal metamorphism. 

2. the shear zone-related metamorphic rocks, generally refcrred to as Bt mylonite, are 

characterized by the following mineral assemblage: +Grt, -1, Qtz, and Bt. This rock group is 

host to hydrothermal rnetamorphism. 

3. the shear zone-related hydrothermal metamorphic rocks, generally referred to as Ms 

phyllonite, are characterized by the folIowing mineral assamblage: f Grt, 3 1 ,  &Ab, ITur, Ms, 

and Qtz; the enveloping alteration assemblage is mainly defined by: %hl, +Ser, kTur, &Car. 

4. Qtz veins and aplites that can either follow the host foliation or cross-cut it. Hot and cold 

contacts are characterized. Hot and cold contacts are generic narnes used to indicate veins 

with and without enveloping alteration selvages. 



5. the subvertical Qtz sandstone dike, generally referred to as ciastic dike, which cuts the shear 

zone at a 90' angle and shows brittle-ductile toward bnttle deformation style only inside the 

deformation zone. see section 3 -3.4. 

3.2 Pre-Shear Zone reiated Rocks 

3.2.1 St-Grt-Bt Gneiss 

As described at the beginning of this chapter. the RMMS is a composite of rnetamorphosed 

sedimentary and votcanic rocks. However. the minera1 assemblage of the direct host rock of the 

shear zone shoutd represent a metamorphosed pelite, with mixture of semi-peIite, as wiIl be 

described later. Geochemical considerations concerning this argument are given in Chapter 5. 

3 2.1.1 Macroscopic Features 

Geological contacts of the regional metamorphic rock. as part ot the RMMS, with other units, are 

ductile thrust faults, as defined by Be10 (1994a. and 1994b). The RMMS near the Ouro Fino 

Mine is bordered on the Eastern side by granite-gneissic rocks, and on the Western side by 

thnrsted and reversed slabs of the Macaubas Group, which form part of the sedirnentary cover. 

The geological contacts are observed from either satellite or aerial photographs (see section 

2.3.3). 

3 2.1  -2 Mesoscopic Features 

On the outcrop scale, the regional rnetamorphic rocks show the foIIowing structures or textures: 

a) gneissic or schistose fabric, with banding varying from 1 to 5 mm; b) porphyroblastic St, 

which is up to 1.5 x 6.0 cm; c) porphyroblastic Grt, up to 4 mm in length; d) mineral linration, 

defined by Bt; e) flattened St; and f) lepidoblastic texture. The prominent petrofabnc is L-S 



tectonite, in which the Bt defines minerai Iineation and foliation. The St orientation is generally 

oblique to the mineral lineation, and is flattened with different degrees of transposition toward 

the mineral lineation (Figure 3-4)- The rock color is medium to light gray, and light red when 

weathered. Some specimens show cornpositionai layering, varying frorn 1 to 15 mm, which could 

represent an original depositional feature transposed by the regional event; some of these layers 

are nch in graphite. 



Figure 3-4. St-Bt gneiss photo-composite: (A) sample's overall picture in oblique view; (B) top view close 
up of the revolved St with Bt mineral lineation oblique to the main Sc axis; it is also enveloping the St 
crystal. Observe the (C) frontal and (D) tefi-lateral views for cornparisons, This structure represents a L-S 
tectonite defined by the lepidoblastic foliation and Bt minera1 lineation. The St crystals are randomly 
oriented and generally flattened; however it is revolving toward the mineral lineation, indicating late 
tectonic growth. Note that (A) is 15 cm long. 



St shows a remarkabIe change in shape toward the shear zone; its stretching is the best 

mesoscopic indicator of the shear zone proximity. and it also indicates the shear zone direction of 

movement. Since the Grt-Bt-PI-Qtz mineral assemblage is common to both Bt gneiss and Bt 

mylonite rock types. mesoscopic compositional differences between the regional metarnorphic 

rocks and the shear zone-related metamorphic rocks are not striking. Hence. monitoring St 

features in the rock fabric is essential to separate rock affiliations. and to position the shear zone 

structurally and petrographically. 

3.2.1.3 Microscopic Features 

Ten Bt gneisses. 18 Chi-Ser-bearing Bt gneisses, and 5 Chl-Ser-bearing Bt gneisses with Qtz 

veinlets were exarnined under the microscope (see Appendix 1 for modal estimates). A typical 

regional metamorphic rock has the following modal composition: 7% Grt, 13% St, 16% Fel. 26% 

Qtz. and 30% Bt; traces of Ky, Gr, Tur, Rt, Ttn, and Ap are observed. Ms, Chl, and Ser are 

usually present, with traces of Kfs. Ep, and Car as an overprinted assemblage related to 

hydrothermal metamorphism. Modal contribution varies fiom about 5% up to 32%, and this 

retrogressive alteration can be either pervasive or selective. When the alteration is higher than 

10%, the contents of Grt and St fall to 2% and 5%, respectively. 

Qrz and Fe1 form a grano-lepidoblastic mosaic varying from 0.2 to 0.7 mm: they f o m  millimeter 

sized bands with some small Bt. altemating with Bt rich bands (lepidoblastic bands). The Gn is 

usually micro-porphyroblastic. varying from 0.5 to 3 mm in size; it shows two growth periods 

which are depicted from ring-shape inclusions. The second Grt growth phase overprints the Bt 

from the matrix (Figure 3-5). St is usually porphyroblastic and is later than the grano- 

lepidobiastic rnairix (Figure 3-6 and Figure 3-7); infiequent small St crystals can be found along 

with Ky and Grt in the matrix. 



Figure 3-5. Gr< with nvo growth periods; rhe first is coeval with the grano-lepidoblaçtic matrix, and the 
second is lare-rectonic. The Gn rim is overgrowing Bt crystals (under natural light). Coordinate 77FF, 
DDH-099-depth 145.05 m. See Chaptrr 1. item 1.3, for explanation about the coordinate system adoptec 
for thin sections and probe-petrographic analysis. Microprobe analyses on points 1 to 26 are listed in thc 
Appendix 1. 

Ky has a very distinctive prismatic shape when preserved inside St porphyroblasts (Figure 3-6 

and Figure 3-7); it shows mantled texture when in the matrix of the rock (Figure 3-8). The mantle 

is usually composed of a Ms-Ser mass and Bt. Tur, Ap and Rt are usually inclusions in Bt. Ga ,  

and St. The Ky inside St crystals was protrcted from the later retrogressive alteration. 



. . 
ligure 3-6. Porphyroblastic St crystal growing over an early gano-lepidoblastic matrix (A); N-S z 1.2 cm. 
dote the cross-cutting feature of the St (B). Detail of the St central part, where Ky, PI and Bt were 
.naIyzed by microprobe (C) and (D ). (A), (B), and (C) were taken under cross nicols, and (D ) under 
laturai light. DDH-073-depth 35.00 m. 



Figure 3-7. St poikiloblastic porphyroblast (A), (B) and (D) are outIined, enclosing Grt, PI, Ky, anc 
Bt (B, C) is outlined. The interna1 and external surfaces are oblique, and the externa1 surface show! 
micro-folds defined by semipolygonal arcs of Bc, suggesting recrystaIization during or late foldin~ 
:Dl. Observe the 90' counter-clockwise rotation of (C) and (D) images. (A) natural light, (B) Cros: 
nicoIs. (C) and (D) are backscatter images fiom microprobe. Coordinate 66MM, DDH-073-deptt 
1 14-00 m. Note chat N-S z 1.2 cm in (A) and 4 mm in (B). 



'igure 3-8. Mantled Ky crysral being altered to Ms-Ser mass (natural light). Coordinate 66PD. DDH-073- 
lepth 1 14.00 m. E-W is z 2 mm. 

When Ms is present, it is usually a product of epitaxic growh after Bt, assuming its shape and 

orientation. Ser is the product of Pl, St and Ky atteration (sericitization process), or can also 

grow along intercrystals in newly formed surfaces; its size is srnalier than 0.1 mm and it is 

usually present in the ground mass. Ch1 is a partner of Ser during alteration (chloritization and 

sericitization process); however, some Ch1 cuts the old foliation or substitutes the Bt epitaxically. 

Its size as a ground rnass is srnaller than O. 1 mm, but when growing after the Bt it assumes the Bt 

size. Car is not commonly found in the Bt gneiss, but it is usuaily associated with Qtz veinlets. 

Ep is very rare and is always related to atteration of calcic Pl; its size is srnaller than O. 1 mm. Kfs 

is the product of alteration of a calcic Pl, producing Kfs and sodic PI, along with sericite and Ep: 

saussuritization process (Figure 3-9). 



Figure 3-9. Retrogressive alteration of calcic PI to Kfs and sodic PI, along with sericitite and epidote 
:saussuritization). Picture caken using cross nicols. Coordinate 33FG. DDHO73-depth 1 18.00 m. E-W is 
z 2 mm. 

Ms observed in the regional metamorphic rocks is not in equilibrium with the peak rnetamorphic 

assemblage, but it rather retrogressively substitutes for St, Ky, and Bt. Yet, Kfs present in these 

rocks does not represent equilibrium with the peak metarnorp hic assemblage; its texture indicates 

replacement afier the metarnorphic PI, and it is always associated with Ser along with Ab 

neogrowth. 

Since neither Ms or Kfs appear to be in equilibrium with the peak metamorphic assemblage, this 

might otherwise suggest that there is a departure from the normal pelite composition. A normal 

pelite usually inchdes either Ms or Kfs in its metamorphic counterparts, depending on the 

metamorphic grade (Bucher and Frey, 1994). The original abundance of MgO, FeO, and K20,  



despite the evident excess of A1203. defined by trace modal quantities of Ky, should constrain the 

stable phyllosilicate phase (see sections 5.1 and 6.2). 

The foliation patterns registered in the Bt gneiss indicates two periods of deformation. In some 

thin sections. the S-surface relationships mimics the S-C tectonite. which increases the di fficulty 

of properly differentiating these patterns. However. based on Figure 3-10, there are two possible 

interpretations: a) two previous S-surfaces being rotated by a newer incipient S-C fabric, which 

would define three deformational phases; or b)  two previous regional S-surfaces being part of a 

S-C fabric rotated by a newer S-C fabric, which wouid define two deformational phases. 

However. in either case the vorticity of each phase is opposite. 



:igure 3- 10. Two interacting S-surfaces being rotated by an incipient S-C foliation. Observe fiom right a 
eft the progressive rotation of a previous S-surface. The p i n  reduction of Qa is also noticeable in ch( 
;ame sense. (A) naniral light and (B) cross nicols; E-W 1.2 cm. Coordinate 77HH, DDH-099-deptl 
135.05 m. E-W is z 1.2 cm. 



3.3 Shear Zone related Rocks 

Rocks reprocessed within shear zones have been studied since Lapwonh's work in 1885 (Tullis 

et. al.. 1982). However. there is still a general lack of agreement between descriptive and genetic 

names for these rocks. this mainly occurs during field work descriptions and sometimes even in 

the laboratory. As indicated by the Penrose Conference Report (Tullis et. al., 1982), there is no 

general agreement among al1 branches of geology as to the significance and petrogenesis of 

mylonitic rocks. Despite this problern, the conference participants agreed that three mair? points 

should be covered before attempting to describe a rock as a rnylonite; these points are: a) grain 

size reduction should be compared to the protolithic rock; b) occurrence in a relative narrow 

planar zone: and c) enhanced foliation and/or lineation. 

The combination of these three points should guide the geologist in determining if mylonite 

series naming is applicable. However, it is clear that a wide range of observation scales is needed 

to better approach this problem. Hence, defining a narrow surface of displacernent along with its 

interna1 petrofabric and boundary conditions is scale dependent, as much as is the shear zone 

where these rocks occur. 

3.3.1 Bt Mylonite 

3.3.1.1 Macroscopic Features 

Perception of the boundary limits between the Bt gneiss and the Bt rnylonite is closely dependent 

on the stretching of the Bt gneiss porphyroblasts, indicating grain reduction. The similar 

composition of these rock types complicates their prompt recognition dunng fieldwork. The 

mine's pit is completely developed in sheared rocks. The contacts between the Bt gneiss and Bt 

mylonite have been established by the drill holes and the drainage line that runs paralle1 to the 



shear zone strike. However, the Iimits between Bt mylonite and Ms phyllonite are simplified by 

the striking difference in color; additional features include the phyllitic aspect of the phyllonites, 

and the fact that their contacts are defined by displacement surfaces. 

3.3.1.2 Mesoscopic Features 

Hand specimens of Bt mylonite show the following structures or textures: a) granolepidoblastic 

fabric, with alternatins felsic and mafic Iayers of about 1 to 2 mm: b) Bt defining a mineral 

lineation: c) St with Ser-Ms pseudomorphs. defining the stretching lineation. which is sub- 

parallel to the mineral lineation. The pseudomorphs are indicted by .mal1 circIes of about 5 mm 

in diameter on sections parallel to 3; on sections parallel to .KZ these pseudomorphs are up to 8 

cm (see Figure 3-1 1).  The rock color is medium to light gray or brown, and is light red when 

weathered. The altered Bt mylonites are also evident by a green grayish color. When these 

altered rocks are weathered they lose their fabnc, showing a massive aspect. 



'igure 3-1 1 .  Hand sample aspect of St-Br rnylonite. (A) section parallel to XZ; observe the ghost-like 
trecched SC; and (B)  section parallel to XY showing the spot aspect of St pseudomorphs. E-W is 2 8 cm 
mg. 



3 -3.1 -3 Microscopie Features 

Five Bt mylonite sampIes. 53 Chl-Ser-bearing Bt mylonites. and 16 Chl-Ser-bearing Bt mylonites 

with Car-Qtz veinlets were examined under the microscope (see Appendix 1). A typicai Bt 

mylonite has the following modal composition: 8% Grt, 22% Fel, 30 % Qtz, and 36% Bt; traces 

of Rt, Ap. and Tur are observed. The Bt myIonite has about 0.3% opaques; and when it is 

overprinted by the alteration assemblage or enriched by Qtz veins, the modaI contribution of 

opaques varies between 2.9 to 3.6% on average; there are cases with up to 15% opaques - mainly 

Po-Py and Py-Apy associated with gold. The matrix minerals' grain size varies from 0.2 to 1 

mm; the Grt is up to 3 mm. 

The stretched ghost-like pseudomorphs of St are altered mainly to Ser and Ms. Ms. Chl, Ser, and 

Kfs are present as an overprinted retrogressive minera1 assemblage. Their modal contributions 

Vary from about 5% up to 28%; and, similar to the Bt gneiss, this retrogressive alteration can be 

either pervasive or selective. When the alteration assemblage accounts for more than 10% of the 

modal, the Fei and Bt falls to 14% and 22%, respectively. 

Qtz, Fel, and Bt f o m  the mylonite's granolepidobiastic mosaic, the grain size varies from 0.2 up 

to 1 mm. The SC fabric developed in this mosaic is peculiar. where the Bt is mostly defining the 

C surface. The Grt crystals Vary from 0.5 up to 2 mm, and show the micro-porphyroblastic 

texture. Grt presents an internal surface (Si) that is usually at an angle to the C surface (S,), see 

Figure 3-12 and Figure 3-13. Most commonly, the Grt's internal surface is mimetic to the S 

surface, however, there are examples of Grt growing over Bt. In these sites the Grt shows spiral 

helicitic inclusions (Figure 3-14) . Grt growing over the Qtz-Fe1 microlithons are normally 

subhedral to anhedraI, and when they grow over Bt-rich bands they tend to be subhedral to 

euhedral. 



The above examples attest to the syn-tectonic growth of Grt crystals, however, several syn- 

tectonic Grt have rirns overgrowing the estabiished foliation, suggesting a later growth period 

( F i p e  3-15 and Fi-mue 3-16) . Another phase of Grt growth is observed in the Bt mylonites with 

Qtz veinIets, where the Grt, afong with Ms and Tur, grow randomly over the previous SC fabric 

(Figure 3- 17, Figure 3- 18 and Figure 3- 19). 



Figure 3-12. Flattened Gn inside a S-C microlithon (A), a Grt with its interna1 surface parallel to the S. 
surface (B); both p hotographs were taken in namral light. The textures indicate syn-tectonic growth witk 
late flanening. Coordinate 22DE (A) and 66HH (B), DDH-099-depth 64.80 m. Note that E-W length 01 

both photos are z 4 mm. The straight line shadows represent the grid. 



Figure 3-13. Skeletal syn-tectonic growth of Gn. The Grt interna1 surface is parallel to the S-surface 01 
the S-C pair. The Qa is well recrystalized showing weak wavy extinction and few subgrains. (A) is 
natural light and (B) is cross nicols. Coordinate 44KK. DDH-099-depth 155.20 m. E-W is s 4 mm. 



Figure 3-14. Spiral helicitic inclusions in Gn; the intemal surface is almost orthogonal to the extemal 
surface (natural light). Coordinate 55EE. DDH-073-deprh 83.00 m. E-W z 4 mm length. 



Figure 3-1 5. Gn with heliciàc inclusions pamllel to the S-surface. The rim is overgrowing the enveloping 
Br, suggesting late-tectonic growth. (A) under natural light, and (B) backscaner image, observe the 90' 
:ounter-clockwise rotation of the image. Coordinate 33EE, DDH-073-depth 233.00 m. E-W z 4 mm. 



Figure 3-16. Gtt showing two growth stages (A and B) . The initial stage is syn-tectonic, followed by a 
late-tectonic growth. Both photos taken under natural light. Coordinate 33DE (A) and 77CC (B), DDH- 
099-depth 246.00 m. E-W are z 2 mm (A) and 4 mm (B). E-W length z 2 mm in (A) and 4 mm in (B) . 



'igure 3-17.Metasomatic random growth of Ms over Bt mylonite fabric - vein selvage, (A and B). 
Vote that the Ms grain size is increasing toward the vein (cross nicols). The vein is parallel to the 
nylonitic fabric; (B) is detail of (A). Coordinate 33FF, DDH-073-depth 69.90 m. E-W are z 4 mm 
:A) and 2 mm (B). 



Figure 3- 18. Grt and Ms growing adjacent to a Qtz vein (same vein as in the previous figure). Note tht 
post-tectonic cross-cuning features shown by the Gn and Ms. (B. 2 mm EW) is detail of (A, 4 mn 
EW). Coordinate 77DD, DDH-073-depth 69.90 m. E-W length is î 4 mm (A) and 2 mm (B). 



Figure 3-19. Grt and Ms growing over a Bt mylonite fabric; this rock has Qtz veins. Note the 
semipoligonal arcs defined by Ms crystals, suggesting late to post-tectonic growth. The Grt grows 
over the micro-folds - crenulation cleavage, indicating late formation. (A) under naniral light, and 
(B) under cross nicois, 4 mm EW. Coordinare 88EE, DDH-099-depth 243.00 m. E-W is s 4 mm. 



Tur, Ap, Rt and Ttn are usually incIusions in Bt and Grt, or disseminated in the grano- 

lepidobiastic fabric. The &piin size is Iess than O. 1 mm. Tur and Ap are nomalIy slightiy zoned, 

and these crystals are most likely to be part of the alteration assemblage. 

Ms grows over Bt (Figure 3-20) as a pseudomorphic substitution. or grows randomly over the 

matrix as a product of thermal metassomatism produced by Qtz veins or aplite-like veins (see 

Figure 3-17 for comparisons). Ch1 also p w s  either epitaxically over Bt or in deformation bands 

(Figure 3-2 1). Tur is aIso present adjacent to the veins. overprinting the previous Bt mylonitic 

fabric (Figure 3-22). 

Textures from Po indicate syn-tectonic growth or association to the Ms alteration of Bt (Figure 3- 

20). Py and Apy textures attest to a late to post-tectonic growth, referring to the Bt mylonite 

formation (Figure 3-23, Figure 3-24. and Figure 3-25). Py and Apy textures suggest 

contemporaneous growth. The Apy is euhedral and shows zoning of Co and Ni; it is normally 

replacing Po, and sornetirnes Py. 

Gold is present in four different habitats: a) as blobs inside Py ( Figure 3-26) or Apy (Figure 3- 

27); b) filling fractures of Py and Apy; c) adjacent to Apy, and d) inside cIeavage planes (Figure 

3-28). The majority of gold particles examined were near or inside Apy, and were about 2 to 3 

p m  in size. 



'igure 3-20. Ms growing after Bt. Note the Bt residual inside the large Ms crystal; and the Po crystals 
idjacent to, or fillinç Ms cleavage planes. This defines an epitaxial substimrinn of Ms over Bt (narural 
ight). Coordinate 66GG, DDH-073-depth 8 1.00 m; 1 mm EW. 



Figure 3-21. Bt mylonite with Ch1 growing after the Bt and also cross-curting along a new cieavage 
orientation (under natural light). Coordinate 33FF, DDH-099-depth 125.00 m.E-W Iength is z 4 mm. 



Figure 3-22. Tur-Qn vein in Bt mylonite. Observe that the vein edge is sub-parallel to the myloniti( 
fâbric. The vein shows interna1 banding parallel to its edges, and Qe crystals oriented perpendicularly tc 
it. It represents different growth pcriods - Comb structure. Both photos were taken under cross nicols, (B 
2 mm EW) is detail of (A, 4 mm EW). Coordinate 77H1, DDH-099-depth 128.25 m. 



'igure 3-23. Apy cut by Ccp-Py veinlets. Note that the Ccp-Py use the foliation surfaces to percolate. 
rhis is a Bt mylonite with a cross-cutting Apy- Py -Fel-Qtz vein. The Py veinlets corne from the vein. (A) 
iatural Iight, and (8) reflected light. Coordinate 99NN, DDH-073-depth 84.00 m. E-W is z 4rnm in (A). 



Figure 3-24. (A) euhedral Apy replacing Po. (6) Py and Ccp replacing Po; observe the 90' counter 
cIockwise rotation of the image. (C ) Ccp-Py veinlets foltowing the foliation planes; textures amon, 
Apy, Ccp, and Py do not establish a clear sequence, but it may indicate that these phases are coeva! 
(A, 4 mm EW) and (B, 4 mm EW) under reflected light, and (C) backscatter image. Coordinat 
78CD (a) and (b), 23IJ (c ), DDH-073-depth 84.00 m. E-W length is z 4 mm. 



Figure 3-25. (A) euhedral Apy replacing Po. Note the backscaner image of the Apy crystal showing 
irregular zoning. The Ni rich areas are lighter, and can be up to 1% nickel. (B) observe the foliation 
defined by Bt, which is being transformed CO Chl and Ms. Zoned Tur and Ap are also growing ove1 
the foliation. (A) reflected light and (B) natural light 4 mm EW. Coordinate 66DE, DDH-073-depth 
8 1.00 m. 



Figure 3-26. (A, 4 mm EW) Ch1 and Ms growing afier Bt, under natural light. (B) Py-Po-Sp with gold 
blob inside the Py, backscatter image. Coordinate 22DD, DDH-073-depth 84.00 m. E-W length is z 4 
mm. 



Figure 3-27. (A) Apy with Lo inclusions. (B)  is a detail of (A) showing golc 
blobs insida the Apy; both are backscatter images. Coordinace I I  KK, DDH 
099-depth 227.00 m. N-S z 2 mm. 



Figure 3-28. (A) Apy replacing Po, reflected Iight. (B) is a backscatter image of pan of (A) and (C ) is 
detail of (B) showing the gold crystal filling open space in the gangue matrix. Coordinate 23DD. DDH 
073-depth 88.00 m. 

3.3.2 Ms Phyiionite 

Phyllonite is descriptively defined as a shear zone-related phyllitic rock, or phyllitic mylonite 

(SheIley, 1993; Sibson, 1977; and Spry, 1969). The limits of mylonite, bIastomylonite, and 

phyllonite rocks are rather transitional; minerals present in the rock, along with grain reduction 

or grain growth are key to segregating these rocks. Phyllonite includes mainly phyllosilicates, 



which are among the most hydrated mineral phases, and its formation normally requires. among 

other transformations, the hydration of crustal rocks. 

Current shear zone models indicate that massive fluid flow usually assists the development of 

these geological structures; the focusing of fluids in specific sites can produce unique rock types 

where most of the original structure and chemistry is reorganized by allochemical alteration. 

Mica-rich rock is expected in a highly altered crustal derivative rock affected by a massive fluid 

flow in a shear zone. O'Hara (1988) suggests that the term phyllonite should be used to describe 

phyllitic mylonite produced by high fluid flow; however, he also suggests, based on mass balance 

and fieId observation, that the phyllonitization process is linked to an important volume 

reduction. 

The term phyllonite is used here to describe a Ms-rich rock which results from intense fluid- 

assisted shearing, where important mineralogical changes are related to the input and output of 

cliemical species in the system (see Chapter 7 for the alteration process). The terni was originally 

descriptive, but it should also indicate a genetic link to high fiuid flow processes (O'Hara, 1988). 

3 -3 2 . 1  Macroscopic Features 

The geological contacts with Bt mylonite, as previously rnentioned, are displacement surfaces; 

the difference in color helps identi@ these contacts. The Ms phyllonite is always enveloped 

either by Bt mylonite or Chl-Ser-bearing Bt mylonite. Most commonly, the altered Bt mylonite 

envelops the Ms phyllonite. 

3.3.2.2 Mesoscopic Featiires 

At the outcrop scale, phyllonite shows the following structures or textures (Figure 3-29): a) 

grano-Iepidoblastic texture, with alternation of Ms and Qtz fine layers; b) mineral Iineation 
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defined by Ms; and c) nurnerous Qtz-veinlets. The rock color is light gray and its grain size is 

usually smalIer than I mm. When it is weathercd, the rock is pale to beige, friable, and soi?. 

'igure 3-29. Hand sample of Ms phyllonite. There is only one evident foliation, S-C are subparallcl. 
Ibserve the Qtz veinlets parallel to the foliation. E-W length is 2 15 cm. 

3.3 -2.3 Microscopic Features 

Twenty two Ms phyllonite samples, and eight Ms phyIlonites with veins were examined under 

the microscope (see Appendix 1 for modal estimates). A typical Ms phyllonite has the following 

modal composition: 5.2% Fel, 38% Qtz, and 50% Ms; traces of Grt, Bt Chl, Ser, and Tur are 

observed. The Ms phyllonite has about 5% opaques, mainly Po-Py associated with the foliation 

and Py-Apy post-dating the deformation peak. Gold is associated with lates suIfide phase. When 

this rock has nurnerous veinlets, mostly composed of Car-Qtz veins, the amount of sulfides rises 

to 8%. The grain size is about 0.2 to 1 mm. Ch1 and Ser, and less importantly the Car, are 

normaIiy associated with intergranular spaces or interfoliation veinlets. 



Qtz and Ms form a well recrystaIized grano-lepidoblastic mosaic. The Qtz grain size is about 

0.25 mm and the Ms varies from 0.25 to L mm. The S-C fabric is well developed, subparallei, 

and only locally is it possible to define their relationship. There is an overprinting cleavage that 

represents the C'. and usually this later structure is filled by opaques. The S-C and (S-C)-C' pairs 

show the same vorticity. This structure is better highlighted within Sector 5 (see Chapter 4). 

Porphyroclastic Ms. or mica fish. are usually well represented in thin sections (Figure 3-30). 

Some of these micas are cut by a later cieavage where Ser is formed (Figure 3-3 1 ). Fei (Ab). and 

Grt comprise the mylonitic fabric, along with Ms and Qtz. Rt and Ttn normally occur in the 

intercrystaline spaces, or fiIling the Ms cleavages. 



Figure 3-30. Porphyroclastic Ms. In pressure shadow areas there are residual 
Zhl with Rt and Ttn. The Ms could represent an epitaxial substitution of an 
.arIy Bt (backscatter image). The structure suggests a clockwise sense of 
novement (section parallel to XZ). Coordiante 88CC, DDH-073-depth 85.00 m. 



Figure 3-3 1 .  In (A) there is still a late reactivation of foliation planes due to last movements in the sheai 
zone system.; (B) Ms mica fish with an overgrowth of a new and non-defomed Ms. It indicates ar 
extensive recrystalization after the main deformation, some Qa grains show wavy extinction. The section i! 
parallei to XZ. Coodinare 6788 (A), and 77CC (B), DDH-073-depth 8720 m; both photos were raker 
under cross nicols. Field of view of both (A) and (B) is z 2 mm across. 



Ser and Qtz are present overprinting the early Ms-Qtz foliation surfaces; they are very fine 

crystals produced by later interfoliation displacement of the Ms phyllonite during the last 

movements of the shear zone (Figure 3-32). Fe1 (Ab) is altered to Ser; see Figure 3-33. Car veins 

(magnesite) are also present. and they use the foliation surfaces to percolate through the rock 

(Figure 3-34). 

Po presents syn-tectonic textures. and its shape is molded by the mylonitic foliation. Po is beins 

replaced by Ccp. Py and Apy, and they usually form subhedral to euhedral crystal shapes (Figure 

3-35 and Figure 3-36). The Apy shows zoning produced by variation in nickel concentration. The 

decrease of nickel content is normal toward the edge of the crystals, and the same applies to Py 

nickel contents. The Ccp-Py-Apy association replaces early Po and also fills open spaces 

produced during late movements of the shear zone. Gold is presented in three main habitats 

(Figure 3-36 and Figure 3-37): a) f i lhg  fractures inside Apy, b) bfobs inside Apy, and c) 

interface of Apy and the mylonitic foliation. 



Figure 3-32. Well developed mylonitic foliation with porphyroclasts of Ms. (A) Ms porphyroclast is kinked, 
and below there is a zone of fine-grained white mica of which some are curved suggesting a counter- 
clockwise sense of movement for the late event. (B) here the Ms cleavages are pulled apart by the newer 
event; the shape and orientation of newly formed white micas indicates the same sense of movement as in 
(A). Note chat the moviment of the rnylonitic foliation is clockwise, hence the two structures show opposite 
vorticities. Coordinate 90JJ (A), and 89JK (B), DDH-073-depth 87.20 m; both photos were takcn under 
cross nicols; ficld of vicw is s 4 mm across in both photos. 



Figure 3-33. Well developed mylonitic foliation. (A) Observe the late sericitization of Fe1 (Ab, poini 
1); points 2 and 3 are in Ms (cross nicols). (B) Fel (Ab point 1 )  under sericitization along with 
precipitation of opaques (cross nicols). Coordinate 44GG (A) and 45FF (B), DDH-073-depth 10 1.25 
m. Field of view is z 2 mm across in both (A) and (B). 



Figure 3-34. Car veins developing along rnylonitic foliation; the carbonate is magnesite (under cross 
nicols). Points i and 2 are on Ms, and 3 and 4 on Car. Coordinate 88KL. DDH-073-depth 108.10 m. 
Width of photo is z 2 mm. 



Tgure 3-35. (A) Ccp-Py replacing Po, and Apy growing later; refiected light. (B) backscatter image of the 
uhedral Apy showing the nickel zoning; note that the Iighcer zone, nickel rich, is in the center of the 
:rystal. Coodinate 99KL, DDH-073-depth 94.00 m. Width in (A) is z 4 mm, 



Figure 3-36. (A) micro-crenulation and clusten of Apy; under reflected light. (B) Apy showing a cornplex 
nickel zoning, toward the edge the Apy is Ni-poor (backscaner image). (C) euhedral Apy forrning a small 
cluster; observe the srnaIl blobs of gold inside the Apy or filling micro-fractures (backscaner image). 
Coordinate 9 9 U ,  DDH-073-depth 94.00 m. Width of (A) is z 4 mm. 



?gure 3-37. (A) and (8) showing gold grains adjacent to the Apy edge 
backscaner images). Coordinate 88DD (a), and 66BB (b), DDH-073-depth 90.00 
2. 



33.3 Qtz Veins and Aplites 

Severai vein farnilies are observed at the Ouro Fino Mine. They Vary in size, shape, orientation, 

mineral content. and connection to the host rock. Quartz is usua1Iy the major mineral phase 

present, however some veins are feldspar-rich and resemble aplites. Another important feature of 

one vein family is the presence of Ky. 

3 -3 -3.1 Mesoscopic Features 

At the outcrop scale the veins. including aplites, can be separated into two main sroups 

according to the reIation to the fabric of the host rock. These goups are: a) the discordants; and 

b) the concordants. The first goup includes al1 non-concordant veins; and the second group 

includes the following vein types: 

1 .  coplanar with cold contacts - straight or foming boudins; 

2. coplanar with hot contacts - Ms, Grt selvage envelopes; 

3. fo1ded - isoclinal folds; 

The thickness varies from a few rnillirneters up to 2 m, and the most important mineral phase is 

Qtz. According to mineral content they can be further grouped into: a) Qtz+Ms; b) 

Qtz+Ms+Tur+_Py; c) Qtz+Ms+Chlfly; Qtz+SertC h 1-y; and Qtz+Ms+KytFel~GrtH)y. 

