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UNIVERSITY OF ZIMBABWE
® Department of Geology, Faculty of Science

Abstract

Doctor of Philosophy
Controls and distribution patterns of Gold mineralisation in the Manica — Mutare — Odzi
greenstone bell, (western Mozambique and eastern Zimbabwe)
By Salvador Mondlane Junior

The Manica - Mutare - Odzi (MMO) greenstone belt is a late Archaean linear structure
that was formed around 2,74 Ga. The belt has produced up to 1995 c. 84 tonnes of Au mainly
from shear zone/fault hosted and quartz vein hosted deposits. Gold deposits are arranged in
corridors, which seem to'control their localisation. These corridors are oriented at an angle to the
known main orientation of the structures that host mineralisation in the belt.

The distribution of known gold deposits reflect a pattern of the structures controlling
mineralisation to an extent that depends on the degree of mining in the MMO belt, and are
important requisite to the design of exploration models and better understanding of gold genesis
in the Archaean.

This study sought to understand the distribution patterns of gold deposits and the controls
that influenced the Au mineralisation localization in the MMO greenstone belt. The study has
established criteria for gold deposit recognition, built a database for structuring, easy retrieval,
update and manipulation of the captured data, it also performed spatial association analysis to
generate maps of evidence and finally it produced gold prospectivity maps for the MMO
greenstone belt.

The study has reached among others the following results:

(i) Surface and concealed structures, granodioritic intrusions and mafic and ultramafic
rocks of Bulawayan age mainly control gold mineralisation in the study area.

(ii) Gold deposits in the study area are fractal. The fractal dimension suggests a single
event process or synchronous harmonic set of geological processes acting as one,
probably related to hydrothermal systems that transported and deposited gold in
favourable sites, governed the gold mineralisation distribution.

(iii) Autocorrelation analysis shows presence of important gold deposits at the
intersections between known and the newly interpreted crypt structures.

(iv) According to Fry analyses gold deposits cluster at distance ranges between 2 and
30 km.

v) The shear zones and zones of BIF were successfully mapped using iron parameter

from PIMA (Portable Infrared Mass Analyser) data.

(vi) The gathered information on controls and distribution patterns of the gold
occurrences were spatially related to the known gold occurrences in the area and,
weights of evidence were calculated and optimum distance of influence established
for each parameter. The cutoff distances are 500 for felsic and intermediate
intrusions, 400 for shear zones and quartz veins, 700 for Shamvaian/Bulawayan
contact, 900 for BIF, 800 for greenstone/granite contact, 500 for the Fry interpreted
lineaments and 960 m for the Bulawayan lithologies.

(vii) In the contingency table for calculated chi-square two binary predictor patterns (the
Fry lineaments and the BIF) did not meet the criteria for conditional independence
and they were discarded from the model.




Abstract

(viii)

(ix)

(x)
(xi)

The gold prospectivity model as designed depicts 54% of the deposits within high
and very high prospectivity areas and only 16% of the deposits fall within low
prospectivity area.

Using the validation dataset, 51% of the deposits are distributed within the high and
very high prospectivity areas and only 20% of the gold occurrences fall within low
prospectivity area.

The 30% of gold occurrences falling within area of moderate prospectivity index for
both designing and validation datasets shows that the model is consistent.

The prospectivity maps highlight areas of high, very high prospectivity which can
be used to guide future gold exploration programs.
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Chapter 1

1 Introduction

1.1 Background summary to the Project

The project was initiated in 1998 at Utrecht University in the Netherlands as part of
capacity building and staff development at the Geology Department of the Eduardo Mondlane
University in the auspices of the MHO project funded by NUFFIC. The project was first
supervised and based at Utrecht University Faculty of Earth Sciences and then it was
transf_errcd to University of Zimbabwe Geology Department in late 1999,

The Manica Mutare Odzi greenstone (MMO) belt area was selected because the
geology, gold mineralisation and structure in this belt have not been studied in detail, except
for the Mutare section of the belt where Chenjerai (1996) documented the gold mineralisation.
Selected areas were mapped and logged in detail in order to resolve structural and geological
relationships and to obtain a better understanding of the tectonic of greenstone belts in

general.

1.2 General information (access, climate, vegetation and geomorphology)

L2.1  Access

Mozambique and Zimbabwe share the 140 km long Manica Mutare Odzi (MMO)
greenstone beit which extends for 35 km in Mozambique and for105 km in Zimbabwe (Fig. 1-
1). It constitutes one of marginal belts within the Zimbabwe Archacah craton and is bordered
to the west, north and south by the Archaean granites and gneisses and to the east by the
Proterozoic Bérue granite gneisses of the Mozambique orogenic Belt. The MMO greenstone
belt is approximately 20 km wide along the eastern side and gradually narrows down to about
3 km wide near the western end of the belt.

The belt is subdivided into three sections on the basis of geology and geographic

position, the Manica section (in Mozambique), the Mutare section (the central zone of the belt

* running from the Zimbabwe/Mozambique border to parallel 32°30°) and the Odzi section (to
the west of parallel 32° 30°).




Chapter 1: INTRODUCTION

Access is by a well-developed network of tar and dust roads. The main access is via the
highway Beira (Mozambique) — Harare (Zimbabwe). During the rainy season, however, most

of the dust roads can only be negotiated by a 4-wheel drive vehicle.
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Figure 1-1. Simplified geological map of Zimbabwe showing the study area (Stagman, 1994)

1.2.2  Climate, Drainage and Vegetation

The study area is of a high altitude region with highest elevation peak at Cecil Kop
with 1735 m above sea level, valleys and plateaus dissect it with elevations between 900 and

1200 m above sea level. The variable relief is to some extent an advantage because it
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enhances topographic and large morphologic features, which are of help to structural and
lithological mapping.

Forests and dense shrubs are found on the eastern side and low vegetation on the
western side of the study area. The vegetation remains a limiting factor for lithological
mapping based on spectral differences.

The indigenous vegetation is characterised by Bracystegia species (msasa and mpfuti)
covering most of the greenstone belt together with plantation of eucalyptus and pine. The
Uapaca kirkiana is found on the granites (Chenjerai, 1996).

Long rainy seasons usually distributed throughout the year, mist and light showers occurre at
intervals during winter.

The drainage system is dominated by a number of main rivers such as Mutari, Mbeza,
Revue, and Munene with tributaries in a semi-dendritic pattern that suggest structural control

in the drainage pattern.

1.3 Exploration History in the Manica Mutare Odzi area

The Manica Mutare Odzi greenstone belt is famous for its numerous gold workings and
mines (c. 243). Gold mining in the Manica area started as early as the 10™ century by the
Monomotapa Empire who used to exchange gold for fabrics and jewellery from Arabs. In
1510 the Portuguese took over the gold market from the Arabs. It was only in 1888 that the
first prospecting concession was granted to European prospectors in the Campo Mineiro de
Macequece. From 1900 several companies prospected and mined gold in the Manica Mutare
Odzi greenstone belt. In 1911 Andrada Mines Limites (AML) initiated systematic exploration
at Chua, Revue, Zambuzi and nearby riverbeds.

The degree of exploration between the Zimbabwean and the Mozambican sides of the
belt is different with the former being more explored than the later. This can be discerned by
the comparatively large number of large deposits (produced more than 100 kg of gold) in the
Mutare and Odzi section of the belt. The main difference is that Zimbabwe enjoys a well-
established exploration and mining tradition while Mozambique lags behind in the level of
exploration activities and mine development.

in Zimbabwe, there is regional coverage of airmagnetic and radiometric and more
detailed (at concession level) geophysical (e.g. Induced Polarization (IP)) surveys, while in

Mozambique only detailed scattered geophysical and geochemical surveys have been carried

out.
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In most cases the prospecting methods were restricted to soil geochemistry
accompanied by geological mapping, pitting, trenching and diamond drilling and,
occasionally, geophysical methods were used for follow up programs. These exploration
methods were found to be appropriate for the MMO greenstone belt specially because of the

deep weathering profile.

1.4 Rationality and scientific justification

Most of the gold exploration programs carried out in the Zimbabwe Craton are
restricted to ancient workings. This shows the thoroughness of the ancient prospectors, who
undoubtedly sought for surface expression of the mineralisation. It lends credibility to the use
of known deposits as in this study for characterization of distribution patterns of gold
mineralisation. However, absence of surface expression of concealed ore bodies also leads
exploration programs to rely more on indirect methods for target delineation. The traditional
indirect methods (geochemistry, geophysics and mapping) coupled recently by satellite
imagery are the only ways for targeting new discoveries of mineralisation.

The rate of discoveries of new gold deposits in the Zimbabwe Craton has been very low
in the tast 30 years (Campbell and Pietfield, 1994).

The present study develops new exploration approaches for gold exploration in the
Manica Mutare Odzi greenstone belt in particular and in the Zimbabwe Craton in general.
This approach may increase the rate of discoveries. The proposed approach relies on
understanding the tectonic and controls of known gold deposits as a base to model the
position of unknown gold occurrences.

The distribution patterns of gold deposits and of controlling structures are tested using
statistical methods of Autocorrelation (Fry) and Fractal analysis (Chapter 5) and are supported
by satellite imagery interpretation (Chapter 8) and spectral geology (Chapter 6 and 7).
Geographical Information Systems are used to integrate and relate entities by analysing the
clustering and proximity to relevant features, e.g. shear zones (Chapter 9).

Gold mineralisation in the Zimbabwe Craton is mainly controlled by secondary and
tertiary structures (Chapter 3) that occur within or close to the Archaean greenstone belts.
This suggests that the combination of knowledge on structural controls, the geometry of
individual deposits, and understanding of the tectonics of the greenstone belts (Chapter 2) will

improve the exploration strategies for targeting concealed gold deposits.
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The structures observed at a mine scale are usually trapping structures and they have to
be modelled with care because, there are potentially several good trapping structures within
and near greenstone belts, but not all of them are mineralised. Mineralisation is only found in
specific parts of structures that meet optimum combinations of factors leading to gold
deposition (Chapter 2). Thus the understanding of the main factors that lead to gold deposition
in specific environments is key to the exploration model to be adopted.

The distribution patterns of gold deposits controlled by shear zones and faults suggest
clusters occurring at regular intervals (Chapter 5). The reasons of clustering are far from being
understood. However, if a pattern can be statistically or mathematically described, then
undiscovered clusters can be predicted (Chapter 9).

The Manica — Mutare — Odzi area is dominated by a complex geological history,
characterized by early accretionary structures and later folding and shearing. Various types of
brittie-ductile fractures truncated this sequence before the introduction of gold mainly in the
late Archaean. Several potential good trapping sites can be identified in the MMO greenstone
belt and its vicinity, but very few of them are mineralised. This suggests that gold exploration
should be directed to a description of the distribution patterns of gold mineralisation rather
than to a search for trapping structures. The existence of trapping structure is necessary but
not deterministic for gold deposition.

Geological interference of optimum-parameters increases the probability of gold
deposition. Although it is recognised the importance of these interference sites for gold
exploration, it is also known that they are not the only key factor for gold deposition. The
MMO greenstone belt is an example of such inconsistencies of nature where the Chazuca
granite intrudes similar set of lithologies that are intruded by the Penhalonga granodiorite, but
the former is not mineralised.

The present study goes beyond interference of optimum parameters and biased
geological interpretation and uses non-interpretative factors such as position of gold deposits,

size, grade and presence of sulphides for proposing an exploration model where distribution

patterns play an important role.




Chapter |: INTRODUCTION

1.5 Obijectives of this study

1.5.1 General objectives

The main objective is to understand the distribution patterns of gold deposits and the
tectonic setting in which Au mineralisation has occurred and use such knowledge for
generation of a predictive gold mineralisation model in the Manica-Mutare-Odzi (MMO)

greenstone belt.

1.52 Specific objectives

The specific objectives of the project are focussed on the construction of a GIS-remote
sensing based exploration model for gold mineralisation in the MMO greenstone belt and are
as fellows:

1. Understand the mineralising processes in the MMO Greenstone Belt in relation to its

structural evolution.

2. Design and compile a comprehensive database on all gold occurrences in the Mutare-
Manica greenstone belt.

3. Characterise the economic mineralisation and the geological/tectonic setting through
direct detailed field observations of gold occurrences, and spectral characterisation of
gold occurrences.

4. Test of the spectral geology for characterisation of the spectral response of the mineral
deposits (hydrothermal alteration) or groups of them.

5. Manipulate the database in order to derive a classification of gold deposits in the
MMO belt.

6. Perform spatial analyses on the gold distribution patterns (e.g. cluster analysis, Fractal
and Fry analysis).

7. Subdivide geological maps in geological units consisting of lithological or structural
domains, including units expressed on maps as polygons and lincaments. Again this
subdivision requires field verification (e.g. separate different generation shear zones).

8. Design statistical tests to quantify relationships between gold occurrences and
geological units.

9. Design and present a GIS based gold predicting mode! for Manica Mutare Odzi area.
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1.6 Study methodology

Airphoto (1:40 000 and 1:50000 scale) and satellite imagery (digital and hardcopies at
1:100 000 scale) were visually interpreted for geological lineaments, lithological mapping and
pattern recognition on the trend map.

Computer aided interpretation of Landsat TM (Thematic Mapper) and ETM (Enhanced
Thematic Mapper) and SPOT XS (multispectral) and PAN (panchromatic) frames were used
to delineate regional structures, lithologies and hydrothermal alteration zones that reflect gold
mineralisation. _

A mosaic of the airphotos was digitally assembled and resampled to 10-m pixel size and
afterwards fused with SPOT XS and PAN and TM in order to improve both spatial and
spectral value of the imagery.

The fieldwork aimed at mapping mineral deposits and occurrences in the MMO
greenstone belt in order to establish the main geological control of the gold deposits.

Mapping of selected areas was carried out in three field seasons of 40-days each, where the
photo and satellite image interpretation was used to distinguish the different signatures
(spectrum) of the geological units and mineral deposits played the main role.

Samples were collected to support the spectral identification of main features and for
mineralogical and micro-structural analysis.

Structural mapping was accomplished by field mapping along random accessible
outcrops at relevant lithologies and in three belt-scale N-$ profiles in order to work out the
geological/structural relationships of the area.

Remote sensing played a major supporting role in geological mapping of regional
structures and subtle spectrum differences due to hydrothermal alteration related to
mineralisation. Satellite images were interpreted pre-field work, the resulting sketches of the
geology and structures were field-checked during the field work.

Landsat TM and ETM images at 100,000 scale were used and for selected areas larger
scale and high-resolution images (SPOT XS and PAN) were also used.

The remote sensing approach assured the computer aided image interpretation where
the following procedure was followed:

(i) data extraction,
(i)  data transformation (image correction and geocoding),

(iii)  data enhancement (applying different filters to enhance certain features), and

(iv)  data analysis and interpretation
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Airmagnetic and radiometric anomalies were spatially compared with geological
features and satellite image features to provide possible explanation.

A laboratory spectral analysis of soil samples was carried out using a Portable Infra-

red Mineral Analyser (PIMA) and resuits were used to enhance the satellite image
interpretation.
Finally, because satellite images, airmagnetic and geological data are only separate entities in
exploration program, it was necessary to compare and combine them. This requires the ability
to display all types of data at the same scale and in the same coordinate system. The first pre-
requisite was to geocode the images, i.c. transform the coordinate system to a standard map
projection.

Afterwards two approaches were followed, the first and simplest one was the
independent production of maps and image displays, with a common origin and grid
reference, which allowed a preliminary superposition of separate entities. The second and
more complex was to assign an atiribute to each type of information and combine them using

ILWIS-GIS software (Chapter 9).

1.7 Thesis structure

The design of a GIS-based global exploration modei requires that the input information
to the model is well understood and that it is of high accuracy. In order to understand the
tectonic setting of the mineralisation in the Archacan Greenstone belts a review of literature
was carried out as discussed in Chapter 2.

The geology, gold mi_neralisation, structures and tectonic of the Manica Mutare Odzi
greenstone belt are presented in Chapter 3.

The description of gold mineralisation and its classification is detailed in Chapter 4
using a GIS-based DataBase, which included existing information (reports, mine positions,
mine descriptions, ore mineralogy, grade, production, controls and other), field data collected
during this study (structural, geological and samples), and spectral data (Fig. 1-2).

The statistical manipulation, autocorrelation (Fry) and fractal analysis is presented in
Chapter 5.

In Chapters 6 and 7 the spectral data acquired from PIMA spectrometer are presented,
discussed and results are compared to satellite imagery.

In Chapter 8 the image processing methodology is described.
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The design of the GIS based gold prediction model is presented in Chapter 9. This
chapter also presents the exploration model/criteria for the MMO greenstone belt and

prioritises the area in terms of prospectivity.

Finally, a discussion, conclusions and recommendations are presented in Chapter 10.
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Figure 1 — 2. Thesis structure flow diagram, showing the development of the study themes
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CHAPTER 2
2 TECTONIC SETTING OF THE ARCHAEAN GREENSTONE BELTS

2.1 Introduction to Archaean granite greenstone terrains

Greenstones are linear to arcuate low-grade volcano-sedimentary belts (ranging in age
from 2.500 to 3.500 Ma) enveloped by tonalite- trondhjemite - granodiorite, generally intruded
by later granitoid masses (e.g. Shackleton, 1995; de Wit and Ashwall, 1997; Kusky and
Vearncombe, 1997; Kusky and Polat, 1999). Linear zones of high deformation {mobile belts) are
largely responsible for the present outlines of Archaean Cratons.

Contacts between the greenstone belts and the surrounding gneisses and granitoids have
structural breaks, intrusive contacts and unconformable contacts (e.g. Kusky, 1991; Tsomondo et
al,, 1992; Chadwick et al., 1992; Horwitz, 1992; Nisbet et al., 1993; Bickle et al., 1994; Wilson
et al,, 1995; Chenjerai, 1996; Ridley et al., 1997).

21.1 Greenstone terrains: Tectonic Setting and OQrigin

The greenstone belts include linear and anastomosing networks of upright synforms and
accretionary geometries bordered by granitoid-gneiss batholiths (Kusky and Vearncombe, 1997).
The Early Archaean greenstone belts are represented in the Kaapvaal Craton (e.g. Barbeton
greenstone belt, c. 3.5 Ga) and the Late Archacan greenstone belts can be exemplified by the
Migori belt in Kenya (2.9 — 2.7 Ga) (Shackleton, 1995). The differences between the Early and
Late Archaean greenstone belts can be illustrated by observing the proportion of volcanic rocks
in the greenstone belts as shown by Shackleton (1995) in Table 2-1.

Table 2-1. Proportions (by percentage area) of different volcanics in greenstone belts

Pilbara, West | Upper Migori- Sekuku- Superior
Approx. age | Barberton | Australia Bulawayan, | Kendu, SW | maland Province,
(Ga) 35 a5 Zimbabwe | Kenya Tanzania | Canada

2.7 29-27 28 2.8

Felsic <5 c.40 30 50 20 15
Intermediate | <5 20 30 30 30
Mafic >80 ¢.60 50 20 40 55
Ultramafic <10 ¢.60 minor - - -

Source: Adapted from Shackleton, 1995

10
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Table 2-1 has to be interpreted with care because these proportions depend also on the
level of erosion of the Craton. It suggests that from Early to Late Archaean there was a decline in
the proportion of ultramafic volcanic rocks. This must have been a result of tectonic processes
and the evolution of the greenstones. The tectonics of the Archaean Greenstone belts has been
widely discussed by several authors (see Table 2-2), The greenstones generally consist of thick,
pillow - basalt sequences with or without subordinate komatiitic volcanic rocks, felsic volcanic
rocks, and sedimentary rocks (de Wit, 1982; Kusky & Polat, 1999, Bickle et al., 1994 and

references therein)

7

Table 2-2. Different models for the origin and tectonic of the greenstone belts

Location Greenstone Mode of formation References
belts Model
eg. Yilgarn | Intracratonic Developed on upper crust in an ) Groves (1982)
and Pilbara | basins intracratonic basin. They exhibit some
blocks characteristics of arc and marginal
basin systems of an active continental
margin. Resulted from lower crustal
extension dominated by development
of a regionally continuous volcanic pile.
e.g. Superior | Oceanic crust | Ensimatic, oceanic crust with Glikson, 1972;
Province and Ultramafic-mafic greenstone | Annhaeusser,
Zimbabwe sequences regarded as obducted | 1971; Hoffman,
Craton oceanic plateaux 1989; Card, 1990;
Kusky and Kidd,
1992; Windley,
1993, Stott, 1997
e.g. Zimbabwe Greenstones were deposited on upper | Viljoen and Viljoen
Craton Continental crust in the interval between 3.500 and | {1970); Windley
crust 2.5 Ga as shield volcanoes. {1973); Gorman et
al (1978)
Deposited onto 3.2 Ga - 28 Ga|Campbell and Hil,
Infracontinental | basement gneisses, in  ensialic, | 1988; Bickle et al.,
e.g. rifts continental basins. 1994; Jelsma et al.,
Zimbabwe; Regarded as typical example for | 1996, Jelsma and
vertical accretionary processes, relating | Dirks, 2002,
magma under-and overplating in | Blenkinsop et al.,
intracontinental rifts or similar settings | 2000
above hot-spots or mantle plumes
e.g. Zimbabwe | Continental Detailed structural and | de Wit (1982);
Craton and Oceanic | geochronological studies suggest | Kusky & Polat
coexistence contemporaneous  coexistence  of | (1999); Jelsma &
oceanic and continental crust and the | Dirks (2000)
operation of plate boundary processes
during the Archaean.
Abitibi; As the horizontal accretion involving | Card, 1990; de Wit,
Yilgarn Block, | Horizontal near uniformitarian models with lateral | 1982; Swager and
Zimbabwe, accretion amalgamation of mafic oceanic and | Griffin, 1990;
Superior and felsic (island arcs) crustal fragments | Myers, 1995
Kaapvaal during a subduction-accretion related
11
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Craton process

Vertical accretionary processes,
Dharwar and | Vertical relatihng magma accretion and | Bouhallier et al,
Pilbara accretion subseguent deformation of the| 1993; Hickman,
Cratons greenstones and the underlying felsic | 1984

basement due to vertical processes
including melt segregation from a
convective mantle, or underplating
liquid and solid state diapirism in the
evolving crust.