The aplite veins are mostly composed of Fel+Qtz, showing a micro-granuIar texture which gives 

the rock a massive aspect. They are weathered, friable, white, and are usually discordant but 

sometimes follow the foliation planes. The contacts produce a narrow alteration halo that is 

always weathered and difficult to sample. These veins are usually thinner than 15 cm. 



3 -3 -3.2 Microscopic Features 

Thirty two sarnples, from the 140 observed under the microscope, have more than 5% veins in 

their modal analysis. Most are Qtz veins, which usualiy include Fel, Ms, Bt, Tur. Ky, and Car; 

few Car veins were observed. The veins are usually subparallel to the foIiation. and have cold 

and hot contacts. as observed in the outcrop scale. 

The Qtz veins that have cold contacts with the host rock have similar textures to the Qtz from 

the rock matrix. In the phyllonites the veins are millimetres in thickness. and alternate between 

Qîz and Ms- rich layers. 

Edge metasomatic alteration is a peculiar feature of Qtz veins that invade mylonitic and 

phyllonitic rocks. The grain size increases toward the vein, and the typical mineral phase 

produced in the host rock is Ms, Tur, Ap, and Grt (Figure 3-17. Figure 3-18, and Figure 3-22). 

These textures indicate that, although these veins are subparaliel to the foliation, they were 

emplaced tater in the process. Another important characteristic observed inside the veins is the 

wavy extinction of the Qtz, with some exampies of subgrains. 

Ky-rich Qtz veins are peculiar in the mine (Figure 3-38 and Figure 3-39), and their relation to the 

phyllonitization process is established both at the mesoscopic and rnicroscopic scale. These Qtz 

veins show hot contacts with the host phyllonitic rock, producing metasomatic haloes, 

characterized mainly by Ms-Ser and Grt. 

However, in DDH-073 at 84.00 m, there is a Bt mylonite with a remarkable vein-host rock 

relation. The vein cross-cuts the mylonitic foliation and, from the vein, there is an invasion of Py 

veinlets following the foliation surfaces. At the edge, there is Ms and Grt gowing over the 



previous fabric. Zoned Apy is also adjacent to the vein. The vein is characterized by Kfs, An, and 

Qtz, and also Py (Figure 3-40 and Figure 3-41) . 

Figure 3-38. Ky-Tur-QU vein in phyllonite, following the original foliation (A, cross nicols). Observ 
the Ky being alrered to Ms-Ser. (B, natural light) and (C, backscatter image) are detail a 
(A)Coordinate 99JJ. DDH-073. depth 65.20 m. 1 to 4 indicate microprobe analysis points. N-S in (A) i 
z 4 mm. 



Figure 3-39. Fel-Ms-Ky-Py-Qtz vein in phyllonite (A) and (B); both photos were taken under cross nicols 
This sample has retumed 0.57 g/t gold, however, the one meter sampling camed out by the mine staf 
returned 36.20 g/t gold, Both photos have 2 mm field of view. 



Figure 3-40. Py-Kfs-An-Qtz vein cross-cutting the mylonitic foliation, and introducing Py veinlets a 
the foliation surfaces (A, reflected Iight) and (B, naturd light). (C) is a detail of (A), observe the zona 
Apy (backscatter image), (D) detail of (BI observe near the Fel-Qtz veinlet, there is Ms and Gr 
growing after the Bt-rich matrix (cross nicols). Coordinate 45NN and 34LN, DDH-073, depth 84.00 m 
N-S lcngth is z 4 mm in (A) and (B). 



Figure 3-4 1. Py-Kfs-An-Qtz vein, same as in the previous figure, showing detail of a newly fomed Grt. 
Coordinate 45NN, DDH-073, depth 84.00 m. E-W Iength is s 2 mm. 



3.3.4 Ciastic Dike 

3 -3.4.1 Macroscopic Features 

Two sandstone-Iike dikes cross-cut the shear zone at the mine, and this ilIustrates an unusual 

part of the shear zone development, They are subvertical structures and their contacts with the 

host rock are cold. These dikes have been throughly mapped by the mine staff and indicate that 

inside the shear zone the dikes show brinle-ductile deformation. However. outside the shear zone 

they do not show that same style of deformation (Belo, 1994). 

3 -3 -4.2 Mesoscopic Features 

Monteiro (1989) indicates that the dikes have stretched clasts defining an incipient lineation, and 

the enveloping host phyllonites show, on both sides. micro-crenulations. Away from the 

envelope these micro-crenulations are attenuated. 

A dike which outcrops in the open pit cross-cuts the rnylonitic foliation and the orientation of the 

shear zone at about 90'. It is subvertical and its thickness is about 1.5 m. The dike is displaced 

along foliation planes in a brittleductile fashion. Near the contacts the rnylonite-phyllonite is 

crenulated (Fi,oure 3-42) . 



ïgure 3 -42. (A) Sandstone-like dike cross-curting the mylonitic foliation and being displaced 
y it. (B) and (C) There is translation and rotation of the dike's original structure, indicating a 
Jorthward sense of movement. Observe (A) that the apparent clockwisc displacement at the 
enter of the pit wall is related to later thrusring of the structure toward the viewpoint. The 
dane of view is towards the foliation ptunge. (A) N-S length is z 5 mm. 

A typical estimated modal composition of this clastic dike outside of the shear zone is: 85% Qtz, 

15% Kfs, traces of lithic Fragments, Zr and Ms-Ser. However, inside the shear zone, the 

estimated modal composition is: 83% Qtz, 10% Kfs, 3% Py, 2% Car, 2% Ms-Ser. 

Outside the shear zone the clastic dike shows the following textures-stmctures: a) well classified 

and good sphericity of the grains; b) bi-modal grain size distribution (about 0.2 mm and about 2 

mm); c) authigenic overgrowth of Kfs on previous rounded Kfs grain; d) chert lithoclasts; e) 



incipient pressure soIution; and f)  wavy extinction of Qtz grains. It should be classified as sub- 

arkose (Figure 3-43). 

However, inside the shear zone the clastic dike shows the following textures-stmctures (Figure 3- 

44 and Figure 335): a) well classified and good sphericity of the Qtz grains; b) bi-modal grain 

size distribution similar to samplss from outside the shear zone; c) chert lithoclasts; d) wavy 

extinction; e)  subgrains and recrystal ization; f )  incipient foliation defined by Qtz de formation 

bands: cg) Car and Ser veins were developed along newly forrned incipient cleavage; h) euhedral 

crystals of Py. The Py shows nickel zoning, and usuaIly the nickel-rich sites are in the cores 

(Figure 3-46). Some Py are not zoned at all. 



Figure 3-43. Photomicrographs of a clastic dike outside the shear zone. Observe the bi-modal texture. (A) 
Kfs rounded grain with autigenic growth of Kfs (horizontal length is 4mm); (B) a detail of the Kfs grain 
(horizontal length is 2 mm). Note the scrrared grain contacts and the weak wavy extinction. 



Figure 3-44. Clastic dike from inside the shear zone. Observe the bi-modal grain distribution and 
roundness of the larger Qn grains. (A) cross nicols and (B) natural light. The horizontal length is 4 mm. 



Figure 3-45. Detail of  the previous figure. (A) Qe clasts with subgrains and wavy extinction (cross nicols, 
the horizontal length is 4 mm. (B) same as (A) but under natural light, observe the clastic fabric with small 
euhedral opaques. The interciastic sites have been filled by carbonates. E-W length is s 4 mm. 



Figure 3-46. Backscatter image of Py from the sandstonc-like dike inside the shear zone. Three types of 
Py were observed: (A) and (D) zoned; (B)  non-zoned; and (C ) with overgrowch. The inner part of the 
roncd Py is rich in nickel and depleted toward the nm. 



4. Structure 

The evolution of concepts used in structural geolow has changed from descriptive to kinematic 

analysis and, subsequentely, to dynamic analysis. AIthough the traditional tools are the main 

conduit. there is an emerging trend in this field which supports a more interdisciplinary work. 

Usincg and mergincg tools from other branches of sciences, at al1 scales of work, has become a 

productive common place in structurai geology (Fisher. 1993) and, as advocated by Hodges 

( 1994). is the only way to htly understand the evolution of orogenic systems. 

One of the most important newcomers is the fluid-rock interactions field and its consequences for 

rock deforrnation. Terms like p ~ l l o n i r e  (see section 3 . 3 2 )  as defined by O'Hara (1989). Iink 

deforrnation. fluid flow. and v o h n e  changes in a shear zone environment. Several other tools 

have been imported to help to evaluate and understand the echoed patterns from regional and 

local structures (Korvine, 1992). This issue is intensively discussed by Hirata (1989) for the 

Japan Arc. His work shows that the major fault systems have higher fractal dimensions 

(Mandelbrot. 1982) than the rninor fault systems. He also points out that there is a decreasing 

fractal dimension from the core of the major fault systems in Japan. This information suggests. 

among other approaches, the possibility to produce rnaps in which one could plot contour lines 

for fractal dimension. fiorn rnoving-windows4, and then use that information to compare it to 

other conventional tools on thematic rnaps. 

It is an actual rnoving window to re-sample, the original sample, this is done to evaluate the summary 

statistics of  each run. This method is rnostly used to evaluate zonalities within the sample (Isaaks & 

Snvastava, 1989). 



The mineralization process. as part of the metamorphic-hydrothemial environment enveloped by 

a shear zone. is a complex evoiving system in which structure and alteration sometimes can add 

together or cancel each other out. A fertile solution flows through paths, and consequently this 

mineralized fluid percolates within a vector field (Flexner. 1993) which eventuaIly may converge 

and precipitate at the target site. Primarily, the regional mineralization paths are produced and 

modified by interactions of the crust and tectonic processes throughout the  time. 

The intensity of discharge, direction-sense of the flow and focusing that occur in these settings 

are key to any alteration-reIated mineralization process ocumng in such an environment. Fyfe et. 

al. (1978) discuss the relation between flow and focusing of evolving fluids towards ore 

deposition; those fIuids wouId selectively extract, carry and discharge chemical elements due to 

interactions with the enveloping rocks and structures. Such fluids, confined to a physico- 

chemical pathway, would discharge certain elements at a focused zone of the cmst. These zones 

of convergence could be thought of as attractors or attractor zones, importing the dynamic 

systems' nomenclature (Abraham & Shaw, 1992; Moon, I992). 

Gustafson ( 1 989) emphasizes the importance of geologic structures in controlling gold ore 

distribution. Fie aIso stresses that structural projections are the critical part of the exploration 

process - at the mine site and regionally. More recently, Peters (1993a, and 1993b) reviews the 

main features of oreshoots according to their structure and positioning with relation to major 

district fabrics. The results indicate that dilatant zones caused by changes in attitude, splays, 

lithologic contacts and intersections are the main constraints on the oreshoot location and shape. 

Collectively, the fluid flow interaction through structural-controlled paths, metamorphic- 

metasomatic alteration and rnineralization processes are phenornena that perform a rnuch bigger 



event within the Earth's cmst. which is, the tectonic process. Therefore, it is reasonable to 

combine these fields in the evaluation of a minera1 deposit, which is the product of this Iink. 

Therefore. the following questions are relevant to the rationalization of the problem: a) Can we 

actually Say something about the local mineralization vector after inspecting the exposed 

mesoscopic structures at one mine site?: b) Where is the connection, if any. between ore grade 

distribution and structural geology in a given mineral deposit?; c) How can we use this 

intersection to help plan the mine work and future exploration? 

This chapter pursues the above questions, focusing on the connection and integration between 

structural geoiogy and mineral deposits' int~nsic features. that is, the gold grade distribution 

shape. InitialIy, the anaiysis of geological structures folIows recornrnendations suggested by 

Turner & Weiss (1963), Suppe (1985). Davis (1984) and Ramsay & Huber (1983 ab);  and 

finally, the evaluation of gold distribution and its structure is accessed using geostatistical 

analysis (Matheron ,1963; Clark. 1977: Journel & Huijbregts, 1978; David, 1977; Isaaks & 

Srivastava, 1989; and Deutsch & Journel, 1992). At the end of this chapter the two distinct types 

of structural analysis will converge to provide a broader description of the ore deposit's 

structural evolution. 

4.1 Structural Domain A nalysis 

4.1.1 Introduction 

Structural analysis integrates information obtained on different scales, varying from satellite to 

sub-rnicroscopic observation. Regional and local geology were previously described in Chapter 2 

and Chapter 3. Field mapping was camed out along with mesoscopic structural analysis, in 

which fabric eiements were observed, cataloged and tentatively assembled in different family 



groups. The term fabric eiement represents the relationship between texture and structure and 

relates to minerals. their size and orientation to the structures in the rock. and tectonire represents 

any rock containing a prominent penetrative tectonic fabric (Sander, 1930 in: Hatcher, 1995). 

The structural data notation used in this work represents the true azimuth of the fabric element 

dip direction; hence. lines and planes have the same standards. A minera1 lineation striking at 

135' true azimuth. and dippinç 30' is represented by 1 3 ~ ~ : 3 0 ' :  likewise a foliation striking 45" 

true azimuth and dipping 30' within the South-East quadrant is represented by 135~;30~.  

Therefore. the stereonet plots presented here are the direct plot of the considered fabric element 

and not its pole. as it is usualIy observed in the literature. This approach allows easy visualization 

and representation of fabric elements. which is very much appreciated among mining geologists 

and engineers. The structural database is available in Appendix III. 

As already mentioned in Chapter 3, the mine staff had tentatively discriminated three sectors 

along the strike of the mine based on geology and ore distribution (Figure 3-1). These same three 

sectors are treated here as distinct stmctltral domains because of their intemal consistency of 

fabric elements spatial distribution. Therefore, sectors III, IV and V correspond to the structural 

domains III, IV, and V. The lateral Iimit of these domains is deterrnined by the inferred thrust 

faults, which border the shear zone to the East and West. The overall method appIied to 

discriminate and evaluate the distinct domains is surnmarized in Fi y r e  4- 1. 
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Figure 4-1. Structural Domain Anaiysis Flowshect. Note that the Woodcock's randomsncss method is 
dcscr ibed in Woodcock ( 1977) and Hoodcock & Naylor ( 1983). 

4.1.2 Pre-Shear Zone related Fabric Elements 

During field work it was not possible to carry out systematic regional and local mapping to 

characterize the mine surroundings. The main focus was to map and evaluate the mine openpit 

structures and general geology. However, it was possible to rnake one traverse and check the 

reiationship with the surrounding structures, which also included part of the cover. 

At that tirne. DOCEGEO geologists were carrying on regional mapping and some information 

exchange was faciiitated. Therefore, systematic information of strucrural data from the RMMS, 

which explains the pre-shear zone fabric elements are from Belo (1994), and they were 

previously presented and discussed on section 2.3.3 (Figure 2-10, and explanations therein). 

Likewise, mesoscopic feanires of the RMMS Bt gneiss were described, along with its 

microscopie features, in section 3.2. 



4.1.3 Shear Zone related Fabric Elements 

The various fabnc elements recognized during fieId mapping at the Ouro Fino Mine are herein 

described. To facilitate the understanding of the overall picture. these structures are presented on 

synoptical stereonets. However. the full set of stereonets produced in this study is available in 

Appendix III. 

4.1.3.1 PIanar and Linear 

Three planar fabric elements were recognized within the mine open pit; they are the S, C. and C' 

structures. They form the S-C and C-C' pairs as described in Berthé et. al. (1979) and Lister & 

Snoke ( 1984). LocalIy. the S-C pair is overprinting the regional S surface, here labeled as Sn. 

The recoeition of this earlier surface is greatly facilitated when well developed St relicts are 

present in the rock. 

The S-C pair is the prominent mesoscopic structure found in the Bt mylonite group. It can be 

further described as type II S-C mylonite, which represents a mylonite fabric developed on 

quartz-mica-rich rocks (Lister & Snoke. 1984). However, in the Ms phyllonites, only the C 

surfaces are well defined mesoscopicaIly because of the higher deformation. coupled with 

intense recrystalization and neoformation, characteristic to this rock group; in addition, the S 

surface could have been totally transposed toward the C planes. It is rather difficult to compare 

the timing of the S-C pair between the Bt mylonite and Ms phyllonite groups; and they possibly 

represent different episodes. Chapters 6 and 7 introduce the many differences between the two 

groups that heips in the identification of the reIative timing of their formation, see sections 6.4 

and 7.2. 



The S surFace is well defined within quartz-rich bands or rnicroliths, where the Bt and Qtz 

develops an s-shape orientation which is cut by the C surface. Conversely, the C surface, which 

characterizes the slip planes. is defined by Bt or Ms-rich planes. In the Ms-rich rocks, mica-fish 

(Figure 3-31, £3) help identim the S-C relationship. It is believed that the S-C pair is coevel 

within the shear zone evolution: and they intersect at 143~':45~. The relationship among S-C and 

C-C' pairs is presented in Figure 3-2 (A), where the average S and C planes are plotted along 

with the isolines for C on the three different domains. 

The S surface maximum concentration should be taken with caution because of its difficult 

identification and proximity to the C surfaces, as observed during field work. The S and Sn 

surfaces are basically registered by Bt and this could also be another source of misidentification; 

this situation is agravated toward the border of the shear zone. 

The S surface has an average plane at 151°;~00. and it is most evident in Bt mylonites within 

domain III. Conversely, the C surface has a pecuiiar distribution when compared among the 

three domains. From domains III toward V, a counterclockwise migration of its maximum 

concentrations is evident as represented by the following respective planes: 1 190;50° (C@III), 

1 1z0;460 (C@IV), and 082':50~ (C@V). 

The C-C' pair is better identified within domain V, and it is peculiar the way the C' surface 

rotates-translates the early C surface. On the above referred synoptical stereonet the effect of 

this interference is evident; the maximum C surface concentration (C@V) is being pushed out of 

the average C plane, giving place to the newer C' surface (see also Figure 4-3). It is important to 

note that there is a rather incipient foliation overprinting the S-C pair, mainly identified in 

domains III and IV; it is also identified in thin section ( Figure 3-3 l), this likely represents the C' 



surface in these domains. The newer surface seems to reactivate the previous C surfaces or create 

new subparalel planes. Since this shear zone is characterized by episodic reactivations, where 

older fabric was rotated and translated, it seems impratical to discriminate more than one 

overprinting C' surface, at least statistically. Therefore the term C' surface represents a 

penetrative surface that cuts a well preserved C surface. 

The vein surfaces (Sv) were aiso measured. along with the Iineations (IV)  on the vein surfaces. 

The resuttant stereonet is presented on Figure 4-2 (B). The maximum concentration of these 

surfaces is coincident with the S-C pair intersection, this is also true for the maximum 

concentration of the Lineations at the vein surfaces. However, the Sv girdles have a shape 

oriented along the average C plane. 

On the C surfaces, the development of a mineral tineation detemined by the phyI~osilicates is 

characteristic (at 135°;380). In Figure 4-2 (C). it is evident that this minera1 lineation is 

developing a girdle, when considering the three domains, which follows the average C plane; this 

feature suggests complex behaviour of this structure along the shear zone strike. However. this 

same structure shows uniaxial symetry, with a maximum at 149*;37', within the domain III. 

The C or C'surfaces suggest a newer generation of minera1 lineation (lm(I)), with a maximum 

concentration at 129';44' (Figure 4-2 (C). symbolized by a star). This newer lineation is 

characterized by phyllossilicates' similar to the prominent mineral lineation. However in this 

case the mineral size is much smaller, which could represent the cmshing effect of later 

reactivations on the early fabric elements constituents. It is believed that this lineation is 

representative of the last movements associated with the shear zone. 



The stretching Iineation (le) is defined by ghost St crystals which can be up to 8 cm in size. This 

structure is only observed within the Bt myIonites and it is usually subparalleI to the mineral 

lineation. It has two main concentrations: one at 146';45' (maximum concentration) and the other 

at 123':45'. It is peculiar that the stretching lineation plots near the intersection of the S-C pair 

which should indicate a strong transposition of S toward C. In shear zones where the bulk 

symrnetry of the interna1 structures is near monoclinic, the stretching lineation should plot 

perpendicularIy to the intersection of the S-C pair: however. natural processes can be more 

complex and prornote diverse shear zone symrnetries (Lin & Williams, 1992. and references 

therein). Another explanation for this configuration may be similar to that suggested by Lister & 

Price (1978). these authors indicate that the stretching lineation couId forrn originaIly at the 

intersection of S-C pair by rolling the minerais and stretching along this line. Conversely. the 

original stretching lineation could have been initially formed respecting a bulk monoclinic 

syrnrnetry, that is, oriented perpendicularly to the S-C pair intersection. and a later translation- 

rotation in an evotving shear zone could have caused migration toward the intersection Iineation 

of the S-C pair. However, because of the strong transposition of the S surface at the Ouro Fino 

Mine, it is difficult to identify the original association of these three structures. Further 

complementary work should indicate what combination of events most likely produced such an 

intriguing feature. 

Another important feature suggested by this configuration is the rake of the stretching lineation 

on the C surface. In the case of Ouro Fino Mine the rake varies from 55' to 78'. indicating that 

the shear zone was developed over an oblique ramp. 

The C surfaces are also transposed by a speciaI set of crenulations which have three main spatial 

orientations: a) li(1): 139';39O, b) li(2): 124';39*, and c) li(3): 195';10°. These crenulations are 



asyrnetricat, and this feature helps identiw the vergence. The first orientation (li(1)) shows 

vergence toward the Northeast, and ocasionally it verses toward the Southwest. Although the 

second orientation (Ii(2); is close to li(l), it is normalIy Iess evident and its orientation is more 

widespread; as a result it presents a girdle following the average C plane, while the first 

orientation presents axial symetry on the stereonet. The vergence of li(2) is to the North. 

aiternating between West and East, depending if its direction is Northbound or Southbound. The 

third orientation shows vergence towards Northwest; however, locally the li(3) also shows 

vergence roward the East. It is difficult to determine the reIative chronolog of this set of 

crenulations; they seem to interfere with each other. suggesting contemporaneous development, 

see Figure 4-2 (D). 

Nevertheless, the rotation of li(3) toward Ii(1) or li(2) was also identified. During field work the 

angle between li(3) and li(1) was inspected (44 counts). and its average value is 48.6'. with a 

standard deviation of 15.6'. However, the smallest angle observed was 16', varying up to 80'. 

The higher variability observed was transversal to the shear zone strike. 
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Figure 4-2. Synoptical srereonets relating planar and linear fabric elements at Ouro Fino Mine, see tex 
for explanation. Observe that some contours are overlaping each other. This configuration is to heil 
idenri@ the shape and distribution of the considered structures, therefore the contour values were lef 
out. The individual stereonets and stacistics are included in Appendix I I I .  for further cornparisons. (A) C 
S surfaces; (0) vein surfaces with lineations: (C) Mineral lineations; and (D) intersection lineation 
fomed by the crcnulations. 



Figure 4-3. Observe the C-C' pair relationship. This picnire was taken looking South at 840-V pit 
IeveI, domain V. The highlighted portion of this picnite shows a rotated pod where the C surface 
shows the typical crenulation present on C surfaces within domains I I I  and IV. The rotation- 
translation indicates a counterclockwise sense. Note that the intersection crenulation is craced to help 
visualization. 

4.1.3.2 Shape 

The existence of mesoscopic folds ranging from crenulations up to outcrop size folds is 

remarkable. Crenulations observed throughout the Ouro Fino Mine are considered to be third- 

order parasitic folds related to the first-order Iarger folds. 

One of the fabric elements related to the crenulation, the intersection lineation, was already 

described in the previous section. These third-order folds are plunging asymetric, normally open, 

with well defined curved hinges. Therefore, they are also noncylindncal folds. The pIunge angle 

and direction of these folds varies, as observed in the previously discussed stereonets. In 



addition. a strong rotation component was aIso characterized for these folds. These folds have a 

wave length norrnaly around 5 to 20 mm. 

The second-order parasitic folds share the same characteristics observed for the crenulations; 

however they have centimetric wave lengths which Vary from 15 to 30 cm. These folds are rareiy 

obsenred within the open pit. One peculiar fold of this group was observed on the level 8854, 

within domain IV. see Figure 3-4. This fold has its hinge sub-parellel to the mineral lineation. 

which is also sub-paraIlel to the local vergence vector. The hinge is curved with a spatial 

orientation varying from 1 15' to 136' in azimuth and from 30' to 45' in dip. It is remarkable to 

observe that the mineral Iineation is being rotated around the axis by few degrees, normaily less 

than 15'. 



Figure 4-4. Second-order parasitic intrafolial fold. The upper Iimb is 1 5 7 ~ ; 5 6 ~  and the lower limb is 
100~;50. Two mineral lineations were observed in the adjacent C (or C') surface: a) 090~;20'; and b) 
22g0;12'. The vergence of this fold is toward the Southwest. The C (or C') sufiace is 124';36'. This 
picture was taken on the South side of the 885s openpit level. The top picture is the frontal view of 
the fold; and in botton there is a detail low angle view of the same picture shown above. Observe that 
(circle) there is a Qa vein pulled apart (boudinage) along the local vergence vector. 



First-order folds are observed in very few places, and the best exarnple is the one at the 890-S 

openpit level. This fold is sirnilar to the third and second-order folds except for its wavelength, 

which is around 5 meters. The relationship among these three scale-dependent fold systems is a 

well known pattern followed by conternporaneous folds; and this feature was first described at 

the end of last the century by Purnpelly et. al (1894, in: Price & Cosgrove, 1990), and is presently 

known as the Pumpelly's rule. It is interesting to note that the scale-dependancy of  natural 

phenornena was then recognized by naturalists, long be fore its maternaticai formulation by 

Mandelbrot ( 1982). 

Figure 4-5. First-order plunging asymetric fold observed on the 890-S openpit level within dornain 
IV. The upper limb is 16 1 ';3z0 and the lower limb is 258O;83'; and the axis is 17 1 ';30°. Two sets of 
intersection lineations were observed in rhis outcrop: a) 173';26; and b) 144';46'. The vergence of 
this fold is roward West. 



4.1 -3 -3 Fractures and Faults 

The fractures present in the mine's openpit are usually filled by a film of manganese or iron 

oxide: fractures filled with Qtz veins also are observed. These fractures have slightly curved 

surfaces and the average plane is near vertical. However, their orientation spreads along the 

direction 125'. Stereonets for domains III and IV show less spread than for domain V. see Figure 

4-6. The most intriguing type of fracture identified during openpit rnapping are the vertical 

tension gashes (Figure 3-7). These fractures indicate a backward movement of the structure. 

Evidence for a Eastward movement is also noted at the Eastern side of the pit, where the tips of 

some faults are rotated toward the East. 

Faults are vzry obvious within the open pit and they normally help to contour the open pit design 

(Figure 4-8). Faults show two main concentrations in the stereonet: a) 1 1 60;8sU; and b) 106':44". 

The first set represents the maximum concentration. The fautt contours spread along the direction 

1 10. As a generai rule. fractures and faults have isolines spreading alonz the direction 1 10~-125~. 

A few slickensides were cataloged, and the resultant stereonet is presented on Figure 4-6; 

although the symrnetry presented by the ~Iickensides is cornplex, they have two high 

concentrations aligned near the maximum dispersion of fault planes. This suggests that most of  

the fault rnovernents were along the fault dip, however some lateral movernent is also indicated 

by the other slickenside concentrations. 

Clastic dikes are outstanding features at the mine openpit. As described in section 3.3.4, they are 

subvertical structures that cut the shear zone perpendicularly, where they show britîleductile 

deformation. Hence, they were part of the last shear zone deformation episode. This kind of 



clastic dike is not a new discovery for the region, and is believed to represent the filling of open 

fractures in the basement by the cover sequence (Belo, 1994). 

Clastic dikes are a cornmon structure associated with fold and thmst belts worldwide (Powell . 

1969; Brock & Engelder, 1977; WinsIow, 1983; and Barber et- al.. 1986). However the first 

systematic description of these phenornena was presented by Harms (1965) for the Laramide 

Faults in the Southern Front Range. Colorado. 

There are two main genetic groups cited in the literature: a) dikes forrned by injection into joints 

of remobilized, fluid-rich, unconsolidated to slightly consolidated clastics; and b) dikes forrned 

by infilling of cracks and fissures by the coIIapse of clastics from above (Eyaf, 1988). 

In the first case, the cIastic intrusions are nonnally intruded into the accretionary complex or 

foId belt, near the toe of major thrusts (WinsIow, 1983). Conversely, the second case, indicates 

an inflIling frorn above, hence, it is expected that the footwall of major t h s t s  and fold belts is 

the focus of the second genetic type (EyaI, 1988). However, they share one cornmon feature, both 

types are focused near the basernent-cover interface. 

Considering the Ouro Fino Mine, the second case descnbed by EyaI (1988) for the subvertical 

clastic dikes frorn the Sinai Desert is more likely. At that locality, the dikes are filling cracks in 

the basernent in a transtensionaI regime. These dikes rmge in width fiom centimeters to few 

meters and they are up to hundreds of meters in length. In addition, the cited author estimated a 

minimal vertical extension of around 500-600 m, and concluded that the source material for the 

dikes is the unconfomabIy overlying Nubian Sandstone. 
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Figure 4-6. Set of stereonets forjoints (J), faults (Fr), and slikensides (SI). 



Figure 4-7. Vertical tension gashes filled with Qtz veins are indicating backward movement of the 
thmst faults. Note that the tape at the center of the picture is 2.5 cm (865-S pit Ievel). The picture 
waç taken looking to the azimuth 025'. 



Figure 4-8. Fault surface at the Western lirnit of the openpit. Observe that the fault surface is curved 
and resembles a hone-rype structure. The picture was taken looking at the azimuth 330'. The 
hazardous configuration of these faults is evident. Note that two mine emptoyees are sitting at the 
lower IeveI of the pit near the fault toe. 



4.1.4 Fabric Element Evolution 

The Ouro Fino Mine shows a complex configuration of geological structures that were created 

and modiwed during subsequent phases- The regional fabric is highly transposed within the shear 

zone and a new fabric composed by the S-C pair is registered in the rnylonitic rock. 

The S-C pair is progressively rotated-translated during each reactivation pulse, and considering 

information gathered during field work and stereonet analysis. the main rotation is 

counterclockwise. The establishment of asymrnetrïc mesoscopic folds over the earIy developed 

S-C and also C-C* pairs were usehl tools to indicate movements inside the shear zone. 

The cross-cutting reIationship of the mesoscopic folds, and the variation of the angles among 

them. indicates that they were progressively rotated. It seems reasonable to infer that the main 

movement inside the shear zone was a combination of two different components. One component 

was probably Westward and the other was Northward, and considering the mutual interference of 

the resultant fabric elements. they were probably a resuIt of recurrent episodes. The displacement 

along the shear zone is predominantly counterclockwise, however locally it was identified 

cIockwise movement. The outline and relationship of fabric elements presented in this study 

suggests that the Ouro Fino Mine was developed on a oblique ramp, which is in agreement with 

the crientation and duplicity of fold patterns observed in the mine. The estimated orientation 

spectrum of  the local tectonic transport vector is from the azimuth 300' up to 325'. 

Comparing the above arguments with information about the acting vector of tectonic transport 

for the cover sequence, operating during the Late Proterozoic Espinhaço-Araçuai Fold and 

Thrust Belt, and gathered from regional work (AIkimin et. al. 1989; Uhlein et. al., 1992; Chemale 

Jr. et al., 1993; and Belo, 1994a) it is evident the convergence of the results. Therefore, it is 



reasonable to believe that the fabric elements overprinting the Bt myionite were produced during 

the Late Proterozoic. 

Vertical tension gashes found in the mine openpit add another important time frame to the 

structural evolution of the deposit. It is docurnented worldwide that just afier the peak orogenic 

phases several compensations took place. which can led to extensional periods (Spear, 1993 and 

references therein). In this situation the main tensor. that used to be horizontal. changes to the 

verticaI position because of the loading of the tectonic slab. During this new reorganization. 

vertical tension gashes and other structures that indicate the backward rnovement are produced. 

An attempt to fit the clastic dikes within the evolution of the shear zone at the Ouro Fino Mine 

requires more sophisticated reasoning. Two genetic possibiiities were presented, and the case of 

Sinai Desert seems to be the nearest possibility. In addition. a sirnilar explanation is in vogue in 

the local BrazilIian Iiterature (Belo, 1 994). Taking into account mesoscopic and rnicroscopic 

evidence presented in section 3.3.4, it is possible that the clastic dike represents infilling of 

unconsolidated or rnoderately consoIidated sediments. This situation is more likely to happen 

during the initial stages of the cover de formation. 

It is intriguing that samples from inside the shear zone are carrying Py-Po along with an intense 

alteration assemblage within the newly fomed cleavages; conversely, samples from outside the 

shear zone do not present these same characteristics, see section 3.3.4. Hence, it may be 

reasonable to infer that the clastic dikes were already in place, at least during the final pulses of 

the shear zone hydrotherrnal metamorphism. 