From the Table 2-2 it is clear that there is no consensus on Craton evolution and origin of the
greenstone belts. On the other hand there is less controversy regarding the basements of the
greenstone belts, which is mainly associated to sialic gneisses (Table 2-3). The contact between
the basement and the greenstone is usually tectonic (Shackelton, 1995). The process responsible

for overplating above mantle plumes is mainly the rifting.

Table 2-3. Examples of basement and supracrustal sequences for the greenstone belts

Craton /
| greenstone belts

Basement of the

greenstone belts

Supracrustal Sequence

References

Canada

Anton gneiss terrain:

Point Lake greenstone

Stockwell (1933)

ocean-floor origin

pillowed mafic volcanics,
ca 2700 Ma

Point Lake, | 315242 Ma {1] belt Henderson (1975)
Central Superior Mafic pillowed volcans, | Kusky (1991)
Province Conglomerates, siltstones
ca.2.7Ga
Hearne Lake area | Sleepy Dragon | Conglomerates, Cameron | Henderson (1995)
S. Slave Province | gneiss complex 2829 | River volcanics-pillowed | Kusky (1990)
+40/-31 Ma |2] basalts ca. 2.7 Ga
Steep Rock Marmion Complex Conglomerate, carbonate | Wilks and  Nisbet
Superior Tonalitic gneiss 2991 | (stromatolites), ironstone, | (1988)
Province Ma [3] mafic volcanics, >2.69
Ga
South Africa Kaapvaal granitoids | Fluvial, tidal and shelf, | Mathews and Scharrer
Pongola conglomerate, sandstone, | (1968)
silts & muds. Calc-alkali
tholeiitic basalts. 2940+
22 Ma [4]
Kaapvaal Oceanic floor De Wit, 1982
Barbeton ophiolites Kroner and Tegtmeyer,
greenstone 1994
Zimbabwe Tokwe gneiss (c. 3.5 | Upper Bulawayan | Stowe, 1974
Shurugwe area [ Ga) overlain by | conglomerate, ironstone | Shackelton, 1995
greenstones obducted ophiolite of | and ~ komatiitic ~ and | Cotterill (1979)

Tsomondo et al. (1992)

12
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Belingwe  area | 3.5 Ga gneisses Upper Bulawayan clastic | Bickle et al., (1975)
greenstone belts | 2.9 Ga greenstones sediments, limestone, | Nisbet et al. (1993)
ironstone, komatiitic and
basaltic volcanics, ca 2.7

Ga [5]
Australia Gneisses and, | Clastic sediments, | Fitton et al. (1975)
Pilbara Craton Warrawoona and | komatiitic and mafic | Barley (1987)
Whim Creek Gorge Creek Groups | volcanics, felsic | Horwitz )1992)

ca. 3450 -~ 3300 Ma | volcanics ca. 2990 + 7
granite-greenstone Ma McNaughton et al. cf

terrain [6]
Southern India Peninsular Gneisses | Bababundan Group, | Ramakrishnan et al,,
Bababundan- 2900 - 3300 Ma [5] | clastic sediments, mafic | 1976; Chadwick et al.
Ranibennur Tract and felsic volcanics, | (1985); Chadwick et al.
>2600 Ma [7] (1992); Viswanatha et
al., 1982; Shackelton,
1995

Geochronology sources: [1] U-Pb zircon, Krogh and Gibbins (1978); [2] U-Pb zircon,
Henderson et al. (1978); [3] U-Pb zircon, Davis and Jackson (1985); [4] U-Pb zircon, Hegner et
al. (1984); [5] Pb- Pb thin slice, Chauvel et al. (1993); [6] Horwitz and Pidgeon (1993); [7] Pb —
Pb whole-rock, Taylor and Chadwick. (1984).

The table 2 — 3 suggest that the greenstone sequences were definitely deposited above older
continental crust and according to Bickel et al. (1994) there are no greenstone sequences
exhibiting sufficient features to warrant definitive classification as an ophiolite. The tectonics of
the greenstone belts depend much on the understanding the basement and the nature of the
contact between the basement and the supracrustal sequences. The next section discusses the

structures in the greenstone belts and their relationship to mineralisation.

2.1.2 Structures in the greenstone belts

The Archaean granite greenstone terrains present different types of structures in a variety
of geometries. The thrust faults, synforms associated with either interference folding or
domal/diapiric granitoids (e.g. Pilbara and Zimbabwe Craton), and late strike slip shear zones
(e.g. Superior Province) are some of the dominant structures in greenstone belts (Kusky and
Vearncombe, 1997).

The contacts between granitoid and greenstone belts are structural breaks or shear zones
(e.g. Barberton in South Africa and Shurugwe in Zimbabwe) (Shackleton, 1995), or
unconformities (e.g. Belingwe in Zimbabwe (Bickle et al., 1994) and India (Viswanatha et al.,
1982 and Shackleton, 1995)). There has been controversy in the interpretation of these contacts,
the stratigraphers consider them basin margin faults while the structural analysts argue that they

13
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are either thrust or strike-slip faults and/or younger structures not related to initial basin
geometry (Kusky and Vearncombe, 1997).

Early extensional fault structures have been mapped in many greenstone belts (e.g.
Barberton) and are associated with originally flat-lying structures associated with an carly
schistosity or they may represent transform faults (Platt, 1980; de Wit, 1986; Shackleton, 1995;
Kusky and Vearncombe, 1997).

Early contractional structures are usually related to thrust faulting and recumbent folding
as observed in the Zimbabwe and Kaapvaal Cratons (Tsomondo et al., 1992; de Wit 1982 and
Jackson, 1984), Yilgarn Craton (Archibald, 1987 and Swager and Griffin 1990), Pilbara Craton
(Bickle et al., 1985), Slave Province (Kusky, 1991) and Superior Province (Ayres and Corfu,
1991). These structures and the stratigraphy are interpreted as responsible for the overall
distribution of rock types in the greenstone belts (Kusky and Vearncombe, 1997).

The non-linear pattern and cuspate outlines of some greenstone belts in the Zimbabwe
and Dharwar Cratons suggest an influence of diapirs in the early stages of the greenstone belt
evolution. Blenkinsop et al., (1993) and Jelsma and Dirks (2002) argue that the cuspate nature
Zimbabwean greenstone belts reflect a true deformation patterns. This deformation is related to
diapiric and ballooning plutons, which caused strong compression, and shortening of the inter-
diapir greenstone belts with steep dips into the inter-diapir synclines (mainly in Pilbara, Dharwar
and Zimbabwe Cratons) (Shackleton, 1995). The linearity of some greenstone belts (e.g. Yilgarn
block in west Australia, eastern part of Dharwar Craton in India) is mainly a result of
subduction-driven, along craton margin collision, or within-plate tectonics might be attributed to
the deformational pattern (Shackleton, 1995).

In Zimbabwe context both processes may have operated. The ENE trending belts on the
south of the craton are parallel to the Limpopo mobile belt trend whereas there are in the central
west of the craton belts that have linear trends which are not readily related to craton margin
events.

Early structures in greenstone belts were reactivated because they represent zones of
weakness where late intrusive rocks intruded (de Wit et al., 1987) or might have been used as
ascending path for mineralising fluids.

The structures in the greenstone terrains can be summarised in:

(i) Structures resulting from pre-diapiric gravity slides, thrusts
(obductional?) and related compressional structures,

(ii) Structures resulting from the diapiric rise of plutons,

(iii) And post-diapiric compressional structures (Shackleton, 1995).

14
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The next section discusses the mineralisation in the Archaean granite-greenstone terrains.

2.2 Gold Mineralisation in the Archaean Greenstone belts

Archaean greenstone belts are major sources of gold in the world. The explanation of what
controls the distribution of gold in a greenstone belt is key to the development of any exploration
model at mine, belt, or on a Craton wide scale.

Most of the gold in Archaean greenstone belts is confined to the vicinity of re-activated
ductile shear zones (e.g. Groves et al., 1988; Colvine et al., 1984, 1988; Sibson et al., 1988;
Groves and Foster, 1993; Campbell and Pitfield, 1994; Herrington, 1995; Dirks and van der
Merwe, 1997). According to Colvine et al. (1984); Groves et al. (1987 and 1988); Groves and
Foster (1993); and Campbell and Pitfield (1994) the precipitation of gold occurs in the brittle-
ductile regime at 2+0.5 kbar and 350°C where fluid flow is localised and fluids are pumped up
shear zones of sufficient scale.

Brittle-ductile shear zones, especially those with a reverse component, are regarded as
extremely important in focusing fluid flow and acting as depositional centres (e.g. Sibson, 1987;
Sibson et al., 1988; Boulier and Robert, 1992; Schmidt Mumm et al., 1994; Dirks and van der
Merwe, 1997).

Authors such as Foster et al. (1986), Foster (1988a, b), Groves and Foster (1993),
Campbell and Pitfield (1994), Dirks and van der Merwe (1997), Groves et al. (1998), and
Blenkinsop et al. (2000), have shown that shear hosted gold deposits in greenstone belts are not
within the primary shears, but within secondary structures (e.g. fault splays and duplexes)
associated with them.

The changes in chemistry, pressure and temperature are the main factors that are
responsible for the precipitation of gold. The chemistry is related to changes in mineralogy and
composition of the host rock. The pressure variation may be due to presence of structures (e.g.
dilational jogs) competence contrast and low stress at crustal level. The changes in temperature
are mainly associated with crustal level, thermal conductivity of the host rock and nature of the
geothermal gradients.

Lithologies related to greenstones (mafic, ultramafic and felsic volcanics, volcaniclastics,
epiclastics, and BIF) and granodiorite/tonalite (associated with intensely sheared zone, Rezende
gold fields in the MMO greenstone belt) and granitoid gneisses, with associated amphibolites,
epiclastic metasediments that include shale/greywacke successions and banded iron formations

are commonly associated with gold mineralisations in Archaean.
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Gold is mainly associated with sulphides (pyrite (50 — 95 vol.% of opaque minerals),
galena (e.g. at Rezende mine: 1 — 40 vol.%), arsenopyrite (0 — 40 vol. %) with accessory
minerals such as pyrrhotite, and sphalerite (Schmidt Mumm et al., 1994)) and quartz veins. Most
of this gold is primary and formed at the same time or from the same fluid as sulphides. The
reactivation of fault structures leads to second or even third gold mineralising event.

On a Craton wide scale (e.g. Zimbabwe Craton, and Superior Province, Canada) there is
a relationship between the location of gold deposits and the crustal or greenstone belt scale
corridors (see Chapter 5). Despite this large-scale association, the first order structures rarely
host gold deposits at any structural level for example in the Yilgarn (Groves et al., 1995) and
Zimbabwe Cratons (Campbeli and Pitfield, 1994).

Gold mineralisation is mainly deposited at structural collapses such as intersections of
shears, inflections of shears, fault-splays and dilation shears, where there is increased
permeability, and low stress fields that constitute an ore fluid focus. These sites are seldom
continuous along a shear zone or structure. They are localised within distinct segments of these
structures where permeability and or gradients in hydraulic head are highest (Cox, 1999).

The development of secondary structures, gold bearing veins and shear zones, is a
sequential process representing an initial phase of synthetic R and antithetic R1 riedel shears
which give way to transfer movement on principal shears (D or Y) striking parallel to the main
vector of strike-slip (Fig. 2- 4) (Campbell and Pitfield, 1994). This process may repeat itself at
higher levels of the crust, signifying more complexity of structures in the brittle regime
(superficial) compared to the ductile (deeper) ones (Figs. 2-1 and 2-2).
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Figure 2-1. An example of scale dependency of gold bearing structures in the Zimbabwe Craton. The

increase in complexity is accompanied by transition from pure ductile regime to pure brittle regime (see
also figure 2-2) (after Dirks et al., 2001)

The Au-bearing structures are also scale dependent suggesting repeatability of structures
with increasing complexity towards secondary and tertiary structures (Figure 2-]’3';’ -Most
conclusions are drawn on the basis of descriptions at the mine scale, which are extrapolated to
the greenstone belt level and to Craton-scale. This evidently raises the question of the overall
nature and scale of structural control of gold mineralisation in the Archaean, associated with
multiple reactivations of structures by different tectonic events (regional and local).

The next session discusses the controls of gold mineralisation.

2.21 Controls of Gold Mineralisation in Archaean granite-greenstone Terrains

Archaean gold deposits share common characteristics, which are important to consider
before discussing the controls of mineralisation. These common characteristics include;
according to Cox (1999):

() Deposits occurring in, or adjacent to, low displacement faults or shear zones,

(i)  The host faults and shear zones form part of larger crustal scale shear systems,

(ii))  High fluid flux that was localised along the faults and shear zones during ore

formation,
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(iv)  Gold deposition occurring during deformation within the host structures,

(v)  Depths of formation predominantly range between 4 and 15 km, and at
temperatures between 250° and 500° (Kerrich & Cassidy, 1994),

(vi) The hydrothermal fluids were low salinity, predominantly H,O- CO, fluids
{McCuaig & Kerrich, 1994),

(vii) Deposits formed in near-lithostatic to transiently supra-lithostatic fluid pressure

regimes (Sibson et al.,, 1988; Cox et al., 1991, 1995), and

(viii) Deposits formed typically in post-peak metamorphic regimes in convergent

accretionary orogens (Kerrich & Cassidy, 1994).

In several regions within Australia, Canada, Zimbabwe and other Archaean terrains, gold
deposition within banded iron formations and mafic rocks is enhanced relatively to other host
rocks {Groves and Phillips, 1987; Colvine et al., 1988). These rocks might be more favourable
because, when gold is transported as sulphur complexes (Phillips and Groves, 1983) the iron
from the mafic and ultramafic rocks would facilitate the breakdown of Fe-Mg-bearing silicates
(chlorite, actinolite) to form pyrite, and consequently destabilise the gold complexes in solution
(Neall and Phillips, 1987) as illustrated on the reaction 1 (Phillips et al., 1996), using end-

member chlorite.

FesSisQy0(OH)s + 6HAu(HS), + 1.50; = 6Au + 6FeS; +4Si0, + 13H,0 (Eq. 1)
Chlorite + Au — S complex + O, = Au + pyrite + quartz + H,0

This reaction is just one of many possibilities for the liberation of gold, i.e. the changes in
chemistry of the host rock, for example the presence of magnetite or more oxidising conditions
would vary the end-members and consequently the results (see also Phillips et al., 1996).

In contrast chemical reactions between felsic-rich lithologies and gold bearing fluids
mainly produce small amounts of gold, whereas those between mafic and andesitic types
produces elevated values of gold. This has been shown to be the case where a shear zone
traverses siltstones and andesites and gold is precipitated within the andesites (e.g. Stawell,
Western Victoria, Phillips et al., 1996).

The thickness and geometry of the host lithology are other constraining factors that
control the localisation of gold deposits because it allows more surface area for the fluid to

interact.
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The tectonically induced permeability conjugated with strain of the lithology has to
accommodate large volumes of high-pressure fluid flux, and the stress gradient has to be high.

Besides the lithology the mineralisation is also controlled by the contacts between
competent units adjacent and non-competent units (e.g. porphyry intrusions), or at the contact
between units of contrasting competency which become highly mineralised (e.g. Phillips and
Groves, 1983) while the incompetent units are rarely mineralised, except in fold hinges.

The development of hydrothermal systems responsible for the formation of economic
deposits appears to be linked to the formation of deeply penetrating crustal shear systems (Cox,
1999). If the crust already contains these major structures, and other mechanical heterogeneities,
they may control the development of areas of enhanced fluid flow and hence the structures
themselves may be the sites (Sanderson & Zhang, 1999). Figure 2-2 illustrates the development
of such sites from a pure ductile to pure brittle regime.

All gold mines in most greenstone belts world-wide (Canadian shield — Superior and

Slave Provinces, Zimbabwe Craton, Kaapvaal Craton, Yilgarn and Pilbara Cratons) are
influenced, to varying degrees, by structural disturbances that may be regional (crustal scale
strike slip shear zones), or local, or both (e.g. Sibson 1990, 1996; Campbe!l and Pitfield, 1994,
Groves et al, 1997; Sanderson & Zhang, 1999). In Zimbabwe, for example, 20% of total
production is derived from mineralised shear zones (Campbell and Pitfield, 1994). Gold in the
Zimbabwe Craton typically occurs either in second order shears, including conjugate sets within,
or adjacent to the first-order shear zones which transect the greenstone belts, or, at particular
sites along the shear zones associated with duplexing, inflections, en echélon segmentation,
lithological contrasts, pressure shadows, shear-related folds, and dilational jogs (Campbell and
Pitfield, 1994).
The high permeability sites represent areas of stress shadows around intrusions, releasing bends
along shear bands which are related to brittle fractures that are important conduits for fluid flow
and both tensile and shear failure, are mainly promoted by low effective stresses (Sibscn, 1996;
Sanderson and Zhang, 1999).

The mineralisation in Archacan greenstone belts is spatially and temporally consistent in
its position, having formed during syn-to post-peak metamorphic event and emplaced at c. 3.2 -
2.6 Ga, as illustrated on Table 2-4. The available ages from Zimbabwe, Yilgarn, Slave, and
Superior Cratons support this view. According to Barley and Groves (1992) the gold deposits in

any Archaean terrain may well all be a part of the same supercontinent cycle.
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Figure 2- 2. Schematic
representation of an ideal ore
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1988

The presence of numerous granitic intrusions or cupolas, within greenstone belts is

responsible for the formation of concentric or radial strike slip faults and normal faults, and

shears that host mineralisation world-wide (e.g. Powell et al.,, 1991 and Campbell and Pitfield,

1994). After syntectonic plutonism (diapirism) further far field stress is accommodated by strike-

slip shearing. The areas around the granitic body become fractured to an extent of creating high

permeability zones and low stress fields allowing fluid focusing during mineratisation (Campbell

and Pitfield, 1994). This is probably the case of the large number of deposits located around and

within the Penhalonga granodiorite in the MMO greenstone beit.

The granites also supply the heat flux necessary to trigger the upward migration of fluids

by increasing the fluid pressure.
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Table 2-4. Showing the timing of Archaean mineralisation.

Province Age of veining Age  of | Spatially Metamorphic
host Associated Events References
Terranes | Magmatism

Zimbabwe | 2670, 2659 Eary and | 2700-2600, 2460 | 2,69 Ga (?) Foster and Piper

Craton, Late (Great Dyke at (1993), Darbyshire et al

Zimbabwe Archaean | 257510,7) (1996), Vinyu et al
{1996).

Yilgam 2640 - 2620 2750 - | 2690-2660, 2650- | 269 -2,66 | Kent and McDougall

Craton, W. 2685 2630 Ga, 265 -}(1995), Kent et al

Australia 263Ga (1996), HKent and
Hagemann (1995}, Cox
{1999)

Slave about Middle 2663, 2640-2585 | about 2,69 | Abraham and Spooner

Craton, 2670 - 2660 and Late Ga {1995}, MacLachlin and

NWT, Archaean Helmstaedt (1995)

Canada

Superior 2720-2670, Middle 2720-2673, 2,69 — 2,643 | Kemich (1994), Kerrich

Province, | 2633-2404 (?) and Late | 2645-2611 Ga & Cassidy (1994),

Canada Archaean Jackson & Cruden
(1995), Powell et al.
(1991)

Kaapvaal | 3200-3064 3600- 3437, 3106, 3000 | >3,2 Ga, deRonde et al. (1991),

Craton, (Barberton beit); | 3200 (in |- 2700, 2600- | some at 2,85 | Foster and Piper (1993)

South >2700 with | Barberton | 2500 Ga

Africa perhaps some | belt)

at 2850
{Murchison belt)

(?) age not consistent with general pattern. Adapted from. Groves et al., 1998

In Zimbabwe, 23% of the mines are spatially related to felsic porphyries and felsic —
intermediate intrusions and have produced over 800 tonnes of gold (Dirks et al., 2000). Other
important parameters that control gold mineralisation are the physical and thermal factors, which
are recognised as main contributors to fluid flow regimes and precipitation of metals in the upper
crust. Researchers (e.g. Sibson, 1990 and Holyland et al., 1993) indicate that fluid migration in a

: ( tectonically active environment occurs dominantly in response to a physical, rather than
chemical or thermal, driving mechanism. A sudden fluid pressure drop can drive phase
separation processes and gold precipitation, leading to preferential gold deposition in veins, and
especially at dilatant jogs where fluid pressure reductions at failure are most severe (Cox , 1999).