4.2 Structural Semivariograp hic A ~ralysis 

4.2.1 Introduction 

The preliminary considerations in the beginning of this chapter indicated that the way in which 

mineralized fluids travel through. and arrive at the deposition site, or attraction zones, and would 

compel the mineralization geometry: and it should adhere to the structural envelope. Therefore, 

the mineralization process and its spatial grade distribution should reflect the major constraints 

of the structure in which it takes place. 

Although. as outlined before. we have a reasonable understanding about the course in which 

these processes occur, the relationships need to be addressed in such a way that the processes 

can Iink ore grade distribution and structure, not only qualitatively but also quantitatively, and to 

a levet of petrofabrics. The relationship between ore grade distribution and structural style of a 

mineral deposit is realized by mine geoiogists, usually in a qualitative fashion, during the 

evaluation stage of a particular deposit; furthemore, this information, should guide the mine 

operation and deveiopment. 

Originally, geologists had to combine geometry and elementary statistical concepts to the 

economic geology point of view, i.e., the ore body's shape, complex or not, and its grade 

variability. Initially, the grade variability was treated, for evaluation purposes, as homogeneous 

throughout the ore body blocks or sections, as if it were a simple continuous random distribution; 

this was done even though the ore and grade zoning were acnialiy already extensively 

documented (Popoff, 1966). Some methods tried to account for this problem: isolines (Popoff, 

1966) weighted inverse distance (OYBnan & Weiss, 1968); but the partitioning of the grade's 

variance, or its spatial distribution, was stiII untouchable. 



The advent of geostatistics. conceived and performed by Matheron in the early sixties 

(Matheron, 1963), rescued the original economic geolcgist's sense: the ore and its grade, Vary 

throughout the deposit, and this variatriiity and shape explains the mineralization pattern and 

its structure: however, such a statement could not be modeled at that stage. 

Geostatistics is concerned with the study and spatial distribution of useful values for mining 

engineers and geologists (Matheron, 1963). The finai airn of the geostittistical work is Xriging, 

which is the estimation of the ore deposit (Armstrong, 1984). However. the intent behind the 

work of a ore deposit structural anafyst is to understand the behavior of a regionalized variable 

and correlate this information to other geologic structures. 

4.2-2 Regionalized Variable 

A regionalized variable is any variable that is distnbuted in space, and the ph In that it 

represents is called regionalization (Journel & Huibregts, 1978). It is a function that takes a 

definite value in each point of space, and has the following characteristics (Matheron, 1963): a) it 

has a location; b) shows a more or less steady continuity in its spatial variation; and c) it shows 

different kinds of anisotropies. in addition, this variable is defined on a given support. The term 

sampleS support v(x) of a regionalized variable is defined as a point in a ndimensional space, v 

being its volume (Journel & Huibregts, 1978) that has a specific shape and orientation (David. 

1977). 

The term sample has two related but slightly different meanings in the present work. In statistics, a sample 

is the set of al1 those observations actually recorded; and a sample is a subset of a parent population. 

However, in geology, a sample represents a specimen of a geologic survey (Olea, 199 1 ) .  Therefore, sample 

has a broader meaning which encloses both definitions. 



The concept of regionalized variable, as a three dimensional indexation of the ore grade, took off 

in modem mine evaluation procedures. This technique has been extensively used in the modem 

rnining industry; a setective survey among the leading goid mining companies, carried out by 

Champigny & Armstrong (1993), has indicated that about 40% of the world's gold production in 

1988 was evaluated using geostatiticat methods. 

This new statistical approach has the ability to partition the ore grade variance, through serni- 

variographic analysis (see item 4.2.2.1 ), into two sets: random and stmctured. The structured part 

of the semivariogarn. as a particular realization of a random finction6, (Wackernageel, 1995). can 

disclose the degree of anisotropy of a minera1 deposit; that is its mathematical-stôtistical intrinsic 

shape and its orientation. 

Theoretical work accomplished by Dagbert et al. (1  984) demonstrated the importance of semi- 

variography in a geologic coordinate system. which should follow the shape and conditioning of 

the strata under investigation. Fold axes, or other persistent structural features are to be taken as 

a reference, and the geographic coordinates should be rotated toward the natural system. 

Ahhough this technique represents a powerful step towards the intersection between geostatistics 

and structurai geology, its main concern is to obtain feedback about the geolow of the deposit, 

and to adjust the sernivariograms to better filter the deposit anisotropies. However, this procedure 

does not interface deeply into the deposit petrofabric, nor output the genetic reIationship between 

6~andom function is a collection of random variables, which is a function X assinging one and only one real 

number X(a) = x to each element a of a sample space (Olea, 199 1). 



the mineralization and the deposit's inner structure. Fwtherrnore, it requires a previous 

knowledge of the structural-stratigraphic position of every sample. 

To understand the regionalized variable. it is important to evaluate its statistics, along with tests 

to determine the applicable distribution of the sample population, and later if required, to proceed 

with normalisations and other appropriate transformations (Rock, 1988). These corrections are 

necessary to adjust to a normal distribution; the advantages and pitfalls of such transformations 

are outlined in weIl known books of statistics (Rock, 1988; Davis,i986). The reader can find in 

Appendix IV the transformations applied to the original gold database, and also a simple 

approach to keep gold nominal values confidential in the mining industry, while still performing 

structural semivariographic analysis. 

4-2-21 Semivariogram and its main Features 

~ernivariogram' is a function that describes a regionalized variable. Given two locations x and 

/x+h). a semivariogram is a measure of one half the mean square error8 produced by assigning 

the value z(x+h) to the value z(x) (Olea, 1991), or the variance of the increment (Journel & 

Huijbregts. 1978). The semivariogram function is expressed by the following equation: 

7 The aim of this theoretical prcsentation about semivariograms, is to guide the reader along the most 

important concepts that will be used to accomplish the applied semivariography (section 4.2.3); however, 

for a more extensive explanation, the reader should examine the cited references. 

It is the expected value of (X* -x)', where X* is the estimator of the parameter X (Olea, 1991); the 

estimator is a random variable resulting from the combination of the random variables involved in sampling 

and used for estimation. 



Equation 4- 1 

where Nfh) is the number of experimental pairs [~(xi) .  z(xi+h)j of data, separated by the vector 

11 (Journel & Huijbregts. 1978). 

stationarityg is an important assumption associated with geostatistics, and its existence allows 

estimation over the sarnple field and sarnpled universe. However, regionalized variables Z(x) are 

seldornly stationary (David. 1977). Nevertheless. if instead of evaluating the variations presented 

by a regionalized variable ZLr), the incrernents of the fünction 26~)-Z(r+h) are considered. a 

weak stationarity of the increments of the random fünction can be assurned, and hence the 

existence of covariance and, thus, a finite a priori variance'" is assurned (Journel & Huijbregts, 

1 978; and David. 1977). 

The main structural features related to a semivariogram function are presented in Figure 4-9 (A), 

in the vertical axes the variance of the population is partitioned in two sectors: C(o), or  the 

nugget effect"; and C, or the part of the variance that explains the structured sector. In the 

aforernentioned figure, the small a represents a part of the variance that is natural to the deposit, 

and b and c represent sampling and analytical errors. A component of the nugget effect is related 

' A term used to denote different degrees of invariance in the characterktics of a random Function (Olea, 

- 
, where xi is the values assumed by the variable x; x is the sample mean; and n is 

j = ,  ( n  - 1) 

the number of  events (David, 1977). 

1 1  This is an apparent discontinuity in the experimental semivariogram, near the ongin, caused by 

measurement errors or by nested structures that have ranges smaller that the sampling interval (Olea, 199 1). 



to natural features expressed in a smaller scale which is not explored by the experimentat 

semivariogram. The horizontal axes is the sample distance. In this diagram two areas are evident. 

one is structured and the other is not. The term range denotes the traditional concept o f  influence 

zone of a sample and it is the distance where the semivariogram function touches the si11 

(Matheron; 1963). The sill is the a priori variance of a random hnction. or simply the variance 

of the population. In Figure 4-10 (B) the replarization scheme is presented, or the search method 

for irregularly distributed data points. Samples that fa11 within the window are linked to a 

specific lag distance (x+h) during the semivariogram computation. Another possible feature is 

the hole effecr which represents altemating rich and poor layers of that promotes a periodic 

behavior (David, 1977). 

basic fea tu res  - & i ~ e r n  h a r i o g r a m  s e a r c h  w indow ; : 

,TZ\' Arolerance anele!  

Figure 4-9. (A)Semivanogram and its main features; and (B) the sample searching window foi 
semivariogram computation. (B) ang is the tme azirnuth of the search vector, and lag is the step distancc 
used during the semivariogram calculation. 

To present physical and geoIogica1 meaning, the acquired semivariograms or experimental 

semivariograms (David, 1977), need to be fitted to the theoretical semivariograrns. There are 

many types of theoretical semivariogram models (Olea, 199 1). However, as suggested by 

Matheron (1963) the simplest and most applicable is the spherical model, which is represented in 
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Figure 4-9 (A); in addition, it is the mode1 used in the section 4.2.3. Its mathematical expression 

is: 

Equation 4-2 
L 2 

Equation 4-3 y ( h ) =  C ; i f a ~ A ;  

where C is the sill. and a is the range. If a nugget effect is evident, it has to be added to the 

model. 

To explore the sample space experimental semivariograms in a11 possible directions must be 

produced. The usual procedure is to analyze at least three orthogonal directions. However, earlier 

construction of gold grade isoline maps of the study case may help to pick some important 

directions to test. Another important evaluation tool is to contour the semivariogram function 

(see section 4-23). if severaI directions were executed (Isaaks & Srivastava, 1989). 

4.2.2.2 Mineralization and Anisotropy 

The directional dependence phenornenona rendered by an economic element in a minera1 

deposits is defined as anisotropy (Journel & Huijbregts, 1978): see Figure 4-10. This is a 

firndamental feature in geostatistics, since grade is space dependent, and the regionalized 

variable is the primary cause of anisotropy. Hence, the stnictural evaluation of grade distribution 

is essentially the study of anisotropy and its various degrees and shapes. 

Directional semivariograrns are the tools to perfonn this study; the process of modeling these 

diagrams is calied structural analysis by geostatisticians (Journel and ffuijbregts, 1978). 

However, to avoid misinterpretation with the "in vogue" structural geology usage, 1 prefer to 

refer to it in the present work as structural semi-variographic analvsis. 



Along with the modeling of the semivariogram function, the range value and its variation. is 

carefulIy evaluared in different semivariogaphic directions. The determination of such variations 

is the background of the geostatistical structura1 analysis. Different range values in different 

directions detennine the anisotropy, see Figure 3- IO.  

Why should a ore deposit structural analyst search for anisotropy? This question is almost a must 

when studying a mineral deposit. not oniy because of the foIlow up procedures for mine 

development. tracking the best mapping method. and sampiing, but also because of its power to 

determine if there was a selected orientation during ore formation. This orientation should 

indicate the mineralization vector". Furthermore, the recognition of this structure will help to 

define the interface between the geostatistics and structurai geology. 

Figure 4-10. General types of Anisotropy on sernivariograms; in (A) geometric, and (B) sill or zonal.Thc 
nugget effect anisotropy should aIso be considered. 

''T'bis represents the spatial orientation of the highest mineralization spread, or the direction where !he 

range value is maxirnized. 



David (1977) and Journel & Huijbregts (1978) recognized two main types of anisotropy: 

geometrical and tonal. The geornetrical anisotropy is recognized by the direction dependence of 

the range values, and the tonal anisotropy is the direction dependence of other semivariogram 

features. Zimrnerrnan ( 1993). because of the broad meaning of zonal anisotropy, suggested a new 

terrninology for the directiona1 variation of semivariogram features: 

geometric range anisotropy: the range varies with the direction and its vectors describe an 

elliptical shaps. 

non-geometric range anisotropy: the range varies with the direction but its vectors do not 

describe an elliptical shape. 

si11 anisotropy: the siIl varies with the direction. 

nugget anisotropy: the nugget effect varies with the direction. 

The first one has parity with the geometric anisotropy of David (1977) and Journel & Huijbregts 

(1 978), and the last three types represent subdivisions of the former zonal anisotropy. 

The zonal anisotropy shodd be tested for the proportional effect, which rnasks the geornetric 

anisotropy itself. One way to evaluate this type of zonality is by plotting the variance against the 

mean for different of sampling lines, drill. or even for a moving window in the dataset. If there is 

a positive correlation, it indicates that there is a zonality, and it should be corrected in order to 

enhance the true geometric anisotropy. Zonality is a very common structure in gold deposits 

because of the usually comrnon log-norrnality of such mineralizations. One possible solution is 

the log transformation of the nominal goId values (CIark, 1977; David, 1977). 



The last step in semivariogram structurai analysis is to define the shape and orientation of the 

anisotropic phenomenon. Perfect isotropic phenomenon should produce identical semivariograms 

in al1 directions. Conversely, anisotropism "deforms" the isotropic sphere along the preferred 

direction of maximum similarity. 

Several methods are found in the literature to extract the best-fit ellipse or ellipsoid (Milton, 

1980: Gendswill & Stauffer. 1981). The method used in the present work is from Matsumura 

(198 1). This procedure'' extracts the eigenvectors and eigenvalues of the covariance matrix from 

the range values. The eigenvector associated with the maximum eigenvalue is the maximun range 

direction. and the other two, in the case of the 3D rnodel, represents the intermediary and the 

srnaIlest range direction. The degree of anisotropy is the ratio between the Iargest and the 

srnailest eigenvalues. 

4.2.2.3 GeostatisticaI Fabric Elements 

Hopefully the results from a semivariographic structural analysis leads the structural analyst to 

the perception of ore shape, orientation, distribution, and recurrence. Therefore, it is important to 

discriminate each geometric forrn and its related constructor. The geostatistical fabric elements 

can be linear and planar; and if there is a third dimension is can also determine a specific shape. 

The orientation of maximum range values is intuitively the vector of mineralization, and it is the 

most remarkable geostatistical fabric element. However the interference pattern of nested 

l 3  The compter algorithm to perform the ellipsoid axes calculation was kindly provided by The University 

of Western Ontario Ph.D. candidate Sony Winardhi. The eigenvector-eigenvalue subroutines were obtained 

fiom the book "Numerical Recipes in Fortran". Furthemore, the program was tested for accuracy using 

fictitious data. 



structures could lead to different families and hence, different associations. The directional 

characteristics of hole effect (Journel a Froidevaux. 1982). nugget effect, and nested 

sernivariograrns are also part of the geostatistical fabric of a given ore deposit. For instance. the 

directional dependancy of hole effects can highlight the periodicity of oreshoots, or low grade 

zones. Recurrence of oreshoots is another important geostatistical fabric element which has 

length and direction. and the inherent ability to predict hidden oreshoots. 

4.2.3 Applied Semivariography 

The gold deposit at Ouro Fino Mine is now evaluated using tools provided by geostatistics. 

However. the airn of this section is to explore the directional dependancy of the gold distribution 

and set the basis of correlation with the rock fabric elernents observed in the mine. Therefore. it 

encloses only the first two steps of a geostatistical work (David, 1977; and Journe1 & Huijbregts, 

1978)- which are: a) surnrnary statistics of the sarnple population, and distribution fitting; and b) 

semivariogram m o d e h g  The third step is known as knging. Kriging is a collection of 

generalized Iinear regression techniques for minimizing the variance of an estimation (Olea, 

199 1 ), which is the estimation phase of an ore deposit. The evaluation sequence adopted in the 

present study is surnrnarized on Figure 4- 1 1. 

Initially it is important to define the sampling characteristics. 37,673 sarnples were available for 

the present work ( the complete database is available in Appendix IV). The vast majority of them 

are sequencial sarnples, with approximately constant volurne'" and shape, taken in regularly 

spaced lines that cut through the openpit section, some are form drill holes. The average distance 

between lines is 13 m (+ 2.5 m); the dimension defined by the sarnpled volume is approximately: 

'':(].O x 0.15 x 0.10) meter. 



is approximately: 1,200 rn to the Nonh: 200 m to the East; and a 100 m depth. The 100 m depth 

represents the removed part of the openpit at the tirne of the database inventory. 
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ure 4-1 1 .  Stepwise procedure for geostatistical analysis at Ouro Fino Mine, see text for 
danation. 

4.2.3.1 Database Statistics and Transformations 

The database provided by the mine technical staff was previously multiplied by a constant value 

to maintain the mining company confidentiality. This technique, proposed to the mine company 

(Monteiro, I993), does not change the sarnple variance-semivariogram relationship and, thus, it 

still allows the accompIishment of semivariographic structural analysis, since the aim is to 



partition the a priori variance (see Appendix IV). However, these transformed values are not 

suitable for biging, except when they are transformed back to the original values to feed the 

kriging matrix. 

The first evaluation stage was to produce sumrnary statistics, including moving-windows 

techniques. to characterize the sample distribution and its general features. This stage have 

indicated that the sample distribution closeIy follows the log-normal distribution. Although the 

experimental semi~ariogram'~ does not depend on the sample distribution. some collateral effects 

are apparent when dealing with log-normal distributions (Clark, 1977). One of them is the 

zonaiity. in which the sample mean and sarnple variance correlates in a moving-window 

surnrnary statistics. This zonality is responsibie for siIl anisotropy, which is an undesirable 

structure when modeling geometric anisotropies. Hence. a new transformation to the dataset was 

applied. The newly transformed va1uesI6 resulted in a nearly-normal distribution, see Figure 4-1 2, 

and the moving-window summary statistics showed no evident correlation between the sample 

mean and sarnple variance. 

To advance within the analysis a sarnple field from the original database was defined. The reason 

behind this is to select an area which is coïncident to a previously defined structural domain. 

Therefore, further cornparisons are better assured. Sector III was selected because cf its interna1 

consistency and simpler conditioning of the structural fabric elements when compared to the 

l 5  It is the semivariogram produced using the real data. I t  is then modeled using theoretical semiva"opms 

to extract physical-geological meaning (David, 1977; Joumel & Huijbregts. 1978). 

'' The dataset was log-transfomed and it  was added 0.7 1 to avoid negative numbers. 



other two sectors. Within Sector III, cwo other sub-sectors were defined, based on the geology 

and rock distribution, they are the sub-sectors III-Z2 and 111-21, see Figure 4-13. 

Gold  Values( log-narmal ized)  

K-S d3.06397. pC.01 ; Lilliefors p< O 1  

II Shapiro-Wilk  W= 01398.  p<O 000 

Lpprr Boundaries ( x  c boundary) 

Figure 4-12, Frequency distribution of log-normaiized gold values. The nearly-normal distributior 
characteristic of the transformed values is evident.The limiting coordinates of this sample set are 9600- 
IO000 North and 5000-5 100 East. 
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igure 4-1 3. Location of the sub-sectors for semivariographic analysis. 

Severai tests were conducted to define the parameters to calulate stable 3D semivariograms, 

these inctude: a) sarnple line spacing and sample density on each sernivariographic direction; and 

b) varying the set of parameters in different directions to evaluate semivarÏogram stability. The 

parameters and the output files used in the present work are included in Appendix W ,  along with 

al1 experimenta1 and mode1 sernivanograms produced. 

4.2.3.2.1 Semivariogram fun crion topography 

Several semivariographic directions" were tested, with different dip angles. The point 

coordinates, fiom horizontal experimental semivarïograms, were then recast on a North, East and 

l 7  Ten different directions were tested: 000'; 020'; 040': 060'; 080'; 090'; 100'; 120'; 140'; and 160'. The 

dips used were: 00'; 15'; 30'; 45'; 60'; 75'; and 90'. 



a Height basis to produce a surface map, that is, the contour rnap of the experimental 

semivariogram. This technique was first suggested by Isaaks & Srivastava (I989), and it is a 

powerfùl technique to monitor the topography of the expenrnental semivariogram. From this rnap 

we can visualize possible intermediary silIs, hole effects. and interference patterns between 

nested structures. and depict a more representative nugget effect load (see an exarnple frorn sub- 

sector 111-2 1 on Figure 4- 14). 

According to information gathered from the semivariogram surface. the modeling of 

semivariograms used t his information and the recommendations described in the beginning of the 

structural semivariographic analysis section. An exarnple of the semivanogram models are 

presented in Figure 4L5. In this figure C(0). C( l )  and C(sil1, or the a priori variance) are 

introduced. 



Figure 4-14. Contour map of the experimental semivariogram 
obtained from sub-sector I I  1-2 1 . The dashed lines represenl 
important steps in the surface. The first, at the center is the C(o) = 
0.1 14; the next dashed line is an intermediary si11 (C( 1 )  = 0.18) and 
the next one is C(sil1) = 0.207 ( C(sill) is the a prion variance). 
Note the evident ellipse outlined by the intemediary sill. The scales 
are in meters. 
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4.2.3.2.2 Min eralization Vecior A nalysis 

The directional dependancy of the range value is now used to evaluate the shape of the ellipses 

and ellipsoids that best describe the structures observed durhg the structural semivariographic 

analyses. The range values, that is. the C(1) and C(sil1) related ranges, were used to build a 

covariance matrix for each structure, and the eigenvalues with associâted eigenvectors were 

calculated. The results of this work are presented in Table 4-1. 

Table 4- 1 .  Eigenvalues (E 1, E2. and €3) and respective eigenvectors (a = azimuth. and d = dip). The ratio 
between major and intermediate axes (elle?) and intermediate and minor axis (e2/e3) is presented. Note 
that the azimuth values are already correcred with the addition o f  25'. which is the openpit orientation. The 
el le2 for C( 1 ) and C(sil1) from sector I I I  are apparent ratios, since the semivanograms were only 
horizontal. 

El E2 E3 al d l  a2 d2 a3 d3 elle2 e2/e3 

III C(l)  55.7 18.7 0.0 25 O 295 O O O 2.98 - 
III ( d l )  186.5 72.3 0.0 22 O 292 O O O 2.58 - 

Since we are now modeling ellipsoids, procedures encountered in traditional structurai geology 

rnay be borrowed, particularly those for strain ellipsoids, to help evaluate the characteristics of 

the mineralization ellipsoid. Ramsay & Huber (1 W b )  presented the strain eIlipsoid mode1 where 

the three principal axes are rotated to the X, Y, and Z of the euclidian space. Therefore, if we 

adapt these definitions to the present case, three principal mineralization ellipses are defined on 

the tbree principal cartesian planes: XY, YZ, and ZX, where the major, intermediate, and minor 

axes represent the tkree principd mineralization axes of the mineralization ellipsoid, see Figure 



4-16. In this same figure, the modified version of the Flinn diagram (Ramsay & Huber, 1983b) is 

presented, where the mineralization ellipsoids principal axes ratios were ptotted. From this 

diagram it is evident the difference in shape between the C( 1 )  anisotropy from the adjacent sub- 

sectors Zt and 22, whiIe the C(si1l) anisotropy produced intermediary shapes between the two 

extrerne cases. The Z1 C(l) ellipsoid plots in the triaxial field; however, the 22 C( l )  ellipsoid 

pIots near the e2e3  axis, indicating an oblate shape. 

Figure 4-16. (A) Mineralization ellipsoid modified from Ramsay & Huber (1983); (B) Flinn diagrarr 
modiQed from Ramsay & Huber ( 1983). ); see text for explanacion. 

4.3 Structural Geology and Structural Geostatistics Connections 

The aim of an ore deposil structural analysis is to arrive at an understanding of the intrinsic 

structural f e a ~ r e s  that have controlled the formation and evolution of a mineral deposit. The 

immediate consequences of this work should help adapt the mining operations to the deposit 

rnodel. Furthemore, it should help design a more effective exploration strategy for the 

surrounding areas. The argument of multiple mineral deposits and tectonic interna1 consistency 

can then be evaluated (section 1.1, (a)). 



To evaluate a mineral deposit structure, several àiverse tools should be combined, with some 

degree of adaptations. At the end. the results should co1lectiveiIy highlight the various nuances of 

event. the mineralization trappin, 

Now, the ore deposit structural analysis results should be evaluated, which brings together two 

different but intrinsically related fields. Figure 4-1 7 presents the combination of the structural 

fabric elements, from Section 4.1. along with the geostatistical fabric elements described in 

Section 4.2. In this figure it is remarkable to note the convergence of the major and intermediate 

mineralization vectors along the average C suriace; consequently, the minor mineralization 

vector plots near the pole of that surface. 

As described before, the Z 1 mineralization ellipsoid plots near the triaxial field on the modified 

Flinn diagram (afier Ramsay & Huber, 1983b); conversely. the 22 mineraIization ellipsoid is 

oblate. In addition, the Z 1 major mineralization vector plots over the Ii(3) fabric element, and its 

intermediate mineralization vector plots near the intersection of the S-C pair, which is the 

mineral and the stretching lineation. For the 22 mineralization ellipsoid, the major axis also 

follows the sarne pattern, however the major and intermediary axes swap their positions, 

compared with Z 1 mineralization ellipsoid. 

These excellent results suggest that the mineralization event indeed had its evolution closely 

related to the evolution of the rock fabric. Particularly, the C plane was the main percolation 

duct, in which the mineral and the stretching lineation orientations greatly facilitated the fluid 

flow along the thrust surfaces. The striking coincidence of Ii(3) with the major mineralization 

axis of 21, and with the intermediary mineralization axes of 22, indicates that this rock fabric 

played an important role in the final mineralization trapping. 
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Figure 1- 17. Results o f  the ore  deposit structural analysis for Ouro Fino Mine (Sector II!), see text fc 
:xplanation. 



5. Geochemistry 

5.1 Introduction 

Rock and mineral chemistry signatures have the ability to describe two important properties, 

which are: a) original rock type(s). or pristine protolith(s) and its evolution; and b) minera1 

chemistry evolution during the process(es) of building the present rock features. These signatures 

provide the background of the rnineralization process; hence they help in the understandincc of 

mineralization events and their particularities. which were fundamental for gold concentration at 

specific sites; such as that at the Ouro Fino Mine. The signatures and resultant implications will 

be examined in this chapter. and further complernented in Chapter 7. Rock and minera1 chemistry 

data-sets are included in Appendix 1. together with petrographic data; Chapter 3 and Chapter 4 

include descriptions of mineral textures and derivat ive structures, respectively. 

A cornparison of the average whole rock analysis of Ouro Fino Mine regional metôrnorphic 

rocks, which are the host rocks for the Ouro Fino Mine shear zone, with the chemical 

composition of shaIes and pelites, as reported by Carmichael (1989, in Bucher and Frey, 1994), 

on an anhydrous basis, indicates that these rocks are close to peiite composition, except for 

higher values of Cao, FeO, MgO, and KIO. Cornpared to shales, the differences are evident in 

Cao, FeO, NaO, and M g 0  concentrations, see Table 5-1. 

As is evident in Figure 5-1, the regional metamorphic rocks plot inside the shaIe field, at the 

boundary between shale and iron-shale, in the Herron's classification of terrigenous sandstone 

and shales (Herron, 1988; in: Roilinson, 1993). Al1 the other rock groups were also plotted in this 
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diagrarn for simple compansons. since they are the transformation product of these regional 

rnetamorphic rocks. An exception is the sample form the clastic dike (section 3.3.3). 

TabIc 5-1 Chcmical comparison among Bt gneiss (Proto), Sand. Shale . and Pclitc (anhydrous base). Based 
on Carnichael( 198% in: Buchcr and Frey. 1994). 

-- 

Hence, the protolith for the host rock at the Ouro Fino shear zone should represent, in 

composition, a mixture of pelites and shales with slightly higher values of Fe0 and MgO; and 

semi-pelites, for those with higher contents of Fe1 and quartz. This argument is reinforced by the 

metamorphic assemblage that is similar to a Barrovian-type metamorphic sequence of pelitic 

protoIiths (Shelley, 1993). 



Herron's Classification of Terrigenous Sandsiones and Shales 
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Figurc 5- 1 .  Herron's Classification of Terrigenous Sandstones and Shales (Herron. 1988: in: Rollinson 
1993). 

5.2 Chernical EIement Patterns 

5.2.1 Major and Trace Elements 

The general behavior of major and trace elernents at the Ouro Fino Mine is associated markedly 

with the rock types. To provide a broad pichxe of this argument, one geochemical profiles was 

made for each chernical element in the data-base, except for rare earth elernents (REE). The 

important features to be extracted fiom these profiles are related to the gold enrichment process. 

A comparison of these geochemical profiles to those of Chapter 7 is suggested, where the 

profiles represent element gains and losses provided by mass balance estimates. However, when 

comparing the two profile sets it should be noted that, in the case of mass balance the rock type 

ranges (1 to 8) plot differently because not al1 samples were used. 



Figure 5-2, F ip re  5-3, and Figure 5-4 present the geochemîcal profiles for DDH-73. If gold 

vaiues are considered as the grouping variable, five sectors are observed throughout the profiles: 

a) from 0.00 to 80.00 m; b) fiom 80.00 to 98.00 rn; c) from 98.00 to 100.00 m; d) from 100.00 to 

107.00 m; and e) from 107.00 m to the end of the hole. Only the second (b) and fourth (d) 

intervals are enriched in gold. Major and trace element profiles oscillate more intenseiy in the 

second interval. which also returened higher gold values. This interval is composed of altered 

rnylonite, mylonite with qtz-veinlets. and phyllonite; however the fourth interval is only 

phyllonite. Mylonite and protolith are not enriched in gold at the same level as the others. 

The DDH-73 profiIes for Na20, Ca0  CO-vary and they show opposite behavior to &O. MgO, 

FeO, and Mn0 CO-vary, and at the same time they behave in opposition to Fez03, TiOz, and 

AI2o3. Arnong the trace elements, important variations are observed in the Sb. S. and As profiles. 

As and S% show different trends, and gold values CO-vary with As. Ba and B show their peaks at 

the same depth as As and Sb; at this depth, S% is depleted. 
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gure 5-2. DHH-73 geochernical profiles. Labels for rock types are as folIows: 1 )  protolith; 2) mylonite; 
phyllonite; 4) altered protolith; 5) altered rnylonite; 6 )  protolith with qtz-veinlets; 7) mylonite with qtz- 
inlets; and 8) phyllonite with qtz-veinlets. Except for density which is g/cm3, al1 other elements are in 
pressed in percentage. 



Figure 5-3. DHH -73 geochemical profiles, continuation. Labels for rock types are as follows: 1 ) protolith; 
2) mylonite; 3) phyllonite; 4) altered protolith; 5) altered myIonite; 6) protolith with qtt-veinlets; 7) 
mylonite with qtz-veinlets; and 8) phyllonite with qtz-veinlets. Except for gold (ppb) and S(%), al1 the 
other elements are expressed in ppm. Observe that As and Au are represenred by their iogarithms. 
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Figure 5 4 .  DHH-73 geochemicai profiles, continuation. Labels for rock types are as follows: 1 )  protolith; 
2) mylonite; 3) phyllonite; 4) altered protolith; 5) aItered rnytonite; 6) protolith with qtz-veinlets; 7) 
mylonite with qa-veinlets; and 8) phyllonite with qtz-veinlets. All elements are expressed in ppm. 

Following the same approach, DDH-99 profiles - Figure 5-5, Figure 5-6, and Figure 5-7, display 

two intervals: a) from 0.00 to 190.00 m; and b) from 190.00 m to the end of the hole. The second 

interval is enrichcd in gold; and its element profiles are more irregular than in the first interval. 



At 226.50 m, there is a Ky-PI-Ms-Qtz vein which stands out in the geochemical profiles of al1 

elements. This specific sample retumed 36.20 glt of gold during the exploration drilling progam. 

Except for this particular anomaly, where S(%) is predominantly enriched, the major and trace 

element profiles behave similady to those in the DDH-73. 
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Figure 5-5. DHH-99 geochemical profiles. Labels for rock types are as follows: 1 )  protoIith; 2) mylonite; 
3) phyllonite; 4) altered protolith; 5) altered mylonite; 6 )  protolith with qtz-veinlets; 7) mylonite with qtz- 
veinlets; and 8) phyllonite with qtz-veinlets. Except for density which is g/cm3, al1 other elements are in 
expressed in percentage. 
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gure 5-6. DHH-99 geochemical profiles. Labels for rock types are as follows: 1 )  protolith; 2) mylonite; 
phyllonite; 4) altered protolith; 5) altered mylonite; 6) protolith with qa-veinlets; 7) mylonite with qa- 

iinlets; and 8) phyllonite with qa-veinlets. Except for goId (ppb) and S(%), al1 the other elements are 
,pressed in ppm. 
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Figure 5-7. DHH-99 geochemical profiles. Labels for rock types are as foliows: 1 )  protolith; 2) mylonite; 
3) phyllonite; 4) aItered protolith; 5)  ahered mylonite; 6 )  protolith with qtz-veinlets; 7) myionite with qe- 
veinlets; and 8) phyllonite with qtz-veinIets. Al1 elements are expressed in ppm. 

5.2.2 Rare Earth Elements 

REE patterns are among the best geochernical indicators for rock classification and typology. 

Part of this issue is a consequence of their ability to stay immobile in a variety of geochemical 

processes, after the rock is formed; and partly because they develop distinct patterns during the 

rock formation process. The REE patterns presented in this chapter were normahzed to 



chondrites. following Evensen et. al. ( 1978). However, the REE patterns presented in Chapter 7. 

were normalized to the protolith average. It is interesting to compare the profiles from these two 

sets of diagrams. 

Redistribution of REE is expected when large metasomatic fluid volumes are introduced, 

othenvise the patterns should represent the original rocks, with rninor deviations (Henderson. 

1984). Figure 5-8 presents the REE patterns for protoliths. including the altered samples. Of note 

is the much lower REE content for sample 99-135.05, which is a St-Grt-Bt gneiss, when 

compared to the other patterns. This particular sample has less Grt and St in its modal 

composition, and more PI; however these features are not sufficient to explain the difference in 

the pattern. 

Figure 5-8. REE patterns for protoliths and its altered samples. 



Apart from this initial disagreement. the protolith. and its alterated equivalents, show very 

similar profiles; with a IO-fold fractionation from LREE to HREE; and a small negative EU/EU' 

anomaly is characterized. The fractionation of the protoliths is comparabIe to the North 

Arnerican Shale Composition (NASC): however. the negative EUEU* anomaly is much smaller in 

the Ouro Fino Mine than in the NASC reference. 

Ficgure 5-9 and Figure 5-10 present the REE patterns for rnylonites and their altered equivalents. 

Once again. the patterns are sirnilar to the protoIiths. Samples 99-165.00, and 73-81.00 show 

slightty more hctionated profiles; and sarnple 73- 107.10 displays a rnuch more fractionated 

profile. A possible explanation for this unusual pattern is the higher quartz content in the first 

sample, and the lack of gamet in the iast two; particularly for sample 73-107.10 the pattern 

should be considered as the result of these two possibilities. 

Mylonite Group - Plot o f  R E E  
norrnalized to condrite (Evensen el .  al . .  1978) 

:igure 5-9. REE patterns for mylonites. 



MyIonite Altered Group - P l o t  of R E E  

normalized to condr i t e  IEvensen et. al., 1978) 

1 Figure 5-1 0. REE patterns for alrered mylonites. 

Figure 5-1 l presents the REE patterns for phyllonites and phyllonites with Qtz veinlets. The 

patterns in this group are also comparable to rhose of protoliths and mylonites; except for 

samples 73-101.25 and 73-103.00. These sarnptes show higher Qtz contents. Sample 99-226.50 is 

the Ky-Pl-Ms-Qtz vein with Py. 



Phyllonire and Phyllonite with veinlets Group - Plot o f  R E E  
normalized to condrite (Evensen et. al . .  1978) 

Minerai assemblages represent interactions between bulk rock chemistry and environmental 

variables; in which. each rnineral phase moves to an equilibriurn state, changing its chemical 

formula, structure, or both. They are chemical adaptations of unstabIe phases, which depend on 

their bias to the equilibrium coordinates. The transformations define specific paths into the 

composition space, and represent chernical substitutions required to produce more stabIe rnineral 

phases. 

1000 
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I 

Chemical changes are determined by the substitution patterns followed by each individual 

mineral phase, which is chiefly controlled by: a) ionic size; b) ionic charge; and c) temperature 

and pressure. When one chemical element is exchanged for another, inside the same rnineral site, 

- 

-- 

-- 

- 

Figure 5-1 1 .  REE patterns for phyllonites and phyllonites with qtz veinlets. 



(on one to one. or one to zero basis) it is called simpie substirution. Othewise it is called coupied 

substirution, where simultaneous exchange of two or more chernicaI elements in two or more 

mineral sites occurs(K1ein & Hurlbut Jr., 1993). 

Characterization of mineral chemistry reorganization, allows us to determine transformation 

trends related to the evolution of a paragenetic sequence. In the present thesis chernical 

substitutions in minerals are defined using the composition space, additive component. and 

exchange vectors concepts (Thompson Jr., 1982; Burt. 199 la; and Burt, 199 1 b). 

This method allows us to use analytical geometry to evaluate changes in minera1 composition; 

hence the minerals are points in 'RI 93' spaceI8, or a higher dimension. and the changes are 

represented by vectors. The vector's Iength is the chemical distance between reactant mineral and 

its product, with sense pointing to the product. The composition space is defined by an additive 

cornponent at the origin of the system's coordinate - usually this is the chemical composition of 

an ideal end-member - and the exchange vectors, which must span the entire composition space; 

and at the same time. they must be linearly independent. 

5.3.1 Silicate Minerais 

Silicates are minerals in which the building blocks are ~ i 0 2 .  The degree of Si-O 

polymenzation is determined by the non-bridging oxygens per Si04 group, varying from zero in 

quartz, to four in olivine (Klein & Hurlbut Jr., 1993). The general formula for silicates, 

according with Klein and Hurlbut Jr. (1993), is: X,Y.(Z,,O,)W,; where X represents large size 

cations in 8- or higher coodination with oxygen; Y represents medium size cations in 6- 

'' N-dimensional space known as Euclidian space and it  is denoted by 'Rn. 



coordination; Z represents small size ions in tetrahedral coordination; O is oxygen; and W 

represents anions such as: (OH)', Cl-. or F. The silicate rninerals included in this study are: a) 

Grt, St, Ttn and AlzSiOs polymorphs - nesosilicates; b) Tur - cyclosilicate; c) Ms, Chl- 

phyllosilicates; and d) feldspars - tectosilicates. 

5.3.1.1 Gamet 

Grt is described by XjY2(ZOJ)3. where the X site accommodates larger divalent Ca. Mg, Fe, and 

Mn; and the Y site accornrnodates smaller trivalent AI, Fe, Ti, and Cr; and the Z site 

accomodates Si, and Al. They are subdivided in two groups: pyralspite and ugrandite. The first 

group has Al in the octahedral site, plus ~ e " ,  Mg or Mn in the 8-fold coordination site; while the 

second group allows the substitution for Fe, Ti, and Cr in the octahedral site, and the 8-fold 

coordination site should cany only Ca. According to Spear (1993) FeMg,, FeMnr, CaMg,,  

&Fe-,, and F~"AI.~. are the main exchange vectors in the gamet family; the first two being the 

main operators in the pyralspite group: however, the third and the fourth bridge the two gamet 

groups. 

At the Ouro Fino Mine, the most common Grt is almandine, PrplJA1m&ps15Grs8 is the average 

composition for al1 analysed gamets, in which the average (Fe/(Fe+Mg)) is 0.82. Table 5-2 

presents the gamet compositions and Fe-Mg relations for each rock group. It is observed that the 

Alm-rich gamets with consistent Sps variations characterizes the protolith-mylonite series; rninor 

variations are observed for Prp and Grs components. 



Table 5-2. Average gamet compositions for each rock group. 

Fe/(Fe+Mg ) XAlm XPT XSps XGrs 

Protolith 0.82 69 16 9 6 

Mylonite 0.8 1 65 15 1 1  8 

Phy Ilonite 0.84 6 1 15 19 8 

Altered Protolith 0.84 64 13 15 8 

Altered Mylonite 0.83 57 12 23 9 

Apart fiom these generalizations, Grt shows a very sensitive compositional variation which will 

be presented herein. Figure 5-12 presents the gamet's polyhedron devised for the Ouro Fino 

Mine. This figure also includes ille generdized inversion of the vector space rnatrix, which is 

used to process microprobe data to find the new coordinates of each anaIysis, see Appendix V for 

method and mathematical procedures. 
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igure 5-12. Gamet composition space polyhedron. The 3D plot includes pyralspite gamets plus grossulai 
lgrandite gamet group). It also presents the generalized inversion for the vector space matrix which is usec 

determine the coordinates of each gamet analysis in the plot. 

The next three figures - Figure 5-13, Figure 5-14, Figure 5-15 - are Grt plots, based on Figure 5- 

12's diagam, in which Prp is the additive cornponent; and MnMgl, CaMgi, and FeMgl are the 

exchange vectors that span the Grt composition space for this study. The coordinates of each Grt 

plot represent the chemical distance from the ideal Prp composition. 

Since temperature and pressure overprint distinct patterns of vector displacement in the Grt 

composition space, it is worthwile to observe changes in the FeMgl and MnMgl vectors which 

give us the idea of temperature changes, and in the CaMgl vector, which gives us the idea of 

pressure changes during Grt growth (Tuccillo et. al., 1990). These figures indicate that the main 



chemical displacement experienced by gamets. from core to rim. on the MnMgl, CaMgI. and 

FeMgl vectors is: a) protoliths (0.0 1. -0.057. -0.165); b) myIonites (-0.1 19, -0.103, 0.138); and c) 

altered rnylonites (-0.29. k0.085, 0.2297). This indicates that protolith garnets show a slight 

variation on the CaMgl vector. and a consistent negative displacement on the FeMgl vector. 

from core to rim; suggesting that important temperature changes, with minor variations in 

pressure. were taking place during the Grt growth in the protolith. 

Gamets frorn mylonite and hydrothermally altered mylonite have cores rich in a Sps component, 

with an increasing Alm component toward the rim. This is expected to happen during progressive 

Grt growth. in which the temperature is increasing - bel1 shape profile (Tuccillo et. al., 1990). 

There is also a slight variation in the Grs content of altered mylonites toward the rim. However, 

the Grs content of mylonites Vary considerably from core to rim, in a jigsaw pattern, indicating 

that the pressure load was recurrent during the mylonitization process. The main displacernent 

direction of mylonite and altered rnyionite indicates that the gamets have evolved in different 

environrnents, see Figure 5-15. Therefore, the growing conditions of rnylonites should have been 

pressure-temperature dependent, since the three vectors behaved sirnilarly; whiIe in the altered 

mylonites, the MnMgi-  FeMgi vectors were the main opperant, characterizing temperature 

dependency, with minor pressure changes. 
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igure 5- 13. Prp-Alm-Sps plot. This plot represents the front view of the gamet polyhedron. 
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Figure 5-14. Prp-Alm-Grs plot. This plot represents the left-lateral view of the gamet polyhedron. 
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l Figure 5-15. Prp-Grs-Sps piot. This plot represents the plan view of the gamet polyhedron. The jigsav 
pattern of  rnylonite gamets is described on Chapter 6.  

Factor analysis" of Grt mineral chemistry, performed on the whole Grt data-set, indicates the 

presence of four factors controIling the evolution of this minerais. They explain 82.32% of the 

data total variance; see the resulting table in the Appendix VI. 

Factor 1, which explains 26.15% of the total variance, indicates opposite loadings for XAlm 

(0.95) ar,d XSps-XGrs (-0.92 and -0.73, respectively); the XPrp CO-varies with XAlm, however 

its loading is less expressive. This suggests that Sps and Grs rnoiecules were concurrently 

substituting the Alrn molecule, and to a less extent the Prp molecule, in these gamets. If we 

cross-link this information with that provided by vector analysis, it can be suggested that the 



antagonism between XAlm and XSps is related to the general temperature increase experienced 

by both the mylonite and the altered mylonite gamets. However, the antagonism between XAlm 

and XGrs is particular to the rnylonites. and possibly indicates pressure variation. 

Factor 2, which expla 

and Al"-Ti (0.95 and 

and octahedral sites, 

ns 24.55% of the total variance, presents contrasting lodings for Si (-0.93) 

0.7 1, respectively); suggesting coupled substitution involving tetrahedral 

which would shift the Grt composition toward the ugrandite group. 

However, it is possible that some of the aluminun-titanium substitution happened onIy inside the 

tetrahedrat site (Deer et. al., 1983). 

Factor 3, which explains 21.51% of the total variance, presents opposite loadings for Alv'- 

Fe/Fe+Mg (0.74 and 0.93, respectively) and XPrp (-0.88). This pattern indicates that the Prp 

component variablility, or changes in the 8-fold coordination, was coupled with changes in the 

alurninum content in the octahedral site. This factor should represent protolithic rocks, since 

important Prp component variations were experienced only by gamets fiorn this rock group. 

Factor 4, which explains 10.1 1% of the total variance, indicates a high loading for Cr, with no 

contrasting loadings of other variables. This suggests a srnaIl deviation fiom pyralslpite toward 

the ugrandite gamets. 

l9 See section 9.6.2 for a general explanation of the method. 



5.3.1.2 Mica 

Mica is a phyllosilicate; that is, each of its Si04 tetrahedron. shares 3 of the total 4 oxygens with 

the next-neighbor, leaving the apical oxygen free, and building an extended sheet of Si04 

tetrahedra (Klein and Hurlbut, 1993). The mica structure is composed of two layers of two 

tetrahedral sheets facing each other at their apical oxygens; these two sheets configure the 

octahedral site. The interlayer site is occupied by large cations in 8-fold coordination. The 

general formula for micas is: XY~-3&OIo(OH)z. The octahedral site occupancy (2-3) creates a 

major subdivision among micas: a) trioctahedral micas cornpleteiy fi l1 the octahedral site with 

divalent or trivalent cations; and b) dioctahedral micas have one vacant space. 

Trioctahedral micas plot mostly inside of the biotite composition plane, as defined by Deer et. 

al. (1983). However, there is a discrepancy concerning the siderophyllite-eastonite ideal 

composition. when comparing to the definitions from Guidotti (1 984) and Burt ( 199 1 b). These 

authors charactenzed the siderophyllite ideal composition with Si-AI ratio of 1:1, in the 

tetrahedral site, while Deer et. al. (1983) defines it differently, the ratio being 5:3. Guidotti 

(1966), renamed the 5:3 ratio micas as A l - a ~ i t e  and Al-phlogopite for the Fe-rich and Mg-rich 

members, respectively. The  rich" ch"->' mica is equivalent to the mineral chernistry of eastonite, 

as proposed by Deer et. al. (1983). Nevenheless, the  rich" ch":" mica, equivalent to 

siderophyllite, was lefi unnamed in Guidotti's review. 

If we define the ideal muscovite as the additive component for dioctahedral micas, two 

subgroups can be discriminated, according to the exchange substitution type: a) Ms-Pg-Mrg, and 

b) Ms-Phe-Cel. The first group is characterized by simple substitution at the interlayer and 

tetrahedral sites, in which the operating vectors are NaKi, and NaSiCaIAl.1 for Pg and Mrg, 



respectively. The second group is characterized by coupled substitution involving the octahedral 

and tetrahedral sites, in which FeSiALZ is the only operating vector. 

According Spear ( 1993), KNa.l, FeMsI,  (Fe,Mg)SiAL, AlSiNa., are the main exchange vectors 

in the mica farnily. The first two vectors represent simple substitution mechanisms involving the 

interlayer and the octahedral site. respectively. However, the last two vectors represent coupled 

substitutions mechanisms involving the tetrahedral-octahedral and tetrahedral-interlayer sites, 

respectively. 

For the Ouro Fino Mine sarnples, the mica mineral chemistry is evahated using the same 

procedures described for the gamets; that is, composition space and exchange vectors. The 

additive component is the ideal siderophyllite composition - Kz(Fe4Alz)[A14Si40z~](OH);r, and the 

exchange vectors are: a) A12Fe-3, al1 Al is octahedral; b) FeSi ALz, one Al is octahedral and the 

other is tetrahedral; and c) FeMgl; the first two were defined by Burt (1991b), see Figure 5-16. 

Although this composition space includes both trïoctahedral-dioctahedral planes; it does not 

show the Ms-Pg-Mrg space, which is condensed into the Ms ideal composition plot. Substitutions 

promoted by other trace elements, such as Ti, are also not supported by these vectors; however 

the effects are condensed into the Fe load of the three exchange vectors. 

In the mica's composition polihedron (Figure 5-16), the modifyed biotite plane spanned by the 

MgFe-, and FeSiAL2 vectors is presented. The efficiency of these two vectors to describe the 

mineral chemistry of the biotite plane is dearly evident. In this new approach, the octahedral and 

the octahedral-tetrahedral substitutions are simultaneotisly accounted for, altowing the prediction 

of possible chemical variations. 



Another important point to be addressed is the composition limit between phlogopites and 

biotites. The conventional border of  ~ g ~ e ' ? " .  as defined by Deer et. al. (1983), requires an up- 

date, since it is only fixed by the MgFe-, vector. To h l ly  describe these two fields in the biotite 

plane, the FeSiAL? vector should be included. Otherwise, four and six possible occupancies on 

the MgFe-l vector would be compared, when considering siderophyIIite and annite, respectiveIy. 

Hencs, the use of MgFe.l and FeSiAl-1 vectors is suggested to delirnit the border between 

phlogopites and biotites. Using the originally proposed ratio of M~:F~ ' " "  on the phlogopite- 

annite Iine as the starting point, a line with a dope of 45' would be defined as the lirnit of the two 

fields; as presented in the mica's polihedron. Otherwise, the use of such limits should be 

avoided. One argument in favor of using the biotite plane without any subdivision is the vector 

space itself, since any point in the set is the chernical distance from the reference, that is, the 

siderophyllite. 



1 - Phlogopite 

A \ 

./' / ' \ 1 Eastonitr = AL-Phlogopite . \ , 

A f h  D e a  a ai.( 1983) 

Figure 5-16. Mica polyhedron composition space. 1 )  the base of the solid is modiQed from Burt (199 1 ); 
and thc plane "a" was added in this smdy to include Mg-biotite; 2) the biotite plane is rotated toward the 
basal plane; compare the biotite plane with the one f r ~ m  Deer et. ai. (1983); 3) matiix A represents the three 
polyhedron exchange vectors; the rnamx A" represents the generalized inverse of A, which is used to find 
the mineral chernical distance from the system's ongin. 

In the Ouro Fino Mine, trioctahedral mica is an abundant minera1 in the protolith and mylonite 

groups, including their altered equivalents. However, in the phyllonite group, diocthedral mica is 

predorninant. Petrographic observations indicate that dioctahedrat micas grew after trioctahedra1 

micas, as a consequence of the phyllonitization process, see Chapter 3. Muscovite is not a stable 

phase in the protolith and in the mylonite minera1 assemblages, as determined by petrographic 

observations. Muscovites are thus the product of regional metarnorphic or shear zone-related 

minerals alteration. 



The trioctahedral-dioctahedral mica distribution inside of the mica polyhedron can now be 

evaluated. Figure 5-17 represents the ieft-laterel inside view of the mica polyhedron, that is, the 

MgFe-l-FeSiAl-z plane, see Figure 5-16 for reference. In this plane, the trioctahedral micas are 

best observed. Considering the M~:F~" ' "  limit proposed by Deer et. al. (1  983) and revised in this 

work, most of the triocrahedral micas cluster at the border of Bt-Ph1 fields, centered at (MgFe- 

(4.5:O.s) I : ~ e ~ i ~ l . z ) ' 3 " - " .  Few analyses plot toward (MgFe.i:FeSiAl.r) , which is the upper border of 

the Ph1 field. These analyses, as can be seen in Figure 5-18, plot outside the poiyhedron, because 

of two factors: a)  an excess of Fe, along with depletion of Al" related to the Al~Fe.3 exchange 

vector; and b) operation of the FeSiAl-2 vector toward the siderophyllite. This suggests small 

deviations toward the Chi composition space. 

The plane defined by MgFe-[ and FeSiAL2 vectors also includes the Ms-Phe-Ce1 line. which is 

projected over the siderophyllite-annite line. Combining this view with the one defined by 

FeSiAL? and A12Fe-3 vectors which comprise the base of the polyhedron, an important feanire to 

be noted is the path connecting trioctahedral and dioctahedral micas. Although there is a 

miscibility gap between the two micas, which is widely desci-ibed in the literature (Guidoni, 

1984). this pattern is explained by the alteration fiom biotites to muscovites. 

The transformation vector, or substitution, of this process is (1 -77; 0.63; -2.84); which means that 

the A12Fe-3, FeSiAI-2, and MgFe-, vectors were applied 1.77, 0-63, and -2.84 times, respectively, 

to transform biotites in to muscovites. This should be valid only for the transformation between 

the two minerals, and is not valid for the newly formed muscovites, see Chapter 7 for the 

alteration paths. 
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Another peculiar feature observed in the trioctahedral or dioctahedral planes of the polyedron is 

the distribution of dioctahedral micas. Most of the analyses plot near the ideal Ms composition, 

however there is a spread toward the Phe ideal composition. In this study, dioctahedral micas 

with up to 0.25 deviation toward the Phe composition are described as muscovites; from 0.25 up 

to 0.75 they are phengitic muscovites, and from 0.75 up to the ideal Phe composition they are 

phengites. In the case of the Ouro Fino Mine, most of the dioctahedral micas are muscovites and 

phengitic muscovites, in which the FeSiAl-2 exchange vector is only apphed 0.4 times. However 

it is also evident that in sorne extreme cases, not only the FeSiAL2 was applied, but also the 

MgFe-,, allowing substitutions up to 1.2 times in this vector. 

- 

Figure 5-1 7. Lefi-Iateral inside view of the mica polyedron. 
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'igure 5- 18. Base view of the mica polyhedron. 

9nother important substitution occurs in the interlayer site of dioctahedral micas. Figure 5-19 

presents the N e  substitution, which defines the Ms-Pg space. The near constant ratio of WNa 

is notable, only four samples fa11 off this ratio, representing srnall deviations toward Mrg space. 

Therefore, at the Ouro Fino Mine, dioctahedral micas are events in the Ms-Pg space. 

In this study, the dioctahedral micas with 0.1 tirnes deviation fiom the ideal muscovite toward the 

ideal Pg composition are described as Ms. Deviations between 0.1 and 0.5 lirnit the field of 

paragonitic Ms, and deviations higher than 0.5 define the Pg space. In this regard, most of the 

dioctahedral micas fa11 inside the Ms field; the paragonitic Ms field follows, and the maximum 

value for this substitutuion is about 0.16. 
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"gure 5-19. XMs-XPg plot. 

The NaKi exchange vector also operates within the trioctahedral micas, however in this case the 

exchange is less pronounced. These substitutions fa11 within two chsters: a) O to 5%; and b) 10 

to 15%. The second cluster is defined oniy by rocks from the altered mylonite group, which 

indicates that this substitution is related to, or amplifyed by, the alteration process. Associated 

with tbis substitution is KBa-i which can show substitutions of up to 2% in the interlayer site. 

Factor analysis of trioctahedral mica minerai chemistry, indicates the presence of five factors 

controlling the evolution of these rninerals. They explain 80.26% of the total variance; see 

Appendix VI. The first and the second factors are the most important to the mineral chemistry 

variability of this mica family; they both account for more than 50% of the total variabiiity. The 

others are less important factors. 



Factor 1. which explains 30.38% of the total variance. indicates an opposing relationship 

between the AIzFe-3-FeSiAl-z vectors and Na. This pattern may indicate substitution in the 

interlayer site because of charge imbalance in the tetrahedral-octahedral sites related to the 

application of the two vectors simultaneously. Factor 2. which explains 21.91% of the total 

variance. is only related to the MgFe., vector. It seems to indicate the substitution of Fe by Mg, 

driving the mica composition toward the Eastonite-Phlogopite Iimit. Factor 3, which explains 

11.50% of the total variance. suggests a rninor substitution of K for Ca in the interlayer site. 

coupled with depletion of Ti in the octahedral site. Factor 4, which explains 9.33% of the total 

variance. show opposing loads for Ba-CI-AI" and Si. This suggests that rninor variability is 

related to changes in the (OH)- site, and is possibly related to changes in the interlayer and 

tetrahedral sites. Factor 5. which explains only 7.14% of the total variance, is characterized by an 

opposing relationship between Mn-F and Cr. 

Factor analysis of dioctahedral mica mineral chemistry also indicates the presence of five factors 

controlling the evolution of these minerals. The factors explain 76.04% of the total data variance; 

see Appendix VI. Factors one. two and three account for more than 60% of the total variability; 

conversely factors four and five are Iess important to the mineral chemistry transformations of 

this mica family. 

Factor 1, which explains 33.63% of the total variance, presents opposing behavior between Al" 

and Mn, Fe, Mg, and F. This pattern indicates the active participation of the A12Fe-> and MgFe., 

vectors, linked with F substitution in the (OH)- site. This factor is probabiy connected to the 

trioctahedral-dioctahedral conversion. However, factor 2,  which explains 15.87% of the total 

variance, seems to be related to the substitution of K for Ba associated with exchange of Si by 

AI" in the tetrahedral site. Factor 3, which explains 11.49% of the total variance, is related to 



substitutions of K for Na in the interlayer. Factor 4, which explains 9.73% of the total variance. 

presents antagonism between Ti and Ca. Factor 5, which explains 5.32% of the total variance, 

only indicates high loading of Cr. 

5.3.1.3 Chlorite (Chl) 

Ch1 is a phyllosilicate with a chernical structure similar to trioctahedral micas, in which two 

tetrahedral-octahedral layers are bound together by a bmcite-like layer - [ (F~,M~)~A~(oH)~] ' ' .  

The general chemical formula for Ch1 is: (Fe.Mg)6(A12Si6020) (OH)4[(Fe.Mg)4A12(OH)I-]; (Klein 

&Hurlbut, 1993). 

At the Ouro Fino Mine, Ch1 is a ininor phase, and it usually grows epitaxicaly over trioctahedral 

micas; some examples of cross-cutting relation are also documented. Most of the Ch1 minera1 

chemistry can be explained by the FeSiAL2 and MgFe-, vectors, see Figure 5-20. Observe that in 

this figure the MgFe-, vector is multiplied by -1. Chlorites from protoliths and mylonites, which 

represent chlorites growing in an incipient alteration environment, fa11 entirely in the Ripidolite 

field; however chlorites belonging to the altered mylonite group tend to shift toward the 

Brunsvigite field. This changes are the result of the two vectors considered simultaneously, 

where Mg is exchanged by Fe, along with exchaage of Al" by Si in the tetrahedral site and Al" 

by Fe in the octahedral site. 



I Scatterplot (VEC-CHL.STA 35va5jc )  

Factor analysis of chlorite minera1 chemistry, indicates the presence of five factors controlling 

the evolution of these rninerals. They explain 82.33% of the total variance; see Appendix VI. 

Factors one, two and three account for more than 65% of the total variability; consequently 

factors four and five are less important to the minera1 chemistry transformations of chlorites. 

Factor 1, which explains 34.82% of the total variance, shows an opposing relationship between 

AI"'-~e and Si-Ti-K-F-Mn. Therefore, an increase in alteration (increase in Si, see chlorite vector 

plot) aiso promotes substitution by Ti, K, Mn and F. Factor 2, which explains 20.50% of the total 

variance, shows opposition between Fe and Mg; which marks the operation of the MgFe-, vector. 

Factor 3, which explains 11.85% of the total variance, presents the sympathetic behavior among 

Ti, Ca, and Cl, with possible substitutions in the octahedral, interlayer and (OH)- sites. Factor 4, 

which explains 8.6 1% of the total variance, indicates the oppositional relationship between Alvi- 
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Figure 5-20. Chlorite vector plot, based on Deer et. al. (1983). The additive member is the Fe-delessite. 
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Na and Cr-Mn. Factor 5, which explains 6.55% of the total variance, shows only a high loading 

of Ba. 

5.3.1 -4 Feldspar 

Feldspars can be expressed by their general formula: (K,Na,Ca,Ba)[AI, 1 .z,Sicz.,,Og]. They are 

subdivided into two series: a) alkali feldspars - Na and K; and b) plagioclase - Na and Ca. 

At the Ouro Fino Mine, Fe1 rninerals show variation in their composition depending on the host 

rock. see Table 5-3 and Figure 5-21. Plagioclase from Bt gneiss, the protolith, ranges from 29 to 

46% An; more speci ficai ly Andesine. Protoliths which have been subjected to hydrothermal 

alteration have plagioclase compositions within the same range; and when these rocks are 

influenced by Qtz veinlets, the Pl composition drifts toward higher An values. The alteration 

process attacked the original feldspars and stabilized K-feldspar (Xkf = 96%) along with Ms. 

Bt mylonite plagioclases average at 35% An. When these rocks have been hydrothermally altered 

the An values are rnuch higher, see Figure 5-21. This suggests that the alteration process 

involved the leaching of Na from the plagioclases, on a much greater scaIe than Ca, and possibly 

allowing some transferences of Na to newly formed plagioclase (albite-oligoclase) and 

phyllossilicates. Likewise, the hydrothermal equivalents of mylonites indicate that K-feldspars ( 

Xkf= 97%) are the product of Pl alteration. Phyllonites have only alkali feldspars, Xab= 94%; 

while Ky veins from phyllonites display two feldspars. 

Factor analysis of the Fe1 minera] chemistry extracted 3 factors that explain 85.74% of the total 

variability. Factor 1, representing 44. I3%, shows an opposing relationship between Na and K- 

Ba, suggesting important substitutions in the Ab-Kfs series. Factor 2, representing 29.89%, 



shows the antagonism between Ca and K-Ba; and factor 3, representing 11  -72%. shows Al" and 

Si-Ba in opposition. 

Table 5-3. Average Fel compositions for each rock group (nd = not dctcmined). 

Rock Group Albite (Ab) Anorthite (An) K-feldspar (Kfs) 

-- --- -------A- - -- 
Protolith - Bt Gneiss 64 36 96 

Mylonite - Bt Mylonite 65 35 nd 

Ms Phyllonite 96 4 nd 

ProtoIith Altered 62 38 nd 

Mylonite AItered 30 70 97 

Protolith with veinlets 4 1 59 nd 

Mylonite with veinlets 60 40 nd 

Phylionite with veinlets 94 nd 6 

Kyanite Vein 35 65 88 
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5.3.2 Other Transparent Minerals 

St is nomally found in Bt gneiss, the protolith, and its Fe/(Fe+Mg) content varies from 76% up 

to 82%. Ky shows very little deviation from its ideal composition. 

0 2 Bt Mylonire 
0 3 Ms Phyllonite 
A 4 Grt-Bt gneiss-altered 

5 Bt  Mylonite-altered 
i 6 Grt-Bt gneiss-veinlers 
+ 7 Bt Mylonite-veiniets 
A 8 Ms Phyilonite-veinlets 

Tur is usually present as optically zoned crystals with pale cores and dark rims. The average 

composition is XDrv= 77%- and ranges from 64% up to 88%. Although, zoning was also noted 

during microprobe analyses, some Tourmalines are uniform. Cores rich in XDrv (66%, 67%- 

77%) are sIightly richer towards the rim (78%- 72%, 75%); normal1y Ca is also toward the rim, 

along with Na depletion. Some tourmalines showed inverse zoning. No pattern was evident for 

the tourmalines with respect to gold enrichments. However, factor anaiysis has extracted four 

factors, which explain 76.72% of the total variance, in which the first factor (3 1.49%) represents 



the exchange of MgFe-,, which is mainIy responsible for zoning in these minerais. The second 

factor (22.80%) represents the substitution of Na by Ca which is coupled with Al'" over Si. The 

third factor (15.90%) is related to the exchange of Alv' by Mg and Na; and the last factor (6.53%) 

shows high loadings correlating to Mn and CI. 

Ap is a comrnon trace mineral in the Ouro Fino Mine rocks. The hi& content of F is notable in 

some of these minerals, varying from 2.6 up to 4.26 wt.% (fluor-apatite). Conversely, some 

apatites show high Cl values, 2.82 wt. ?4( chioroapatite). Some crystals are zoned, with colorIess 

cores poor in fluorine, varying to darker rims with higher F content. 

Ttn mineral chemistry is dose to its ideal chernical formula. However, higher aluminurn content 

indicates substitution of titanium. Another slight deviation is promoted by Na and K which 

substitute for Ca; fluorine also is present in the hydroxyl site, with values varying from 0.32 up 

to 0.45. 

Carbonate is a product of hydrotherma1 alteration; its main habitat is within phyllosilicate 

cleavages and fractures, and as veins. Two contrasting compositions were documented: a) XSd= 

99.54%; and b) XDol= 98.88%. 

5.3.3 Opaque Minerals 

Sulfides and go1d are the opaque minerals that have a particular link to the mineralization process 

at the Ouro Fino Mine. Bt gneiss, the protolith, shows no important record of the alteration 

process, and is sulfide free. Small amounts of Rt and Ilm are present in the protolith; they were 

also identified in the Bt mylonite and Ms Phyllonite rock groups. These oxides are associated 



with the transfomation of Bt mylonites to Ms phyllonites, in which the Bt is transformed to MS 

(see Chapter 3). 

The general formula for sulfides is XJ,,, in which X and Y represent the metallic and the 

nonmmetallic elements, respectively (Klein and Hurlbut. 1993). Po, Py, Sp, Ccp and Apy are the 

main sulfide phases found in rock groups of this study. 