The change from ductile to brittle regime causes variations in physico-chemical conditions

of the ore fluids and may be conducive to gold precipitation.
2.3 The Zimbabwe Craton

The Zimbabwe Archaean Craton contains granite-greenstone terrains of different ages

whose broad subdivisions are distinguished on the basis of field relationships and age
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determinations (e.g. Macgregor, 1951, Snowden and Bickle, 1976, Wilson, 1979, Snowden,
1984, Jelsma et al., 1993, Bickle et al., 1993, Wilson at al., 1995, Jelsma et al., 1996, Blenkinsop
et al., 1997, Dirks & Jelsma 1998a, Horstwood et al., 1999, Dirks et al., 2000, Jelsma & Dirks,
2000). It covers an area of 400000 km? and at surface, it is characterised by distinct greenstone
belts with a ratio of greenstone belt to granite and granite gneisses being one to five (1:5)
(Blenkinsop et al., 1997).

~ The evolution of greenstone belts is controversial with some consensus around models that
advocate the intracratonic extensional basins with deformation associated to non-uniformitarian
vertical tectonic processes. Related to this model is the vertical accretion process advanced for
the Zimbabwe Craton (Blenkinsop et al., 1997) and Dhawar Craton in India (Bouhallier et al.,
1993). The second model advocates that the greenstone belts are formed as result of plate
tectonics similar to the present processes. The so-calied horizontal accecretion is clamed to be
responsible for the formation of greenstones in the Yilgarn Block of western Australia (Myers,
1995), the Kaapvaal Craton in South Africa (de Wit et al, 1992) and the Superior Province,
Canada (Card, 1990). Researcher such as Dirks and Jelsma (1998), Dirks et al. (2000) and Kusky
(1998) have reinterpreted the Zimbabwe Craton on the basis of field evidence and concluded that
the evolution of the greenstone belts represents an amalgamation of various crustal fragments

that accreted due to plate tectonic like processes.

2.3.1 Geological Setting and Stratigraphy

The Zimbabwe Craton comprises sedimentary and volcanic rocks of the greenstone belts,
the associated granitoids and granitoid gneisses together with certain dyke swarms (Wilson,
1979).

The stratigraphic nomenclature for the greenstone belts of the Cratonic Basement
Complex i§ based on the work by MacGregor (1951), Wilson (1979) and more recently Jelsma
and Dirks (2002) and Wilson et al. (1995). MacGregor (1951) explained the distribution of the
greenstones enveloping the granites as result of vertical movements due to diapirism. The
greenstone belts can be broadly divided into three Supergroups — the Sebakwian, which is
overlain by the Bulawayan and finally capped by the Shamvaian Supergroups. Generally the
Shamvaian Supergroup is the final major sedimentary unit underlain by the widespread
Bulawayan Supefgroup, which consists of a volcanic pile together with some minor sedimentary

rocks. The Sebakwian Supergroup is at the bottom of the succession and is considered the oldest
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unit and comprises supracrustal rocks and mafic and ultramafic rocks that broadly developed
coeval with regional metamorphism and synkinematic granitoid emplacement.

Since the seventies researchers have concentrated their effort on studying the stratigraphy
of Zimbabwe (e.g. Nisbet et al., 1977; Orpen, 1978; Bickle et al., 1975; Martin, 1978; Kusky,
1991; Kusky dand Kidd, 1992; Bickle et al., 1993; Kusky and Winsky, 1995; Wilson et al., 1995).
The stratigraphy of Belingwe greenstone belt as described by Martin (1978) comprised two
major units, the Upper and Lower greenstones of the Bulawayan separated by an unconformity.
These terms have subsequently been applied craton-wide to greenstone belts around the country,
and Wilson et al 1995 retained the term Bulawayan for the upper succession and the volcanics to
the Lower greenstones as the Belingwean (e.g. Bickle and Nisbet, 1993, Bickle et al., 1993,
Kusky and Winsky, 1995) (Table 2 — 5 and Fig. 2 - 3). The stratigraphy at Belingwe greenstone
belt has lateral variations from southeast to the west of the belt.

The Lower Greenstones at Belingwe, to the southeast, are represented by the Brooklands
Formation, which consists of basaltic, and komatiitic lavas interbedded with phyllites and
banded iron-stones, also with quartzites, chloritic grits and conglomerates (Martin, 1978, Martin
et al., 1993). And to the west of the belt the Lower Greenstones comprise three formations, the
Hokonui (Intermediate to felsic volcanics, mostly pyroclastic, and mafic volcanics), Bend
(Komatiite, komatiitic basalt and ironstone)} and the Koodoovale (Conglomaret, felsic
agglomerate). The Hokonui formation consists of lateral variations of dacitic pyroclastic rocks,
andesitic flows and pyroclasts, amphibolites, tremolite-chlorite schist and some banded calc-
silicate rocks. The Bend Formation is inferred to overlie unconformably the Hokonui Formation
and consists of alternating pillowed mafic lavas, spinifex-textured flows and sills, and
intercalated-banded iron-formation. The Koodoovale Formation conglomerates of the Lower
Bulawayan Group with boulders of banded iron-formation, tremolite-chlorite rocks, felsic
volcanic rocks and granite caps these rocks (Wilson et al., 1995).

The Upper Greenstones of Wilson (1979) and Forster et al.(1996) is equivalent to the
Upper Bulawayan and comprise of, from base to top, Manjeri Formation, the Reliance
Formation, the Zeederbergs Formation, and the Cheshire Formation.

The Manjeri Formation consists of clastic shallow-water sediments and limestone, overlain by a
sulphide facies banded iron-formation (Wilson, 1979). it rests unconformably on different
formations of the Lower Greenstones and on the basement of the Shabani Gneiss. On top of it is
the Reliance Formation made up of ultramafic rocks, komatiitic basalts, basalts, and pyroclastic
units. The Zeederbergs Formation overlay the Reliance Formation and consists of tholeiitic

basalts with massive and pillowed flows, and minor pyroclastic rocks.
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Figure 2 — 3. Stratigraphic columns of the Belingwe greenstone belt, showing also stratigraphic
nomenclature of various workers and possible correlations of different units. (After Kusky and Winsky,
1995)

Conformably capping the volcanic pile is the Cheshire Formation that consists of shallow
water pelitic sedimentary rocks (Martin, 1978 and Hofman et al., 2001). In places it develops
stromatolitic limestones (Martin et al., 1980, Wilson et al, 1995) and a locally derived
conglomerate at the base. Wilson et al., 1995 summarises the Zimbabwe stratigraphy adopting
part of Bickle and Nesbit, (1993). In this summary the Belingwean and Bulawayan, each
contains a number of greenstone volcanic cycles (Table 2-5). The Belingwean, divided into
Lower (Hokonui and Bvute Formations) and Upper Belingwean (Bent Formations) is equivalent
to the lower portion of the Lower Greenstone belts and to the lower part of the Lower Bulawayan
(Wilson et al., 1995). These units are ultramafic — mafic in their lower parts and mafic-felsic in

their upper parts and can be coupled to episodes of syn-volcanic to late —tectonic tonalite-

granodioritic plutonism.
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Table 2 - 5. Summary of Major Events in the Zimbabwe Archaean terrane

[my. | Event
Emplacement of Great Dyke 2575 +- 0,7 Ma
NNW-SSE Great Dyke fractures
Compression CRATONISATION
7 Shearzone Granitoid suites Greenstone Sequences
stage | Chilimanzi | Volcanics
Ca.26Ga SHRIMP
‘ Main age Shamvaian
' Defor Vertical Tectonics Wedza in Ga Us
mation Doming stage ?ca. 2.65 Ga ‘
Sesombi Ca. 2.65 x u.
Ca.2.7Ga | (J‘"I H Bulawayan
Ca. 2.7 US—4W -4E
? Ca.28 = u-u3 - all L.
Ca.2.83 L4 Bulawayan
Vertical Tectonics? Chingezi CD u.
Ca.29-28 L3 Belingwean
Ga Ca.29 (‘-G_ L
L2 e Belingwean
3100 L1
3200
3300 | Mushandike granite
3400 Mont D'Or Formation granite
Maf' ic volcanism, sediments
3500 Selukwe nappe I w
greenstone belts Mafic and ultramafic volcanism
and intrusion ? _ Granite
>3500 | (Sebakwian Supergroup) and granites < ,

B = Bend; K= Koodoovale; M= Manjeri; H= Harare unconformities
7 = Harare sequence; A cycle indicates the full development of a lower ultramafic-mafic sequence which
passes upwards into a mafic-felsic sequence. The felsic volcanics are dominantly dacites but may also
include andesites and rhyolites. Unit U5 is andesite dominant. The Shamvaian Supergroup occurs
unconformably above the Harare sequence and also on the eastern and western successions of the ca. 2.7
Ga Upper Bulawayan cycle. In the Masvingo greenstone belt, felsic volcanics from the Upper Shamvaian
s give age of 2661+ 17 Ma. L, - L, and U, — U,E are respectively the Mtshingwe and Ngezi Groups of
Bickle and Nisbet (1993); L — Low Belingwean and U — Upper Belingwean. Adapted from Wilson, 1979
and Wilson et al., 1995.

2.3.2 Tectonic Evolution of the Zimbabwe Craton

Macgregor {1951) suggested that vertical movements due to diapirism and the formation
of domes were responsible for the configuration of a number of granitic bodies with an ovoid
shape and sheared margins across the Craton. Snowden and Bickle (1976) and Snowden (1984)
later re-interpreted the Macgregor’s model in terms of fold interference. More recently, Ramsay,
(1989) and Jelsma et al., (1993), invoked ballooning piutonism or diapiric granite-gneiss dome,

with remobilized older plutonic components on the basis of detailed studies of strain patterns
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around the Chinamora batholith. The diapiric models for emplacement of granites has been
criticised on the basis of rheological, thermal and mechanical experiments (Clemens & Mawer
1992 and references therein). The granitic emplacement models tend to support more the idea of
space creation through faulting in the upper crust (e.g. Hutton et al. 1990 and Grocott et al. 1994
and references therein).

A different view on the tectonic models was advanced by Coward & Daly (1984 and
references therein), which hinges on the recognition of major strike-slip shear zones of large
strike length. These structures suggest that Cratonic tectonics is dominated by horizontal
displacements (Treloar & Blenkinsop, 1995). Jelsma and Dirks (2000) claimed that these earlier
shear zones are linear zones of extreme flattening and transposition of earlier fabrics. Earlier
workers (e.g. Treloar et al., 1992; Rollinson, 1993) related these shear zones to accretion of
crustal fragments against the Kaapvaal Craton. This accretion culminated at 2.6 -2.7 Ga with
collision of the Zimbabwe Craton and the Kaapvaal Craton. This collision of Zimbabwe and
Kaapvaal Cratons caused crustal thickening, fower crust partial melting and emplacemt;,nt of
large, sheet-like plutons in the upper crust.

The southern part of Zimbabwe was explained in terms of a kinematic model by Coward
& Daly (1984). They reported that the granite-gneiss terrain of east Midlands had been displaced
towards the WSW along ENE-trending sinistral shears (Treloar and Blenkinsop, 1995). This
block was then deformed approximatety during the emplacement of the Chilimanzi granite suite
as demonstrated by variable deformation of these granites and by the ductile nature of the
deformation, which implies that the granites were not cold and brittle (Treloar and Blenkinsop,
1995).

The MMO greenstone belt lies in one of these ENE-trending crustal boundaries, hence
the importance on the understanding the tectonic setting and its metallogenesis (see also Chapter
3). Crustal growth of the Zimbabwe Craton at ca. 2.7 2.6 Ga is recorded by the widespread
emplacement of granitoids and deposition of the Upper Bulawayan and Shamvaian greenstones.
The stabilisation of the Craton was achieved around 2.6 Ga after the emplacement of the
Chilimanzi granites (2.6 Ga) and the intrusion of 2575+0.7 Ma Great Dyke (Wilson et al., 1995).

The evolution of the Zimbabwe Craton is still far from being understood, and proper
description of the events in the Craton hinges not only on the research on the stratigraphy of the
greenstones belts but also in finding answers to questions such as, are they, in general, thick
coherent sections with repeated stratigraphic alternations of felsic and ultramafic — mafic
volcanic rocks and sedimentary rocks which underwent little deformation before late granitoid

emplacement as claimed by Hamilton, (1998) or are they merely complexly deformed rock
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assemblages juxtaposed during collisional orogenesis as suggested by Kusky and Vearncombe
(1997). Further problems on the stratigraphy of the Zimbabwe Craton can be illustrated by
overturned stratigraphy from high-resotution SHRIMP ages on zircons from felsic volcanics of
the Midlands greenstone belt (Wilson et al., 1995). The suggested presence of a major
detachment zone in the Belingwe belt implies that a whole sequence of volcanics may have been
transported from elsewhere (Kusky and Kidd, 1992; Kusky and Winsky, 1995; Shackleton,
1995).

2.3.3 Structures in the Zimbabwe Craton

Late Archaean faults and major shear zones focussing strain (Fig. 2-5) have been noted in
various parts of the Zimbabwe Craton and its margins (e.g. Wilson, 1979; Coward et al., 1976;
Stowe 1980; Herrington, 1995; Treloar and Blenkinsop, 1995).

In the Zimbabwe Craton there three types of important structures identified by different

authors as shown in the Table 2 -6.

Table 2 — 6. Main structural types in the Zimbabwe Craton

Layer-parallel | Concentric dome | Regional ENE | Authors

shear zones parallel shears shears

Accommodation | n.a. n.a. Blenkinsop et al.,

structures 1993

n.a Doming related structures | n.a. Jelsma et al,

: 1993

Thrusts n.a. Strike slip Stowe, 1984

n.a. Doming related structures | Strike slip Campbell and
Pietfield 1994

Accommodation | Doming related structures | Strike slip Treloar and

structures Blenkinsop 1995

Thrusts Doming related structures | Strike slip Dirks and Jelsma,
1998b

Thrusts Doming related structures | Strike slip Jelsma and Dirks,
2002

n.a. = no information available

The layer-parallel shear zones associated with low-angle stratigraphic truncations and
silicified chert or BIF horizons have also been reported in the granite-greenstone terrains of the
Yilgarn, Superior and Kaapvaal Cratons (de Wit et al., 1992; Swager and Griffin, 1990; Card,
1990; Myers, 1995) and are regarded as responsible for the overall distribution of the rock types

as well as the thickening of the stratigraphic sequences.
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The structural map (Fig. 2- 4) emphasises the presence of ENE trending moderately to
steeply dipping crustal shear zones often with complex kinematics (Campbell and Pitfield,
1994).

The above described shear zones are known to control Au mineralisations in several

greenstone belts of the Zimbabwe Craton {Campbell and Pitfield, 1994, Treloar and Blenkinsop,
1995), which include the Manica-Mutare-Odzi greenstone belt (see next section).

a_a Thrusts, teeth on hanging wall /4
——  Major fabric trends Y
== Shear zones /
NMZ  North Marginal Zoneg

MMO Manica-Mutare-Odzi l’
—— Craton outline ;

-
n

Figure 2-4. Revised map of major Archaean structures in the Zimbabwe Craton showing, in particular, the

conjugate ENE-striking shear zones. Adapted from Treloar & Blenkinsop, 1995 and Geological Survey of
Zimbabwe, 1980.

2.3.4 Archaean Gold Mineralisation in the Zimbabwe Craton

In the Zimbabwe Craton ca. 279 important deposits with production in excess of 1000000
ounces of Au have been recorded (Bartholomew, 1990; Oberthur, 1994). Most of the largest
deposits occur within the Upper Bulawayan Supergroup, followed by the Shamvaian. Few large
gold deposits are hosted in granite or diorite (e.g. Freda Rebecca mine). The majority of large
deposits are concentrated in the Midlands greenstone belt between Chegutu and Kadoma in the
north and Gweru and Shurugwi in the south.
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Gold deposits in the Zimbabwe Craton are controlled by several factors, which can be
categorised into structural, stratigraphic, metamorphic and granitic intrusions. Herrington (1995
and references therein), has dealt in detail with factors that influence the deposition of gold
mineralisation in the Zimbabwe Craton.

Strike slip dislocation, dip-slip faulting and fault reactivation are evident in several
deposits in the Zimbabwe Craton and, according to Foster (1989) it is also evident that the
auriferous lodes are developed within a wide range of compressional, dilational, and ductile to
brittle regimes (see Fig. 2-2). Forster (1989) notes that the geometry of the individual lodes was
largely controlled by stress pattern, ductility of the rocks, lithologic inhomogeneities, and
presence or absence of pre-existing structures.

Structures are only mineralised when cutting across lithologies with specific

characteristics such as chemical, competence or sufficient thickness. That is the case of the
Elvington mine and the Connemara group of mines. In both deposits the mineralisation is
confined to a highly sheared banded iron-formation. In this case the BIF meets the competency
criteria and probably the chemical conditions.
Shear zones in diorite host the current largest Au producer deposit in Zimbabwe, the Freda -
Rebecca mine, and in the western Australia the giant Kalgoorlie and Golden Mile deposits. The
lodes are often confined to the interface between rocks of different competence such as basalt-
greywacke in the Cam & Motor and Globe & Phoenix mines in the Midlands greenstones
(Collender, 1964; and Herrington, 1995), Dias Perreira mine in the MMO greenstone belt and the
felsic (porphyritic) sill-basalt couple, which is a common control in many deposits in Zimbabwe
(Foster and Wilson, 1984, Foster et al 1986; Foster, 1989). Foster et al. (1986) on the basis of
observations at Redwing mine indicated that a considerable number of non-stratabound gold
deposits are directly associated with intrusive “porphyries” or “felsites”.

The metamorphic grade and intensity of deformation vary Craton-wide from lower
greenschist facies to upper amphibolite facies. The high Mg-rocks when intruded by mineralised
lodes tend to develop an aureole of carbonatization (e.g. Kwekwe ultramafic Complex, Foster et
al., 1986), chioritization, sericitization and some silicification. These aureoles commonly exhibit
outer zones of talc (Legion mine) or talc and chlorite (Germania mine), which pass into Mg-rich
assemblages where the alteration is most intense (Foster, 1989 and references therein).

The metasomatism in metabasaltic rocks have typical assemblages: for example, in the
greenschist facies, they involve actinolitic amphibole + chlorite + epidote + albite+ calcite+
quartz + pyrite (Powell et al., 1991). The uitramafic rocks are characterised by serpentine + talc
+ magnesite + pyrite at greenschist facies. And their alteration usually produced an actinolite-
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carbonate assemblage together with talc (e.g. Legion mine and Germania mine) (Foster et al,
1986).

Siderite and ankerite are located immediately adjacent to the lodes as invoked by Carter
(1988) and Foster (1989). Fuchsite also occurs in intensely altered and deformed ultramafic units
(e.g. in Manica portion of the MMO greenstone belt). Carter (1988) has identified hydrothermal
albite in the alteration zone around the main ore body at Dalny mine west of Chegutu in
Midlands greenstone belt. Sulphides are also common in the few millimetres of the wallrock
adjacent to the veins. Wall rock alteration, though intense, may only extend for several meters
from the veins (Foster et al., 1986), which makes it difficult to use satellite imagery direct
mapping of hydrothermal alteration.

The main mineralisation event is a Craton-wide, probably worldwide, episode that
occurred at time span between 2670 — 2620 Ma (see also Table 2-2 and Vinyu et al., 1996). This
event correlates with the main deformation phase (D) with NW-SE, or E - W compression and

sinistral transpression across the Craton (Campbell & Pitfield, 1994).
2.4 Discussion

[t is puzzling why the late Archaean is particularly highly mineratized in gold. What is so
special about the late Archaean that could explain its anomalous richness in gold? Where does
gold come from and how was it concentrated in the known deposits? These and other questions
that can be asked about Archaean gold mineralisation particularly in greenstone belts, their
answers lie in understanding the tectonic evolution and stratigraphy of the Archaean terrains.

in this study, the identification of focus structures for goid mineralisation is believed to be
able to lead to gold deposits. It is evident from present knowledge that deep-seated shear zones
acted as focussing structures for gold in the Archaean terranes. This is supported by fluid
inclusions studies, which revealed that the source of mineralising fluids is deep (Chenjerai, 1996,
Huizenga, 1995, Jelsma et al., 1993). It is also a fact that gold is trapped in the secondary and
tertiary structures rather than primary ones. These facts are demonstrated in the MMO
greenstone belt (see Chapter 3).

The development of structurally controlled gold mineralisation in the Zimbabwe Craton is
similar to mineralisation elsewhere in Archaean terranes (e.g. Kaapvaal Craton, Nutt et al., 1988,
Pilbara Craton of west Australia, Bickle et al. 1985).

The combination of appropriate structure, lithology, favourable stress field, appropriate

mineralogy and chemistry of the host rock and enough fluid provides a favourable environment
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for gold deposition. Lithological contacts such as granite-greenstone or banded iron formation-
ultramafic rocks, metassediments — ultramafic units serve as appropriate sites for gold
mineralisation. The orientation of the lithology in relation to the dominant stress field is also
important for the formation of adequate structures, which might act as fluid focus.

This discussion leads us into understanding the global tectonic and structural framework of
the Zimbabwe Craton. As discussed earlier there is no consensus on the tectonic setting and
evolution of the Zimbabwe Craton. However, it is evident that the collision of the Zimbabwe
Craton and the Kaapvaal Craton is an important stage in the Zimbabwe Craton evolution. The
existence of ENE-trending zones of high deformation associated with shear zones is another
important fact in the evolution of the Zimbabwe Craton. These structures are probably crustal
block boundaries as claimed by several authors (e.g. Coward & Treloar, 1990 and Treloar and
Blenkinsop, 1995 and references therein) or detachment fronts (Coward & Daly 1984), which are
crucial, particularly where they are known to be mineralised (Monarch mine in the MMOQ
greenstone belt). The MMO greenstone belt lies in one of these ENE-trending shear zones, hence
the importance in understanding its tectonic setting for a validation of tectonic models for the

Zimbabwe Craton.
2.5 Conclusions

The review presented in this Chapter shows that although there is little consensus about the
origin of gold and the reason for its anomalous concentration in the late Archaean, it is a fact that
greenstone belts worldwide are highly mineralised in gold. That fact makes the greenstone belts
high prospectivity regions for gold mineralisation.

The universally accepted concept that zones of low mean stress or shear zones could have
focused fluid (e.g. Groves et al., 1995), and hence controlled the setting of gold deposits, seems
to apply to the MMO greenstone belt gold mineralisation. This explains the location of important
gold deposits near or within shear zones in the Zimbabwe Craton (¢.g. Dalny Mine) and in the
MMO greenstone belt (e.g. Monarch mine, Guy Fawckes mine, Dot’s Luck mine, Toronto mine,
Champion mine, Reliance mine; Mondlane et al. 2001),

The most significant controls of gold mineralisation in the Zimbabwe Craton are structural;
where gold is associated with sulphides or occurs as free gold in moderately-steep dipping (c.
50° £ 20°) reverse or oblique-reverse shear veins or shear zones that traverse the granite-

greenstone belt.
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The contacts of contrasting competency lithologies offer a potential host for gold

mineralisation in the greenstone belts.
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Chapter 3

3 Geology, Structure, Tectonic Setting and Mineralisation in the
MMO greenstone belt

3.1 Introduction

in the previous chapter the Archacan granite greenstone terrains with particular emphasis
to mineralisation controls and evolution of the Zimbabwe craton were discussed. In the present
chapter a review of the geology, structure, tectonics, and metallogenesis of the Manica Mutare
Odzi (MMO) greenstone belt in the light of the field evidence of the present study and satellite
imagery interpretation is carried out. Emphasis is placed on the central and western part of the
beit, which includes the best preserved, exposed and relatively well studied section of the belt.

The MMO greenstone belt lies in the eastern part of the Zimbabwe Craton and is shared
between Mozambique and Zimbabwe. It is an important gold mining area with combined
historical production and estimated reserves of 128 t of gold (Forster et al., 1996).

3.1.1 Previous geological work in the MMO greenstone belt

The majority of Zimbabwean greenstone belts have been described in a number of
Geological Survey publications. However only the Midlands, Belingwe and Harare-Shamva
greenstone belts where researchers such as Jelsma et al. (1993), Blenkinsop et al. (1993), Bickle
and Nisbet (1993), Herrington (1995), Hoppner (1994), Wilson et al. (1995), Jelsma and Dirks
(2000) and Hofmann et al. (2001), contributed towards a more detailed understanding of these
belts.

The MMO greenstone belt is one of the least studied belts in the Zimbabwe Craton,
despite its large gold production of around 84 tonnes up to 1995 (Forster et al., 1996). The
central part of the belt is the best studied and the eastern section (Mozambican part of the belt) is
the least investigated.

The early researchers (e.g. Swift, 1956) produced the first manuscripts on the geology of
the belt, and described the mineral deposits (gold, copper, nickel, asbestos and magnesite)
occurring within the belt. The geological map by Phaup (1937) for the Mutare section and by
Swift (1956) for the Odzi section are by far the most comprehensive maps of the central and
western sections of the belt to date.
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The next period is characterised by works of Obretanov (1977), Stagman (1978), D’Orey
(1978), Harrison (1979, and Fabiani (1980), who in general agreed with Phaup’s observations,
especially with respect to the intrusive nature of the felsite, quartz-diorites and the hydrothermal
origin of the gold mineralisation. A different view is presented by Roberts (1979) and seconded
by Chenjerai (1996) who suggested that the felsite is a pyroclastic horizon while the sulphide
mineralisation is exhalative. They also report that the quartz-diorites are metasomatised
greenstones that have been silicified due to migration of SiO, from the felsite.

Recent works include Manuel (1992), Chenjerai et al. (1994), Schmidt Mumm et al.
(1994), Koenemann and Forster (1994), Treloar & Blenkinsop (1995), Wilson et al,, (1995),
Chenjerai (1996), and Forster et al. (1996). These authors concluded that the MMO is a late
Archaean linear structure, anastomosing, deep seated, zone that was formed around or before
2.74 Ga. The ENE - trending belt is roughly synformal, with ultramafic metavolcanic rocks
along the margins and coarse clastic metasedimentary rocks in the core. Volcanism was
temporally associated with emplacement of early granitoids (Mondlane et al., 2000). Shear zones
commonly separate individual lithological units. The whole sequence was intensely folded and
later intruded by dolerite sheets and dykes of 1830 m.y. and Pan-African age (c.f. Wilson et al.,
1987, Schmidt-Mumm et al., 1994, Forster et al., 1996).

The Manica section of the belt has been mapped at 1 to 5 000 and 10 000 scale by
students of the Eduardo Mondlane University — Geology Department since 1987. Between 1991
and 1994, several groups sponsored by the BGR (Federal Institute for Geosciences and Natural
Resources, Hannover, Germany) studied the MMO greenstone belt and the results are presented
in Oberthilr (1994) and Forster et al. (1996).

The greenstone sequence has been intruded to the north by an unsheared granite dated
2522 + 36 Ma (Rb-Sr whole rock; Schmidt-Mumm et al., 1994) and to the south (in the Manica
section) by the Vumba granite dated at 2527 + 32 Ma (Rb-Sr whole rock; Manuel, 1992). To the
east, the belt is bound by N-S trending Proterozoic gneisses of the Birue Complex and quartzites

and pelites of the Frontier Formation.

3.2 Regional Setting of the MMO Greenstone belt

The age of the MMO belt is constrained on the basis of Penhalonga granodiorite age (2742
+ 3 Ma) (U/Pb dating of individual zircon grains; Schmidt-Mumm et al., 1994), which gives the
minimum age for the Bulawayan in the MMO belt. The ENE - trending MMO greenstone belt is
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roughly synformal, with Bulawayan Supergroup ultramafic metavolcanic rocks (serpentinites,
talc schists, and komatiites) with intercalated lenses of banded iron formation, overlain by mafic
metavolcanic rocks (pillow lavas and lapilli tuffs) along the margins and Shamvaian Supergroup
coarse clastic metasedimentary rocks (acidic agglomerates, polymict conglomerate) in the core.

The Mbeza sediments are considered to predate the major phase of greenstone belt
deformation and to be specific depositional response to the regional extension during
ultramafic/mafic volcanism and sedimentation (Chenjerai, 1996).

The supracrustal sequences of the greenstone belt are intruded by granitoids of the
Sesombi and Chilimanzi suites, which have overlapping ages of approximately 2800 to 2500
m.y. Gold mineralisation is known to be related to tonalitic intrusions (Forster et al., 1996).

Lithological units are intensely folded and a regional penetrative foliation has developed.
Fold axes generally plunge shallowly either to the east or to the west and are parallel to the
regional trend.

The main deformation phase include the NNW — SSE compression coeval with granite
emplacement and characterised by shearing. This phase occurs during the doming stage related
to granite emplacement and represents vertical tectonics.

3.3 Geology of the MMO Greenstone belt

This study utilised remote sensing images (frame TM169/073, ETM 169/73, SPOT - Xs
and SPOT-Panchromatic), aerial photographs (1: 50000 scale) and geological map interpretation
and was supported by ground truthing, mapping of selected portions of the belt, detailed logging
of N-§ traverses (Fig. 3 — 5) and detailed structural and geological mapping of mines.

A summary geological map at 1:50000 scale is presented in Figure 3-1. The geology of
the MMO greenstone belt is characterised by an ENE — WSW trending volcanic sequences,
which on lithological similarity has been assigned to the Lower (Koodoovale Formation) and
Upper (Manjeri, Reliance, Zeederbergs and Cheshire Formations) Bulawayan of Wilson et al.
(1995) (Table 2 — 5). The Bulawayan Supergoup are overlain by Mbeza and Mbeza Vengo
sedimentary rocks of mainly polymict conglomerate at the base, the siltstones, and phyllites
underlie the capping upward-coarsening sequence of clastic acidic agglomerates with meta-
arkoses and grits.
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The relationships between the Bulawayan and the overlying Mbeza and Mbeza Vengo

sedimentary units is controversial and evidence by different authors suggest two possible

interpretations:

i

The Mbeza and Mbeza Vengo sediments were deposited on a previously
tectonised greenstone substrate (Obretanove, 1977, Koenemann and Forster,
1994, Forster et al., 1996), which implies major time break and presence of an
unconformity. This would assign the Mbeza and Mbeza Vengo sedimentary
rocks to Shamvaian.

The presence of greenstone pebbles, and andesitic agglomerates, but no granitic
pebbles, in the Mbeza and Mbeza Vengo succession (Scmidt Mumm et al.,
1994) suggest that there was not apparent major time break between the Upper
Bulawayan and the deposition of the Mbeza and Mbeza Vengo and, the absence
of field evidence of early deformation in volcanics that did not affect the
sediments (Chenjerai, 1996), implies that this thick unit of sediments and acidic
agglomerate is conformable with the underlying Bulawayan rocks. Thus the
Mbeza and Mbeza Vengo sedimentary rocks would be assigned to Upper

Bulawayan, and equivalent to Cheshire Formation.

The assertion by Scmidt Mumm et al.(1994) that there are no granitic pebbles in the
Mbeza sediments is not correct as these do exist. Therefore, the thesis of existence of
unconformable relationships between the Bulawayan and the Mbeza and Mbeza Vengo groups is

preferred.
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Figure 3 - 1. Geological map showing domains separated by anastomosing shear zones. The trends represent the foliation cleavage or bedding as interpreted from
satellite imagery (TM169/73, ETM 169/73, SPOT - Xs and SPOT-Panchromatic) and mosaic of airphotos with geological map as reference.
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3.3.1 Stratigraphy

The stratigraphy of the Zimbabwe craton greenstone belts is based on the Belingwe
greenstone belt and is summarised by Wilson et al. (1995). The MMO greenstone belt does not
expose the entire stratigraphic sequence (Fig. 3-2). Stagman (1978) correlated the Mbeza
sediments to the Shamvaian Supergroup and Wilson et al. 1995 have confirmed this correlation.
The major development of the Shamvaian is in the Shamva-Bindura area of the Harare
greenstone belt and in the Masvingo greenstone belt. The Shamvaian Supergroup as described
elsewhere occurs in basins generated syntectonically with deformation affecting the greenstone
belts (Wilson et al., 1995). For example in the Shamva-Bindura area the basins and their
infillings are believed to relate to vertical tectonic induced by the emplacement of the Wedza
suite (Jelsma et al., 1993), whereas in the Masvingo greenstone belts, the basins are related to
strike-slip (pull apart) basins related to major shears (see also Fig. 2-5) (Treloar and Blenkinsop,
1995, Wilson et al., 1995, Chenjerai, 1996).

In the MMO belt there is no evidence of Belingwean type lithologies. The mafic and
ultramafic rocks have been assigned to the Bulawayan Supergroup but geochronological data on
the ultramafic and mafic rocks are required in order to constrain the age of the rocks. In the
Manica section of the belt these lithologies are referred to as the Macequece Formation. The
Macequece Formation comprises peridotites, serpentinites, talc and chlorite schists, komatiitic
and picritic metabasalts with discontinuous intercalations of BIF. The clastic rocks have been
assigned to the Shamvaian Supergroup and are referred to as the Mbeza-Vengo Formation. The
Mbeza-Vengo Formation is composed of basal conglomerate, polimict coglomerate/sandstone,
siltstones, greywackes, slates, phyllites and grits. The presence of komatiitic basalt pebbles, BIF
and minor granitic clasts in the basal conglomerate (Fig. 3 — 10) suggests that the Mbeza —
Vengo metasedimentary rocks mainly originated from erosion of immediately underlying
greenstone lithologies and old basement. The preservation of ultramafic clasts strongly supports
the thesis that the ultramafic source was close by and that both erosion and deposition were
rapid. This would imply that the beginning of the Mbeza sediments was related to a sudden
increase in relief energy, probably due to basin margin uplift at early stages of syncline
development. In the Manica section, the stratigraphy is not well constrained, therefore the thick
sequence of basalts flanking the central tract of Mbeza metasedimentary rocks can probably be
assigned to Upper Bulawayan (Campbell and Pitfield, 1994).
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Figure 3 - 2. Summary of the main events in the Manica Mutare greenstone belt based on Wilson et al. (1995) and Jelsma et al. (1996), Orpen (1991), Stagman (1978),
DNG (1987), *Schmidt Mumm et al. (1994).
*Felsic volcanics age —Upper Shamvaian (Masvingo greenstone belt)
** Upper Bulawayan cycle age, from Harare greenstone belt (Wilson et al., 1995);
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The description of the individual lithologies in the MMO greenstone belt was attempted by
Obretanov (1977) and Chenjerai (1996). The polymict conglomerate overlies the ultramafic
sediments with a sharp contact. The conglomerate consists of BIF, quartz, ultramafic and mafic
pebbles, felsic and granitic clastics. Chenjerai (1996) described areas where this unit is overlain
by a poorly exposed sandstone unit. Siltstones or sandstones overlie the polimict conglomerate.
The contact between the siltstones or sands and polimict conglomerated is sheared and dips 50°
towards south (Chenjerai, 1996).

The depositional environment is debatable; Forster et al. (1996) suggest that the basins
and the transverse ranges are a result of transcrustal sinistral shearing and shear-related
imbrications. They also suggest that the sediment filled basin was folded together with the
previously tectonized greenstone substrate. Koenemann and Forster (1994) have suggested a
strike-slip of the Mbeza depository and ascribed such tectonics to pre-Mbeza deformation.
Chenjerai (1996) argue that the greenstone belt including the Mbeza sediments has undergone
the same progressive metamorphism and cleavage forming deformation. Furthermore he
suggests a regime of extensional tectonics in which stepwise down faulting of the volcanic basin
was an ongoing process. Hence the same tectonic event that controlled the ultramafic/mafic
volcanism is likely to have persisted throughout the sedimentation period, culminating in the
eruption of the andesitic agglomerate. The Chenjerai’s view suggests that the Mbeza and Mbeza
Vengo sediments aﬂd andesitic agglomerates are part of the Bulawayan.

The author has mapped neptunian dyke (Fig. 3 — 16) showing younging towards south
within the basal conglomerate on Vengo sediments, which suggests that the conglomerate was
deposited under water and the presence of sub-angular to well rounded pebbles implies that the

source of the pebbles was not very far.

3.4 Structure of the MMO greenstone belt

The structural mapping is divided in two subsections; the existing structural framework
and the field observations.

3.4.1 The existing structural framework

The present knowledge of the structure based on the Phaup (1937) simple syncline
structure, later on explained in detail by Koenemann and Forster, (1994), Forster et al., (1996),
and Chenjerai (1996) as tightly folded synform made up of at least three east-west striking en
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echelon synforms gently plunging eastward at 25 — 30° and separated by tight antiforms.
Chenjerai (1996) identified at least 4 phases of deformation: Dy is mainly regional folding
accompanied by cleavage formation and regional shearing with deformation intensity increasing
towards the west to southwest. Forster et al. (1996) concluded that D, was accompanied by
thrusting and the event reworked primary structures such as lava pillows and komatiites with
spenifex textures and igneous mineral phases were largely destroyed. The ultramafic rocks and
basalts were transformed into serpentinite, amphibole schist and talc schist. This deformation
phase developed foliation, which is sub-parallel to the belt. D, is characterised by NNE-SSW
and NW-SE striking faults of high to moderate angle reverse faults with a transcurrent dextral
component, which displace the D, shears and the MMO greenstone belt lithologies.

Dolerite dykes intruded along D, structures; D; faulting is dominated by ENE-WSW
striking faults occurring only in the granites and displace the D, faults with a sinistral sense of
movement; a Dy faulting phase displaces, in E-W sinistral sense, the D, faults and they are well
developed underground at Redwing Mine.The interpretation by Chenjerai (1996) is based on
structural data collected in the central and western zones of the belt. There is no coherent
regional structural work in the eastern part of the belt.

Orpen (1982) and Koenemann & Forster (1994) suggested that prior to D; and deposition
of the Mbeza metasedimentary rocks there was an older deformation event. Chenjerai (1996)
refuted this suggestion due to lack of field evidence.

3.4.2 Field data

Considering the tectonic, metallogenic and structural importance of the shear zones along
the contacts between Upper Bulawayan and Shamvaian, the structures of the belt have been
mapped with the aim of explaining the structural model of the MMO greenstone belt. Special
attention was paid to younging indicators, So — S, relationships (Fig. 3 — 3b and Fig. 3 — 3¢),
intersection and stretching lineations (Fig. 3 — 3a), and shear sense indicators (see also appendix
I1I-B).

The mapping of lineations (mineral stretching, elongation or slickenside) in the entire beit
suggests a gentle (<30°) to moderate (<60°) plunge of the lineation towards the east 6r west (Fig.
3-3a). Related kinematic indicators (delta clasts and S-C relationships) consistently suggest
thrusting from the south towards NW after unfolding the greenstone belt. This is true within the
southern block of the greenstones and the entire sedimentary block up to the major silicified
shear zone that makes the contact between the Mbeza sediments and the greenstones to the north.
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The kinematic indicators (S-C fabrics) in the northern block of the greenstones show the
northern block moving towards south. The foliation within the belt is steep and dips to the north
or to the south (Fig. 3-3b). The bedding planes measured mainly within the Shamvaian
metasedimentary rocks suggest an east west trend and dips mainly towards north and sometimes
towards south (Fig. 3-3¢).

Further analysis of the data by combining the structural field data and the trend map (Fig.
3-4) interpreted from satellite images and aerial photographs reveals that there are at least four
distinct blocks within the belt. These blocks are named structural domains and are described in
the next section (Fig. 3 —5).
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Figure 3 — 3a. Map of the structural domains showing mineral lineation. Domains defined from satellite imagery interpretation combined with field and
literature reference data.
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Figure 3 — 3b. Map of the structural domains showing foliation (8,) and contours to the poles of foliation for domains I to IV. Domains defined from satellite
imagery interpretation combined with field and literature reference data.
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Figure 3 — 3c. Map of the structural domains showing bedding (So) and contours of poles to bedding for domains I and II. Domains defined from satellite
imagery interpretation combined with field and literature reference data.
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The synclinal structural model for the MMO is not supported here because it is found to

be rather simplistic and based only on the latest and most obvious structures (e.g. orientation of
S)). Field measurements show that the foliation is near vertical throughout the belt and generally
strikes parallel to the lithological contacts, which make its use inadequate for definition of the
original structure in the belt, Mineral stretching and elongation lineations plunge shatlowly to
moderately either to the east or to the west. Younging direction and So — S, relationships were
used for the definition of the early structure of the beit.

The following sections describe the different parts of the MMO belt.
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Figure 3 - 4. Trend map of the MMO greenstone belt showing also the main shear zones and domain
contacts. The trends represent the foliation cleavage or bedding as interpreted from satellite imagery
{TM169/73, ETM 169/73, SPOT - Xs and SPOT-Panchromatic) and mosaic of airphotos with geolegical
map as reference.

3.4.21 The Mutare and Odzi area {central and western zone)
Major shear zones, sub-parallel to the main foliation and along the trend of the linear belt,

separate the four domains that are recognized on the basis of younging directions, §; — So
relationships, and stretching lineation. These different litho structural domains are as follows
(see Figure 3-5):
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Figure 3 - 5. Geological map of the MMO greenstone belt showing the main litho stratigraphic units. The
cross section AB, CD and EF are presented in figures 3-11, 3-12 and 3 - 13 respectively.

Domain I, covers the southern area, consisting of serpentinite, and talc-schists, and
makes the southern contact with the granite gneiss terrain. The contact with granitoids is steeply
dipping with down-dip stretching lineation, Within this domain a moderate to steep mineral
elongation lineation which plunges towards the south and southwest (200°-260°/25-50°) is
developed, suggesting a component of strike slip (e.g. Fig. 3 ~ 7). Foliations dip mainly
southward at moderate to steep angles (160°-195°/30° — 77°) (also in Campbell and Pitfield,
1994). The younging directions are very difficult to map in this domain and, the directions in
basaltic lavas are very poor, however, Chenjerai (1996) reported younging directions towards
north. The S-C fabrics along the shear-boundary at Dot’s Luck mine, for example, indicate a
reverse sense of movement (Fig. 3 — 6). The Dot’s Luck and Toronto deposits are the typical
examples of mineralisation within and near the northern contact of this Domain (Appendix III-A
and HI-B). At Dot’s Luck mine, a strongly developed, steep, stretching lineation plunging
towards WSW (224°-70°) and in places towards the east is developed.

Kinematic indicators (delta clasts) and within the southern contact of the domain suggest
thrusting accompanied by strike stip movement with southern block up. Treloar and Blenkinsop
(1995) mapped the southern contact and report steeply dipping with down-dip stretching

lineation.
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Quartz veln

Quartz sericitic schist
z 2 1 Intercalated with BIF

Figure 3 - 6. Section of the Dot’s luck showing the concentration of adits on the footwall {southern part)
of the E-W shear zone.