Po is represented by the general formula Fe,,-,,S, where x assumes values between O and 0.2; this 

iron deficency, or omission solid solution, promotes the magnetism (Klein and Hurlbut, 1993). 

There are two crystallographic varieties of Po. monoclinic and hexagonal. The stability field of 

the monoclinic variet-y is below 254'~ .  However, hexagonal Po can also exist below this 

temperature, but in a narrow composional window. This window is defined by the Iimiting 47.2 

atm% Fe border, in which higher values determine the hexagonal variety (Craig a d  Scott, 1982). 

At Ouro Fino Mine. the average Po mineral chemistry obtained from mylonites and phyllonites is 

Feo.8702Nio.oozzCoo.ooijS, with X= 0.I2984, see Figure 5-22. The atomic proportion percentage of 

Fe varies fkom 44.45 up to 49.56, indicating that some of the analyses fa11 within the hexagonal 

field. Pyrrhotites fkom the clastic dike have a similar composition: Fe0.8736 Ni0.0016 C00.008 S, with 

x=O. 12638. Cu and As were anaIysed, returned values near the detection level. 

Factor analysis on Po extracted three factors, which explain 70.65% of the whole vanability. 

Factor 1, explains 29.66%. and it indicates high loadings of Fe and opposite loadings for S and 

Co; which suggest that Co substitutes Fe. Factor 2, explains 22.01%, and it indicates high 

loading for Ni; while factor 3, explaining l8.99%, presents corresponding loadings of As and Ni, 

and opposition with Co. These patterns suggest that As substitution correlates with Ni. 



Pyrrhor i te  Fe-S Plot  ( f i l e :  po-sta.sra) 

Figure 5-22. Pyrrhotire Fe-S plot. The Fe atm proportion, norrnalizcd to one S. varies from 0.8035 up to 
0.9862. Analysis tiom the clastic dike plots near the average pyrrhotite composition 
-- -p - - -  - 

Analyses of Py from mylonites and phyllonites, show an average chernical composition of 

Feo.9~~Nio.0349C~~.oIS~C~0.~~10A~~.~55hS2; in which Ni. As, Co, and Cu average at 0.178wt0/o, 

0.026wt%, 0.043w-t%. and 0.189wt%, respectively; the Ni content varies from zero up to 

0.86wt%. In the case of the clastic dike, the Py average chernical formula is 

F ~ O . ~ ~ ~ ~ N ~ ~ . ~ ~ ~ C O O . W ~ ~ C U O . W ~ ~ A S O . O O J ~ S ~ ;  here the content of Ni, As, Co, and Cu average at 

1.277wt%, 0.247wt%, 0.177wt%, and 0.322wt%, respectively. This indicates that the chernical 

composition shows a relevant substitution of Fe by Ni, As,Co, and Cu in the clastic dike pyrites; 

meaning that the percolating fluid, at that time, was constrained by the activity of these elements. 

Consequently, Py mineral chemistry has evolved toward Ni, As, Co, and Cu rich phases. 



There is a slight deviation from the ideal Py composition (Figure 5-23), in which Fe is 

substituted by Ni, Co, and Cu: however. minor substitution of S is promoted by As. This pattern 

is also depicted by the factor analysis results. In this case, only two factors were extracted, 

expiaining 83.92% of the total variability. Factor I .  equivaient to 67.24% of the total variabitity, 

highlights the opposition between Fe-S and Ni-Co-As: and factor 2, representing 16.68% of the 

totat variance. indicates high loadings for Cu. 

Il 
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Figure 5-23. Pyrite Fe-S plot. The majority of pyrite analyses faIl near the coordinate (0.8,1.6), indicatin! 
minor substitution o f  Fe and S; which, in this case, is perfonned by Ni.Co. Cu and As. 

Apy shows a rernarkable chemical zonation, which is the most striking feantre of the sulfide 

family. Its average chemical formula is represented by Feo.9dJi0.0 IORC~O.OI&~O.OOI A s  I .0578S0.9422, 

in which the As:S ratio varies fiom 1 : 1 up to 1.16:0.832, which is within the compositional range 

of Apy (Klemm, 1965 in: Kreischamar and Scott, 1976). Only one analysis plots in the loellingite 

fieId. 



Trace eIement contents are expected to affect the equilibrium of Apy (Kretschamar and Scott. 

1976). The combined minor element contents of Apy (Ni, Co. and Sb - wt%) have a correlation 

of 0.33 with As (wt%) contents. which should cause slight modification of the As:S proportion 

(Figure 5-23), In addition. 34.56 at% As is the average of Apy with less than 1 at% of trace 

elernents: the minimum is 33.17 at% and the maximun is 35.67 at%. However. if only the Apy 

with less than 0.3 at% of trace elernents are selected. the average falls to 33.66 at%. Hence. the 

contents of trace elements observed in this mineral should have implications for the Apy 

equilibrium. This information is crucial for temperature considerations discussed in Chapter 6. 

Another special feature of Apy minera1 chemistry is the different Ni-Co substitution pattern 

within rock groups. The Ni content range is similar among rock groups, however Co contents 

Vary. The Ms phyllonite group shows a flat horizontal regression line: while the Bt mylonite 

group shows. along with higher Co values, a regression Iine with a small angular coefficient. 

Still. the Bt mylonite with veinlets goup  shows, along with the highest Co values, a higher 

angular coefficient regression line, see Figure 5-25. Comparing Figure 5-24 and Figure 5-25. it is 

evident that Co is not only promoting substitutions among trace elements. but is also ampliQing 

their effect on the essential elements. Hence Ni plus Co influence, in different directions, the 

precipitation aspects of Apy. 

Factor analysis of Apy returned three factors, which explain 89.18% of the total variability. 

Factor 1, explaining 53.12% of the variance, discriminates As-Ni against Fe-S. Factor 2, 

explaining 19.07% of the variance, discriminates Co-Ni from Fe-S; and factor 3, explaining 

16.99% of the variance. shows high loadings for Sb alone. These patterns reinforce the argument 

that there is a correlation between trace and essential elements; in which Ni and Co lead different 

precipitation sub-systems. 
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Figure 5-24. Apy As-trace element plot. Thcre is a slight positive correlation which should have somc 
impact in the As:S proponion.The field delimitation of the rhree rock groups is noticcable, 



- 
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Arsenopyrice Co-SI Plot ( f i le:  apy-sta.sta) 

5-25. Apy Co-Ni plot. Rock groups are discriminated by the Co:Ni proportion. Note the positive 
correlation between Co and Ni in the Bt mylonite with veinlets group; however. in the other two groups the 
correlation is very weak. or has no correlation at all, as  is the case for Ms phyllonite. 

Sp is found in association with Po and Py. The general chemical formula for Sp is 

Zno.9rocFeo.i377S. Ccp analyses indicate an average with the fotlowing chemical formula: 

C ~ ~ . ~ ~ ~ ~ F ~ ~ . ~ ~ ~ R N ~ ~ . ~ O O ~ C O O ~ O O I  7Ag0.0009S~. 

Very few gold analysis were obtained during this study, and the main reason resides in the gold 

particle size, which is near or smaller than the probe beam, imposing limitations during 

acquisition of the analyses. Hence, these analyses should be taken as references, since they were 

obtained near the limit of the method. However, results show that gold particles contain, on 

average, 67.48% Au and 28.87?/0 Ag; minor quantities of Hg, and Te are also present. 

Considering gotd-silver alIoy nomenclature, the average gold chemical composition falls within 



the electrum field (more than 20% of Ag). The goId fineness is 674 parts per thousand, and the 

average minerai formula for gold analyses is H~o.ooI~T~o.ooIoA~~.~~~~Auo.~~o~. 



6. Metamorphism 

6.1 Introduction 

The Ouro Fino Mine is sittinz inside a shear zone system where metamorphic country rocks were 

transformed and later subjected to hydrothermal alteration. Hence, three main transformation 

phases have recorded features particular to the RMMS at the mine site. Each of these phases had 

a peculiar relationship with its system boundary. Initially, during orogenic metamorphism, the 

country rock evoived within cIosed systern conditions; which was followed by a selectively 

closed system at the time of the shear zone metamorphism; and finally. the system evoIved to an 

open relationship with its enviroment (see Chapter 7). The distinction between the intrinsic 

features of each phase are bordered by a large transition zone that makes it somewhat difficult to 

evaluate how much one rock specimen is representative of a specific phase. 

It is then crucial to distinguish these transformation processes that have occurred at the mine site 

and its surroundings. Metamorphisrn is characterized by changes in the mineralogy, structure and 

bulk chernicaI composition realized over a rock assemblage in a solid state, where the fluid:rock 

ratio is low. Changes in bulk chernical rock composition represents allochemical metamorphisrn, 

where some exchange, by means of mass transfer, occurs within the system surroundings, and is 

known as metasomatism. Conversely, isochemical metamorphism represents a ciosed system 

(Yardley, 1989; Bucher & Frey, 1994; Spear, 1 993). 

Shear zones are particuiar enviroments where exchange with the surroundings is facilitated by 

the high perrneability and varying dynamics inherent to these structures, and these features alIow 



the periodic introduction and removal of fluids, changing cyclically the fluid:rock ratio at these 

sites. Hence. isochemical and allochemical metamorphic iterations are highIy expected to occur. 

The high fluidxock ratio end-member. where water is the major fluid phase, is known as  

hydrothermal metamorphism (Bucher & Frey, L 994). 

This chapter presents the paragenetic sequence which represents the interaction of country rocks 

with shear zone metamorphism and hydrothermal metamorphism at the Ouro Fino Mine. Mineral 

assemblages. and the reactions among them. are evaluated usinç concepts of reaction and 

composition space as presented by Thornpson ( 1982). An algebraic approach is required to find a 

set of  linearly independent reactions that can be wntten among the mineral phases'0. SVD. or 

singular value decomposition (Golub and Van Loan, 1983) is used to accomplish this task 

because of its robustness when dealing with natural data (Fisher, 1989 and 1990); in addition, it 

is a straightfonvard technique and can be calculated using almost any commercial mathematical 

software (see Appendix V for an explanation of SVD method). 

Thompson's approach extracts the IinearIy independent stoichiometric equations among the 

phase components, representin; the n independent ways in which matter may be redistributed 

among the phases in a system. He also indicates that the composition matrix's null space3 is 

equivalent to the reaction space. Hence, the null space provides an orthonormal basis to evaluate 

al1 possible reactions in a given cornpositon space (Fisher, 1989). These linearly independent 

reactions play an important role in the analysis of phase equilibria of metamorphic rocks, such 

20 The minera1 composition used in these calculations, including phase component concentrations. are 

included in the Appendix II.  

" The set of Nul A, of an rn x n mairix, of al! solutions to the homogeneous equation Ax = O (Lay, 1994). 



as: a) any reaction that has actually taken place in the rock must be a linear combination of those 

reactions; b) definition of the equilibriurn constraints in the assemblage; and c )  evaluation of  the 

pressure and temperature behavior of the reactions (Spear, 1993). 

The reaction space approach is followed by thermobarometric studies where several procedures 

are used to outline possible pressure and temperature operating conditions during the formation 

of these assembla~es. Possible paths are presented. followed by the RMMS during the orogenic 

and shear zone metarnorphism. in the P-T space. This study is based on differential 

geothermobarometry (Spear and Selverstone, 1983; and Selverstone. 1985) and the calcuiations 

were performed using the program Gibbs'90 (Spear. 1990). 

6.2 Regiorzal Metamorphism 

The country rocks paragenetic sequence indicates the presence of at least two metamorphic 

assemblages, that were later overprinted by the shear zone metamorphisrn and hydrothermal 

rnetamorphism. The mineral assemblage composed of Ky, Bt, Qt, Grt, and Pl is the matrix, where 

poikiloblasts of St were added to the assemblage later in the process. The first assemblage is 

responsible for the gneissic-schistose fabric; however the St still has features of growth under 

deformation, since the foliation envelops and flattens the St c y t a l s .  During this late period, the 

St crystals have been revolved and truncated by the final stage of  deformation, which was still 

able to produce minor open folds adjacent to the porphyroblasts (Figure 3-7). 

Another important feature related to the country rock is related to the Ms. Ms has a distinct 

presence in the Ouro Fino Mine paragenetic sequence. The modal concentration of this mineral 

in the Br gneiss and Bt mylonite is at trace levels; conversely, in the Ms phyllonite, it is a major 

mineral phase. The difficulty arises when characterizing the Bt gneiss mineral equilibria. As 



mentioned in Chapter 5. this rock group has chemicai composition close to a peiite. Hence, the 

resuitant minera1 assemblages should contain a considerable arnount of Ms, provided the P and T 

of equilibrium has not achieved the Ms discontinuous reaction: Ms-tQtz = Kfs+Als+HiO 

(Yardley, 1989). If the reaction indeed happened, then a new phase of Kfs should be present 

along with Als. which is not the case for the Ouro Fino Mine. However. since Ms is normally a 

reactant phase throughout the greenschist-amphibolite facies, it may have been entirely 

consumed. These circumstances are particularly enhanced in Fe-Mg rich pelites. similar to the 

RMMS rocks (Yardtey et. ai., 1980). Therefore. considering the possibility of an early 

consumption of Ms, the existing trace amounts of Ms in the Bt gneiss should be related to the 

hydration of Ky and St, and this indicates a retrogressive phase. 

To evaluate the paragenetic sequence for the country rock, sample 73-1 1400 was selected, as it is 

the least aftered rock of the protolith group. A compositional matrix reflecting the rnineral phase 

composition was elaborated using microprobe data to extract the linearly independent reactions 

that describe the system variabilities. The compositional matrix includes the poikiloblastic St and 

its minera1 inclusions (Grt, Bt. Pl. Ky), along with the Ms from the mantled Ky, plus Qtz and 

water". Exchange cornponents are also part of the compositionai matrix, and these include: 

NaKi ;  AIzFe-3; FeSiAL*; PvlgFe-l; MnFe_l; CaFe-,; NaSiCa-lA1-I. This case delineates a 15 by 10 

matrix. The system cornponents are: Si; Al; Mg; Fe; Mn; K; Na; Ca; H; and 0. It is also 

important to indicate that al1 Grt analyses used in the reaction space analysis are frorn the rim, 

which should represent the equilibrium composition with the matrix. 

" The rnineral compositions are expressed in cations and the water represents the estimated stoichiometric 

content of each mineral. The reason why water is included in the composition matrix is to help identify the 

hydration part of the reactions, a d  also allow for the independent behavior for water. 



However, it is essential to indicate. in advance, some of the P-T path results (see section 6.5.4) to 

help the flow of the present analysis. P-T path systematics performed on the Grt-Bt-AIS-Qtz-PI 

assemblages observed within the poikiIoblastic St crystal (Figure 3-7) indicates a retrograde 

decompression. This suggests St growth afier the peak of metamorphism. Therefore, reactions 

describing this period of  time require consumption of water to form St. In addition. textures in 

sample 73-1 1400 indicate that Ky is being transformed to Ms (Figure 3-8). 

To satisw the textural evidence. a reaction that not onIy describes the St conditions but also 

indicates the reaction Ky-Ms must be identified. The resultant equations are docurnented in 

Table 6-1. and they represent the linearIy independent stoichiometric set of  equations among the 

phases present in the system. Therefore, these equations h l l y  describe the reaction space, and 

any mass transference that has happened had to be a sub-space of the reaction space (Thompson, 

1982b). After a simple examination of this table'). equation 3 most likely to represents the 

conditions reflected by the paragenetic sequence evident for sample 73- 1 1400. This equation is 

the only to register opposing St-Ms and Ky-water behavior simultaneously; and also, it produces 

a srnall amount of  Ms, which is compatible to the amount of modal Ms in the sample. It is 

important to indicate that this reaction requires a small addition of water into the system. 

" Note that the plus or minus signs only indicates the grouping of the equation. The way in which the 

reaction goes is arbitrary. 



Table 6- 1. Linearly independent reactions for sample 73- 1 1400. 

1 2 3 4 5 
Grt-11400 -15.55 -9.18 -18.38 6.97 2.75 
Bt-11400 -0.34 -13.44 2.81 -0.39 -4.04 
Pl-1 1400 1.47 1.93 1.38 -18.55 4.44 
Ky-1 1400 20.21 -45.91 26.98 10.79 -7.35 
St-11400 0.78 23.31 -4.75 -1 -29 9.51 
Ms-11400 -1.01 10.78 -2.77 11.76 -19.22 
QZ -42.47 19.91 39.78 10.39 1.75 
HZ0 1.92 -17.99 4.66 -21.45 37.01 
nak-1 -2-32 -4.59 0.10 19.41 -40.39 
a12fe-3 -1 6.40 -1 -87 -40.87 0.70 0.13 
fesial-2 42.30 22.28 -9.86 14.62 -0.63 
mgfe-1 22.59 28.59 22.86 -10.39 3.64 
mnfe-1 7.56 2.77 9.36 -3.31 -2.07 
cafe-1 2.81 -0.20 2.00 50.26 23.65 
nasica-1 al-1 -1.22 -0.76 -3.34 25.46 31 .O3 

Another interesting approach is to produce one composition matrix in which two rocks are 

compared. The purpose is to evaluate reactions that represent incompatibilities between the two 

assemblages, which should indicate that they intersect in the reaction space and they could not 

have formed under the same external conditions. The incompatible reaction should discriminate 

the assemblages on different sides of the equation, denoting the actual reaction between the 

assemblages (Fisher, 1989). To proceed with this study, another sample was selected to create 

the cornpositional matrix, along with the 73-1 1400. The selected sample, 99-14005 which is also 

a Bt gneiss, was tested on the thermobarometry systematics and resulted in a rather pecdiar path, 

and that is the reason why this sample was selected. 

Table 6-2 presents the equations for the model assembIages for both samples. The equations 

display the two assemblages on both sides of the equal sign, indicating that the assemblages are 

compatible; therefore they could have equilibrated under the same extemal conditions. Although 



the mode1 assemblages are representative of rocks from the same group. sample 99-14005 has 

retumed P and T equilibrium contnstingly different from the one returned by sample 73-1 1400 

(see section 6.5). The distance between these samples. within the P-T space, establishes another 

point to be understood in the Bt gneiss evolutionary path. Grt from sample 73-1 1400 is 

stmcturally similar from core to rim. however Grt from 99-14005 presents cores and rims with 

distinct configurations. in which the rims indicate later period of growth in lower P-T conditions 

(see Figure 3-5). Therefore, the apparent disparity between the two sets of P-T should be 

considered as the result of a Iater period of Grt growth, in which phase sample 73-1 1400 

remained protected from changes. 

The above observations bring to the discussion several important features. First, the two samples 

have last equilibrated in totaliy different sites of the P-T space; second, sample 73-1 1400 has 

equilibrated near the peak of the orogenic metamorphism, while sample 99- 14005 achieved its 

final equilibrium during a later event in a much shallower position inta the cmst. This argument 

leads to the search for reactions that explain a Iater decompressive retrogression. In this case 

reactions favoring hydration, along with enrichment of Fe and depletion of Ca in Grt. In addition, 

reactions with low consumption or production of Ms are also prefered. 

Considering the above, reaction 1 is more likely to explain the transition from high P-T to low P- 

T conditions. In this reaction, the exchange components MgFe-,, MnFe-I, and CaFe., oppose 

water, and the stable Grt in the hydrated side of the equation is from sample 99-14005. 

7 is an alternative to link the two assemblages, in this case consumption of Ky is fol 

production of St. This pattern is evident in some Grt gneisses in the area. 

React ion 

.lowed by 



Table 6-2. Linearly independent reacrions for 73- 1 1400 and 99- 14005 mineral assemblages. 

6.3 Shear zone-related metamorplrism 

Two mineral assemblages are representative of the Bt mylonite: a) Grt-Pl-Bt-Qtz; and b) new Grt 

overgrowth with possibIe local equilibrium with Pl-Bt-Qtz. Similar to the Bt gneiss, the Bt 

mylonite had a later addition of an overprinting mineral assembIage produced possibly by 

hydrothermal metamorphism. One important fact that links Bt gneiss and Bt mylonite is that Grt 

frorn both groups has an overgrowth period late in the processes (compare Figure 3-5 and Figure 

3-15)- Sarnple 99-6480, which is the least altered Bt mylonite, was selected for algebraic 

anaIysis. A compositional matrix including 73-1 1400 and 99-6480 should constrain the reactions 

between Bt gneiss and Bt mylonite. 



The linearly independent set of reactions among Bt gneiss and Bt mylonite are presented in Table 

6-3. The existence of St and Ky in the Bt gneiss, along with the textural evidence of the 

consumption of these minerais when entering the Bt myionite domain should help to evaluate the 

set of possible reactions that have occured during the shear zone phase. Another important 

feature depicted from thermobarometry (see section 6.5), is that there was an important 

retrogressive decompression connecting the higher P-T Bt gneiss and the lower P-T Bt mylonite. 

Hence. along with the consumption of St and Ky, the XAlm and XGrs of Grt should also be 

indicative of this path. In this case. the ,Ulm should increase aIong with the decrease of XGrs. 

Considering the above, reaction 6 seems to satisQ most of the selected requirements. In this 

reaction Ky and St are consumed along with a srnaIl introduction of water. The newly fotmed Grt 

has higher XSps and XAlm and Iower XGrs contents, which is demonstrated by the foIlowing 

characteristics: a) Grt-6480 is on the sarne side of the equation as the XGrs (CaFe-r) and the 

XPrp (MgFe.l) operators; and b) the XSps operator is on the other side of the equal sign. Hence, 

to stabilize the Grt-6480. the CaFe-, and MgFe., exchange components had to perform an 

opposite transference. Conversely, the MnFe-[ operator had to produce a direct transference since 

it is on the other side of the equality sign. 



Tablc 6-3. Linearly indepcndent rcactions for 73-1 1400 and 99-6480 mineral assembfages. 

To evaluate the effects of hydrotherrnal metamorphism on the Bt mylonite minera! assemblages 

(characterized here by the sample 99-6480). sampie 99-24600 was selected, which represents an 

altered Bt mylonite. The resulting set of linearly independent reactions is presented in Table 6-4. 

Reaction 4 presents a very important characteristic of this compositional matrix, it discriminates 

the two assemblages. Hence, this reaction represents an intersection in the compositional space. 

indicating that tbey could not have equilibrated under the same external conditions, deterrnining 

an incompatibility. This is in agreement with textural evidence presented in Chapter 3. 

Consequently, reaction 4 is the actual reaction comecting the two assemblages, and once again, 

it represents a hydration process. 



Table 6-4. Linearly independent set of reactions representing the 
hydrothermal alteration of Br rnylonite. 

1 2 3 4 5 6 
Grt-6480 -9.95 5.55 -3.00 3.40 2.70 4.91 

A compositional matrix including Bt mylonite and Ms Phyllonite (sample 73-8720) was 

produced. The set of Iinearly independent reactions is presented on Table 6-5. As expected, 

considering textural evidence presented in Chapter 3, the mineral assemblages intersect in the 

composition space, and reaction 2 characterizes this incompatibility. This is a hydration reaction 

in which a considerably amount of Qtz is produced, along with MS and sodic Pl. 

It is also notable that the alteration of the Bt rnylonite required more water than the 

transformations from Bt gneiss to Bt rnylonite. The sarne is me for the Bt mylonite Ms- 

phyllonite path. 



Table 6-5. Lincarly independent set of reactions bctwecn 
Bt mylonite and M s  phyllonitc, 

GC6480 
Bt-6480 
PI6480 
Ms-8720 
PI8720 
Qz 
HZ0 
nak-1 
a12fe-3 
fesial-2 
mgfe-1 
mnfe-1 
cafe- 1 

nasica-1 al- 1 

6.4 Minerai Assemblage Synoptical Evolutiort 

The RMMS near the Ouro Fino Mine is particularly represented by a Et gneiss which is 

characterized by two minera1 assemblages. At the peak of metamorphism, the Bt gneiss 

registered an assemblage composed of Grt-Pl-Bt-Ky-Qtz, which is also the assemblage that 

de fines the main gneissic fabric. S hortly after peak metamorphism, St was srabilized, suggesting 

a period of water introduction during a retrogressive decompression (sec sections 6.2 and 6.5.4). 

Interestingly, some of the Bt gneiss gamets have overgrowths and this stage is possibly related to 

the shear zone metamorphism or hydrothermal metamorphism. 

The next phase is characterized by shear zone metamorphism, in which Grt-Bt-Pl-Qtz is the main 

minera1 assemblage. Hence, during this phase St and Ky wcre consurned. Some Bt mylonites 



contain ghost St almost totally transforrned to Ms and Bt. Ms is not an important minera1 phase, 

and it is the product of St breakdown. Po is associated with the mylonitization process. 

Hydrothermal metamorphism was responsible for the alteration of Bt gneiss and Bt mylonite. and 

its focusing zone is represented by the Ms phyllonite group. The alteration pattern is closely 

related to the intensity of fl uid flow. High fluid fiow zones are characterized by Ms-Qtz-(Pl) and 

Qtz veiniets; however zones with low fluid flow are characterized by an overprinting assemblage 

of Ms-Chl-Grt- As is observed in  the mine open pit. the low fluid flow zones envelop the high 

fluid flow zones. Py-Ccp-Apy-Lo-Sph, coexisting with Po originaiy forrned during the 

my lonitization process. is related to the hydrothemal metamorphism. 

Qtz veins and Qtz-Fe1 veins were emphced during the hydrothemal metamorphism phase. and 

there is evidence that these veins have caused contact meramorphism-metasomatism over the Bt 

rnylonite fabric. Figure 6- 1 presents the schematic paragenetic sequence which encloses the tirne 

spectrum between peak metamorphism up to hydrothemal metamorphism. 
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Figure 6-1. Schematic paragenetic sequence for RMMS and 
Ouro Fino Mine. The orogenic metamorphisrn ( 1 )  is followed 
by the shear zone related metamorphism (2), and 
hydrothermal metamorphism (3). Note chat the broken lines 

, represent possible stabiIity of the minerai phase. 

6.5 Thermobarometry 

Thermobarometry is based on the assumption that the equilibrium constant (&,) is proportional 

to the temperature and pressure of equilibration of a aven  minera1 assemblage. In addition, the 

Keq is deterrnined by measuring the composition of coexisting minerals. Each K, generates one 

line within the P-T space, and different equilibria generate lines with different slopes. Hence, 

crossing lines define a domain in the P-T space, which represents the equilibrium conditions of 

the coexisting minerals (Spear, 1989a). Two sets of these techniques are currently in use; the 

most widespread is point geothermobarometry, or mineral-pair, which is based on the finite 



equilibrium among rninerals or assemblages; and the other is the P-Tpath which deals with the 

differential shifiing of minera1 assemblages within the P-T space. Furthemore, the P-T path 

method is subdivided into inclusion geotherrnobarornetry and d~xerential geothermobarornety 

(Spear 1989b). Inclusion geotherrnobarometry relies on the study of poikiloblastic minerals, and 

it deterrnines the various equilibrium reactions according to the equilibrium composition between 

the host and its inclusions. Differential geotherrnobarornetry is based on initial conditions, or the 

P and T of peak metamorphism, and the path is depicted using differential thermodynamics 

applied to the concentration profiles of zoned minerats (Spear & SeIverstone, 1983). 

Geothermometers and geobarometers are those equilibria with little dependency on pressure or 

on temperature. Therefore. geotherrnorneters plot sub-vertical lines within the P-T space; 

conversely geobarometers plot sub-horizontal Iines. To define a unique region within the 

petrogenetic grid requires the use of both. 

The basic requirement for applying geotherrnobarometry is the acquired equili brium of the 

mineral assemblage. Since equilibrium can not be proven, we have to test the consistency of the 

mineral assembIage. These tests are camed out by observing zoned minerals and deciding which 

portion of the mineral is posshly in equilibrium with the assemblage. This is followed by the 

evaluation of the linearly independent set of reactions that are compatible along with the 

convergence of P-T results, considering severaI methods. Finally, the results should be 

geological ly reasonable (Spear, 1 989a). 

Another way to determine the P-T equilibrium of a given mineral assemblage is using inrernaiiy 

consistent thermobarometers such as those of Berrnan (1991) or Holland & Powell (1990). This 

approach assumes that if a mineral assemblage has equilibrated at the same P-T, the calculated 



phase diagrams should have al1 equilibria intersecting at a unique point, and the degee of scatter 

near the intersections should indicate the validity of the original assumption (Berman, 1992). 

Nevertheless, during the iast three years, another approach has been under consideration. 

webinveq2" (Gordon. 1997: and Gordon et. al., 1994), which is available through the interr~et'~. 

determines the unknown equilibrium P. T, and cherniclil potential of n species using the 

measurements of their thermochemical constants and phase compositions. The thermodynarnic 

database is from Berman (1992)- In this case the algorithm perfoms an ordinary least-square. 

solving for P and T, on a set of linear equations that describe the fiee-energy balances among the 

end-members. This method is a derivation of the internalijl consistent tkrmobarometer-. 

The major drawback of the mineral-pair approach. which is also its best characteristic. is that it is 

based on equilibrium between selected mineral phases of the mineral assemblage. Hence, it is 

consistent with local equilibrium snidies, and it also takes to account the closure effect. 

However. the internally consistent thennobarometers are based on intemal consistency, hence, 

they are not reliable for local equilibrium studies. In addition, they do not account for the closure 

effect. It is clear that each one serves a lirnited purpose. HoIland & Powell (1990) suggest that al1 

thermobarornetric calibrations suitable for the study under consideration should be used to 

evaluate the consistency of the results. 

za Intemet address: http://www.geo.ucalgary.ca~-tmg/inveq0.htm1. 

" Worldwide cornputer network that allows remote access and exchange o f  information. 



The Ouro Fino Mine rock groups allow the use of a restricted number of geothermobarometers'". 

A iist of possibilities includes: a )  Grt-Bt thennometer (Ferry & Spear, 1978); b) Grt-Bt 

therrnometer (Chatterjee. 199 1 ): c) Grt-Ch1 therrnometer (GrambIing 1 990); d) Grt-Ms 

therrnometer (Hynes & Forest. 1988); e) Ms-Bt thermometer (Hoisch. 1989); f) Tur-Bt 

thermometer (Colopietro & Friberg, 1987); g) GASP barometer (Hodges & Spear. 1982); h) Grt- 

Pl-Bt-Qtz barometer (Hoisch. 1990)". 

6.5.1 P-T determinations on the Country rocks 

The Grt-Bt and GASP methods returned two sets of temperatures and pressure for the Bt gneiss: 

a )  7 7 6 ' ~  (-0". 6 counts) and 9547 bars (+ 719. 6 counts); and b) 4 8 9 ' ~  (k40. 18 counts) and 

4987 bars (i842, 9 counts). The highest temperature and pressure was obtained from sample 73- 

11400, which is the least altered Bt mylonite. In this sample the Grt shows no structural 

distinction between core and nrn, however the other tested sarnples show a later Grt addition 

which has overgrown the rock matrix. Therefme, the much lower temperature-pressure reflects 

the iate equilibration of the Bt gneiss. This late reequilibration of Bt gneiss is possibly linked to 

the mylonitization process. To confirm the results for sample 73-1 1400, the same set of points 

were calculated using Webinveq (Gordon, 1992). from Prof. Gordon's webpageZ9 facilities, and 

the result is consisterit with the one obtained by the Grt-Bt-GASP thennobarorneter, in this case 

the temperature and pressure was 7 8 9 ' ~  at 9122 bars. 

" The listed geothermometers were optimizcd in an excel spreadsheet (see Appendix V); the gamet-biotite 

thermometer algorithm is from Rameshwar ( 1995) and the GASP is from Boyle ( 199 1 ). 

" this method is used direcrly fiom the program rhennobarornefry available in Spear (1990). 

IR It is refered to + one standard deviation. 

" It is an internet location for public access. where related information is organized to provide easy access 

and data retrieval. It is normally maintained and constantly updated by a specific author. 



6.5.2 P-T determinations on the Shear Zone rocks 

The Grt-Bt method retumed one consistent set of temperatures for the Bt mylonite, which is 

5 1 8 ' ~  (+38. on 25 points). The Grt-PI-Bt-Qtz barometer (Hoisch, 1990). combined with Grt-Bt 

thennometer. have retumed 5 3 3 ' ~  at 5300 bars (99-6480). This temperature and pressure set 

most likeIy represents the final equilibrium conditions achieved by the Bt mylonite group before 

hydrothermal metamorphism. 