The contact of this domain with Domain 1l to the north comprises sheared conglomerates
showing elongated clasts (Fig. 6 — 7); at places BIF lenses are reported along the contacts.

Figure 3-7. Location: UTM 0448279 - 7907074; Deformed conglomerate with E-W vertically dipping
pebbles elongated and giving a 270°/35° orientation.

Domain H consists mainly of Mbeza sediments deformed to flattened pebble
conglomerates, phyllites with slate cleavage, and siltstones and agglomerates with cleavage-
bedding (S, - So) relationships suggesting a vergence towards north. The slickenside lineation is
shallow and plunges to the west or to the south-west. Sedimentary cross bedding and grain fining
up sequences suggest younging towards the north.

The shear zone that borders the domain to the north is represented by a BIF-rich
deformed sedimentary breccia that is well exposed for at least 100 m along the Penhalonga road
cut (Fig. 3 — 8).
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2 _
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Figure 3 — 8. Exposure of the shear zone represented by a deformed polymict conglomerate along the
northern margin of domain l. Evidence of shearing that was delineated by the trend map in Fig. 3 — 4.
Location: UTM 0484213 - 7917746

This shear zone dips 190°/ 75°, the S; trends E-W dipping either to the north or to the
south and S-C relations suggest a dominantly reverse component of shear. Along this shear zone
gold mineralisation is reported at Guy Fawckes (Fig. 3 - 9), Monarch, Howat’s Luck and Boa

Esperanga mines for example.

[ ] chiortictalc schist
A Strike and dip
- Mingralised zones

Spacing of the 2nd
foligtion exagerst

angle between the 2 foliation is less than 15.

Figure 3 — 9. Schematic representation of the geology around Guy Fawckes mine situated on the north of
the domain II.
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Domain III contains tonalite (Penhalonga), diorite, rhyolite intrusions, komatiitic basalts
and talcschists. The mineral elongation lineations plunge shallowly (25° - 30°) to the east or to
the west, S, trends E-W and the younging direction (best observed underground at Rezende and
Redwing Mines) is towards the south on the basis of pillow lavas (e.g. Fig 3 — 10). These
younging indicators are consistent with Chenjerai (1996)’s findings.

This domain contains more than 60% of the gold deposits and has produced more than 90% of
the total production in the belt.

ER . - A ¥ y
P T T - -
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Figure 3 — 10. Pillowed basaltic lavas showing younging upwards. Photo looking south. Location:
Redwing mine — Underground. 0465865 - 7914052

Domain IV is the northernmost domain and forms the northern contact of the belt with
granitic gneisses and is composed mainly of ultramafic rocks and basalts. No mineral lineation or
any other indicators of non-coaxial strain were recorded in the field for this domain, but the
domain is sandwiched between two granites, which indicates that non-coaxial strain did occur.
The northern greenstone belt — granite contact has mineral lineation (fibre growth) plunging
moderately towards the northeast suggesting a sinistral sense of movement with a component of
dip slip.

Treloar and Blenkinsop (1995) identified kinematic indicators for sinistral movements at
the northern contact of this domain with granites.

Figure 3 -11 shows a simplified N-S cross-section in the Mutare section of the belt.

This interpretation contradicts previous structural models of mainly simple synformal structure

or multiple en echelon synclines as proposed for the Manica area of the belt.
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Figure 3 - 11. N-§ (A-B on Fig. 3 - 5) cross-section of the MMO greenstone belt through Penhalonga
granodiorite showing the litho-structural domains and approximate age of the domain. All ages are
inferred on the basis of lithological similarities with type area in the Belingwe greenstone belt. The
younging is based on S, — S, relationships and on the pillow lavas stacking. Vertical scale exaggerated.
*Manuel (1992), **Wiison et al. (1995), ***Schmidt Mumm et al.(1994)

3.4.2.2 The Manica Area (eastern zone)

The geology of this area is dominated by shear zones occurring at the contacts between
upper Bulawayan and the Mbeza metasedimentary rocks here regarded as Mbeza-Vengo and
within ultramafic units (Fig. 3-12).

The sheared boundaries are (sub) parallel to the main foliation and separate the MMO
greenstone belt in five different domains on the basis of younging directions, shear zones, S; — So
relationships, and mineral lineation orientation. These litho structural domains are shear-zone or

unconformity bounded and are as follows (Figure 3-12):
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Figure 3 - 12. Schematic representation of S-N (D-C on the Fig. 3 — 5) cross-section through Mangota
mountain in Manica section (based on Geological map 1:1000000 scale, satellite imagery interpretation
and field evidence) showing the five litho-structural domains. Vertical scale in meters.

Domain I in the Manica area is similar to the Domain I in the Mutare Section of the belt
(see section 3.4.2.1). Figure 3-13 shows a detailed cross-section in Domain I. Field observations
within this domain show intense folding and shearing. Within this domain the bedding is quite
evident as illustrated by Fig. 3 - 14.
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Figure 3 - 13. Schematic representation of S-N (E-F on the Fig. 3 — 5) Cross-section and interpretation of
the domain I in the Manica part of the MMO belt.

52




Chapter 3: GEOLOGY. STRUCTURE, TECTONIC SETTING AND AU MINERALISATION

The Try Again, Dot’s Luck and Fair Bride are typical gold deposits within this domain.

They are BIF hosted situated near the northern contact of this domain.
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Figure 3 — 14. Water lain tuffs within domain 1. Location: 0487843 - 7908730

Domain 11 is represented by the Mbeza-Vengo sediments and is similarly bound to the

north by a shear zone expressed by BIF breccia. In the Manica section, this shear zone crops out

on top of the Penhalonga range and at the valley of the Muza River. Here the conglomeratic
breccia is sheared and is composed of 80-90% sub-rounded to angular BIF fragments in an
ultramafic matrix (Fig. 3 - 15). The mineral elongation lineation plunges towards the east at 30°,
The bedding dips towards the south (60°/195°) while cleavage dips steeply towards the north-

east (70°/020°).

There is no reported mineralisation within this domain, except for mineralisation related

to the domain boundaries to the north (e.g. Guy Fawckes, Boa Esperanca, Munhene and

Monarch mines) and to the south (see domain [).
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Deformed
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Figure 3-15. Location: 0464401 - 7910860; Shear zone represented by deformed banded chert breccia.
The Chert fragments are angular to well rounded and generally oriented along strike of the shear zone (E -
W). Fragments elongation orientated 30° - 095,

A,

Domain III is dominated by ultramafic and mafic schists with intercalation of massive
serpentinite and BIF lenses. This domain is bound to the north by a sheared contact (Fig. 3-12) at
the base of the Vengo sediments represented by BIF breccias (Fig. 3 — 16). The mineral lineation
plunges steeply to the east or to the west. Erosional surface suggests younging southwards (south
of the granite intrusion) and locally towards north at the north of the granite.
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Figure 3 — 16. Base of Vengo metasediments represented by coarse conglomerate overlain by a fine
grained greywacke which at the western side of the photo illustrates a Neptunian dyke. From this
structure it was interpreted a younging direction towards south. Photo looking south. Location: UTM
0484082 - 7917762.

Mineralisation within this domain is confined to sheared quartz veins in serpentinite
associated with BIF e.g. Muza Reef, Munhene reef, Guy Fawckes, Monarch, Boas Esperanca
(e.g. Fig. 3-17 and 3 — 20; see also section 3.6)

talc-chlorite schist

-
s/ Strong mineral lineation
Crack seal vein and boudinaged

Figure 3 — 17 left and right. Mineralised quartz in sheared carbonate ultramafic rock at Muza Reef mine,
showing also the zone of carbonate alteration. Location in UTM: 0499330 - 7914250
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Figure 3 — 18 illustrates the mineralised zone of horizontal BIF lenses related to
recrystalized quartz vein. Mineralisation is related to galena, arsenopyrite, pyrite and marcasite
in quartz sericite schist confined to ultramafic schists and serpentinites.

Figure 3 - 18 Schematic representation of the mineralised horizontal lenses of BIF crosscut by NNE
dipping cleavage at Boa Esperanga mine.

Domain TV is represented by the Mbeza-Vengo Formation composed of quartzites, a
basal conglomerate underlying greywacke, phyllites, arkoses and manganiferous black shales.

The basal conglomerate crops out to the south and to the north of the Vengo sediments, it
is 10 - 20 m thick and composed of quartz sericite-schist pebbles, BIF, granite and basalt pebbles
in a fine chloritic-sericitic-quartz matrix. '

The black shales, sericitic and argillaceous schists form the largest sedimentary
component of the Vengo Formation. These schists are intensely folded at micro and mesoscopic
scale suggesting strong deformation of the sediments either by shearing or by N-S bulk
compressional strain.

Domain IV is deformed to a sub-vertical position with down dip lineations. A thrust zone

trending E-W borders the domain to the north and branches into the domain itself (Fig. 3 — 19)
and to the south a fault boundary is also reported (Manuel, 1992).
This domain is presumably a different sedimentary facies of the Mbeza sediments. The
sediments are less metamorphosed, preserving sedimentary structures such as fining upward
sequences in greywackes and arkoses. Earlier researchers referred to it as a thrust remnant of a
group of sediments, which accumulated in a small separated basin or a detached block of Mbeza
metasediments (Obretanov 1977; Hunting Geology and Geophysics, 1984; Sheeran & Venter,
1990). This unit forms an en-echelon basin north of the Mbeza unit.

Mineralisation is only related to the northern contact where silicified BIF is sheared, as an
example it hosts the Dias Pereira mine (Fig. 3 — 19).
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Figure 3 — 19. Simplified geological map of the Braganga mineralised zone, showing also the Dias
Perreira and Chimedzi mines (after Sheeran et al., 1990).

Domain V is characterised by mafic and ultramafic schists, and BIF (Sheeran & Venter,
1990} trending E-W and extending from the northern slope of the Vengo Range (domain 1V) to
the northern contact with deformed granites.

The Macequece Formation (equivalent to Upper Bulawayan) greenschists, BIF,
serpentinites and talc schists form the basement and are unconformably overlain by the
argillaceous schists and conglomerates of the Vengo formation (domain 1V).

A strong foliation is developed close to the contact with northern granite. A major
southward dipping, E - W trending thrust fault, represented by BIF breccia, trends nearly parallel
to the contact at the base of domain IV (Fig. 3 — 19). It is along this structure where the Dias
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Pereira and Richmond gold deposit are situated (Fig. 3 — 19). This domain also hosts the
Braganca mine, one of the largest deposits in the Manica area.
These field data trigger a new question, is the MMO belt a simple synform as claimed by

earlier authors?

3.5 Tectonic framework of the MMO greenstone belt

A number of models have been proposed for the tectonic evolution of the MMO
greenstone belt (Phaup, 1937; Orpen, 1982; Chenjerai, 1996) and all suggest that the MMO belt
is a shallowly eastward plunging belt, exposing different crustal levels from Odzi (the deepest
part) to Manica (the shallowest part). Orpen (1982) suggested a tectonic model where the
greenstone lithologies were metamorphosed, folded and thrusted to different crustal levels (see
also Chenjerai, 1996).

The linearity of the MMO greenstone belt is attributed to regional NNW -~ SSE
shortening (Treloar and Blenkinsop, 1995).

Chenjerai (1996) also showed that the lateral and vertical escape of the central crustal
block is due to shortening, with the Manica and Mutare sections being subjected to lower
compressive strain compared to the Odzi section of the belt. Regional shearing and folding,
probably due to lateral escape that accompanied the tectonic process. However, this model
considers shortening as the only mechanism driving tectonism and explains neither the existence
of crustal shear boundaries in the belt nor the tectonic repetition in two en-echelon synforms
(Forster et al 1996) in the Manica section of the belt.

Forster et al. (1996) postulated that the first tectono-metamorphic event in the greenstone
succession involved horizontal thrusting, shearing and mineral texture reworking under low-
grade metamorphic conditions (chlorite-schist facies). The tectonic model suggested by these
authors combines the synformal characteristics of the belt with strike-slip aspects explained by
subsidence of Mbeza sediments in shear bounded tectonic grabens and the uplift of ultramafic
units in en echelon configuration with sinistral component of movement. Forster et al. (1996)
concluded that extensional regimes, expressed at the surface as pull-apart basins in anastomosing
transcurrent faults, were important in the tectonic-structural evolution of the MMO greenstone
belt.

The models presented earlier lack field evidence. In this study on the basis of field data, it
is proposed that after the first deformation that developed belt parallel to sub-parallel foliation
(D)), a NNW — SSE shortening (D) is the oldest event and is triggered by granitic doming
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around 2.742 + 3 Ga (? Penhalonga granodiorite) and active crustal fauiting that results in ENE
shear bounded graben domains. This process occurred under greenschist facies to lower to
middle amphibolite facies conditions and favoured the development of complex folding within
individual domains (Ds;) (see section 3.4.2). The entire belt has been subjected to the same
metamorphic conditions; however, tectonic processes such as uplift and consequent erosion have
exposed different crustal levels of the belt. The Manica section of the belt represents shallower
levels of the crust characterised by greenschist facies while the Odzi section represents the
deeper exhumed levels of the crust with middle amphibolitic facies. The mineral lineations in the
entire belt are predominantly sub-horizontal and parallel to the belt, however, in localised zones
it is sub-vertical, down-dip. Lineation distributions in the MMO belt support the existence of a
component of strike slip tectonics (Fig. 3-20; see also section 3.4.2).

The deposition of Mbeza metasedimentary rocks started with turbiditic conglomerate
above an erosional surface and progressed from the margins towards the centre of the belt (e.g.
Chenjerai, 1996; Forster et al., 1996). The presence of serpentinitic, komatiitic and granitic
fragments in the conglomerate shows that the Mbeza sediments are a result of erosion and
deposition of greenstones and granitoid ferrains and that probably both erosion and
sedimentation occurred in an active tectonic environment characterised by rapid basin
subsidence. This is explained by the presence of angular fragments of BIF within the
conglomerate. Overlying the conglomerate are chloritic white mica slates, quartzites and minor
dolomitic marbles. The top of the Mbeza metasedimentary rocks is made up of dacitic

volcaniclastics (agglomerates).

a Mineral lineation

v
Figure 3 - 20. a) Sketch showing the tectonic setting, on the basis of mineral lineations, of the MMO
greenstone belt. b) Stereogram of 111 lineations in the MMO greenstone belt

The whole sequence of Mbeza sediments was deposited in a tectonically active graben

with progressive crustal scale faulting and shearing accompanied by internal folding (D3).
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Folding in the sediments is rarely observed, probably due to competency of the
sediments, which accommodated strain without significant folding (Fig. 3-21). However, along
strike (E - W direction) the argillites were deformed into phyllites with bedding parallel foliation
(assigned to ;) (Fig. 3 — 22) while the clasts of the conglomerate were deformed into flattened
and elongated pebbles of same composition of the matrix (Fig. 3-7). And the BIF shows complex
fold geometries.

Figure 3 - 21. Open folds in Mbeza sediments; the fold axis is oriented 30° - 240°. Location: UTM
0449994 - 7907092

More argillitic
— sediment

Quartz siltstone

Late jointing

Figure 3 - 22. Bedded Mbeza metasiltstone with horizons of quartz silistone interlayered with coarse
argillaceous material (dark). Repetition]of layers suggests a cyclic depositional environment. S, -
50°/188° and S,: 70°/ 192° S0:S1 relationship indicate synform to the north. Location; UTM 0458732 —
7906537
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The active tectonic setting is supported by presence of a 50 to 100 m-wide zone of brittle
deformation composed of banded chert breccia (Fig. 3- 8 and 3 - 15) that makes the northern
contact between the Mbeza sedimentary rocks and the greenstones and trending continuously
from Manica to Mutare sections of the belt.

The entire sequence was deformed (D4) by intrusion of post tectonic granites, which
caused contact metamorphism in the greenstones, and probably local growth of biotite in the
Mbeza sediments (Forster et al., 1996). The intrusion of late granites and the related
metamorphism represent the last significant deformation phase in the Archaean. In the
Proterozoic, the MMO greenstone belt and surrounding granites were fractured and intruded by
dolerite dykes (570 - 799 Ma, Wilson et al., 1987) and mainly north-westerly trending and
related sills (D5).

3.6 Gold Mineralisation in the MMO greenstone belt

3.6.1 Mineralisation at belt scale

Gold mineralisation in the MMO greenstone belt is mainly related to dilational quartz
veins. Usually gold occurs as free gold in veins that rarely exceed 1.2 meters in width within the
oxidation zone and in auriferous sulphide veins (pyrite, pyrrhotite, arsenopyrite, chalcopyrite).
Gold mineralisation can also be found in slates and other metasedimentary rocks. For example at
Dot’s Luck mine (Fig. 3-23) where gold occurs in pebbly metagreywacke in contact with
ultramafic schists. In Guy Fawckes (Fig. 3-23), gold occurs in BIF interfingered within talc-
actinolite schists which are overlain by the Shamvaian rocks. Mineralisation in the MMO
greenstone belt is mainly controlled by second and third order structures related to crustal shear
zones and also by lithological contacts of rocks of different competence (see also Chapter 5).
The fact that mineralised quartz veins at Dot’s luck, for example, are perpendicular to slicken
fibre growth indicate that the mineralisation and the host structure are coeval.

The significant gold deposits in greenstone belts elsewhere are restricted to the brittle-
ductile transition zone (Forster et al., 1996). These structures are splays (e.g. Champion mine -
Fig. 3-24), dilational veins (e.g. Redwing mine - Fig. 3-23), shear intersections (e.g. Guy
Fawckes mine) and inflections of shears (Boa Esperanga mine- Fig. 3-23).
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Penetrative deformation, and the formation of suitable structures followed by the
intrusion of tonalitic magmas (e.g. Penhalonga granodiorite), are important factors in gold
concentration in MMO greenstone belt.

The mineralising fluids in the MMO region are characterised by a CO,-bearing agueous
fluid (0-12% CO5) at 250-350°C and i-3 kbar, near neutral to stightly alkaline under reduction
conditions (Groves and Forster, 1991, Forster et al. 1996, Saeze, 2000).
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Figure 3-23. Distribution of gold deposits in the MMO belt, and their spatial relationship with structures
(Shear zones).

The main alteration processes were carbonatization (evident at Redwing mine
underground — Fig. 3- 24), silicification (e.g. Cantfio mine), alkali metasomatism (KO and
locally, Na,O) and sulphidation (e.g. Marondo mine) (see also Chapter 6).

The wallrock alteration in MMO region is dependent on the lithology type and
hydrostatic gradient between the conduit and the wallrock, it is restricted from few centimetres
up to a maximum of few metres (e.g. Schmidt-Mumm et al., 1994).
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Figure 3-24, Carbonate alteration (white) at Redwing Mine underground. Location: UTM 0465865 -
7914052

Hydrothermal processes during the carbonatization and serpentinization of ultramafic and
mafic rocks were responsible for depositing gold and for the ‘hydrothermal overprinting of BIF
and felsic rocks’.

The mineralisation is dated at 2650+ 10 Ma (Pb-Pb dating of the galena at Redwing mine,
Schmidt Mumm et al., 1994), post peak metamorphism, which is older than young granites
(~2500 Ma) and younger that the Penhalonga granodiorite (2742 +3 Ma) (U/Pb dating of
individual zircon grains; Schmidt-Mumm et al., 1994), and probably younger than Mbeza-Vengo
sediments. This is consistent with late Archacan main mineralisation event in the Zimbabwe
Craton (Forster et al., 1996).

In order to investigate whether gold mineralisation in the MMO greenstone belt is
uniform or varies from place to place, each section of the belt (Manica, Mutare and Odzi) was
studied separately in terms of controls of mineralisation and type of mineralisation and is

presented in the next sections.

3.6.1.1 Odzi section
The Odzi section is believed to represent a lower crustal-level section of rocks defined by

the low to middle amphibolite mineral assemblages facies. This section of the belt is less
mineralised compared to the rest of the belt, with 61 mines producing a total of c. 3,5 t of gold
(Forster et al., 1996). It is in this section of the belt where production of 80 t of WO has been
reported from scheelite mining (Forster et al., 1996).
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3.6.1.2 Mutare section

In the Mutare section, mineralisation is dominated by the highly anomalous cluster of
gold deposits represented by the Rezende group (e.g. Rezende, Redwing, Penhalonga, Old West,
King’s Daughter, Liverpool, Kent, Elgin, Violet, Golden Gate, Magog, Umtali and Iona West)
(Fig. 3-25) with a production of 68 t of Au and ¢. 75 t of Ag (Forster et al., 1996) while the rest
of the section produced only 6 t of Au. Figure 3-25 represents a simplified structural geological
map, showing gold reefs with their orientations in the area around Penhalonga granodiorite.

Mineralisation in the Mutare section is controlled by pre-existing structures such as the
Rezende shear zone, which controls the localisation of the Rezende and subsidiary deposits.
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Figure 3-25. Simplified geological map of the Penhalonga area (Mutare section of the MMO greenstone
belt) showing the distribution and orientation of gold reefs ({Adapted from Campbell and Pitfield
(1994)).