Grt-ChI, Gn-Ms. Bt-Ms. and Bt-Tur thermometers were also applied to the altered Bt mylonites. 

and the following results were obtained: a) Grt-Chi: 503'~ (Ç38, on I I  counts): b) Gn-Ms: 

4 7 8 ' ~  (k30. 5 counts); c) Bt-Ms: 3 0 0 ~ ~  (M8, on 3 counts); and d) Bt-Tur: 5 4 1 ' ~  (only one 

count). It was only possible to determine one temperature for the Ms phyllonite, this was 2 7 5 ' ~  

(Bt-Ms method); and unfortunately. geobarometry could not be applied to samples of the Ms 

phyllonite group. 

Sarnple 99-24300, which is an altered Bt mylonite, returned a Grt-Ms thennometer value of 

4 6 7 ' ~  on Grt overprinting semipolygonal arcs of Ms, however the Bt-Ms thennometer renirned a 

value of 246 '~ ,  see Figure 3-19. This texture is definitely related to the overprinting 

hydrothermal metamorphism. Sample 73-8100 (altered Bt mylonite) returned a temperature of 

5 4 1 ' ~  From the Bt-Tur thermometer. and for this same sample the Bt-Ms thermometer registered 

a ternperature of 3 1 O'C. 

Sarnple 73-8400 (altered Bt mylonite), returned a GR-Ms average temperature of 4 7 1 ' ~  on Grt 

adjacent to a Py-Kfs-An-Qtz vein. This Grt is re!ated to the thermal metamorphism promoted by 

a cross-cutting vein, see Figure 3-41. There are several zoned Apy crystals bordering this vein, 



these are eventually cut by Py veinlets that depart from the main vein (see Figure 3-23, Fimre 3- 

24, and Figure 3-40). 

A decrease in temperature is observed from the mylonites to phyIlonites. The Bt-Ms thermometer 

retumed compatible temperatures for both mylonite and phyllonite rock groups. Nevertheless, the 

temperature differences amonç the three geothermometers applied to the altered Bt mylonites 

could be representative of the different closure temperature3O of each thermometer. Hence, this 

suggests that the passage from myIonites to phyllonites was characterized by a decrease in 

temperature. 

Another interesting comparison to be made refers to the Bt gneiss (lower P-T set) and Bt 

mylonite temperatures. Although. the range of temperatures overlaps to some extent, the 

temperatures for Bt mylonites are normally higher than the ones provided for the Bt gneiss. If we 

assume that this pattern is geoIogically significant, one could speculate that it may be reIated to a 

higher temperature within the shear zone, decreasing toward the surroundings. Otherwise, the 

temperature of Bt gneiss and Bt mylonite should be at the same levei since they were probably 

sharing the same environmental conditions at that time. 

6.5.3 P-T determinations on the Ore Assemblage 

Ore minerals coexistinç in the ore deposit under evahation are: Po, Py. Ccp, Lo, Sp and Gold. 

'O Temperature below which no exchange is allowed. and this is the actual temperature recorded by the 

themorneter. 



Studies on Apy within the Fe-As-S system have indicated that the As at% of Apy are temperature 

3 I sensitive (Kretschemar & Scott. 1976): and the moleOhFeS~~,, in coexisting Po(hexagona1)-Py- 

Sp is pressure sensitive (Scott, 1973; and Hutchinson & Scott, 198 1). Hence. these assemblages 

c m  be used to constraint temperature and pressure, respectively. 

The Apy therrnometer was later reviewed and considerations about pressure dependencies were 

outlined. It was concluded that the use of this method is reliable only within greenschist- 

amphibolite conditions. However. Iow temperature As-rich Apy can indicate unusually high 

ternperatures. The original logf(Sz)-T plot, dcvised by Kretschmar & Scott ( 1976) for this 

eeothermeter, was improved with new configurations for the contouring of Apy As at% content. 
L 

This new approach shifis the As isoplets in the Py and Lo field to a vertical position (Sharp et. 

al., 1985). 

In the present study, 79 Apy microprobe points produced an average As at% of 35.3; the lowest 

value was 32.9 and the highest was 38.5. Occasionally, Apy was in direct contact with Lo, and 

in most of the cases Apy was adjacent to Py-Po crystals. However, several cases of isolated Apy 

crystals were also observed- The As at% content of Ouro Fino Apy is reIatively high when 

compared to the studies of Kretschmar & Scott (1976) and Sharp et. al. (1985). The As 

concentration was plotted using a modified version of Kretschmar & Scott (I976), as suggested 

by Sharp et. al. (1985): (see Figure 6-2). In this plot possible temperatures range from 4 3 0 ' ~  to 

530°c, in which the average is about 480'. The readings are from the Po field near the edge of Lo 

field. 



The temperature range suggested by this method is possibly higher than the actual temperature of 

Apy deposition at the Ouro Fino Mine. The high As at% content of Apy should indicate that Py- 

Apy are not in equilibrium. despite their mutual grain contacts; this evidence, along with the 

Apy-L6 coexistence. suggests highly flutuating conditions of supersaturation (Sharp et. al.. 

1985). Therefore. the equilibrium among opaque phases was most IikeIy metastable throughout 

Apy precipitation. 

The Po-Py-Sp geobarorneter is only reliabIe when Po is in its hexagonal form (Hutchinson & 

Scott. 198 1). However. during the present study it was not possible to determine the crystalline 

forrn of Po: nevertheless. the stability field for monoclinic Po is limited to temperatures below 

251'~ (Craig & Scott, 1982). Hence, the application of this geobarometer would be possible if 

the temperatures were kept above this limit at the Ouro Fino Mine. 

If it is assumed that the lowest limit of temperature was 430'~.  as obtained from the Apy 

therrnometer, this could be tentatively applied to the Sp barometer, since at that temperature 

hexagonal Po is the stable polyrnorph. Considering the overall geothermometric data, it is 

reasonabIe to assume that most of the mineralization process was carried out under temperature 

conditions above the stability field for monoclinic Po. In addition. 2 4 6 ' ~  is the lowest 

temperature registered from the other geothemometers. FoIlowing this Iine of evidence, sample 

73-8400 was selected to calculate P of the Po-Py-Sp assemblage. In this sarnpie the mole%FeS of 

Sp is 14.9. which generates a pressure of about 4.56 ICbarsX.1f we compare the temperature and 

pressure registered by these two methods with the other geotherrnobarorneters applied at the 

" P(Kbar) = 42.3 - 32.1 * ~ o ~ ( r n o l e % ~ e ~ ~ ~ ) ;  and MOI~%F~S,~,, =[(Fe/(Fe+S))/(S/(Fe+S))] ; H utchinson & 

Scott ( 198 1 ). 



Ouro Fino mine. a convergence of results is observed, particularly in the range presented by the 

Bt mylonite. However. if we consider that Po is the only Dpaque mineral that shows synkinernatic 

association with Bt mylonite and Ms phyllonite gangue. while Py-Apy-Lo are replacing Po or 

suggests that temperatures and pressures fillin_g fractures, one could argue that this convergence 

were kept near the conditions of the mylonite formation 

Figure 6-2. Apy thennometer after Kretschmar & Scott 
(19761, with modifications from Sharp et. aI. (1985). 
The white fietd represents possible range of 
temperatures for Ouro Fino Apy; the arrow is the 
average from 79 points (35.3 at% As in Apy). 



The P-T path is based on procedures introduced by Rumble ( 1  976) and Spear et. al. ( 1982). with 

iater adaptations for geothemobarometry by Spear & Selverstone ( 1983). The mode1 proposed by 

these authors requires the analytical fomulation of phase equilibria of a given minerai 

assemblage. Changes in the composition of coexisting minerals are monitored as function of P 

and T. Three sets of equations need to be specified: a) Gibbs-Duhem: b) linearly independent 

reactions among the phase components: and c) the derivatives of the measurable compositional 

variables. dX,. 

The method argues that if one determines the peak metamorphism using the conventional 

methods, and the systern of homogeneous equations that this describes is fixed. then differences 

in concentrations toward the center of a minera1 should indicate changes in P and T of 

equilibrium. To perform this calculations on sarnples from Ouro Fino Mine the program 

Gibbs'90 was used (Spear 1990) - kindly provided by Prof. Spear from the Rensslaer 

Polytechnique Institute at Troy - USA. The requirements to produce a P-T path, using this 

software, are: a) microprobe analysis from major mineral phases; b) nm to core analysis of the 

mode1 mineral(s) phase(s); and c) an independent P and T determinations of peak metarnorphic 

conditions, 

Differential geothermobarometry assumes the following conditions: a) zoned minerals are the 

product of a continuous reaction with rnatrix minerals; b) the mineral assemblage and the 

possible reactions during the growth period of the zoned mineral are known; c) local equilibrium 

is maintained at the rim, and each point along the zoning profile represents a frozen equilibnum 

composition; and d) zoning has not been modified by diffusion (Spear, 1993). 



To proceed with P-T path studies. it is desirable to perfom inclusion and differential 

geothermobarometq at the same time. Unfortunately Grt from the Ouro Fino Mine does not have 

characteristic minerals with rich inclusions to proceed with comparisons between these paraIlel 

approaches. Hence, only differential geothermobarometry is appIied to the study samples. 

In the present study, only sampies from the Bt gneiss goup  were used (73- I 1400. 99- 14005. and 

99-2 1500)- These rocks contain the following mineral assemblage: Qtz, Bt. Grt, St. Ky. Pl, H20 ,  

(tMs): and the following are the system components: Sioz, MgO. FeO. Cao, Na20. &O. 

and HIO. The Gibbs phase rule predicts that if P and T are the only intensive variables, the 

system's degree of freedom is equivalent to the number of system components minus the number 

of phases plus 2. The number two refers to P and T, and any additional intensive variables, such 

as fiigacity of water. which may need to be added to the formula (Philpotts, 1990). In this regard, 

when modeling a therrnodynarnic system. the researcher is only approaching reality, and hence 

some simpIifications are always necessary. 

Therefore, the Bt gneiss defines a system with variance of 3, eight phase components and nine 

systern cornponents. To constrain P and T, as many phase components as possible must be 

defined as the variance of the system (Spear. 1993). A system with a variance of 3 requires three 

independent phase components. In the present case XAIm, XGrs, and XSps were selected to 

constrain the P and T. 

The results from the P-T path systemetics obtained from the Bt gneiss group are plotted in Figure 

6-3, including the Bt mylonire, ore minerals, and Ms phyllonite P-T domains characterized by the 

previous geothermobarometric methods. The same systematics were not applied to the Bt 

mylonite because its minera1 assemblage has a variance of at least 4 and this would require the 



determination of 3 independent phase components throughout the evolution of this rock group to 

constrain the P-T path. Herein. some of the features of the refered plot will be discussed. 

Afthough the three sarnples used in the P-T path systematics are frorn the same rock group, the 

two sets of paths that are produced are striking. Grt from sarnple 99-14005 (77FF and 890N 

coordinates). made the paths a and 6. Grt from sample 99-21500 (45BC) made the path c; and 

Grt from sampie 73-1 1400 (66MM and 34MN coordinates), made the paths e andf: The Grt at 

coordinates 66MM are included in a St crystai. 

Grt from paths a and b, start growing near the 4 2 0 ' ~  at 4 Kbars. Grt from path c records a 

temperature near 4 5 0 ' ~  at 5.4 Kbars. Both Grt sets indicate an alrnost instantaneous compression 

of about 2.5 to 3 Kbars, with sudden decompression. However, it is noticeable that the rim of 

these gamets records a new addition, which is characterized by the oszilating compression- 

decompression around 4 and 6 Kbars. 

Ga-mets from paths e and f have their cores near the amphibolite-grandite transition, above the St 

discontinuous reaction. Their core-rirn path registered a retrogressive decompression. in which 

they stop growing just before the St discontinuous reaction. This feature is well documented 

among the textures available from the Bt gneiss, when poikiloblastic St preserves inclusions of a 

Grt-Bt-Ky-Pl mineral assemblage (see Figure 3-7). As akeady argued in the beginning of the 

present chapter, this texture represents a hydration reaction of the system during retrogressive 

decornpression. 

Considering that the Bt gneiss group have gone through the path together, it is rather difficult to 

explain the apparent lack of c o ~ e c t i o n  between the two set of paths (a, b, and c; and e, and f). 



Some possible explanations are suggested: case I )  al1 Grt was reset at the peak metamorphism. 

The rim represents the reaction diffusion and new additions during the retrogressive 

decompression; case 21 the Grt was not reset during peak metamorphism and hence its core-rim 

concentration profiles represent the frozen equilibrium during Grt growth; case 3) Grt from paths 

e and f grew only from peak metamorphism; case 4) Grt from paths a, 6,  and c grew from the 

beginning of the process: case 5) Grt rirns from paths a. b. and c were reabsorbed during a later 

stage, with a new addition of Grt; case 61 some or al1 paths are artificial and do not have a 

reasonable meaning. 

If we assume that case I and case 5 have constrained the evolutionary path, and connect these 

with paths a, 6, and c, as possible continuations of paths e, and f; a full path starting at peak 

metamorphism can be discrirninated. This is followed by a retrogressive decompression until 

410 '~  at 4 Kbar was achieved. Frorn this point, a new instantaneous compressional period 

started, which represented an increase of about 2.5 to 3 Kbars. The instantaneous isothermaI 

decompression pattern that followed this penod was probabty the result of an additional growth 

of Grt, in which part of the previous Grt was previously reabsorbed producing the gap (Figure 3-  

5) .  At this stage the evolution of a shear zone system was registered which bordered and 

enveloped some of the Bt gneiss group. Hence, the latest recorded evolution of this Grt was 

erased. From this point and on, a totally new phase of compression followed by an isothermal 

decompression was defined. This case configures a counterclockwise evolution in the P-T 

diagram. 

Isothemal decompression is commonly characterized within continental collision circumstances 

where instantaneous compression is cornpensated by an extensional period coupled with intense 

erosion. This case is docurnented for the Tauern Window, where an instantaneous decompression 



foIiows the maximum pressure (Spear, 1993). Chapter 4 presents some evidence for an 

extensional penod after the shear zone maturation, which is belived to represent a back 

movement of the thnists slabs because of the rnoderation of the regional tensors. 

If cas.? I to case 5 are assurned to have constrained the evolutionary path, then we wouId 

characterize a clockwise evolutionary path in the P-T grid. In this case the starting point was 

around 4 2 0 ' ~  at 4 kbars with a rapid compression followed by the path d, which is not registered, 

connecting with the paths e. and f at peak metamorphism. At that point a new set of gamets were 

produced, and the process continues up to the stabilization of St porphyroblasts. The 

continuation through path g is not registered. At the shear zone P-T domain, some of the gamets 

had their rims reabsorbeci with a new addition of Grt. This event erased the last events recorded 

by the Grt, producing the gap. During the shear zone developrnent there was a compressional 

period equivalent to 1.5 Kbars, followed by an isothermal decompression. 

The P-T results obtained for the Ouro Fino Mine have demonstrated a coherent convergence, 

where several different geathermobarometric methods were applied. Therefore, the probability of 

case 6 to be the valid configuration is relatively srnal1; nevertheless, new studies should be 

camed out, aimed at the cornpletion of the P-T path history of the area, particularly focusing on 

the link between the two sets. 



Figure 6-3. P-T grid for Ouro Fino Mine (modiwed from Spear, 1993). The capitals A. B. and 
C represent the Br mylonite. Ore assemblage and Ms phyllonite P-T domian, respecrively. Sec 
text for paths a, b, c. d, e, f, and g. The stars and crosses are from sample 99-14005 (77FF- 
890N); the squares are from sample 99-2 1500 (45BC); and the pentagons and circles a n  
from sarnple 73-1 1400 (66MM-34MN). React-1 is the discontinuous reaction St+Ms+Qe -> 
Bt+Als+H20, and React-2 is the discontinuous reaction Ms+Qn ->KfstAls+H20 (botk 
reactiow from Yardley, 1989). Metmorphic Fdcies: Es eclogite; Bs= blueschist; Z= zeolite 
PP= prehnite-pumpellyite; Gs= greenschist; EA= epidote-amphibolite; A= arnphibolite; G= 
granulite. The Als phase diagram is From Holdaway (1971; in Spear (1993)). The banc type! 
(Pm) are fiorn Miyashiro, 196 1 ; in Spear ( 1993)). 



7. Alteration Process 

7.1 Introduction 

Shear zone-related metamorphism. which is characterized mainly by a fluctuating PftUid/PNEk 

(Sibson. 1987: Sibson et. al., 1988; and Murphy, 1989), and hydrothermal metamorphism, 

represented by high Pfl,,dPmk (Bucher & Frey. 1994). as at Ouro Fino Mine has Ieft an peculiar 

overprinted transformation path. During these processes. at one point in time. goId evohed into 

the system. and sold mineralization was initiated. Evolutionary geochemical interactions 

between shear zone rnetamorphism and hydrothemal metamorphism witnin the shear zone are 

the subject of this chapter. and they both are referred to as transformation processes relative to 

the protolith. 

Previous work done at Ouro Fino Mine by Fonseca (1993) indicates a near isovolumetric 

alteration process. This study reports leaching of C a 0  and NazO, addition of &O, increase of 

L.O.I., erratic behaviour of MgO, and near conservation of rioz. AI2o3, Fe(total), Fe0 and 

Fez03, based on mass balance systernatics. 

The objective of this chapter is to unfold the geochernical alteration path and describe features 

that were important during ore deposit formation. Hence, ore-bearing and barren rock types are 

contrasted during this study. This approach reflects the economic geology purposes of this work. 



7.2 Protolith and the Path of ifs Transformation 

At Ouro Fino Mine. the transformation processes are two major steps towards the culmination: a )  

country rock mylonitization: and b) mylonite phyllonitization. Partitioning of these two different 

alteration paths is considered herein. along with its interactions. 

Dispersion of altered rocksJ3 around specific paths. drawn from the protoiith's compositional 

space (Thompson, 1982), discriminates relationships among end-members of a given alteration 

course. Protoiiths. altered rocks. and composition space need to be defined to evaluate these 

changes in and on the system. The rock types were described in Chapter 3. 

Grt-Bt gneiss (k Ky. + St) represents the country rock, or !east altered rock, which was 

transformed by the shear zone-related metamorphism and hydrothermal metarnorphism into 

rnylonites and phyllonites, respectively. Therefore country rock is here defined relative to the 

alteration processes that took place during shear zone-reiated metamorphism and hydrothermal 

metamorphism, and should represent the source rock in which transformations have occurred. 

Rock goups,  derived from protolithic members, were established during petrographic and 

microprobe studies as : a) Bt mylonite, b) Bt mylonite with Qtz veinlets. c) Grt-Bt gneiss with 

Qtz veinlets, d) ~hl-~er-bear inçJ4 mylonite, e) Chl-Ser-bearing Grt-Bt gneiss, f) Ms phyllonite. 

and g) Ms phyilonite with Qtz veinlets. 

33 Alteration does not include weathcring. All chernical analysis were camed on non-weathered samples. 

" The altered adjective indicares that this rock was panially modified by the hydmthermal rnetarnorphism. 

It does not inctiide Qz veinlets, which could be an additional factor 10 the name. 



Figure 7-1 displays a 3D free-fom perspective view of the Ouro Fino mine's open pit. and 

includes the synoptically proposed aIteration flowchart. Rock products and processes presented 

in this figure express combined petrogaphic, microprobe and structural observations reported 

previously in Chapters 3. 4 and 5. This information is here cross-validated by graphic, mass 

balance, and statistical analysis. 

Three main rock groups are presented in this chart: a) protolith or country rock, b) Bt mylonite. 

and c )  Ms phyllonite. These groups are Iinked by the following alteration processes: a )  

mylonitization; b) phyIlonitization; and c) sericitization-chloritization. The first path occurred 

during the shear zone-related rnetamorphism. and the other two are a consequence of 

hydrothermal metamorphism. and represent different fluid flow intensity and timing. The 

transformation labeled as la  in Figure 7-1 represents a protolith enriched in quartz veinlets. 

The mylonitization process (Figure 7-1, path 1) is characterized by the transformation of the 

original gneiss into Bt-Qtz rich shear zone-related rock, or Bt rnylonite. The leaching, mainiy 

through mass transfer of chernical elements from minerals Iike Ky, St, and PI, characterized this 

phase. Mylonites intensely altered by quartz veinlets are members of the 2a alteration path. 

The phyllonitization process (Figure 7-1, path 2b-c) is characterized by the transformation of Bt 

mylonite into Ms-Qtz rich rock, o r  Ms phyllonite. Two main paths are recognized: a) Ms 

nucleation and growth from the interacting fluid phase (2b), and b) Ms epitaxial substitution afier 

Bt (2c), along with Fe1 Ieaching. Phyllonites rich in Qtz-veinlets are members of  the 3a alteration 

path. The 2b path, in its extreme case, represents phyllonites in which al1 elements were 

transferred, or  no record of element conservation has been recognized. In contrast, the 2c-path 

refers to the cases where Rt is abundant in the rnatrix, and indicates Ti redistribution from the Bt 



+ Ms reaction. Members of the 2c-path appears to have conserved Ti (as will be verified later in 

this chapter) during the shear zone metamorphism and hydrothemal metamorphism, and are thus 

suitabie for mass balance estimations. 

Chloritization and sericitization of the protolith and mylonite members are represented by the 1 b 

and 26 alteration paths, respectively. Phyllonite members also have some degree of Chl-Ser 

alteration (3d path). These processes took place in the zones of low fluid-rock alteration, they are 

coeval to late, and adjacent to the high fluid-rock phyllonitization zones. 
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1 Figure 7- 1.3D view of the gold deposit dong with the alteration chart, see text for explanation. 



7.2.1 Mineral-alteration Trends 

The link among the three main rock groups is optimized through compositional space analysis. in 

which matrix cornputations define reliable axis parameters to evaluate specific mineraI-alteration 

trends. The rnethod employed here, known as Pearce Element Ratio - PER, was originaIly 

introduced by Pearce (1968). The objective is to build diagrams whose axes, based on rnineral 

stoichiometry, reflect chernical element Iinear combinations of specific rnineral phases. An 

immobile element rnust also be determined. as  the reference frame for the investigation; this 

element is the denorninator of axes pararneters (Nicholls and Russel, 1990). Further applications 

for the method were suggested by Pearce (1990); and later, Stanley and Madeise (1994) 

introduced the rnethod to the economic geology audience. 

As deterrnined by m a s  balance estimations, as will be discussed in section 7.3, TiOz, Cr203, and 

Al2O3, are conserved during shear zone-related rnetamorphisrn, and, to a some extent, during 

hydrothermal metarnorphism. These three elements are rrsed in a PER conserved diagram (see 

Figure 7-2) to dernonstrate, in accord with Stanley and Russell (1989)- their cogenetic affiliation. 
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Figure 7-2. PER diagram to test cogenetic hypothesis. Samples that fa11 outside of the ellipse field are 
members in which the inimobility of axis elements is not assured, X_axis=C~O~/Ti0~ ,  and 
Y-axis=AI2O3rTiO2. 
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rwo rock clusters appear in the diagram. The largest ctuster evident in the center of the two 

ellipses represents a rock goup in which the ratio of chemicat elements used in the axes was 

conserved, and indicates a genetic cluster; the protolith also plots within this cluster. The other 

cluster. toward the lefi side of the diagram, where some phyllonite members plot, indicates that 

the ratio has changed. However, the spectnim defined by the y-axis fAlr03/Ti02), still envelops 

most of the samples that fall outside the ellipse, indicating that the x-axis (Cr203/TiOZ) is mainly 

responsible for the scarter. Therefore. the AIz03-Ti02 pair is eligible for transformation paths 

standardization. AIthough the members of the cluster show mobility of x-axis elements, they rnay 

still be included in the PER analysis since they have been identified, through field observations 

and petrography, as extreme cases of alteration fiom samples that fa11 within the ellipse. 
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Stanley and Russell (1990) described an algebraic method to define axes and minera1 

displacements to test specific differentiation paths. The method consists of defining a 

compositional rnatrix ( C ,  ) obtained from minera1 compositions, and either defining the axes 

vectors ( A,, j or phase displacement vectors ( Pi, ) to soIve the following equation: 

Equation 7- 1 c , -4  = 5 

If one defines the axes vectors, then the phase displacement vectors can be found; conversely, if 

the phase displacement is defined then the axes vectors can be determined. The first case is a 

direct matrix operation: the second requires the inversion of the compositional matrix. Since rhe 

main goal is to find the best axis to test the hypothesis, the matrix inversion is used. This can be a 

difficult task, rnainly because natural data usually produce non-invertible matrices, because of 

either experirnental errors or overlunder determined matrices. Large cornpositional matrices wilI 

also require a time-consurning matnx manipulation and partitioning. 

To overcome this problem, a combination of singular value decomposition (Fisher, 1989) with 

generalized inversion technique, known as Moore-Penrose (Bratchell, 1992, and Wackernagel, 

1995), is added to the algebraic method devised by Stanley and Russell (1990). These 

supplementary steps define a straightforward solution and simplification of the original problem 

(Monteiro et. al., in preparation - see Appendix V for a full explanation of the method, together 

with an example). Using these proposed simplifications 2D graphs are produced, in which the 

displacement vectors are determined using minerai stoichiometry. 

From petrographic observations, three rninerals have mainly controlled transformations in the 

rocks: Bt; Chl; and Ms. ModeIing the paths, when the displacement of mineral phases is defined, 



will indicate the degree of transformation of each sample. and its preference for one specific 

pathway on the diagram. 

Figure 7-3 shows two different paths. one is mainly controlled by Bt recrystalization. which 

characrerizes shear zone-related rnetamorphism: the second is mainly controlled by Ms 

recrystalization. or direct precipitation from the fluid phase. The Chl vector interplays. to some 

extent, with the Bt vector. The Ms path is representative of the phyllonitization process. The 

phyllonitization path deviates from any point of the mylonitization process' path, since it 

represents an overprinting alteration. Observe that protoliths and mylonites affected by 

sericitization are also displaced along the Ms vector, The extreme case is sample 99-22650 a Ms- 

0 I Bt Mylonite 
0 3 Ms Phyllonite 
A 4 Altered Grt-Bt gneiss 

5 Altered Bt Mylonite 
6 Grt-Bt gneiss with veinlets 
7 Bt Myionite with veinlets - 

A 8 Ms Phyllonite w i t h  veinlcts 
+ 9 Grt-Bt gneiss (average)  



Figure 7-4 shows the displacement when the Ms and Ch1 vectors are considered together. It is 

possible to identie one main pathway, where samples associated with the phyllonitization 

process follow the Ms path. The path departs from the protolithic site at  the lower part of the 

diagram. 

The Ch1 path is not very clear in this diakgam, probably Secaüse Ch1 alteration is not pervasive in 

the deposit, but it is prirnarily an alteration envelope adjacent to the high fiuidlrock phyllonite 

zones. However, sample dispersion towards the right side of the diagram suggests action of the 

Ch1 displacernent vector. Samples that envelop phyllonite sites show different amounts of 

chloritization -- Ch1 afier Bt. 
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Figure 7-4. Phy!lonitization path defined by Ch1 and Ms minera! vectors. 
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Figure 7-5 shows the Ab-An dia-mm. In this diagram a very clear pattern is established. which 

indicates C eeneral leaching of Pl phases. The phyllonite with Ky veinlets plots outside the path. 
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igure 7-5. Alteration path defined by Ab and An mineral vectors, plagioclase leaching. 

7.2.2 REE patterns during alteration 

Rare Eanh Elements (REE") are considered the least soluble chernical elements, being mostly 

immobile during alteration processes (Rollinson, 1993). However Henderson (1 984) indicates 

that alteration processes do change the original REE pattern, and that it is dependent on the 

following points: a) the concentration of REE (CREE) of the original rock, and its distribution in 

its mineral assemblages; b) the ZREE of the interacting fluid, and the partition between the 

35 La, Ce, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb, and Lu were determined dunng this study. 



minera1 phases and the fluid: and c )  the ability of the new minerals to accommodate REE in their 

chernical structure. High fluid/rock conditions are most Iikely to produce peculiar REE patterns. 

Rock normaiization for REE shidies is very well accepted. Condrite normalization is the most 

accepted. since REE contents presumabty represent the composition of the solar nebula 

(Rollinson, 1993). Nevertheless, nomafization is used for reference and standardization but it 

has been pointed out that the normaiization of ore deposit samples lacks a standard (Lottermoser, 

1992). To evaluate changes dunng alteration. the normalization should highlight bias from the 

original rock pattern. Therefore. the normalization procedure adopted here uses the average 

protolith as the normalizing composition. Any departure from the original pattern should 

represent input from the alteration process. 

Figure 7-6 shows the REE patterns for protoliths affected by 4c/b alteration (sericitization and 

chloritization) as indicated in Figure 7-1. Most rocks had a slight CREE enrichment of about 

20%; the composition of Eu remained at the original concentration. Sample 73-7900 shows a 

peculiar pattern, where the Eu departs from its original concentration and is e ~ c h e d  by 

approximately 50%; the LREE'~ and HREE" are depleted. This pattern likely represents the 

extreme sericitization and chloritization of this sample. Whitford et. al. (1987), studying the 

massive sulfide deposit at Que River, Australia, found a positive Eu anomaly related to the 

phengitic rocks, and also characterized this anomaly as a pathfinder for hydrothermal areas. 

36 LREE meaning Iight rare earth elements: La. Ce, and Nd. MREE include: Sm, Eu, Gd, Dy, and Ho 

3 7 HREE meaning heavy rare earth elements: Er, Yb, and Lu 
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Ser-Chi-bearing Grr-Br gneiss (Alrered Protolith) 

Plot o f  R E E  normatizrd to Prorolith 

Figure 7-6. f E E  partern of altered protolith group of Chl-Ser-bearing Bt Gneisses. Y-axis is not in the 
logarithmic scale. 

Figure 7-7 shows the mylonite REE pattern. The pattern is not very different from the original 

protolith, indicating that the shear zone-related metamorphism did not modifi previous patterns. 

However, sample 99-6480 shows general depletion with a slight fiactionation between LREE 

and HREE; and a weak negative Eu anomaIy. It is possible to interpret this pattern as reflecting 

Fe1 leaching during the shearing of the original gneiss. 



11 Myionite Group - Plot o f  R E E  

II normaIized ro average protolith 

Figure 7-7. REE pattern of rnylonite group. 

Figure 7-8 shows the mylonite altered group. Most patterns are similar to the non-altered 

rnylonites, with weak fiactionation between LREE and HREE, non-significant Eu anomalies, and 

CREE up to 35% enriched. However, four patterns are conspicuous. 

Sarnple 7 3 8 8 0 0  shows a general REE enrichment, slight LEE-HREE fractionation, and a 

negative Eu anornaly. It suggests that intense alteration of Bt to Ms; Ttn is widespread in the 

rnatrix. Sample 7 3 8  100 shows a significant LREE-HREE fractionation, with no Eu anornaly. 

Except for the Iack of Ttn, it is petrographically sirnilar to 738800. 

Sample 99-16500 shows a generaI depletion of REE, with flat pattern at about 50% of the Bt 

gneiss standard; this sample has undergone intense silicification, and its flattened and depleted 

pattern likely indicates dilution due to silicification. 



Sarnple 73-10710 shows a strong LREE-HREE fractionation with a positive Eu anomaly. This 

sarnple has undergone intense epidotization, along with sericitization. Possibly, the pattern is 

representative of Ep alteration. 

Mylonitc Al t cred  Group  - Plot o f  R E E  
srandarized to average  protolith 

Figure 7-8. REE pattern of mylonite altered group. or Chl-Ser-bearing Bt mylonite. 

Figure 7-9 shows the phyllonite and phyllonite with veinlets groups. In general, they have a 

slightly higher LEE-HREE fractionation than the mylonite altered group, From 40% enrichment 

at the LREE end, and up to 20% depletion at the HREE end. Negative Eu anomalies are present, 

suggesting the Fel-Ieached nature of the phyllonites. Three odd patterns are observed for samples 

73-10125, 73-10300, and 99-22650. The first two have simiiar patterns, with strong LREE- 

HREE fractionation, and a positive Eu anomaly is only present in the first sample. These rocks 

have sencitized Kfs. The last sampie referred to represents a phyllonite with Grt-Pl-Qtz-Ky 

veinlets. 



Ms Phyllonite and Ms Phyllonite with  veinlets 
Plot o f  REE normalized to Protolith 

Figure 7-9. REE pattern o f  phyllonite group. 

In surnrnary, observation of the REE diagrarns indicates that the mylonitization process does not 

change the country rock pattern considerably, except for dilution due to silicification. However, 

specimens subjected to phyllonitization or coeval sericitization-chlorïtization processes do have a 

pecuIiar pattern, indicating RE€ mobility during these phases. 