On the basis of spatial relationships between gold deposits and the Penhalonga
granodiorite, and its age, it seems that the intrusion could have played an important role in
supplying the heat source for the migration, remobilisation and deposition of gold along
favourable structures, it also could have influenced in creating fractures where mineralisation
was later deposited.
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The orientations of the gold reefs dipping either to the north or to the south suggest the
existence of an east-west central structure cutting across the Penhalonga granodiorite. This
structure must be earlier than the mineralisation and it seems to have acted as the main
mineralisation focus structure, which at depth (probably at ductile-brittle transition zone)
branched complexly in a more fractured zone parallel to the main channel (Figure 3- 26). This
event (D;) might have occurred between 2700 Ma and 2661 Ma, probably related to the
emplacement of the Penhalonga granodiorite or during the deposition of the Shamvaian

sediments,

\ /

] Hypothetical main conduit to minerakzng fuids
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0 2im

S —

Figure 3-26. Schematic representation of hypothetical situation for the mineralising event in the
Penhalonga area of the Mutare section of the MMO greenstone.

3.6.1.3 Manica section

The Manica section has produced c. 12 t of gold, between 1889 and July 1994, (Forster et
al., 1996) mainly from alluvial mining. The primary gold in the section has been recovered
mainly from supergene zones; exceptions are the lodes at Braganga and Guy Fawckes, which
were mined down to c.150-200m. The strike of the quartz veins is mainly E-W although N-S
oriented veins are observed in the granites adjacent to the beit. There is also a clustering of gold
deposits near the contact or embayment of granites into schists (Fig. 3 — 27), which is dominated
by a lobe of the late/post tectonic granite in the north of the belt. These include Cantio, Two
Fools, Old Wednesday, Excelsior, Estrela and Morgan (Fig. 3 — 27).

The ore minerals consist of gold, auriferous pyrite, arsenopyrite, together with magnetite,
hematite and scheelite (Excelsior mine). Other minerals that can be found in the gold mines are
ankerite and dolomite, sericite, calcite, chlorite, limonite, crocoite and anglesite.

Ferruginous quartzites and BIF are sub-vertical and contain magnetite, hematite, limonite,
carbonates, and auriferous pyrite, pyrrhotite and arsenopyrite, as well as free gold.
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Figure 3 — 27. Simplified geological map of the area around Cantdo, Two Fools, Old Wednesday, Morgan
and Chua mines, showing also the position of the main adits (after Sheeran et al., 1990)

3.6.2 Gold mineralisation at mine scale

Detailed geological and structural mapping on a mine scale revealed that besides the
structural control of the mineralisation there is lithological control. In general, mineralisation can
be grouped in:

- Deposits related to the contact between greenstones and sedimentary rocks associated

with BIF

- Deposits hosted in granites or at the contact between granites and mafic or ultramafic

units

- Deposits hosted in BIF (silicified shear zones) within mafic and ultramafic rocks

- Fault/shear zone hosted deposits
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3.6.2.1 Deposits related to contacts between greenstones and sediments associlated
with BIF

Dot’s Luck Mine

It is located (481537; 7910650) on the northern slope of Duque Mountain, 7 km NW of
Manica. Gold associated with silver at 4.3 g/t Au in average and had been mined in the oxidation
zone. The mineralisation is confined to a sequence of pebbly, tuffaceous metagreywackes close
to the contact with the ultramafic (talc) schists to the south (Fig. 3 — 28). The mineralised body is
laminated ferruginous micaceous quartz lens of 700x30x3 m striking E —W and steeply dipping
towards the south (194°/84°). The wallrock lineation plunges at steep angles towards the WSW
(224°/70°) and at places toward east. The mineralised zone represents a sheared tectonic contact
zone that dips at (170°-185° /30° — 50°) and of lensoidal shape (c. 20 m wide). The shear zone
has been crosscut by post mineralisation N-S striking faults and shears steeply dipping towards
NE (034°/88°) (Fig. 3 — 29). The kinematic indicators (shear bands) suggest 2 movement of the
hanging wall block (south over north block). Dot’s Luck deposit is structurally controlled by a
sheared contact, which appears to have been active over a long period of time, and is confined to
the lensoidal dilational feature.
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Figure 3 — 28. Geological map around the Dot’s Luck gold deposits in Manica. Location: 481537;
7910650
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Figure 3 — 29. Schematic representation of the Dot’s Luck open pit showing the mineralised shear zone.
Note that the structure is 1 meter wide to the far west and is 8 meters to the east (figure A). Location:
481537; 7910650
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Earlier authors suggested that the quartzite unit formed the cap of an anticline structure or
a set of shears developed along contacts between high competency and low competency rocks
and, the lensoidal dilational feature being related to initial warping of the southern limb of the
MMO belt (e.g. Obretanov, 1977). Field evidence at the outcrop in the open pit (Fig. 3 — 6)
shows that the richest mineralised part of the deposit is at the footwall near the south contact
with ultramafic schists. _

The gold mineralisation is related to sulphides, mainly pyrrhotite, pyrite and arsenopyrite,
and rarely chalcopyrite, galena and sphalerite. The deposit also contains magnetite, chlorite and
hematite (Forster et al., 1996, Obretanov, 1977).

The deposit presents an apparent thermal zoning of the sulphides from peripheral
pyrrhotite, intermediate pyrite, and central arsenopyrite (e.g. Forster et al., 1996). In this deposit,
there are indications of silicification and pyritisation of what appears to have been originally BIF
(e.g. Forster et al., 1996).

The mineralised felsic intrusion located some 200 m south of the deposit may have
played a significant role (e.g. ignition of the thermal flux that remobilised Au to its present
location) in controlling the mineralisation at Dot’s Luck.

The right dihedra method of Angelier & Mechler (1977) was used to reduce the
orientation fields containing o1 and o3 (Lisle, 1987) (Fig. 3-30). The maximum principal stress
direction lies at 342°/24° (P - shortening) and the minimum principal stress lies at 227° /44° (T
- extension).

Stress analysis at mine scale reveals that gold is trapped by structures that resulted from
an event of maximum compression (cl) oriented N-S, which could explain the distribution
pattern of deposits in the NE-SW shear fracture patterns. This is the event responsible for the
distribution of quartz vein hosted deposits. Fracture/fault orientations considered to be related to
mineralisation together with slickenside lineation orientations and the estimation of the sense of
movement were measured. These fractures are related to mineralisation because they control the
orientation of the mine (pit), and quartz veins in places are perpendicular to slicken fibre growth
which suggest that they must be coeval.
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Figure 3-30. Fault planes and striation lineation direction with arrow pointing towards movement
direction of the hanging wall. P represents the direction of maximum compression and average
compression direction; T represents the direction of minimum compression and average extension
direction.

Boa Esperanca mine

This deposit is located to the east of the Manica region on the northern margin of Revue
River (0493160; 7910720).

The orebody consists of a banded iron quartzite (highly sheared quartz sericite schist)
oriented E - W and has dimensions of 150 x 25 x 2 m. The average grade of this deposit is 6.0 g/t
(Obretanov, 1977, Forster at el., 1996)

The deposit is located near the sheared contact of conglomerate (serpentinite bearing and
quartz pebbles in a micaceous matrix) oriented at 82°/172° and 78°/190°. Conglomerate pebbles
are prolate with long axes plunging at 110°/22°- 58°).

Underground and main pit observations suggest complex fold interference structures with
an early foliation oriented at 321°/85°, seemingly to have been affected by later deformation
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concentrated in specific zones mainly oriented at 026°/60°. In places, boudinaged structures
(Fig. 3 — 31) with an envelope oriented at 110°/55° are observed. Faults with orientation of
096°/70° locally cut earlier fabrics.

Fault zone

Figure 3 -~ 31. Complex interference structures with boudinage at Boa Esperanca mine.

The presence of horizontal to sub-horizontal lenses of BIF (Fig. 3 - 18) may reflect
asymmetric folding.

Re-crystallised, laminated and highly deformed quartz veins of up to 30 cm wide
represent one of the hosts of the mineralisation. Samples collected at the dumpsite show that the
mineralisation is related to sulphides (mainly galena, arsenopyrite, pyrite, marcasite) present in
quartz sericite schist, ultramafic schist and highly weathered serpentinite host rocks.

3.6.2.2 Deposits hosted in granites or at the contact between granites and mafic /
ultramafic units

Excelsior Mine
Excelsior is situated on the western side of the Vengo range in the valley of the river

Pimentel Pinto close to the Manica — Inhamcurara road (Fig. 3 — 27). The deposit occurs at the
contact between granodirite and schists of the Macequece Formation. The ore body is a
mineralised quartz vein hosted in both the granite and the schists. Veinlets of quartz 1 - 2 ¢cm

thick in different orientations are sometimes mineralised.
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The exploited veins are oriented E-W and dip at 60° north. They are on average 224 m
long and 38 cm wide at an average grade of 10.5 g/t Au (Forster et al. 1996).

Field observations suggest the existence of two conjugate quartz veins in a weathered
quartz porphyry microgranite.

The first vein is oriented at 320°/65° and the sense of movement along the brittle ductile
shear plane suggest a sinistral sense. The quartz vein is laminated and the Au mineralisation is
related to sulphides. A network of small veinlets of quartz with sericite alteration up to 1 - 2
meters away from the shear is present. The foliation is oriented at 85°/240° and mineral
lineation vary between 153°/02° and 085°/60° suggesting a normal faulting (Fig. 3 — 32).

The second vein is oriented at 340°/72° and the sense of movement as observed along the
brittle ductile shear is dextral. The quartz vein is of crack seal type. The main foliation (040°/65°,
030°/73) and mineral lineation (355°/60°) suggest SW over NE block. Secondary veins
(dilational veins) are oriented at 272°/40° and 265°/39°.
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Figure 3 — 32a. Schematic representation of the geology at Excelsior mne.
D= down; U = up; P= p shear; R= Riedel shear; 5,= main compression direction

The Fig. 3-32 gives an ilustration of the interpetation possibilities and, according to field
observations the dextral Riedel system is more appropriate.
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Figure 3 — 32b. Interpretation possibilities of the mineralisation setting at Excelsior mine
1. Probably a conjugate system; 2. Probably a dextral Riedel system; 2°. Probably a sinistral

3.6.2.3 Deposits hosted in BIF within mafic and ultramafic rocks

Monarch Mine
This deposit is located to the west of Manica close to the Zimbabwe boarder on the

Penhalonga range (c. 471505; 7912863; 1461m).

The ore body strikes E -W and dips 55°- 80° north. It is hosted in chlorite — talc - schist
with hematite. An S-C cleavage is very pronounced and indicates south block up. The
intersection lineation is flat to sub-horizontal towards SE (160°- 03°) while the mineral lineation
plunges steeply towards the NE (053°/74°). Some carbonate and silica alteration are visible on
outcrop scale in form of patches. At the open pit, a N-S shear zone is exposed with a fibre
growth lineation plunging 21° towards 020° in laminated carbonaceous (graphitic) schist
impregnated with sulphides (Fig. 3-33). The deposit is intruded and offset by N-S dolerite dykes
and a set of N-S faults (Fig. 3 - 34).
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Figure 3 — 33. Schematic representation of the geology at the open pit (Monarch Mine), showing the
sulphide impregnation (coloured brown)
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Figure 3 — 34. N — S intrusive contact between the dolerite and mineralised BIF at Monarch mine open
pit.

The mineralisation is within a highly silicified banded (at places brecciated) chert
impregnated with sulphides (pyrite, pyrrhotite, arsenopyrite, galena, sphalerite.). Au is within
sulphides and is found also as very fine-grained free Au in the oxidation zone (Sheeran et al.,
1990). The sulphides are irregularly disseminated or they form stringers (veinlets) of 1 - 10 mm
thick. The sulphides may constitute around 17% of the banded chert. According to Vicente &
Camarinhas (1949) and Obretanov (1977) the average grade is ¢. 9.7 Au g/t, but Forster et al.,
1996 worked out a more conservative grade of 6.4 g/t.

Field observations suggest that the Monarch deposit is controlled by a combination of at
least three factors, the N-S fault, the sinistral - sheared tectonic contact (talc-schist and the
laminated chert) and the quartz vein (see main shaft position - Fig. 3 - 35).
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Figure 3 — 35. Schematic representation of the geology and structure at Monarch mine open pit showing
the position of the main shaft.

Guy Fawckes
The mine is located in the northern hills of the Revue valley (0486990; 7912920). The

host lithologies are talc schists, chloritic talc schist (highly sheared and intensely foliated in
places with anastomosing foliation), and BIF breccia.

Field observations show that the main foliation is oriented at an average 193°/87° and a
spaced cleavage at 046°/70°. The mineral growth lineation plunges 62° east. Poorly developed
kinematic indicators suggest south up.

Locaily, for example in the main open pit, there is development of a secondary foliation
at a very small (5° - 15°) angle to the main foliation (022°/52°). The exposures at the main open
pit suggest a fault-hosted ore in a highly sheared extensional quartz vein oriented E — W,

Underground observations indicate that the deformation is more intense in the footwall of
the shear zone and gradually decreases towards the hanging wall (Fig. 3 - 36). The adits are
developed consistently on the footwall of the hosting structures.
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Figure 3 — 36. Main adit at Guy Fawckes, simplified geology.
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In summary, the shearing (E-W), faulting associated with quartz veins (E ~W to NW -
SE) and brecciated BIF and quartzites control the mineralisation at Guy Fawckes. The different
foliation orientations (to the south or to the north), mineral lineations (towards east) and small
scale folding suggest that the area has been affected by several ductile - brittle deformation
phases.

The Guy Fawckes mine comprises four recognised ore zones with different ore types: the
breccia ore (BIF fragments, mineralisation restricted to sites where quartz veins cut the breccia),
the quartz vein (dipping at 80° to the north), the brecciated quartzite (highly pyritic brecciated
white quartzite) and the quartzite (NW striking quartz vein, which dips steeply to the east)
(Sheeran et al., 1990).

3.6.24 Fauit/'Shear zone hosted deposits

Braganca Mineralised zone
The Braganga zone is located to the ENE of the Chimedzi mine (main shaft 0488134,

7920129). It is developed in an approximately N - S fault, cutting through oriented granite to the
north into the greenschists, serpentinites and talc schists of the Macequece formation to the
south. The zone comprises the Braganga, the Marianas, the Damp and the Richmond deposits
(Fig. 3 —19 for relationship between gold deposits and geology).

Gold mineralisation is developed within a complex, N-S trending quartz vein that was
emplaced in a sequence of metavolcanics (talc-chlorite and chlorite schists) with thin bands of
banded ironstone near the contact with a quartz diorite to the east. It also appears that the vein
development and mineralisation are confined to parts of the fracture that cut the metavolcanics,
although the fracture post-dates the emplacement of the quartz diorite (Sheeran & Venter, 1990).
Old plans and maps show a parallel, mineralised zone 40-m east of Braganca deposit that is
described as a quartzite, but Sheeran and Venter (1990) suggested a mylonitized quartz vein with
an average grade of 9 g/t Au, whereas Forster et al., (1996) reported an average grade of 15 g/t
Au,

Marondo Mine
The mineralisation at Marondo mine (0478533; 7919663) occurs within NE trending

sugary quartz veins which varies in thickness from 0.2 to 3.0 m over a strike of 300 m. Grab
sampling from the open pit yielded values around 3.33 g/t Au (Sheeran & Venter, 1990). The
foliation in the ultramafic schists is oriented, in average, 190°/35° - 40. Some quartz veins are
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steep and strike mainly SW - NE (287°/68° in average). The mineral growth lineation plunges
40° towards 212°. Some sub-vertical fault planes were measured and gave strike of 010°-190°,
The fold axes in the ultramafic schist plunge shallowly towards 210°. The quartz veins are highly
sheared and recrystalised. There are at least two generations of quartz veins in the area.
Sulphidation is extensively developed. Fault zones with component of shearing seem to control

the mineralisation in the Marondo Mine.

Cantdo Mine
This deposit is located (0478723; 7918652) within the Chua river valley and the ore body

is a quartz vein of 0.6 - 0.8 m thick in mafic schists (Fig. 3 — 27). The lenticular quartz vein
representing a N — S fault zone that strikes ESE - WNW and dips 25°- 30° north (Obretanov
1977). Gold mineralisation is associated with sulphides (arsenopyrite, pyrite, and -+
chalcopyrite) impregnation (Sheeran et al., 1990).

The foliation is oriented mainly east or southeast at moderate to steep angles. Fault planes
are oriented towards east to southeast at steep angle (e.g. 096°/70°, 160°/50° and 065°/80°) (Fig.
3 — 39). The mineral lineation plunges 10° towards 278° or 40°towards 094°, 082° and 108°.

Silicification, sericitisation and carbonatisation are common in the deposit.

Figure 3 - 37 Poles to foliation in chloritic schist at Cantfio mine.
Musa Reef Mine

This mine is located on the eastern part of the MMO greenstone belt on the southern
slope of the Muza River valley (099330; 7914250) The main lithological units include
serpentinites, talc-chloritic-carbonate schists, chloritic schists and some felsites, microgranites
and dolerite dykes on the core of the Mangota range.

The highly sheared sub-vertical quartz vein (140°/75° — 85°) in the Macequece Formation
serpentinites and talc-chlorite-carbonate schists in contact with chloritic schists (Fig. 3 - 17)
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constitute the main orebody. The mineralised quartz vein is located on the contact between
chlorite and talc-chlorite-carbonate schists. The strong mineral lineation (065°-61°) and striation
lineation towards 030° and plunging 76° suggest a normal sense of movement, which might
result from late reactivation of the shear zone.

The alteration (Fig. 3 —17) is mainly pervasive carbonatization in the talc-chlorite
carbonate schist. Pervasive alteration is very difficult if not impossible to detect from remotely
sensed images. The presence of sulphides in the wall rock supports a phase of sulphidation that
may or may not be related to the mineralisation.

Field observations suggest at least three generations of quartz veins. The first (probably
the oldest) oriented parallel to the main foliation (E — W), the second one is oriented at small
angle to the first foliation and the last is oriented N-S and cuts the main foliation at right angie.

The mineralisation is related to the first and second generation of quartz veins, which are
recrystalised, and boudinaged (Fig. 3 - 17), it is a crack-seal (laminated) quartz vein (75°/124°)
and corresponds to an early E -W shear zones (Upper Bulawayan) reactivated by late
deformations. The grade is reported to be between 0.3 and 1 g/t Au (Forster et al. 1996).

3.7 Discussion

The geology, tectonic and structural geometry of the MMO greenstone belt is not yet well
understood. The same applies for the rest of the Archaean greenstone belts (Jelsma and Dirks,
2002). The main problems lie on the tectonic reconstruction and understanding of the
relationships between geometry of structures and mineralisation. Data obtained in this study
indicates that the MMO belt consists of at least 4 distinct structural domains separated by layer
parallel shear zones as shown in Fig 3-12, each domain is structurally complex with internal
deformation. This interpretation shows that the stratigraphy of the MMO greenstone belt is not a
coherent sequence of greenstone synclines with sediments filling up the basins.

But it is also true that there is stratigraphic repetition such as the formation of at least three E-W
striking en echelon basins separated by tight antiforms in the Manica part of the belt (Forster et
al. 1996) and the silicified shear zones that separate the domains may suggest that some of the
terrains were accreted.

The presence of komatiitic basalt fragments and granitic clasts observed (Chenjerai,
1996) within the basal conglomerate of the Mbeza sediments implies that the environment in
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which parts of the MMO greenstone belt were deposited was an active tectonic basin in
proximity to granitic basement.

Observations at mine scale suggest a structural control of gold deposits combined with
lithological control since there are no large deposits within Shamvaian in the MMO belit.

At mine scale the mineralisation tends to be controlled by secondary structures mainly
related to crustal shear zones and also by lithological contacts between rocks of different
competence.

Gold mineralisation in the MMO belt was found to be contemporaneous with the
formation of hosting structures because the mineralised veins are perpendicular to slicken fibre
growth at the mine scale. This implies that the mapping, description of the distribution patterns
of structures and characterisation of known gold deposits (see also Chapters 4, 5 and 9) can lead
us to new gold mineralisation.

The mineralisation event in the MMO greenstone belt post-dates the peak metamorphism
and is synchronous with a cratonwide event that occurred at ~ 2.65 Ga (Mondlane et al. 2000).
The distribution of gold in the MMO belt shown in Fig. 3 - 24 is controlled by surface (visible)
trapping structures (e.g. Schmidt-Mumm et al. 1994; Chenjerai, 1996; Forster et al., 1996). The
next chapter discusses in detail the controls of mineralisation and the classification of gold
deposits in the MMO greenstone belt.

3.8 Conclusions

The following conclusions can be drawn from this chapter:

0  The MMO belt is a late Archaean linear structure controlled by deep-seated first
order shear zones. The minimum age of the belt is constrained by the Penhalonga granodiorite,
which yielded an age of 274213,

a  Parts of the MMO belt were deposited in active tectonic basins in the proximity to
granitic crust.

Q  The southern contact between the greenstone belt and the adjacent gneiss is steeply
dipping with a down-dip stretching lineation. The northern contact is characterised by
asymmetric S-kink bands that plunge moderately towards the west suggesting sinistral
movement (e.g. Treloar and Blenkinsop, 1995).

0  Contacts between the Upper Bulawayan and the Shamvaian, in sections, show

shearing and silicifition related to BIFs. These contacts are mineralised as it is the case of
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Toronto, Dot’s Luck, Reliance, Try Again, Fair Bride mines which are located within or very
close to the southern contact and Guy Fawckes, Monarch, Howat’s Luck, and Munhene located
within or close to the northern contact.

o  Gold mineralisation in the MMO belt is coeval to the formation of the hosting
structure.

a  Early shear zones trend ENE and are found at the greenstone margins and the
contacts between Upper Bulawayan and Shamvaian Supergroups. Late shear zones crosscut the
early shear zones at a high angle and mainly trend NNW and N-S.