7.3 Mass Balance 

Physical-chernical transformations that take place at a specific geological site, relatirrg two or 

more groups of rocks, are key to the understanding of any given mineralization process. Passing 

fluid Ieaches and precipitates chernical elements according to the solubility of the rninerak that 

are attaining equilibrium on the reaction fiont. Such interactions represent the ground preparation 

which allows precious metals to sink from soiutions (Peters, 1993). Deviation fiom the original 

rock group composition is dominantly controlled by the amount of fluid flow. Hence, high 



fluid/rock conditions are expected in order to produce rock compositions that are chemically 

distinct from the source rock. Fluid-rock interactions introduce new variability to the chemical 

element species present or irnported to the system. These changes help us to evaluate the nature 

of the reaction front. and trace its path. 

Mass balance calculations as far as a geological applications are concemed, were first reported 

during the 19 10's (Leith and Mead. 19 15 in Leitch and Lentz, 1994). The currently accepted 

scheme was presented by Gresens in 1967, where he introduced the logical concepts and the 

basic equations for the method. SeveraI improvements have been suggested throughout the years, 

but the logic and source equations are the same as in Gresens (1967). These modifications 

include: a)  graphic analysis, as in Grant (1986); b) evaluation of differentiation and alteration 

trends plotting compatible-immobile and incompatible-immobile eiements, as in MacLean and 

Kranidiotis (1987); and c) PER-diagrams, as in Stanley and Madeisky (1993, in Stanley and 

Madeisky, 1994). 

Gresens ( 1967) equation for rnass balance of metasomatic alteration is as follows: 

Equation 7-2. Xn = [ fv(gb 1 g a ) ~ B r :  - C A n ] .  100 

where Xn is the amount of eiement n added to or removed fi-orn the system; fi is the volume 

factor, ga and gb are the densities of original (a) and resultant (b) rocks; and C'n and en are the 

concentration of element n in the original and resultant rock, respectively. If one element is 

conserved during the alteration process, where Xn=O, then the Equation 7-2 can be rewritten in 

the following fom: 



Equation 7-3. 

Once the volume factor is determineci for each rock, it sets the reference frarne to rnodel the 

behavior of the other chemical elements in that rock. 

7.3.1 System Definition 

Characterization of a systern's boundary conditions, and its variables, are the first steps in 

defining the geological problem to be rnodeled by mass balance. Declarations of rock groups to 

be used in the model. together with chemical species and sarnple support3w. indicate the nature 

of assumptions to be considered during the estimation. 

The system to be rnodeled in the present work inciudes three genetically related rock groups. The 

chernical transformations are pictured using a specific reference frame, or marker. This rnarker 

has to be a conserved extensive variable3'. Mass transfer and volume change estimates are the 

output of this analysis. 

7.3.1.1 Rock Groups and Sample Support 

As defined previously in this chapter, the rock groups tested here represent the Ieast altered 

group, or Bt gneiss, and the transformed groups of mylonites and phyllonites. Two main trends 

were distinguished, when evaluating alteration paths in section 7.2, whose paths describe the Bt 

gneiss transformation into rnylonite and mylonite transformation into phyllonites. 

3R The data x (e-g. concentration) is defined on a certain sample support v(x), centered at a point on a n- 

dimensional space, being v the volume of a sarnple (Journel and Huijbregts, 1978). David ( 1  977) includes 

the sample's shape and orientation in the definicion of its support. See Chapter 5. 

39 A variable that depends on concentration, such as: element concentration, volume. 



Fifty whole rock chemical analyses were used for mass balance procedures. They were collected 

from two vertical diamond drill holes. size N Q ~ O .  These cores were cut into four parts; X the size 

of the original diameter, with an average length of 15 cm: from this sample a longitudinal slab of 

about 3 mm was cut to make thin sections. Therefore the final support for chemical analysis was 

22r25s150 mm (- 8.~rl0' '  mm3). Then. this sarnple was sent to the Geolab for chemical analysis. 

The samples were crushed, pulverized. and homogenized before analysis. 

This sample support constrains the definition of element migration. Le.. any chemical elernent 

that was constrained into that space during the alteration process is then referred to as conserved: 

conversely. any chemical element that was not confined within that boundary is referred to as 

non-conserved. 

It is important to differentiate between elernent mobility and elernent conservation. One chernical 

element can be mobile within the sarnple dimension, but then again it can. at the same tirne, be 

conserved into the sample si~pport. The larger the support of a sample. the higher is the 

possibility of conserving elements; at infinity al1 elements are conserved. However, variable 

support is not recommended due to the fact that the definition of elernent conservation would be 

difficult to determine, since each sample would deaI differently with the conservation of 

elements. 

Let us consider a support of 3 . 0 ~ 1 0 ~  mm', which is about the size of a thin section. In this 

hypothetical example, petrographic examination indicates, arnong other things, epitaxial 

substitution of Ms on Bt. This transformation leaches out most of the octahedral elements; 

40  NQ is a wireline drilling size standard, with nominal core diameter of 47.6 mm. 



however, titanium can promptly precipitate as Rt, adjacent to the mica cleavage or boundary. 

Titanium is mobile within the considered support, but it is also a conserved elernent because Rt 

was precipitated within the sarnple support. 

7-3-12 Constraints frorn Petrographic Features 

Observation of textures, structures, minerai assemblages. and their reactions can definitively 

irnprove the understanding of mass balance among end-members. However, they can also 

indicate how reliable the chemical mass balance results are, and to what extent they represent the 

reaI worId system. This information has been presented in the previous chapters. 

Let us now consider a granitic rock in which three main concurrent behaviors are defined during 

its transformation to phyllonite, for example: a) precipitation from the fluid phase; b) partial 

leaching; and c) pressure solution with bulk solution transfer. The following equation, for 

partitioning the mass transference, can be used to evaluate this process: 

Equation 7-4 Mt,, = Pfp - ( Pl + BI) 

where. Mt,, represents mass transference into the system, Pfp represents the mass transfered into 

the system by precipitation from fluid phase, PI represents rnass transfer related to partial 

leaching alteration, and BI represents mass transfer related to buIk leaching alteration. 

Suppose that the partial leaching alteration had left titanium conserved. Then it would be 

possible to define mass transfer and volume change using titaniurn as the reference element, 

accounting for Pfp and PI; however the results for this procedure are able to answer o d y  part of 

the mass transfer that took place in Our hypothetical example. Bulk leaching or BZ, can only be 

accounted for by other means, such as physical markers. In this case, mass balance partitioning 

would be advised. Pressure solution coupled with solution transfer provides a typical example of 



the bu!k leaching process, where parts of the rock are removed integrally, considering the sample 

suppon and the degree to which it represents the system under investigation. It is reasonable to 

consider that partitioning of these three processes should be done over the sarnple support scale. 

Hence, the mass balance estimates are scale dependent, and its extrapolations should be made 

with caution, even inside a systern under investigation. This means that mass transfer from the 

sarnple support scale rnight not indicate mass transfer frorn the system in which those samples 

were taken. This indicates that rnass balance estimates are based on regionalized variables as in 

geostatistics (see Chapter 4). 

The above arement is given to present the limitations of interpreting mass balance estimate 

results, when the reference frame is purely geochemical. Petrographic observations of the 

mylonite-phyllonite poup indicate the existence of bulk solution transfer (see example on Figure 

3- 12). Realistically, these reactions are not included in geochemicat estimations. 

Nevertheless, the method used here is purely geochemical, Le., based on Gresens equations, in 

which volume changes are defined from conserved elements; and it does not account for bulk 

leaching. Although the existence of bulk leaching can be demonstrated qualitatively, it is 

definitively important to mode1 the system "geochemicaIly", since partial leaching, along with 

precipitation fiom fluid phase, would indicate particularities that reflect the passing fluid and its 

interactions with the host-rock. Hence, it is more appropriate to use rnass balance "estimation", 

since only part of the system is being evaluated. Although the mode1 lacks some accuracy, e-g., it 

has some bias if we consider BI process, it should be geochemicaIly precise. If PI and Pfp are the 

main focus of the study, the use of this method is justified. It is fundamental to understand the 

reactions taking place at these sites, since they are ground preparation it for fiiture 

mineralization. 



7.3.1 -3 Re ference Frame for Mass BaIancing 

As indicated previously. an immobile element for mass balance estimate must be defined. Other 

than assuming an element or a volume to conduct the estimates, it is suggested that the search for 

conserveci elements combines both statistical and petrographic information. in order to minimize 

assumptions made in the estimate. 

7.3.1.3. I Chernical Element Conservation Analysis 

Figure 7-10 presents a stepwise procedure to test a geochemical data-base, in order to determine 

conserved elements. Basically, the goal is two-fold, combining recornmendations from MacLean 

and Kranidiotis ( 1987) and Gresens (1967) to narrow down the candidates to be considered as 

conserved elements. The sequencing follows suggestions of Monteiro et. al. (1990), which 

includes statistical tests. 

MacLean and Kranidiotis (1987) demonstrated that, in an alteration process, the relationship 

between two conserved elements is a regression line which passes through the origin. Hence, 

testing element conservation. is an exercise of defining a conserved pair. However, such an 

approach is debilitated if the alteration process is capable of importing or leaching elements at a 

similar rate. 

Gresens ( 1967) argued that in metasomatic processes some cornponents are conserved, and, to 

evaluate them, he recornmends drawing composition-volume diagrarns at the zero gain-loss line, 

using Equation 7-3. For each element, one equation, such as Equation 7-2 is written. In this 

diagram, the cluster of elernents should indicate an average volume change. That is, if leaching is 



selective, then a cluster of elements. on the gain-loss zero line, would represent an average 

volume change during this process. 
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1 Figure 7-1 0. Flowsheet to test element conservation during a metasomatic process. 



7.3.1.3.2 Database Preparation for Analysis 

FolIowing the stepwise procedure drawn in Figure 7-10, and afier observing the chernical 

elements univariate statistics, the correlation matrix is produced. Pairs with values higher than 

0.7, are plotteci on scatter diagrams. The objective is to observe behavior of the regression lines 

at the origin (0.0); and secondly. to evaluate the cluster of samples. 

High positive correlation was observed, arnong others, for A1:03, TiOz, Co, Ni. Cr, and Zr; 

however those are the only cnemical pairs in which the regression line passes near the origin. 

Figure 7-1 1 shows the (TiOrxA1105) diagram; originally it had two distinct groups: a) sarnples 

sitting along the regression line; and b) samples clustered below the line (see circle on the 

diagram). The first group plots together with the protoliths and they define an alteration trend in 

which the regression line passes near the origin. The second group includes extreme cases of  

phyllonitization or sericitization; these were excluded fiom the diagram and the mass balance 

estirnates, since the considered pair were not conserved in these sarnples. 
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Figure 7- 1 1. TiOS .u Aii03 ptot. Sarnples that plotted in the circle were excluded from the diagram. 

Highly correlated chernical elernents were also used in cluster analysis to attempt to discriminate 

rock groups. Cluster analysis is a multivariate statistical classification method. Its principles are 

explained in Appendix VI. Figure 7-12 shows the resultant dendrogram, where the whole original 

data-set was tested. The dendrogram diagram is produced by hierarchical cluster analysis, which 

is a tree structure, defined by branches, where the afinity between specimens or variables is 

demonstrated by their proximity to each other, and within groups (Rock, 1988). 

The Iinkage Euclidean distance of 104 defines two main sectors. It represents the distance 

between samples, in the n-dimentional space, used to link sarnples or groups in hierarchical 

cluster analysis. The first sector groups al1 the samples plotting on the (Ti02xA120,) diagram's 

straight line (Figure 7-1 l), with only one exception: sample 73-1 1200. The second section 

includes samples that do not plot on this straight line. 



Comparing the information from the two previous figures, the onginal data-set is now reduced to 36 

sampies. This newIy formed group has shown that the selected chemical elements were mostly 

conserved during transformation fiom protolith to phyllonite end-members. However it also 

demonstrates that there is no chernical element conserved in the whole data-set in the sample 

support specification we are considering. The extreme cases of phylloriitization were highly 

competent in changing the original system. 

Tree Diagram for 5 1 Cases - Single Linkase - Euclidean distances 

AI203 - TIOZ - Co - Cr - S I  - Zr (clustering elernenis) 

Figure 7-12. CIuster three plot for grouping rocks. It is also includs the average protolith. 

In applying Equation 7-3 to the newly formed group, al1 chernical elements output the respective 

volume factor, fi, as if they were conserved during the alteration process. This set of volume 

factor loadings were then submitted to cluster analysis to observe chemical elernent grouping, as 

suggested by Gresens (1967). He prescribed that each sample should produce one diagram and 

consequentiy, one average volume factor. However, Figure 7-13 shows the resultant deadrogram, 



in which these element loadings were clustered using the whole data-set sirnultaneously. This 

approach, instead of  individually constraining the mass balance estimate, tests the intemal 

consistency of the elements in the considered system. 

Basically. 

consistent 

with an 

group is 

Euclidian distance 

limited by Co and 

of 1.6, two sectors are defined in this diagram. One 

A1203. This group inciudes elements that were mostly 

conserved. Inside, another group with a smaller linkage distance is evident. Ni, Cr TiOz, and 

A1703 are members of this group, and they are recognized as the conserved elements. SiOl has an 

unclear participation in this diagram. The other sector, which is limited by B and Zn, includes 

elements that were not conserved during the alteration; they were either introduced 

from the systern. 

or leac hed 

Tree Diagrarn for 28 Variables and 30 Cases 

Single Linkage - Euclidean distances 

I 

Figure 7- 13. Cluster rree plot for grouping chemicaI elements. 



7.3.2 Estimation of Mass Transfer and Volume Changes 

The information outlined in section 7.3.1.1 suggests the following: a) Ti@ behaved consistently 

throughout al1 calculations, and has been selected as the reference element for mass balance 

estimates; b) since Ti02 is the reference element, only those sarnples which followed consistent 

behavior have been selected for use in the estimate. Therefore From the originaI 5 1 samples 

(including the average protholith). 36 samples have been included in the new data-set. 

7.32.1 Mass Balance GeochernicaI Profiles 

The results of mass balance estimate are presented in a series of figures in a DDH (diamond drill 

hole) profile form. The intent here is to present a direct cornparison of the chernical elements 

gain-loss variabiiity to the rock types and alterations. The numerical results are included in 

Appendix II. 

Figure 7-14's profiles'" discriminate an alteration halo that is outlined by the 78 rn - 98 rn depth. 

Outside the 78-98 m boundary the profile shows rnonotony; and it is basically formed of 

mylonites and altered protoliths. Within the halo, and towards the center, rock types are: a) 

altered mylonites; b) phyiionites; and c) mylonites with veinlets. Some features inside the halo 

are as follows: 

Loss on ignition (L.O.I.), aiong with KzO, have a smooth higher topography; L.O.I., add-loss, 

and SiOz show similar behavior throughout the profile; 

Ca0 and NazO, show a general depletion; 

PlOs, MnO, Mg0 patterns are irregular; 

41 The topography shown on profiles represents the mass added or lost, in g/100g for major elements, and 

ppm/lOUg for trace elements, except for gold that is ppbll OOg- 



Fe0 and Fe103 show an irregular but antipathetic behavior; usuaIly Fe203 peaks where 

silicification and phyllonitization takes place; outside the halo Fe0 is steadily e ~ c h e d  

towards the halo tuming irregular inside the halo. It indicates that oxidization is an important 

process operating within the alteration halo; 

Alio3 and SiOl are enriched within the halo, but they peak in different rocks; aluminum tends 

to be e ~ c h e d  in phyllonites. and depleted where silici fication occurs; 

The voIurne factor is siightly higher inside the halo, showing peaks where silicification is 

more prominent; 

Figure 7-15's profiles once again show little variation of a11 elements outside the halo defined by 

the78-98 m depth spec tm.  However the inside halo features indicate peculiar patterns, such as: 

gold is highly enriched throughout the halo; 

As and S% are somewhat enriched but they present different peaks; usually As peaks where 

phyllonites are present; Sb behaves sympathetically with As but its topography is less 

evident; 

Cl is irregular, with lower values inside than outside halo samples, and it is antipathetic with 

S%; it also shows a general depletion towards the halo; 

F is somewhat enriched in one interval where altered mylonite occurs; 

Cu, Pb, Zn, Co, Cr, Ni, and Mo show irregular patterns; however variabilities are only 

featured within the halo; 

Figure 7-16's profiles show features similar to the previous two figures, such as: a) outside halo 

samples describe a monotonous straight Iine pattern; and b) inside halo samples describe 

irregular patterns. Some inner halo features are as follows: 



0 Zr is irreguiar but shows a general depletion starting outside the halo: 

0 Y, V, Nb, 8, Sr. Rb. and Li show a little variation from 78 rn up to about 85 m, this interval is 

represented by altered mylonite. From this point UP to 98 rn their behavior is more irreguiar; 

this interval is dorninated by the most altered rocks; Y and V show small peaks ât phyilonite 

sites; 

Ba is high throughout the halo. showing peaks in phyllonites. 



gure 7-14. Mass balance DDH73 profile. Labels for rock types are as foflows: 1 )  protolith; 2 
yionite; 3) phyllonite; 4) altered protolith; 5) altered mylonite; 6) protolith with qtz-veinlets; 7 
ytonite with qtz-veinlets; and 8) phylionite with qtz-veinlets. The topography represents the mas 
:ded or lost, in g1100g for major elements, and pprd100g for trace elements, exept for gold that i 
b/ 1 OOg. 



igure 7-15. Mass balance DDH73 profile. Labels for rock types are as follows: 1) protolith; 2) 
iylonite; 3) phyllonite; 4) altered protolith; 5) altered mylonite; 6) protolith with qtz-veinletà; 7) 
iylonite with qn-veinlets; and 8) phyllonite with qtz-veinlets. The topography represents the mass 
dded or Iost, in g/100g for major elements, and ppd100g for trace elements, exept for gold that is 
pb/ 100g. 



'igure 7-16. Mass balance DDH73 profile. Labels for rock types are as follows: 1 )  protolith; 2) 
?yIonite; 3) phyllonite; 4) aItered protolith; 5) aitered mylonite; 6) protolith with q~-veinlets; 7) 
~ylonite with qtz-veinlets; and 8) phyllonite with qtz-veinlets. The topography represents the mass 
dded or lost. in g/100g for major elements, and ppdI00g  for trace elements, cxept for goid that is 
pb/ 1 00g. 
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Figure 7-1 7's profiles can be divided into three sectors: a) 50 to 175 m: b) 175 to 225 m; and c) 

225 to 260 m. Below 260 m. the protolith, although altered, is the main rock type. The alteration 

halo is Iimited from 175 rn to 260 m. Outside this interval the profiles are monotonous, the rock 

types represented are: protoiiths; myionites; and altered mylonites. Inside the halo. from t 75 m to 

225 m, the profiles are more irregular. but they definitively behave irregulariy from 225 rn to 260 

m. The first sector within the halo is associated with protolith altered-veinlets, and mylonite 

altered-veinlets. Most of the phyllonites occur in the second interval. Some of the features 

observed inside the halo include: 

Loss on ignition. volume factor and SiO2 have sympathetic behavior, and although they are 

more irrergular within the alteration halo, they seem to have similar values to those outside the 

halo; 

Fe0  and Fez03 show an antipathetic behavior; 

MnO, MgO, and PzO5 behave similarly to FeO; 

C a 0  and NaiO behave similarly, showing slight depletion in this section; &O is antipathetic; 

N i 0  is unchanged throughout the whole profile; 

Figure 7-18's profile divisions are very similar to the previous one. Outside the alteration halo, 

the profiles are generally flat, which makes recognition of the halo simple. Some significant 

features within the halo are as follows: 

Au, As and S% are sympathetic; however As tends to follow Au more closely; 

Cl is generally depleted, and it is most depleted were Au, As, and S(%) are enriched; there is 

a second mal1 Cl enrichement, which is coincident with the second largest gold enrichement. 

As is also enrichend at this point, however S(%) is depleted along with F; 

F is depleted within the halo; 



Sb behaves consistently throughout the profile. except where Au is most e ~ c h e d .  in this spot 

Sb is also enriched: 

Cu and Pb are enriched at the Au highest peak; 

Zn. Co, Cr, Ni. and Mo show irregufar patterns. 

Figure 7-19's profiles, once again. show a clear distinction between three main sectors. The 

sector outside halo is monotonous: and the alteration halo sector shows a more irreguiar 

topography. however the third sector (which is within the halo) is where the topography is 

erratic. 
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Figure 7-17. Mass balance DDH99 profile. Labels for rock types are a s  follows: 1) protolith; 2: 
mylonite; 3) phyllonite; 4) altered protoIirh; 5) altered rnylonite; 6) protolith with qtz-veinlets; 7: 
mylonite with qtz-veinlets; and 8) phyllonite with qtz-veinlets. The topography represents the m a s  
added or lost, in gl I00g for major elements, and ppd100g for trace elements, exept for gold that is 
ppb/ 1 OOg. 
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Figure 7-1 8. Mass balance DDH99 profile. Labels for rock types are as follows: 1 )  protolith; 2) mylonite; 
3) phyllonite; 4) altered protolith; 5 )  altered mylonite; 6) protolith with qtz-veinlets; 7) mylonite with qtz- 
veinlets; and 8) phyllonite with qtz-veinlets. The topography represents the mass added or lost, in g/100g 
for major elements, and p p d l  OOg for trace elements, exept for gold that is ppb/100g. 



Figure 7-19. Mass balance DDH99 profile. Labels for rock types are as follows: 1 )  protolith; 2) mylonite; 
3 )  phyllonite; 4) altered protolith; 5 )  altered mylonite; 6) protoIith with qtz-veinlets; 7) mylonite with qtz- 
veinlets; and 8) phyllonite with qtz-veinlets, The topography represents the mass added or lost, in u100g 
for major elements, and ppm1100g for trace elements, exept for gold that is ppb/100g, 

d 

The stiking feature of the last six figures is that the profiles discriminate the alteration halo, due 

to its consistently random topography, which is exhibited by al1 chernical elements in the study. 

General Ieaching of Ca0 and NazO, together with the antipathetic behavior of the Fe0-Fez03 pair 

are the most evident features inside the alteration halo. Gold, arsenic and sulfur CO-vary 

throughout the profiles. 



The myionitic rocks, lacking the alteration produced by hydrotherma1 rnetarnorphism, also 

present a peculiar pattern, which reflects shear zone-related metamorphism. Observation of the 

last six figures indicates that at the mylonite domains: kMnO. Na20, M g O .  FeO, Sr, Cr and 

SiOl were enriched. compared to the average protolith; however Fez03, A1203. Cl. and F were 

generally depleted. Elements such as Cao, B. Rb. Li, including L.O.I. volume factor, and add- 

Ioss, are generaIIy unc hanged. 

When dealing with a data-set'" as large as the one in question. it is appropriate to evaluate the 

relationship between elements using multivariats statistics. One method comrnonly used in 

geochemical studies is factor analysis (Le Maitre. 1982; Rock. 1988), see Appendix VI for a 

concise explanation of the method. Based on the structure of a data-set, the total variance is 

partitioned into factors, to which each variable. or chemical element, correlates differently. The 

extracted factors are then interpreted according to the highly correlated variables, which inputs 

geochemical rneaning to the system. i.e., each factor should represent one specific natural 

process. 

By applying factor analysis to mass balance results. five factors were defined using principal 

components extraction combined with varimax rotation. These five factors explain 62.2% of the 

data-set's total variance; the remaining 37.8% of the variance cannot be accounted for with 

respect to geological explanations. The results are presented here in a graphical form rather than 

with tables; however the reader can find the output data in Appendix VI. 

- 

" The m a s  balance data-set includes 36 ~amples with 40 chemical elernents, foming a matnx of 1,440 

elernents. 



Figure 7-20 shows the loadines of each chernical elernent on the five extracted factors. Factor 1, 

explains 23.9% of the total variability. L.O.I., As, Sb . Pb and Au(ppb) have the higher positive 

loadings with factor 1; conversely Cao, MgO. P20s. Na20, and Sr have higher negative loadings. 

The hi& correlation with Au suggests that it represents the variability introduced by the 

rnineralization process. If  we also consider the antipathetic and less expressive Ioadings of Fe203 

and FeO, it is possible to interpret that piagioclase has been Ieached and this occurred during the 

rnineralization process, combined with oxidization. &O. Zn, Y. B. Ba, and Co have positive 

loadings. but rhey are iess intense. Ir is aiso important to observe that density. add-10~s''~ and Fe% 

do not correlate in this factor, suggesting that the mineraiization front did not interfere with these 

variables. 

Factor 2, expl aining 17.1 % of th total variability, shows high positive loadings for: volume 

factor, SiO2, add-loss, Fe(%), Cr203, and Cr; with intermediate positive loadings of Cao, Na20, 

MnO, CI, Sr, Mg0  and FeO. The negative loadings, although less expressive than the positive, 

are represented by: density, &O, S(%), Y, B, and Pb. This pattern suggests that this factor 

represents mainly a silicification process; coupled with a less intense Fel-Bt-Grt recrystalization. 

Factor 3, explaining 8.5% of the total variability, shows high positive loadings for: density, 

A1203, &O, F, Zn, Rb, and V. The negative Ioadings are: Cao, P2O5, and NazO. Once again add- 

Ioss does not correlate with this factor; which is also true for FeO, S(%), As, Pb, Au(ppb), 

volume factor and Sioz. These characteristics suggest that this factor represents the 

phy llonitization process, Ms formation, coup ted with plagioclase leaching. 

43 add-loss rneans the budget of mass added or lost on the systern in g/ 1 OOg, p p d I  OOg, or ppbl1 OOg. 



Factor 4, which accounts for 7.4% of the mass baiance total variability, shows the following 

positive loadings: MgO, P.05, MnO, Cao, Y. CL and Zr. Extreme negative loadings are 

described by S(%) and Cu. This relationship seerns to indicate that this factor represents the 

copper-reIated suifùr input in the system; and at the same time, a leaching of MgO, MnO, and 

Cao. This pattern suggests the breakdown of Gr-Bt-Pl. This feature is well observed from 

mylonites to phyllonites, where Gr and Bt are consumed dong with plagioclase. Chalcopyrite 

formation should then be associated with this factor. 

Factor 5, representing 5.4% of the total variability, shows high positive loadings of Fe0 and Li; 

conversely, Fe203 has a high negative loading; together with a less significant L.O.I. negative 

loading. This factor could indicate either an oxidization" or a reduction process. 

44 The oxidization process refered to here is due to hydrothermal alteration, since al1 collected samples were 

not weathered.. 
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Figure 7-20. Factor Analysis diagrams for Mass Balance results. Five factors explaining 62.3% of the Tota 
Variance. 



7.3.2.2 Volume Changes 

Volume changes that take place in an evoiving process. such as those at Ouro Fino Mine, are 

difficult to evaluate. The volume changes that occurred during the shear zone process were added 

to the ones promoted by the hydrothermal metamorphism. hence Equation 7-4 should be 

considered twice. 

As shown in Figure 7-21. the link between volume change and siIicification is remarkable. This 

was also indicated by factor analysis (factor 2) .  It should reflect either venulation or pervasive 

silici fication. If the volumetric changes are partitioned using geoc hemical markers, the 

transformation of regional rocks by the shear zone-related metamorphism and resultant general 

volume increase is evident. However, the volume increase within shear zones is widely 

controversial (Mohanty and Ramsay, 1994); and as established in Equation 7-4, bulk leaching 

rnust be accounted for. 

Mylonitization shows a more widespread spectrurn of volume. However. the hydrothermaI 

metamorphism produced a smaller volume increase than the previous mylonitization process. 

The overall average volume change, based on geochemical markers, is 1.17. The enveloping 

sericitization-chloritization alteration, coeval to the phyllonitization process, a variable volume 

change pattern recorded in mylonites and prototiths (see Figure 7-2 1). 



Y= S i 0 2  and X= Volume Change (TiO2) 

1 Figure 7-2 1. Volume factor and silicification process. l 

Despite the intricate changes in volume described previously, another important stage in volume 

change occurred later in the phyllonitization process. This change reflects the late brittle-ductile 

deformation event, when new spaces were created, allowing the percolation of sulfide-arsenic- 

rich fluids. These fluids precipitated most of the Apy and are closely connected to the gold 

mineralization. 

Since not al1 the samples have passed the conservation test (Figure 7-1 O), the alteration processes 

must have had different intensities in different domains. Mass balance estirnates reflect only part 

of the system; generalizations should be made with caution. However, cross-validation, based on 

mass balance profiling, cluster and factor analysis, combined with REE patterns normalized to 

the protolith, suggest particular interactions among the three defined rock end-members: country 

rock, myionite and phylIonite. 



Changes during the shear zone-related metamorphism did not shifi the composition of the 

country rock patterns considerably: this is observed in the mineral-alteration trends (section 

7.2.1), REE diagrams (section 7.2.2), and in the mass balance profiles (section 7.3.2.1). These 

patterns are expected. since their distance within the composition space under investigation is 

srnail, when compared tc the results from the phylionitization process. Nevertheless, as already 

indicated, MnO. Na20. MgO, Fe0 and SiOl were enriched, while Fez03 and AI2o3 were 

depleted. This antipathetic behavior may indicate that the main changes, taking place during the 

mylonitization process were related prirnariiy to the consurnption of aluminium-rich minerais 

(Ky, and St) in a low oxygen partial pressure environment, coupied with intense silicification. 

The instability of Ky and St during the shearing event is conspicious. St crystals, transformed to 

Ms, are stretching lineation markers in the Bt mytonites. 

In contrast, hydrothermat metamorphism was responsible for the irregular topography of mass 

balance profiles, and it also introduced consistent changes ro the surrounding protoliths and 

mylonites. Sites with high fluid/rock ratios were phyllonitized; while Iow fluidhock ratio sites 

were submitted to sericitization-chloritization. The result of this process was the total 

transformation of Bt mylonite into Ms phyllonite. Hence, leaching of FeO, MnO, MgO, C a 0  was 

a dominant process during this stage. 



8. Deposit Mode1 

8.1 Geological Evolu fion 

Recalling Chapter 2. the Ouro Fino Mine sumoundings recorded three main tectonic events. The 

oldest event is thought to have occured at about 2.8 Ga (Siga Jr, 1987a) at which time the 

substrate of the RMMS was formed and deformed. It was followed by the deposition of the 

"RMMS sedirnentary basin" that was defonned and metamorphosed during the 2.0-1.8 Ga 

tectonic cycle (Siga Jr., 1987b). in which several granitic bodies were also emptaced. From 1.7 to 

1.0 Ga the Espinhaço and Sào Francisco Supergroups were deposited (Marshak & Alkimin, 

1989 ; and ühlein et. al., 1992, and references therein). The inversion tectonics were initiated at 

0.7 to 0.6 Ga (Almeida, 198 1 ), and the Espinhaço-Araçuai fold-thmst belt was formed. 

Since the Ouro Fino Mine is at a shear zone overprinting the RMMS, two major fabncs are 

expected to be obsewed in its structure, namely the regional and the shear zone related fabncs. 

The first fabric was formed near the peak metamorphism which was close in position to the 

transition to the amphibolite-granulite facies at etevated pressures, and this stage was possibly 

related to the 2.0- 1.8 Ga tectonic cycle. The P-T path fiom this phase is stiII not ciear. 

After peak rnetamorphism, there was a retrogressive decompression, following the present 

normal crustal P-T gradient, down to the border of the lower amphibolite facies. At those P-T 

conditions, the shear zone began its evolution. The mylonitization process imposed a well 

defined S-C pair in the Bt mylonites under typical low fluid-rock rnetamorphic conditions. 

Gamets frorn this phase recorded an isothermal compression of about 1.5 Kbars, followed by an 



extensional period, possibly associated with intense erosion, in which system returned to the 

originaI conditions. This P-T path is consitent with the structures present in the open pit. 

The shear zone-related metamorphism did not shifi the geochemistry of the regional rock 

considerably; however. the sulfide rich phase (Po) is closely related to the myionitic fabric. 

Contrastingly, the subsequent hydrothermal metarnorphism introduced consistent changes in the 

Bt mylonites and Bt gneisses, producing the Ms phyllonites at the high fluid-rock sites, The 

alteration pattern which overprinted these rocks suggests that the Ms phyllonites were the 

alteration centers. around which scveral alteration-deformation envelopes were developed. At the 

same time. the high fluid-rock sites were subrnited to exceptional deformation. The arsenic-rich 

phase shows a strong association with the overprinting envelope-type hydrothermal 

metamorphism; in addition, it had its maturation toward the end of the process. 

The clastic dike was emplaced during the end of the shear zone evolution, and it should add 

another perspective to the overall process, since it shows record of both, brittleductile 

deformation along with sulfidization only within the shear zone. The source of the infilling 

sediments is most likely the sedimentary basin cover; and considering the data presented and 

discussed in this work, it is reasonable to visualize an intense basement-cover interaction during 

the last orogenic process. However, the exact fit of these pecuIiar dikes within the major 

evolutionary picture of the shear zone at the Ouro Fino Mine is still unsolved. 

8.2 Gold Precipiration Process 

The process of gold precipitation is part of the broader alteration process, which has its links 

with high fluid flow and hydrothermal metarnorphism. The broader process acts toward the 

ground preparation (Peters, 1993) to allow mineraiization to occur late in the process. 



The way in which gold was distributed dong specific structural-geochemical traps reflects the 

nature of the passing fluids. Therefore, it is important to differentiate among: gold enrichment. 

gold anomaly, gold mineralization zone, and gold ore zone. Gold enrichment is referred to, in the 

present work. as any positive deviation from the clarkeJ5 value for gold in the cnist. which is 

about 2 ppb. Gold anomaly is indicated where, in geochemical exploration. zones with gold 

concentrations higher than the regional background value are found, and may or may not indicate 

a rnineralized zone. Gold mineraiization zones are referred to as sites where there is a consistent 

enrichment of gold. which rnay or rnay not envelop an ore zone. Gold ore zones, or deposits, are 

defined as sites where gold is enriched to a level in which economic exploitation can be 

achieved. The boundaries between these types are somewhat transitional. 

In the case of Ouro Fino Mine. al1 gold assays were higher than the clarke value; the protolith 

average is 13 ppb goid. Hence, even the protolith group shows values that indicate gold 

enrichment. Therefore. in the present situation, background values are blended with the 

mineralization zone. Consequent ly, the mineralization threshold and the ore zone are ranked at 

the same group. As can be seen in Figure 8-1, gold is bi-modal, and the limit between these 

mixed distributions is about 159 ppb. In this study, this value is considered to be the lirnit 

between barren and gold-related rocks. 

" Clarke is the average abundance of an elernent in the Eanh's crust (Bates and Jackson, 1995) 
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Mixture of two gold distributions I whtcfi ts the  a v e r a g e  ~ O I J  

Therefore, membership in the gold-related rock group should indicate the path and the preference 

of rnineralized solutions for specific rock types. When compared with Figure 8-2, and Figure 7-3 

(from Chapter 7) indicates that gold-related rock members are not only shared by phyllonites but 

they can also include Chl-Ser-bearing mylonites. In addition, not al1 phyllonites are members of 

the gold-related rock group. 



Figure 8-2. Mylonite and phyllonite altcration path's diagram showing gold and barren-related rocks. 
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8.2.1 Gold Precipitation Mode1 
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Although the geochernistry of gold transport and precipitation is not the focus of this thesis, some 

generalizations can be made about these processes at the Ouro Fino Mine. The structures and 

texnires displayed by the ore minerals and related gangue indicate that deposition took place 

after the main alteration and related deforrnation stage. 

Gold is known to be a highly mobile element within hydrothermal conditions, and in 

muIticomponent electrolyte solutions. it is mainly transported as Au(1) complexes. The transport 

ligands for gold are still under investigation, but there is a generai acceptance that gold is rnainly 

transported by S or CI ligands (Seward, 1991). The collapse of these chemical "carriers" is the 

direct cause of gold deposition; and changes in chernical potential, pressure and temperature are 
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likely to promote gold precipitation- Since gold and arsenic CO-vary, this indicates that the fertile 

solution contained arsenic as an important consistuent. In addition, the zonation of As, Ni. and 

Co concentrations within Apy crystals indicates highly fluctuatiing depositionai conditions. 

Considering its intrinsic association with Apy observed during this work, gold was possibly 

deposited in a solid solution within the Apy crystals, which has also been suggested for the 

Bogosu-Prestea Gold District in Ghana. by Mumin (1994). This same author has indicated, using 

ion microprobe techniques. that fo 1 lowing gold-Apy precipitation the gold was redistributed 

along the nearby open spaces. 

Textural and structural features found in the Ouro Fino Mine provide evidence that the 

mineraIization process, at the stage of gold deposition, occurred late in the evolving shear zone 

system. Special structural traps were the sinking sites for the valuable elernent, along with 

remarkably zoned Apy. The micro-enviroment of gold deposition was open spaces, either 

fractures inside of coeval ore minerals or the mineral cleavages, and micro-crenulations of 

fractures. 

Furthermore, the mine site, as presented in this work, is believed to have been positioned near the 

basement-cover interface during gold deposition. Therefore, convergence of fluids from depth, 

connected by higher order shear zones, probably were mixed with fluids expelled from the cover 

fold and t h s t  belt. Within this envirornent, the collective action of tectonic puises, mixing of 

fluids, decreases in temperature related-boiling, and water-rock interactions in a basement-cover 

deformation process seem to have created an excellent configuration for gold precipitation. 



8.3 Ouro Fino Deposi? Model 

The extensive and diverse collection of information recorded during the present work not only 

indicates that the Ouro Fino Mine is a shear zone-related gold deposit developed within 

mesothermal conditions (Lindgren. 1933 in: Evens, 1993), but also integates the important 

features associated with structural geology. gold distribution and alteration process. 

8.3.1 3D Model 

Recalling Chapter 4. the convergence of gold distribution patterns and rock fabric elements is 

excellent, and the structural traps are indeed effective markers for goId distribution. However. 

the space visualization of this conLg-uence was not presented. Figure 8-3 and Figure 8-4 present 

the 3-D gold distribution model for the Ouro Fino Mine (Sector III), where iso-concentration'lb 

surfaces of this valuable metal is evaluated. 

Figure 8-3 presents the 3-D model for Sector III. Several features are visible in this figure, 

including: a) the purpk surface, the average goId concentration, shows holes, or chimney, along 

the strike (North-South); b) two sub-horizontal pipes (red) of higher gold concentration, which 

are separated fiom each other by the purple surface: c) several blobs in yellow representing the 

highest value sites (oreshoots); and d) one sub-vertical pipe (red) which connects with the sub- 

horizontal pipe (red). Comparing Figure 8-3 with Figure 8-4 (the gold concentration 3-D mode1 

of Z1 and Z 2 ) ,  the consistency of shapes and orientations within these two sub-domains and the 

larger Sector III 3-D model is evident. The general shape resembles a fish net-type structure. 

36 The gold iso-concentration surfaces are the loganthrn of the modified gold values plus the constant 0.71. 

The constant constrain the values to be positive, see Appendix IV for explanation. 



Figure 8-3. Oblique view of the gold iso-concentration surfaces 3 - 0  mode1 for the mine Sector III. The 
iso-surface concentration is: a) blue = 0.27 ppm*; b) purple = 0.86 pprn*; c) red = 1-45 pprn*; and d: 
yellow = 2.04 pprn*. Note that the average gold grade is 0.87 ppm*. The See Figure 4- 13 for location 
and scale of this figure and the next one. The North-South extension is 400 in, "N" is North. 



'igure 81. Oblique view of  (A) Z2 and (B) ZI sub-domains. The horizontal distance along 
ne North direction is 100 m. (A) a) blue = 0.34 ppm*; b) purple = 0.86 pprn*; c) red = 1.38 

pprn*; d) yellow =1.89 ppm*. (B) a) blue = 0.5 1 pprn*; b) purple = 0.99 pprn*; c) red = 1.18 
pprn*; d) ye1Iow =1.96 pprn*. See text for expianation. 



Considering the shape and orientation of the presented 3-D rnodels, we can conceive of a 

mineralizaton mode1 of connecting hieh angle ore pipes dipping to the Southeast, with sub- 

horizontal ore pipes stnking ~ o n h " .  Bath ore pipes have equally valuable oreshoots (yellow 

surface). If the results obtained by the ore deposit structural analysis are brought into perspective. 

we can easily observe, as expected. that there are indeed two rock fabrics that have facilitated the 

sinking of gold-enriched solutions. The spatial orientation of both the controlling structure and 

the ore shape is naturally coincident- Therefore, the grade-structure relationship and grade- 

structure relationship estimation arguments introduced in Chapter 1, are accomplished- 

47 Observe that the North refered here is the local conventional pit North, which is 25' clockwise from the 

tme North. 



9. Conclusions and Strategy Design for Future Work 

Ouro Fino Mine is a shear zone-related mesothermal gold deposit. Three main rock types are 

present in the mine: Bt gneiss; Bt mylonite; and Ms phyllonite. Each of these rock groups are a 

result of contrasting geological processes. Initially, the regional metamorphic rocks were 

transformed by the shear zone-related metamorphism to Bt mylonites. and subsequently. at high 

fluidxock sites. during the hydrothermal metamorphism. they were intensiveiy leached resul ting 

in Ms phylonites. The Ms phyllonites were the center of the structurally controlled enveloped 

alteration. 

Bt gneiss records high amphibolite facies metamorphism followed by retrogressive 

decompression along the presentday normal crustal isotenn. Conversely. Bt mylonites. produced 

by the shear zone rnetamorphism, indicate pulses of isothermal compression coupled with 

extensional-erosional periods during their formation. Therefore, the regional rnetamorphism and 

the shear zone metamorphism are not compatible with the single event argument, and the 

multiple event argument is more likeiy. 

The separation of the Bt gneiss from the Bt rnylonite and Ms phyllonite should corne from 

geochronological data. However, there is a reasonable amount of evience, presented and 

discussed in this work, that points to the last orogenic cycle (1.0 - 0.45 Ga, Pan-African) as 

responsible for the shear zone development and maturation of the overprinting hydrothermal 

metamorphism and rnineralization processes. During the last orogeny, basement and cover 

interacted in a basement involved fold and t h s t  belt cycle. The result of this interaction is 



believed to have pIayed a major role in fluid focusing, hydrothermal and shear zone 

metarnorphism, and consequently. gold deposition. 

The mineralization process occurred during the last stages of the shear zone cycle. and the 

features of the Gold-Apy association characterize a high fluctuation of metal concentration in the 

fluid. In addition. Apy normally follows structural surfaces. mainly micro-fractures, and replaces 

Po or Py, 

A strons structural fabric is evident within the mine open pit, and the rake of the stretching and 

minera1 lineation indicate, along with vergence of rnesoscopic folds. a tectonic movement toward 

the Sào Francisco Craton. The sense and direction of movement is compatible with the Iast 

tectonic cycle. The structural mode1 for the shear zone is of an oblique ramp with a high angle 

rake, where the fabric elements, and the shear zone itself, were rotated counterclockwise. Two 

major sets of crenulations are present and they show variable angles of intersection. One set is 

sub-horizontal and the other set is mainly near the minera1 and stretching Iineation orientation. 

Ore deposit structural analysis, which combined structural geology tools with structural 

semivanography, has indicated that gold solutions followed two rock fabrics. The main 

mineralizing fluid inflow appears to have been upward along the thrust movement direction with 

lateral escaping along the intercomecting sub-horizontal fabric. The results of this combined 

analysis have demonstrated the reliability of the grade-structure relationship and grade- 

structure relationship estimation arguments. The resultant shape of the deposit is an asymmetric 

fish net-type whose surface is sub-paralel to the existing shear fabric, and plunging toward the 

South. 



9.1 Strategy Design for Future Work 

Prediction of shapes. orientation and distribution of oreshoots in a goId deposit, includinç 

regionai extrapolations. present a findamental challenge to the mining industry worldwide. 

Possibly, the failure or success of these expensive exploration progams and mining operations 

are greatly influenced by the success of these predictions. 

Although DOCEGEO has made a great effort toward new discoveries in the vicinities of the 

mine. Ouro Fino is the only gold mine sitting on the IMA Window. The argument of muftipie 

minera! deposits and tectonic process internal consistency suggests that intnnsic features of an 

existing ore deposit should reflect the major events and the pattern of mineralization should be 

somewhat internally consistent. Therefore, if this argument is applicable to the area, the 

information obtained for the Ouro Fino should be able to indicate possibilities which help in the 

search for new deposits. 

The Ouro Fino gold deposit draws attention to several features that can be used to improve 

possible mining strategies. The most striking feature is the jsh  net-shape of the connecting pipes. 

This configuration is by itself difficult to spot in a regional program, since the orientation and 

shape changes considerably along the dip and the strike. However, if the general features of the 

structural traps are known, the task of spotting important mineralization ducts is facilitated by the 

rock fabric. A second application should invoIve studies of the regularity of interference patterns 

between the two fabrics which should also indicate possible oreshoots. Fractal analysis may also 

be used to evaluate the oreshoot patterns and the resulting geometry should be considered during 

exploration and mine design. 



Appendix I Petrographic,Rock, and Mineral Chemistry Data 

Modal Estimates 

The modal composition of Bt gneisss. Bt myionites. and Ms Phyllonites are included on Disk 1 
(directory 1 /I/modal/gneiss:mylonite:phyllonite). 

Microprobe Database 

Spot analysis of gamet. mica. chlorite. feldspar. tourmaline. apatite. staurolite. kyanite, pyrite. 
pyrrhotite. chalcopyrite. sphaltirite. and gold were accornpl ished using a 5EOL JXN8600 
Superprobe in the Department of Earth Sciences at the University of Western Ontario. The 
minerals from the gangue were analyzed using a power rating of 15 Kv and 10 nA: the bearn 
diameter usually varyed from 2 to 5 Fm. ZAF corrections were made on-line using t h e  software 
provided by Tracor Northern. 

The structural formula recalculations are performed using the "Super Recal" fortran program 
from John Rutledge of the University of Toronto and the "Recal.xlsl' exce1 rnacro from Yves 
Thibault, from the Department of Earths Sciences - the University of Western Ontario. 

Before each microprobe section was analyzed, al1 thin section fields containing minerals to be 
analyzed were photographed. Hence. al1 probe points were documented for further evaluation. A 
coordinate system was extablished to label microprobe points for easy data retrievaI and 
processing. A regular grid with 118" spacing was used to define thin section cells; the top of each 
thin section is at " 1 I AA" coordinate-cell. The East-West length was labeled, and ranged from 1 
to 1 1 ,  and the North-South length ranged from A to T. In this 2D space, a Bt and a Grt crystal at 
the "7755" coordinate wouId be labeled as: 77JJBT01 and 77JJGT02, considering that the first 
point was done on the Bt and the second on the Grt. The microprobe database includes drill hole 
number and depth of each of the thin sections; grid coordinates, hole number, and depth fully 
locate points and petrographic features. 

The microprobe database, which includes 1,034 analyses, are included on Disk 1 (directory 
I/i/probe/apa; arseno; btms; chlor; gamet; ky: po; pyrite: sphal; staur; tourm). 

Appendix II Whole Rock Chemical Data 

Major, Trace and Rare Earth Elements 

Fifiy whole rock chemical analysis were requested by Docegeo, as part of the original contract 
between the student and the mining Company. These samples were shipped to the Geolab. a 
Brazilian laboratory. for chemical analysis. One sarnple was analysed by Dr. Wu, from the 
UWO-Department of Earth Sciences laboratory, which is from the sandstone-like dike (Dk). 



The samples were collected frcm two vertical DDH. diarnond drill holes. site NQ': and cores 
were cut in four parts; '/J of the original diameter. with an average length of 15 cm. Crushing and 
homogenization were carried previously to the analysis: and this task was perfomed by Geosol. 

The major element concentration was determined using X-Ray Fluorecence on fused pellets. 
using Rigaku Denki and Philiips instruments: the second is an older spectometer, with working 
conditions of 100 Kv. W. Th. U. Nb, Rb. and Sr were analyzed using X-Ray Fluorecence on 
pressed pellets; the detection limit for the first three elements is 15 ppm. the fourth is 10 ppm. 
and the last two is 5 pprn. 

B. Bi. Pb, Y. Zr. Ba. Co. Cr. Cu. Ni. Mo. and Ag were analyzed by optic spectroscopy; the limit 
of detection for the initial five elements is I O  ppm. the others is 5 ppm. except for Ag which is i 
ppm. N i 0  and Ni were analyzed by two different techniques: Ni0 was obtained along with the 
major elernents. and Ni was obtained by optic spectroscopy. The same is valid for Cr103 and Cr. 

As. Se. Sb. and Te were analyzed using generation of hydrates combined with atomic absorption 
techniques. at a detection limit of 1 ppm. Cd. V. Zn. and Li were analyzed by atomic absorption. 
and their detection limit is 1. 10, 2. and 5 ppm. respectively. Gold was analyzed using 
hydromorphic dispersion. where the gold content of 50 g of rock pulp is CO-precipitated along 
with Te and determined by optic spectroscopy. The detection limit is 1 ppb. 

The geochemical database is included on Disk 1 (directory 1 /I I/geochem_phd.xls) 

Mass Balan ce 

The geochernical database is included on Disk 1 (directory l/I/geochemqhd,xls) 

Appendix III Fabric Elements Data 

The fabric elements database is included on Disk 2 (directory 2/III/of-str.xk) 

Selected Stereon ets 

The stereonets are included on Disk 2 (directory 2/IIVstereonet-li; stereonetLines; 
stereonet-others: and stereonet-surfaces - Corel files). In addition, the word file 
eigenvectors.doc. 

1 N Q  is a wireline drilling sizc standard. with nominal corc diameter of 47.6 mm. 



Appendix IV Semi-Variographic Modeling and Gold Database 

Semivariogram Models and Parameters 

The semivariogram models and parameters are included on Disk 3 (directory 3/1V/). It includes 
the files varcdr-zip (semivariograrn rnodels - Corel files); varpar-zip (semivariogram parameter 
files). 

Gold Database 

Gold Database 

The gold database used to mode1 Sector III is included on Disk (directory 3/IV/iiiall.zip - gold 
vaIues for Sector III) .  

Gold Values Transformation Criteria 

The gold values obtained from the Ouro Fino Mine were previousiy modified by a constant, as 
suggested by the author of the present work. Secrecy of the orieinal goid values is the reason for 
this procedure, which keeps reserve estimations and gold averaee protected. 

It is somewhat difficult to overcome this effective barrier of information in the mining industry; 
however, the proposed minor modification do not disturbs the sample variance-semivariogram 
retationship. Therefore, it changes only the reference for the parameters that should be protected 
and keep the reference for the parameters used in semivariographic m o d e h g  

(.ri - X)' 
Let S' = 2 be the sample variance of a given sample; if a constant k=2 is the 

, Y I  n-1 
mu1 tipiier of a11 possible xi, then: 

It is concluded that the original sample variance will chage k2 times. Now lets evaiuate the 
modifications promoted on the semivariograrn function when a constant k is the multiplier. Lets 

1 
y ( h )  = -* &(xi) - i(xi + h)]' be the semivariogram function: if a constant k=Z is the 

2 N ( / 7 )  
multiplier of al1 possible .ri, then: 

therefore ya(h) = 4 y  . Hence, sa2 z ya(h) . 



Semivariographic rnodeling has its basis in the partitioning of the sample variance, and the 
modifications applied do not change the results of this analysis. Hence. this procedure allows at 
the same tirne. the industry privacy and the open channel with universities for cooperative work. 
Furthemore. the results from the semivariogram modeling of modified values can be back- 
transformed to their original values to allow its application in mine estimations. etc. 

The case of  Ouro Fino is sumrnarized as follows: a )  the original gold values were rnultiplied by a 
constant; b) the sample distribution is close to the log-normal distribution: c)  the transformed 
values were log-normalized after a the addition of 0.7 1 .  This value is to keep al1 the resultant log- 
normalized values above zero. 

Appendix V Mathematical Procedures 

The uses of SVD on Pearce Element Ratio and Minera1 Alteration Path 

Anaiysis. 

Pearce element ratio diagrams (Pearce. 1968 and 1990) represcnt a powefil evaluation technique to model 

the contribution of a given mineral phase or assemblage in a given petrological process. Definition of what 

phases control the major geochemical flux is done by petrography. These phases constmct the 

compositional vector - which is the chcmical elements Iinear combination - and can be shown by graphic 



analysis. Additionally. an irnmobilc elcmcnt to set the refcrcncc frame for modeling the geochcmical trends 

must bc evaluated. This task is accomplished by standardizing the compositional vector with the immobile 

clcment or conscrvcd pararnctcr. 

Incompatible clcrncnts. or clcmcnts that do not dcflnc a cornpatiblc phase in the systcm. arc most likcly to 

bc conscnrcd or dispiay low chcmical mobility bchavior. StatisticaI analysis. togcthcr with simplc graphic 

cvaluation. arc important steps in dcfining clemcnt mobility (MacIcan and Kranidiotis. 1987). 

To cvaiuate a given rnincrd asscrnblagc. one nccds to build a compositional matrix. and dctcrminc. bascd 

on petrographic observations. the compatible mincral phascs. One cquation for cach of the mincral phases 

should bc includcd in the compositional matrix. which can be writtcn in the following forrn: 

Equation 1 C Al;  X , ,  = B,, : 

whcrc A,, is a systcm componcnt elcmcnt. that is. thc chemical elemcnt in a given mincral phase XJk. is a 

cornponcnt of colurnn vcctor k . which rcprcscnts thc PER diagrarn axes cocfficicnts: and thc displaccmcnt 

vector i cocffkicnts are given by mincral trends on the spacc undcr cvaluation. In matrix notation. as 

proposcd by Stan!cy and Russcll ( 1990). wc have: 

Equation Z [ M ] * x = ~  : 

The compositional matrix "MW is dcfined from petrographic observations (sec TabIe A), however the axis 

vectors "x", and the displacemcnt vectors "b" necd to bc defined. If one constrains the displacement vectûrs 

"6". or trends of aftcration for a givcn mineral asscrnbfagc, the axis vector "x" can be dctcrmincd using 

matrix inversion techniques. and thc solution is found by post-multiplying the displacemcnt vector by the 

invcrted matrix. i-c.: 

Equation 3 x = h * [ ~ ] - ' :  

Sincc natural data, becausc of linear dcpcndcncics or matrix dcgcncration related to expcrimcntal errors, 

usually producc singuiar matrices - matrices with zero determinant - the inversion of a compositional matrix 

can be a non trivial case. Onc mcthod to ovcrcorne this problern is to usc singular value decornposition (svd. 

Golub and Van Loan. 1989). which basically describes the originaI rnatrix in a ncw, non-singutar fom.  

Singular value dccomposition expresses any m x n matnx M as product of a colurnn orthogonal matrix W, a 

diagonal 11 x n SVD, and thc transpose of an orthogonal n x n V matrix (Fishcr, 1989; and Bratchell, 1992): 

Equation 4 M =  W O S V D O V ' ;  



This dccomposition. as stated by Fishcr ( 1989). produccs csscntial information about matrix M. such as: a) 

rank of M: b) thc columns of W corresponding to non-zcro values of SVD. rcprescnt the orthonormal basis 

for thc rangc (cornpositional spacc. Thompson. 1982): and c)  thc colurnns of V corrcsponding to thc zero 

diagonal clcrnents of SVD determinc thc orthonormal basis for the nuIl spacc (reaction space, Thompson. 

1982). The nuIl spacc of M is thc sct of ail solutions to the equation .4x=O; and it provides the orthonormal 

basis for al1 possible rcactions among thc phascs in the modci systern. 

Case study: Alteration path partitioning of low and high fiuid-rock ratio sheared rocks at 

Ouro Fino Mine - Brazil 

In the prcscnt study. the srd is used in combination with Moorc-Penrose gencraIizcd invcrsc (Bratcheli. 

1992). to dctcrminc thc invcrsc of a compositional matrix that outlincs thc protolith-aitcrcd rocks 

compositional spacc for Ouro Fino Minc (sec Table A). This rnatrix is simply thc expression of cach 

mincral phasc in tcrms of systcm cornponcnts. which can bc donc by using cither thc minerals idcal 

composition or thc composition obtaincd from microprobc determinations. 

The colurnns of Table A. rcprcscnt Si. Ti. Ai. Fc. Mg. Mn, Ca. Na, K cation proportions takcn from idcal 

compositions of thc mincral asscmblagcs cncountcrcd at the Ouro Fino Mine. Thc row elcments of this 

matrix represent the following mincrals: Pyropc (Prp). Almandine (Mm). Grossular (Grs). Spessanine 

(Sps). Staurolitc (St), Kyanitc (Ky). Chloritc (Chl. average composition at the mine). Annitc (Ann). 

Phlogopite (Phl). Paragonite (Pg). Muscovite (Ms). Albite (Ab), Anortite (An). K-Feldspar (Kfs). Rutile 

(Rt). and Quartz (Qtz). Thc minerals included in the list arc the ones to bc used in modcling the altcration 

trends. AI1 minerais werc entered on an anhydrous basis. 



Tablc A. Phasc composition matrix for Ouro Fino Minc. 

Si Ti AI Fe M g  iMn Ca Xa K 

Prp 3 0 2 0  3 O O O O 

Alm 3 0 2 3  O O O O O 

Grs 3 O Z 0  O O 3 O O 

Sps 3 O Z 0  O 3 O O O 

s t 4 O 9 I i O O O O 

Ky 1 O 3 0  O O O O O 

Ch1 5.5 O 5 3.5 6 O O O O 

Ann 6 O Z 6  O O O O - 7 

Phl 6 0 2 0  6 O O O 2 

pg 6 0 4 0  O O O - O 3 

M s  6 0 4 0  O O O O - 7 
Ab 3 O 1 O O O O 1 O 

An - 3 0 2 0  O O 1 O O 

Kfs 3 O 1 O O O O O 1 

Rt O 1 0 0  O O O O O 

Qtz 1 O 0 0  O O O O O 

Figure 1 shows thc diagonal matrix SVD. in which al1 zero columns werc dcleccd. The final marrix 

constiruces a 9"' dimensional spacc - hcncc. rhc rank is cqual to 9. Figure 2 and Figure 3 show matrices W 

and V, rcspectivcly. 

21.0070 O O O O O O O 

O 7 - 4 4 9 0  O O O O O 0  

O O 6.784 O O O O O O , 
O O O 5.608 O O O O O 

S V D =  O O O O 3.107 O O O O 

O O O O O 2.954 O O O 

: O O O O O O 2.52600 . 

O 0 0 0 0 0 0  i O 

- O O O O O O O O 0.704. 

Figure 1 .  SVD, n by n diagonal matrix. 



igurc 2. Cotumn orthogonal matrix. 

(Figure 3.  Transpose of an orthogonal n by 11 matrix. 

The Moore-Penrose generalized invcrsc method. using singular value decomposition (as described by 

Bratchcll. 1992). dcterrnines that if al1 zero columns of the diagonal matrix SVD are deletcd, including the 

corresponding columns on the matrices W and V, than the gcncralized inverse may be written as: 



Figure 4 shows thc matrix "Phas-M-inv" w k h  corrcsponds to the gencrolizcd inversion of rnatrix M. 

Figure 5 and F iqre  6 arc the displaccmcnt vcctor "b" (P-displaccZD). and thc axis vcctor "x" 

(Axis-M-svd). as defincd by Stanley and Russell (1990). rcspcctively. In this particular cxarnplc the 

displaccmcnt vcctor was constraincd by dcfining vertical displacements for chlorite. horizontal 

displaccmcnt for biotitcs and vertical-horizontal displaccmcnt wirh ncgativc slopc for muscovite (slopc of - 

45"). The resultant axis vcctors arc the indiccs of a system componcnts lincar combination. that bcst definc 

thc rcquired displaccmcnts. 

'igurc 4. Gcncralized inverse matrix of Phase compositional matrix. 



Figure 5 .  Phase displaccmen 
row vectors rnatrix. 

Figure 6 .  Axis column vectors 
matrix. 



Thc rcsultant graph is shown in Figure-8; it is notable that the mylonite-rclatcd metamorphism is mainly 

controlled by biotitc recqstalization: contrastingly. muscovite and. sccondarily. chloritc controllcd the 

phytlonitization. This information is widely supportcd by microscope observations: initially. the 

mylonitization proccss (low fluid-rock ratio) took place. and it  was followed by an intcnsc geochcmical 

leaching in hîgh fluid-rock ratio zoncs. producing muscovite phy1lonitcs. Chioritc recrystalization is an 

intermediary step towards thc phyllonicization. and i t  occurred at zones wherc the fluid flux was not ablc to 

cfflcicntly lcach thc biotitc octahcdral componcnts. 

Figure 7. Alteration paths at Ouro Fino Mine; mylonitization and phyllonitization describe differcnt vccto 
displaccmcnts. which indicatc non-common processcs. 
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Note: The vector plots for gamet, chlorite, and muscovite-biotite are induded on Disk 4 
(directory Vkector-chl; vectorgrt; vector-msbt - MathCad files). 
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PT- Path art d Thermobarmetry tables 

The themobarometric data and mathematical procedures are included on Disk 4(directoiy 
V/thermobar.xls). 

Appendix VI Statistically Generated Data 

Muftivariate Statistics and Resrrlts 

Cluster and Factor Analysis are multivariate statistical methods. used widely in classification and 
data reduction. The goal is to output rneaningtùl information that represents the intrinsic 
structure of the data-set under evaluation (Davis ( 1986): Rock ( 1988); and Swan & Sandilands 
( t 995). 

Cluster Analysis is designed to group cases. or variables, into classes which have meaningful 
structures. in which similar cases. q-mode. and simiIar variables. r-mode. are in the same ciass. 
The number of classes is not known a priori and the method is totally numerical. For exarnpIe, a 
eeologist who has to discriminate rocks collected during field work. using geochemical 
C 

information. could use cluster analysis as an exploratory classification rnethod. It can be 
performed before any other approach. or it can be used to support a classification task, along 
with other information. such as petrography, is available. 

Clustering techniques can be applied to a variety of geological problerns. Davis ( 1986) and Rock 
( 1988) provide an excellent source of information about the uses and limitations of the method. 
Whitten et. al. (1987) present a broad discussion about genetic and descriptive classification of 
rock suites, and they successful ly use cluster anal ysis, as an heuristic rnethod, for partitioning 
rock groups without a priori genetic considerations. 

There are several algorithms used to perform the analysis, as indicated in Rock (1988). The 
rnethod used in this study is h o w n  as hierarchical technique. or joining - tree clustering, 
provided in the software package StatisticaTM version 4.5 for WindowsTM. which produces a 
dendrogram. The dendrogram is a graphical output. similar to a branching tree, in which samples 
showing affinity, are clustered in the same higher order branches. 

The euclidian distance among objects. in a n-dimensional space, defined by the data-set, was 
used to Iink the objects to a specific group. As a mle. the smaller the euclidian distance 
considered to buiId the groups, the closer to a single object the groups will be. Hence. the cutsff  
level. or phenon line as coined by Swan & Sandlilands (I995), used in the dendrograrn to define 
groups is a tentative approximation. 

The quality and information level of a given dendrogram is closely related to the variables 
chosen to evaluate the available data. For instance, if one needs to separate metasornatic from 
high grade metamorphic gamets. Mn and Fe should be included as important indexes to the 
study, since Mn and Fe are known to be temperature variation sensitive. The result of a 



successful cluster analysis should be able to evaluate the dendrogarn. giving a meaningful 
genetic information to the researcher. 
C 

Factor Analysis is used to extract associations from a matrix of covariance. These associations 
are known as factors, in which each variable frorn the data-set have a specific correlation. As 
stated by HoIland et. al. ( 1988)- using geological sense: "... rile technique can he rliolrgll oj-as a 
i~zatllernatical tool for- urtnzixing gc.ochenzkal data into: a nratr-i-r of'end-nzeniber conzponents. or 
-facror.v. r-esponsihle for- data raï-iarion uuctor- scor-es), and a rnatrir oj' rveigliting coe/j?cit)itts 
ctv/liclr 1-qf1ec.r the I - C D ~ ~ ~ I L ~ J  itrzpor-rance of' rlzese jfrcror:~ in eaciz oj' the mal sanzples factor- 
loadings)." Joreskog (1976)  and Rock (1988) present a throughout characterization of the 
method. 

The method used in the present work uses principal component extraction combined with 
varimax rotation. This is perfonned usin2 the factor analysis module of StatisticaTM. Only the 
factors that have eigenvaiues higher than 1 are extracted. as advocated by Davis (1986). This 
technique produces a matrix in which the variables elected for use in the study have loadings to 
each specific extracted factor. The vaIues that any variable can assume to each factor Vary from - 
1 to + l .  similar to a correaltion matris. High correlation, negative or positive, to one specific 
factor indicates the affinity of the considered variable to the process represented by the factor. To 
evaluate what natural process each factor can be assigned to, the natural meaning of the loadings 
of variabIes need to be interpreted. For instance, if one geologist is studying the geochemical 
behaviour of a granitic suite cut by a shear zone. in which a gold deposit occurs; most likely. at 
least. two major factors will be extracted. one representing the granitic cvstalization process. 
and the other representing the shear zone mineralization event. To identib which factor should 
be assigned to what process. the geologist should consider the geochemistry of the considered 
eranite, and the geochemistry of the mineralization. Incompatible and compatible elements. 
C 

considering the granitic case, are most likely to show opposite correlation to the factor that 
represents the granitic formation. Conversely. chernical elernents known to be related to goId 
deposits should cluster together and show high. positive, or negative scores with the factor that 
represents the mineralization process. 

Tables of ResuIts 

The resultant tables from Factor AnaIysis are inciuded on Disk 4 (directory VI/factor.xIs) 
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