0 At a mine scale the mineralisation shows both a structural control and a lithological
control. Four main groups of mineralisation can be identified on the basis of hosting structure in
the MMO greenstone beit: (i) Deposits related to contact between greenstones and sedimentary
rocks associated with BIF; (it) Deposits hosted in granites or at the contact between granites and
mafic or ultramafic units; (iii) Deposits hosted in BIF (silicified shear zones) within mafic and
ultramafic rocks; (iv) Fault/shear zone hosted deposits.
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Chapter 4

4 Controls and Classification of Au Mineralisation in the MMO
greenstone belt

41 INTRODUCTION

The information about gold mineralisation in the MMO belt is diverse such that it needs
to be compiled in a systematic relational database, which allows easy search, retrieving and
manipulation. The main parameters that were used to classify the deposits included the controls
of the gold mineralisation, host rocks, grade and production, sulphides assemblages and
geometry of the deposits. On the basis of the common parameters that could be identified in the
dataset the deposits were classified in four main groups: - fault/shear zones, quartz veins, BIF
hosted, and felsic and intermediate intrusions related deposits. Each group may accommodate
subgroups (see also Chapter 3).

This chapter deals with the above parameters beginning with controls of mineralisation
through database design and classification of gold deposits. The chapter also forms the
foundation for the distribution patterns analysis presented in subsequent chapters.

4.2 Controls of Au mineralisation in the MMO Greenstone belt

Gold mineralisation in the MMO greenstone belt is controlled mainly by secondary and
tertiary structures (e.g. Campbell and Pitfield, 1994) linked to layer-paralle]l regional shear
zones that separate geological-structural domains as shown in Fig. 34. In general, gold is
confined to sections of possibly reactivated, sub-vertical shear zones where favourable
conditions for gold precipitation were met, such as pressure drops during reverse faulting within
favourable host rocks (e.g. Cox et al., 1991, Gates, 1991, Sibson, 1992). The optimum
combination of these conditions leads to formation of large deposits. These conditions may
include the presence of a felsic intrusion (e.g. Rezende group of deposits), specific lithology
(e.g. in banded iron formations), or a competence contrast between lithologies (e.g. Dot’s Luck
deposit; Fig. 3 — 31; located near the contact between mafic-ultramafic rocks and
metasedimentary rocks) in the MMO belt. The felsic intrusions are commonly either earlier
(e.g. Penhalonga granodiorite), coeval or postdate the mineralisation event. The structures that
trap mineralisation in the MMO greenstone belt are planar or linear penetrative fabrics mainly
oriented north - south and northeast - southwest.
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Strong deformations, and formation of suitable structures followed by the intrusion of
tonalitic magmas (e.g. Penhalonga granodiorite), are probably the most important factors in
gold concentration in MMO greenstone belt.

Significant gold deposits in greenstone belts elsewhere worldwide are restricted to the
brittle-ductile transition zone (e.g. Groves, 1993, Forster et al., 1996). This study suggests that
these structures in the MMO greenstone belt are represented by fault splays (e.g. Champion
mine (Phaup, 1937, Campbel and Pitfield, 1994)), dilational quartz veins (e.g. Redwing mine
(e.g. Schmidt Mumm et al., 1994, Chenjerai, 1996), shear intersections (e.g. Guy Fawkes mine;
(Fig. 4-1) and inflections of shears (Boa Esperanga mine, Fig. 4-1).
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Figure 4-1. Distribution of shear zone hosted deposits in the MMO belt and its spatial refationship with
main shear zones.

The gold deposits in the Manica Mutare Odzi greenstone belt can be subdivided in the
following categories on the basis of lithology and sulphides association:
1. Deposits associated with the Penhalonga granodiorite
- Deposits hosted by and/ or in the immediate vicinity of the Penhalonga granodiorite,
e.g. Old-West, Redwing, Rezende, and Liverpool.
2. Deposits hosted by ultramafic schists (talc, tremolite, actinolite schists) or BIF
3. Deposits associated with sheared contact between rocks of contrasting competency. In this
case, the mineralisation is mostly in the form of As - Sb sulphide replacements (Campbell
and Pitfield, 1994) in talc and actinolite schists which are in contact with either felsite
(Toronto mine) or serpentinite (Reliance mine)
4. Deposits hosted either by biotite granite, within mica schist/ tremolite schist xenoliths
within granite, or localised along the sheared contact between granite and ultramafic schist

81




Chapter 4: CONTROLS AND CLASSIFICATION OF AU MINERALISATION

In a more structural and stratigraphic approach the above categories can be simplified

on the basis of descriptions of known gold deposits in the MMO greenstone belt as follows:

i} Felsic and intermediate intrusions in the greenstone sequence (e.g. the
Penhalonga granodiorite) including the northern and southern granites with
xenoliths of schists

ii) BIF

ili)  Shear zones and sheared lithological contacts
a) contact ultramafics/metabasalts
b) contact Mbeza sediments/felsite or serpentinite
c¢) contact granite/ultramafic schists
d) early (crustal) and late shear zones mainly located in tholeitic basalts (high

magnesium) of extrusive (pillow lava and spinifex texture). These shear
zones are usually silicified and are associated with BIFs.

iv) Quartz veins

v) Shamvaian lithologies

vi) Bulawayan lithologies

Table 4 - 1. Summary of the main characteristics of the groups of deposits

No. No. Deposits Total Ave,
Group | deposits | with Main Sulphides Production | grade
information [ka] [af]
i) 65 60 Py (18), Gn (16), Po (8), Ccp | 30741 9,11
{7
) 42 39 Py (18), Po (14), Gn (14) and | 7325 15,1
Cep (8)
i) 122 11 Py (40), Po (21), Ccp (19), Gn | 39847 14,17
(37), Asp (9)
iv) 170 143 Py(41), Gn (34), Ccp (18), Po | 35825 11.93
(17)
Py (13), Gn (13), Po (4), Ccp | 7023
v) KY] 28 (7}, Aspy (3) 12,60
Py (37), Gn (31), Po (21), Cep
vii |14 105 (16), Aspy (9), Bism (4), Sph | 37309 8,83
(3),Pn(2)
1 Rezende mine | Py, Po, Ccp, Gn 23505 15,52

Py = pyrite, Po = pyrrhotite, Ccp = chalcopyrite, Gn = galena, Sph = sphalerite, Asp = arsenopyrite,
Bism = bismuthinite. (13} or I3 - number of deposits recorded within the parameter. (i) Felsic and
intermediate intrusions; (ii) BIF; (iii) Shear zones/faults; (iv} quartz veins, (v) Shamvaian and (vi)
Bulawayan.
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The way the groups can be recognized in the field is very important, for example the
shear zones are distinguished on the basis of cross cutting relationships into: early shear zones,
late shear zones and sheared contacts. The early shear zones are laterally continuous on tens of
kilometre scale and are associated with BIF. These shear zones trend ENE parallel to the long
axis of the MMO belt. Stretching lineation along these shear zones plunge towards east at ~
30°. The sense of movement, based on field observations of stretching lineation, fibre growth
directions and shear bands or rotated boudins where present, is characteristically sinistral with
south over north and with dip slip component.

The late shear zones are characterised by more limited strike lengths (km scale). In
general, the sense of movement along these shears is sinistral and the stretching mineral
lineation plunge towards east at ~ 20°. The shear zones associated with lithological contacts are
mainly as a result of competence contrasts between different lithologies. The deposits related to
these shear zones tend to be small in size but high grade (Table 4 — 1). Commonly, they are
associated with quartz veins. Some of these gold deposits seem to be influenced by proximity of
felsic intrusions (e.g. Dot’s Luck mine - Fig. 4 - 1) and in places, these deposits may be
associated with BIFs.

4.3 Database design and statistics

The present study is entirely based on a GIS based digital database. The database was
created with the objective of organising, standardising, structuring and allowing efficient
management (sorting, calculating, refrieving, and sharing) of the multidata required for the
study. This Chapter and Chapters 5, 8 and 9 require information generated from the database,
which turn input for visualisation and modelling exercises.

The design of a database is guided by its objective (Frizado, 1992). In this study a
straightforward structure that allows for calculating, sorting and retrieving information
efficiently has been designed. The database structure includes primary entities (see Appendix
IV-A) such as location, name of the deposit, associated sulphides, ore type, structure, veining,
host rocks, alteration, production, grade and mining period. The primary entities were
subdivided into second order entities, third order entities and so on in a hierarchical structure
(see Appendix IV-A).

The database was originally created in Excel and linked to ILWIS 2.2, Surfer 7.0 and
Arcview 3.2 for visualisation and calculation of spatial relationships and modelling (see
Chapter 9).
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4.3.1 Data-source and data-quality

The database was based on information from literature, fieldwork, satellite imagery and
aerial-photography interpretation.

The position of the mines was obtained from 1:100000 and 1:50000 geological maps
(Phaup, 1937) and 1:100000 geological map by Swift (1956) for the Zimbabwean part of the
belt (Dirks et al., 2000) and from a Russian database (ING, 1986) assembled from field
measurements in the late 70's and early 80's for the Mozambique part of the beit. The gold
deposits descriptions were gathered from geological bulletins (e.g. Phaup, 1937; Swift, 1956,
Campbell and Pietfield, 1994), publications (e.g. Chenjerai, 1996; Manuel, 1992; Schmidt-
Mumm et al., 1994), mines and companies’ reports (e.g. Sheeran and Venter, 1990), student
reports and dissertations (e.g. Nyama, 1999; Sacze, 2000). Each mine or data point was
described in terms of sulphides, deposit type, controlling structure, vein orientations, size,
geometry and type, host lithology, alteration type, grade, production, pit volume, and mining
period. The descriptions were not complete for all mines, for example some mines did not have
production information probably because their productions were declared at a different mine.

The quality of the data was assessed by comparing earlier descriptions with more recent
ones and by ficld check where 60 mines (25% of the total of the deposits) were visited and
checked in regard to position, ore type, orebody orientation, pit volume and orientation, number
of pits, host lithology, controlling structure, alteration type and sulphide assemblages
(Appendix IV-A and [V-B).

The descriptions acquired from the literature (Phaup, 1937, Swift, 1956) regard fault-
hosted deposits as a generic term that includes faults (s.s.), shear zones and contact reefs
deposits. In general, the descriptions were good enough for the study although the positions of
mines were more difficult to ascertain, and errors between 50 and 100 meter were recorded.
This error is deemed acceptable because a deposit may be represented by a number of adits, pits
and ore-bodies extending for more than 500 meters (e.g. Guy Fawkes mine) and also because it
is not known exactly where the first position was (first adit, main shaft or centre of the claim).

The ore mineralogy analysis was carried out for selected deposits during this study
because the data available (e.g. Phaup, 1937, Schmidt-Mumm et al., 1994 and Chenjerai, 1996)
did not cover all deposits in the belt.
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4.3.2 Nature of the data

The gold mines in a mining district may represent a random or non-random sampling of
the most accessible part of the mineralisation. This sample may be statistically representative of
the mineralisation present in the district, but it is more likely to be under representative. The
question of representativeness of samples such as the one under investigation has been
explained by roll-off effect in fractal analysis (e.g. Blenkinsop and Sanderson, 1999). These
authors attributed the roll-off effect to undersampling of small features due to limits of
measurement precision (c.f. Walsh et al., 1991), suggesting that more deposits are still likely to
be discovered in a particular district. This problem of sample representativeness is not clearly
understood and is beyond the scope of this discussion. In this thesis, on the basis of number of
deposits (241), number of deposits per km? (~5) (Forster et al., 1996, Mondlane et al., 2000)
and the spatial distribution, it is inferred that the known gold deposits are a representative
sample of the mineralisation in the MMO belt.

The satellite imagery (SPOT, ETM and TM), aerial photos, geological and structural
maps, gold deposits maps, mine plants and exploration maps in the study area were projected in
UTM coordinate system on the Clarke 1866 ellipsoid. This standardization of the coordinate
system in the data introduced a residual error due to the polynomial transformations involved.
The residual error in the satellite imagery was 60 m, this error is constant and it affects the data
in the same way throughout the study area, thus it can be neglected. The other reason for
ignoring this error is that the size of a normal deposit is usually larger than 60 meters, thus
being 60 meters away one is still within the deposit’s area. Fact which may not be ignored is
that a point represents the location of each deposit on the map regardless of the number of small
orebodies, shown by different pits or adits, which constitute the deposit or its extension. This is
well solved by the minimum fractal distance defined in chapter 5, in which a 1.0 km is defined
as significant for the distribution pattern analysis. A deposit is considered to be truly
represented by a single point when analysing the data set between 1 and 20 km scale interval, in
which the distribution of gold deposits is considered to be truly fractal in the MMO greenstone
belt (see also chapter 5). Below 1 km the data is mainly affected by the complexity of surface
brittle structures that control the trapping of gold and the undersampling (e.g. Blenkinsop and
Sanderson, 1999). Beyond 20 km, the analysis is strongly affected by the NE — SW linearity of
the MMO greenstone belt (Mondlane, et al., 2001).
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4.3.3 Data classification

On the basis of grouping patterns identified in the 241 gold occurrences in the study
area, the data were grouped into the categories of shear zones/faults/contact reefs, quartz veins,
BIF-hosted, felsic and intermediate intrusion related deposits.

The shear zones group consists of three subgroups i.e. early shears, late shears, and
sheared contacts. The early and late shear zone distinction is based on crosscutting
relationships. The gold deposits related to early shear zones have variable grade, for example
e.g. Guy Fawckes, Kenya, Howat's Luck are low grade while Monarch mine and Munhene
deposits are high grade. In the late shear zones, mineralisation is locally associated with
scheclite and the deposits have higher grade (e.g. Rezende mines group) compared to deposits
associated with early shear zones. A possible explanation for the association of these structures
with large deposits could be the reactivation of structures, remobilisation and re-concentration
of gold.

The quartz veins represent the most important group in terms of total production in the
MMO belt (c. 35825 kg of gold produced at an average grade of 12 g/, and from a singular
deposit 7162 tons of lead (Table 4-1)) (Mondlane et al., 2000). These deposits are mainly
oriented north — south and are related to the latest deformation phase in the late Archaean (7
D). The deposits are usuaily small and high grade (table 4-1), with exceptions such as Rezende
mine which represent a large deposit with a production of 23.5 t. Quartz vein deposits may
occur in association with shear zones, stockwork/disseminated deposits in the majority of
lithologies particularly near felsic intrusions.

The above classification is the key to the analysis and description of distribution
patterns of gold deposits in the MMO belt (chapter 5). In this regard, it is useful to understand
each group as composed of deposits truly representing the specific type of deposit but also a
significant overlap of other types of deposits. This overlap is because a deposit is not made up
of a single homogeneous type of mineralisation, but usually by several types and is controlled
by multiple factors. For example, in the total of 122 shear zones /fault hosted deposits, 94 are
also quartz veins (Mondlane et al., 2000). Thus, the interpretation and statistical analysis based
on the type of deposit carried out in the next section should be done with care.
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4.3.3.1 Data presentation and statistics

The diversity of the records in the database makes its presentation statistically complex.
The abundance of each parameter is initially investigated individually and later on relationships
are worked out. In the data presentation, interpretative parameters such as type of deposit are
not considered because they could bias the data. Non-interpretative parameters, which include
the position of the deposit, grade, production, ore mineralogy and host lithology are presented
following the diagram presented in Fig, 4-2. There are several crosscut relationships that can be
derived from the five parameters, thus a simplification was introduced interactively. Grade is
used as a baseline, i.e. low grade deposits hosted in Shamvaian with production less than 100
kg and associated with pyrite and galena.

On the basis of the historical records on grade, it is feasible to say that deposits with

grades below § g/t are low and otherwise are high grade. In the database there are 73 low-grade
deposits and 123 high-grade deposits and 45 deposits without information on grade.
The host lithologies in the MMO greenstone belt (see appendix IV-A) were not use particularly
because it was found acceptable to use stratigraphic division such as Shamvaian and Upper
Bulawayan and, due to its particular importance in the MMO belt the felsic and intermediate
intrusions. Considering these three subdivisions the total records show that the Shamvaian hosts
31 deposits, Bulawayan rocks host 114 and 65 deposits are related to felsic and intermediate
intrusions (Fig. 4-2) and 31 deposits have no information on lithology.
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Figure 4 - 2, Flow chart for data analysis and interpretation. The open arrows mean that the next class is
the same for other entities of the same category.
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On the basis of statistical analysis of the historical records the production can be divided
into high (>100kg (37)) medium (10 - 100 kg (50)) and low (<10 kg (110)), and 44 deposits
have no information on production (Table 4-2). '

Table 4-2. Statistical summary of the gold deposits in relation to production, grade, lithology and
sulphides.

Grade | Low/

High grade

Ave.

[oft]

Production Total Production

[kg]

Main
Stratigraphic unit

Deposit
Type

Main Sulphide

>100 kg

@37

8,96

Low 7
High 30

(). 9
(i). 8
(iii). 10
(iv). 10

Py (18), Gn (17),
Cep (10), Po (8),
Aspy (7). Sph (3)

Shamvaian (1)
Intrusions (15)
Bulawayan (21)

40887

10 - 100
kg (50)

16,39

Low 17
High 33

(). 10
(ii). 3
(iii). 15
(iv). 22

Py (13), Po (10),
Gn (8), Ccp (8),
Bism (5), Aspy (3)

Shamvaian (1)
Intrusions (20)
Bulawayan (29)

<10 kg
(110)

10,93
] without
information)

Low 47
High 57

M. 16
(ii). 14
(iii). 25
(iv). 55

Py (12), Po (5),
Gn (15}, Cep (2),
Sph (1)

Shamvaian (7)
Intrusions (28)
Bulawayan (69)

255

Py = pyrite, Po = pyrrhotite, Ccp = chalcopyrite, Gn = galena, Sph = sphalerite, Asp = arsenopyrite,
Bism = bismuthinite. (13) or 13 - number of deposits recorded within the parameter. (i) Felsic and
intermediate intrusions; (ii) BIF; (iii) Shear zones/faults; (iv) quartz veins.

The deposits that produced more than 100 kg are typically high grade and occur within
the Upper Bulawayan and/or near felsic intrusion (Table 4-2 and Fig. 4-3).
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Figure 4 - 3. Relationship between gold deposits that produced more than 100 kg and shear zones

The historical records on gold deposits in the MMO belt, also show that shear zone/fault
hosted deposits that produced more than 100 kg are mainly related to the carly shear zones (Fig.
4-1) with few exceptions such as the Rezende deposit which is related to a shear zone that
crosscuts the main trend of early shears. These deposits have produced over 40 tons of gold at
an average grade of 8,96 g/t (Table 4-2). Upper Bulawayan and felsic intrusions host most of
these deposits (Table 4-2).

The geometry of shear zone deposits is dominantly lensoidal in a crack seal type of ore
body. The mineralised shear zones in the belt dip mainly towards north and to less extent south
(Fig. 4-4).

The most common sulphides within the shear zone deposits are pyrite and galena. Other
sulphides in descending order of occurrence are pyrrhotite, chalcopyrite, arsenopyrite, crocoite
and bismuthinite (Table 4-2).

The quartz vein deposits are mainly hosted in the Upper Bulawayan and felsic
intrusions. They are primarily associated with shear zones/faults, which constitute up to 55% of
the quartz vein deposits.

89




Chapter 4: CONTROLS AND CLASSIFICATION OF AU MINERALISATION

Dip Direction

Figure 4 — 4. Rose diagram showing dip directions of the mineralised shear zones in the MMO
greenstone belt.

The geometry of the orebody is lensoidal (Fig. 4 ~ 5) in stockwork and crack seal type
(e.g. Munhene deposit in the Manica part of the belt). The quartz veins deposits are, in general,
small deposits with 99 deposits out of 170 having produced less than 10 kg and only 29
deposits with production higher than 100 kg (Table 4-2).

: '; L Mineralised Quartz Vein

Figure 4 — 5. Mineralised lensoidal quartz vein in the Munhene mine. Photo looking west. Location in
UTM 0482691 - 7914282
hfvhj

Pyrite and galena are the dominant sulphides within quartz vein deposits followed by
pyrrhotite and chalcopyrite (Table 4-3). The rest of minerals such as arsenopyrite, sphalerite,

bismuthinite, and pentlandite are present in small quantities.

90




Chapter 4: CONTROLS AND CLASSIFICATION OF AU MINERALISATION

The deposits hosted by felsic and intermediate intrusions comprise 29 deposits of low
production, 20 of medium and 16 high production deposits. The most abundant sulphides are
galena, pyrite and pyrrhotite.

The type of sulphides associated with gold mineralisation gives an indication on the
type of mineralizing fluids, such as iron rich fluids (A) or nickel rich fluids (B). The abundance
of sulphides in the MMO greenstone belt is shown on Table 4-3 where it is also evident that the
majority of sulphides are iron type, suggesting mineralising fluids of metamorphic origin. The
shear zones and quartz-vein deposits show a wide variety of sulphides and higher abundance
compared to felsic intrusions and BIF deposits. This large diversity of sulphides can be
explained by reactivation of the shear zones and channel ways of the metamorphic fluids.

Table 4-3. Abundance in % and number of deposits of sulphides in gold deposits types and their host
rocks. Table a) represents the abundance as recorded in the literature and compile in the database and b)
shows normalised percentage of the sulphides.

Total

a) Py Po lApy |Ccp Gn Sph Bism |Pn |mines
Shears/Faults (ili) |40 21 9 19 38 3 5 2 147
BIF (ii) 18 14 4 8 14 3 1 0 66
Qtz vein (iv) 41 20 5 18 134 14 5 12 137
Totals 69 55 18 45 86 10 11 350
Felsic and
intermediate
intrusions (i) 18 8 0 7 16 1 1 0 52
Bulawayan (vi} 37 21 9 16 31 3 4 2 133
[Shamvaian (v) 13 4 3 7 13 2 1 o s

58 33 12 30 60 6 6 2 231
b)

Py Po Apy |Cep Gn Sph Bi Pn |%
Shears/Faults 2721 11429 612 [1293 [2585 1204 [3.40 [1.36 {100.00
BiF 27.27 2121 [6.06 [1212 2121 455 [1.52 |0.00 (100.00
Qtz vein 2993 (1460 |3.65 [13.14 [2482 (292 (365 [1.46 {100.00

%

Felsic and|
intermediate
tntrusions (i) 3462 [1539 [0.00 [13.46 30.77 [1.92 (1.92 [0.00 [100.00
Bulawayan (vi) 27.82 [15.79 6.77 [12.03 12331 [226 [3.01 [|1.50 [100.00
IShamvaian {v) 2826 [8.70 1652 [1522 [28.26 |4.35 217 |0.00 [100.00

Py = pyrite, Po = pyrrhotite, Ccp = chalcopyrite, Gn = galena, Sph = sphalerite, Asp = arsenopyrite,
Bism = bismuthinite, Pn = pentlandite. (13) or 13 - number of deposits recorded within the parameter. (i)
Felsic and intermediate intrusions; (ii) BIF; (iii) Shear zones/faults; (iv) Quartz veins. (Source: database
- appendix 1V-A)
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4.4 Discussion

The quality of data is acceptable for the purpose of this study. The inaccuracy in
position of the deposits that was revealed by fieldwork is of up to 50 meters on X direction and
100 meter on Y direction. Considering the size of the deposits, which range from 100 to 1000
meters, the position inaccuracy is within the tolerance of the deposit size.

The statistical analyses of the historical records suggest that groups can be formed on
the basis of grade, production, host lithology and sulphides. This classification is not unique
and is not perfect, i.e. a deposit can be classified into both as quartz vein and shear zone thus
creating an overlap. The overlap can be as high as 75% in the case of shear zone deposits and
quartz vein deposits, which explains the positive correlation between these two deposits. For
the purpose of this study the quartz vein and the shear zones are combined in one group because
separating them would bias the final exploration model for gold mineralisation (chapter 9).

The stratigraphic classification is more distinctive and allows clear separation of the
groups.

Intrusive deposits are also considered as deposits near an intrusion even if they are
within a stratigraphic class. '

The records on sulphides suggest that the ore fluids were iron-rich in the whole belt. The
main sulphides are pyrite and galena and chalcopyrite or pyrrhotite (Table 4-3).

In general, early shear zones control gold mineralisation in the MMO greenstone belt.
The production and number of gold deposits related to felsic and intermediate intrusions in
Bulawayan lithology suggest that they are promising exploration targets. BIFs in the MMO belt
are commonly silicified to an extent of forming ridges that are easy to map using remote
sensing or air photos and they also control gold mineralisation specially where they crosscut
Bulawayan lithologies.

The following Chapter will discuss the spatial distribution patterns of the classes of gold
deposits in relation to controls of gold mineralisation. Basically the next chapter will show
whether the controls of mineralisation or the surface or subsurface expression of these controls
can be detected using spatial and lincament analysis.

4.5 Conclusions

This chapter has shown that use of GIS oriented database is adequate for systematisation
of the MMO belt gold deposits descriptions.
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The nature and quality of the existing data in the MMO belt is adequate for designing a
Ry GIS based database for use in exploration modelling in the area.
' The description of the controls of mineralisation in the MMO belt allow the following

classification of the deposits:

®

¢ & o o

Felsic and intermediate intrusions in the greenstone sequence (e.g. the Penhalonga
granodiorite) including the northern and southern granites with xenoliths of schists
BIF

Shear zones, quartz veins and sheared lithological contacts

Shamvaian lithologies

Bulawayan lithologies excluding BIFs
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Chapter 5

5 Distribution patterns of Gold mineralisation in the MMO Archaean
Greenstone belt

5.1 Introduction

Structures control mineralisation at a mine scale and regional scale such as greenstone
belt scale (Forster et al., 1996). Blenkinsop et al. (2000), based their arguments on field
observation in the Mazowe area, within the Harare-Bindura-Shamva greenstone belt of
Zimbabwe, and noted that the regional structures are not particularly important in the control of
mineralisation. Dirks et al. (2001) argued that gold mineralisation is strongly controlled by
transcrustal regional structures. The aim of this Chapter is to show the importance of structures
in the control of Late Archaean gold mineralisation at regional scale, and mine scale with
special emphasis on the Manica Mutare Odzi greenstone belt. This Chapter also aims at proving
that not all mineralisation is controlled by surface structures (structures visible on the surface);
hidden structures at regional (belt scale) and probably global scale (cratonwide) also seem to
control gold mineralisation in the Manica Mutare Odzi greenstone belt.

It has been established that surface structures control the trapping of gold mineralisation

in the Manica Mutare Odzi greenstone belt (e.g. Chenjerai, 1996, Forster et al., 1996). Data
obtained during this study show that groups of mines are not randomly distributed within these
structures (Fig. 5 — 1). Some gold deposits are aligned (by drawing a line between the deposits)
in certain directions that are not directly related to the observed surface structures.
In a structurally controlled mineralisation province such as MMO belt, the distribution of
known deposits may reflect the distribution pattern of the controlling structures. The veracity of
this statement is dependent on the degree of mining in the geological province. The known
deposits may represent a sample of the mineralisation on the ground and its representativity is
generally uncertain.

Generally gold mineralisation is controlled by multiple factors including the scale (local
or belt, region or province, and craton or orogeny) of the controlling phenomenon. This
complexity is due to interaction of all three scales in one area where each controls specific type

of deposits in particular geological setting. The main problem in this case hinges on ability to
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separate the different events by scale of occurrence and also by considering their overprinting
relationships.

In this Chapter spatial distribution patterns of known gold deposits are described and
relationships between these patterns and mineralised structures are investigated. This is done
by finding groups of deposits that reflect coherent spatial patterns at different scales, which can
be enhanced by applying autocorrelation methods, fractal and lineament analysis.

The data were first analysed as a full set and then subdivided into the categories of shear
zones/faults/contact reefs, quartz veins, BIF and felsic to intermediate intrusions related
deposits, production (<10, >10<100, and >100 [kg]), high (>5 g/t) and low (<5 g/t) grade,
sulphides, stratigraphic (Shamvaian and Upper Bulawayan) and combinations such as high
grade quartz veins or high grade quartz veins in Upper Bulawayan. In all cases, different scales

were tested for autocorrelation and lineament analyses.

5.2 Distribution patterns of Gold Deposits in the MMO Greenstone belt

The map of deposits in the MMO (Fig. 5 — 1) shows alignments in N-S and NW-SE
directions that are not directly related to any discernable feature or geological association.
Figure 5 - 1 shows the distribution of gold deposits where prominent alignments of deposits in
N — S, WNW - ESE, NE - SW directions are suggested. The N -S direction for example,
congregates deposits hosted in granites (e.g. Chivuma mine, Shandon mine), BIF in ultramafics
(e.g. Guy Fawckes mine), BIF (e.g. Dias Perreira mine) and in mafic schists (e.g. Damp mine).
These deposits are associated with pyrite, galena and sphalerite (e.g. Guy Fawckes and Damp

mines), and quartz veins (e.g. Chivuma mine).
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Figure 5 — 1. Map showing all known gold deposits in the Manica Mutare Odzi Greenstone belt. The
arrows and the lines show some alignment of gold deposits in N-S, WNW - ESE, NE-SW directions.

These alignments suggést some sort of control apart from the lithology and surface
structures. If alignments like the ones represented in Figure 5 - 1 have a geological significance,
then they may not be an isolated case, and more such cases must be presented at different scales
within the greenstone belt. The description and enhancement of such “lineaments” (discrete
corridors consisting of alignment of gold deposits in a map) is important for understanding the
controls and characterization of gold mineralisation in the study area. The integration of the
“lineaments” in a powerful tool such as GIS-based database clearly relate spatially these
parameter with gold deposits in the MMO belt (Chapter 9).

5.3 Lineament enhancement techniques

The main pattern that generally arises from an analysis of the distribution patterns of
gold deposits in a structurally controlled mineralisation district like MMO greenstone belt is a
linear pattern. A linecament is an alignment of gold deposits in a linear array reflecting a line or
a corridor adjoining these deposits. Lineaments can be enhanced statistically, graphically or
geometrically by means of autocorrelation methods and variography. In this study,

autocorrelation analysis was selected due to its simplicity, sensitivity to subtle changes in linear
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patterns, ability to analyse limited data points and the fact that it uses only geometrical
considerations in the first instance (Vearncombe and Vearncombe 1999; Mondlane et al.,
2001). The method has the disadvantage of overemphasing the long axis of a linear belt.
Despite this, it remains better than variography hence its adoption here.

5.3.1 Fractal Analysis

5.3.1.1 Introduction
The principle of Fractal Analysis was introduced many years ago by Lewis Fry

Richardson (1961), who found out that the relation between the measured length of a coastline
and the scale of mapping increases logarithmically with increase of scale of mapping. This
implies that with the increase in the scale, more and more features are resolved and can be
delineated.
Mandelbrot (1967) used the findings of Richardson and incorporated what he called the “theory
of fractals”. Mandelbrot (1982) recognised that for most naturally occurring phenomena the
amount of resolvable detail is a function of scale. Increasing the map scale does not result in an
absolute increase in precision, but only reveals variations that had hitherto passed unnoticed
(c.f. Burrough, 1986). According to Burrough (1986) the fractal principle has two main
characteristics: firstly, it embodies an idea of self-similarity; that is the manner in which
variations at one scale are repeated at another; secondly, it has the peculiar property of
fractional dimension, from which it derives its name. A fractal curve is defined as one where a
mathematical parameter known as the “Hausdorff-Besicovitch dimension” exceeds the
topological dimension. This means that a continuous linear series such as a polynomial tends to
look more and more like a straight line as the scale at which it is examined increases (Burrough,
1986).

Fractal objects or sets are irregular, but the degree of irregularity is highly ordered: it is
the same on all scales, or scale invariant. Scale invariance can be expressed mathematically by a
power law such as:

N(r)=Cr™® (5.1

Where N(r) is the number of objects in a fractal set with a linear dimension greater than r, and
C and D are constants (c.f. Turcotte, 1991, 1992, Blenkinsop, 1995)
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The level of variation present at all scales can be described by a single parameter, the fractal
dimension, defined by Mandelbrot (1982) as:
D =log Cr / logN(r) (5.2)

Where N is the number of steps used to measure a pattern unit length, and r is the scale ratio.

The value of D for a linear fractal curve can vary between D = I (the Euclidian
dimension of a line) and D = 2 (the Euclidian dimension of a surface). D = I implies that the
curve is so smooth that it can be fully approximated by a polynomial relation; a tangent can be
drawn at any point along its length. When D is larger than 1, it implies that the line has an
associated band of “fuzziness” or uncertainty that “eats up” a little of the second spatial
dimension. For D = 2, the fuzziness is so large that the line, in fact, becomes an area. For
surfaces, the D-values range between 2 (completely smooth) and 3 (infinitely crumpled).
Mandelbrot (1982) was the first to suggest that mineral distribution in the earth could be
considered in fractal terms (c.f. Blenkinsop, 1994). If ore deposits have a fractal distnbution,
they are clustered to some degree, and they can be treated as fractal dusts and are clearly
distinct from random or Poisson distribution.

In the last two decades several authors have dedicated research to proving fractal
distributions in many areas of geoscience. Turcotte (1986) showed that the relationship between
ore grade and tonnage is fractal for mercury and copper production and uranium reserves in
USA. Barton and Scholz (1995) demonstrated that hydrocarbon accumulations have fractal size
and spatial distributions. Carlson (1991) proved that hydrothermal precious metal deposits in
the western USA have a fractal distribution and drew important implications for exploration.
Blenkinsop (1994) showed that gold mines in the Masvingo-Mashava and Shamva areas of
Zimbabwe Craton have fractal distributions. Blenkinsop (1995) discussed the fractal size
distributions of mines in the entire Zimbabwe Craton. Sanderson et al. (1994) applied fractal
relationships to vein-hosted gold deposits in Spain. Blenkinsop (1994) applied the fractal
measures for size and spatial distributions of gold mines in Zimbabwe and discussed their
economic implications. Fractal relationships have been used to describe the spatial distribution
of gold deposits as a function of grade, production, deposit type and the presence of sulphides.

This section discusses fractal analysis application for gold mineralisation in the Manica-
Mutare-Odzi Archaean greenstone belt as a fuction of gold production and grade and, compares
the results with those obtained by, for example Blenkinsop (1994) on the Zimbabwe craton.
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5.3.1.2 Fractal Distribution of Gold Deposits in the MMO Greenstone belt

It was assumed that the gold mineralisation in the MMO greenstone belt is co-eval and
synchronous with cratonwide event at 2.65 Ga. This suggest that all gold deposits in the MMO
belt can be treated as fractal dust and can be compared with similar results elsewhere in the
Zimbabwe Craton (see Table 5 — 4). The data for the fractal analysis namely, locations of the
deposits, gold production statistics, grade, deposit type and type of sulphides are extracted from
the GIS based Database (see also Chapter 4 and appendix IV-A and B).

The first method used to define fractal dimension was the so called “ruler method”
(Turcotte, 1992) although, it is not the most generaily applied method. The second method,
“box-counting method” has a much wider range of applicability than the ruler method (Pfeiffer
and Obert, 1989).

The approach in this study follows the “box-counting method” as applied by Blenkinsop
(1994). The “box counting” method was selected for this study due to its simplicity and its
sensitivity to variations in fractal dimension with length scale as demonstrated by Blenkinsop
(1994) and Blenkinsop & Sanderson (1999).

The method consists of counting the number of squares (n) of side length d necessary to
cover all deposits. The parameters are linked in the following manner:

n(d)od® (5.3)
Where d is the side length of the square, n is the number of squares of side 4 and D is the fractal
dimension.
An alternative method for evaluating the fractal dimension is by counting the number of
deposits N(r) in a circle of radius r, which are related by the expression:

N(r)=CrP® (5.4)
Where C is a constant.

N(r) is evaluated for each deposit in turn and the results are averaged over all deposits to
give the final relationship. This procedure was applied to the data that is subdivided into gold
deposit types, variation in grade, presence of specific sulphides, and production in the Manica-
Mutare-Odzi greenstone belt. The fractal dimension (D) has been evaluated by standard linear

regression (Excel) and the error is given as the standard error of the regression.
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5.3.1.2.1 Results of Fractal analysis applied to MMO gold deposits

The gold deposits have been box counted with a 1* square of circa 100 by 100 km,
which covers all deposits of the belt. The box sizes are divided by an arithmetic progression
using an unpublished macro program developed by Blenkinsop {pers. comm., 2000).

This section presents selected plots of the fractal analysis (e.g. Figs. 5 —~2 and 5 - 3) and

parameters extracted from this analysis (Table 5 - 1).
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Figure 5 — 2. Number of squares n (d) of length d (meters) necessary to cover all (241} gold deposits as a
function of d for the MMO greenstone belt. Note the bimodal population in the curve.
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Figure 5 — 3. Number of squares n (d) of length d (meters) necessary to cover all (47) gold deposits as a
function of d for the Manica section of the MMO greenstone belt. Note the bimodal population in the

curve.
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Table 5 — 1. Fractal dimension (D) (slope) of line joining gold deposits by the square counting method
for different ranges of length of square, d (km). R — correlation coefficient (regression), E - standard
error of the slope, N — number of mines, M — number of observations within regression line.

Area Range of r|D R E N M
(km)
MMO 1,74 - 63,5 0,997 -0,977 0,0089 | 241 300
Manica |2,5-17,15 0,991 -1,00 0,0260 |47 30
Muatre | 0,58 — 1,99 0,992 -1,000 0,0252 136 22
Odzi 1,43 -22.24 0,992 -0,958 0,0233 58 30

53.1.2.2 Data analysis and interpretation

The results of fractal analysis applied to all deposits in the entire belt show that the
deposits obey a fractal relationship at 1,7 <r < 64 km (Table 5 - 2) and D is = 1.0. This suggests
that there is higher density of deposits at small r, i.e. more squares are needed to cover all
deposits at minimum r =1,7 km and fewer squares of maximum r = 63 km are required to cover
all deposits.

The true fractal relationship for the Manica section of the MMO greenstone belt is
observed at 2, 5 < r < 17,5 km while for the Mutare and Odzi sections of the belt, the
relationship occurs at 0,58 < r <2 km and at 1,4 <r <22 km, respectively. These limits suggest
that in the Mutare section there is a higher density of deposits for small length scales compared
to Odzi and Manica sections of the belt. The high concentration of deposits in the Mutare
section can be explained by the presence of many (circa 60) deposits around Penhalonga
granodiorite in an area of ¢. 2 km’. The Odzi section presents a higher density of deposits for
small length scales than the Manica section of the belt.

The table 5 — 1 shows that there are two important fractal dimension within the MMO
greenstone belt; one related to areas where exploration effort has been high and more deposits
are known at small range or high clustering of gold deposits (Mutare section of the MMO belt)
with clustering range between 0,58 — 1,99 km corresponding to a fractal dimension of 0,996,
and a second range between 1,5 and 22 km observed at Odzi and Manica sections of the MMO
belt with fractal dimension around 0,99. The overall result is a compound of these two fractal
dimensions and cluster range between c. 2 and 60 km corresponding to a fractal dimension of
0,997.

The values of the minimum fractal limits for each of these sections are interpreted as

evidence of spatial distribution or clustering of all deposits in the MMO greenstone belt and can
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be explained by a single process and the small variation result from the differentiated
exploration efforts. This is supported by the fact that the three sections of the belt have similar
fractal dimension (= 1.0) within acceptable error for the box counting method. This suggests
that a unique process for the spatial distribution of gold deposits could have operated in the
entire belt. Along that line it was also important to test fractal analysis for the different mineral
deposits categories also used for autocorrelation (see subsequent sections).

The geological evidence supports a structural control where gold was transported by
hydrothermal fluids and deposited as large or small deposits as supported by field observations
as discussed in previous Chapters, Observations at Excelsior, Monarch, Guy Fawkes,
Rezende, Toronto mines support this view.

The structural control can be considered to be a unique process that operated for the
spatial distribution of gold mineralisation in the MMO greenstone belt. The other geological
evidence for a unique process is that there is no unique lithological control on mineralisation.

Fractal analysis was carried out as a form of evaluate whether other fractal distribution
patterns arise from subgroups defined in Chapter 4. Results are presented in next section
(5.3.1.3).

5.3.1.3 Fractal Distribution of Gold Deposits types in Space

The gold deposits were grouped into shear zone and fault hosted, quartz vein hosted,
BIF related deposits, high and low grade deposits, high, medium and low production deposits,
deposits hosted by felsic and intermediate intrusions, by Shamvaian metasediments and Upper
Bulawayan lithologies. The distribution of gold deposits types, and plots of the fractal analysis

appear as Figs. 5 — 4 to 5 — 9. Parameters are shown in Table 5 - 2.
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Figure 5 — 4. Number of squares n (d) of length d (meters) necessary to cover all (170) Quartz vein
hosted gold deposits as a function of d for the MMO greenstone belt. Note the bimodal population in the

curve.
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Figure 5 — 5. Number of squares n (d) of length d (meters) necessary to cover all (116) shear-fault hosted
gold deposits as a function of d for the MMO greenstone belt. Note the bimodal population in the curve.
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Figure 5 — 6. Number of squares n (d) of length d (meters) necessary to cover ail (42) BIF related gold
deposits as a function of d for the MMO greenstone belt. Note the bimodal population in the curve.
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Figure 5 — 7. Number of squares n (d) of length d (meters) necessary to cover all (65) gold deposits
hosted by felsic and intermediate intrusions as a function of d for the MMO greenstone belt. Bimodal
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Figure 5 — 8. Number of squares n (d) of length d (meters) necessary to cover all (31) gold deposits
hosted by Shamvaian lithologies as a function of d for the MMO greenstone belt. Note the bimodal

population in the curve.
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Figure 5 — 9. Number of squares n (d) of length d (meters) necessary to cover all (114) gold deposits
hosted by Bulawayan lithologies as a function of d for the MMO greenstone belt. Note the bimodal

population in the curve.
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Table 5 — 2. Fractal dimension (D) (slope) of gold deposits by the square counting method for different
ranges of length of square, d (km). R ~ correlation coefficient (regression), E — standard error of the
slope, N — number of mines, M — number of observations within the regression line.

Deposit type Rangeofr(km) | D R E N M
Shear zone/faults 2,50-3174 0,994 | -0,947 0,0179 116 36
Quartz vein 2,57-31,73 0,994 | -1,000 0,0213 170 35
BIF hosted 3,60-294 0,981 | -0,914 0,0380 42 22
Felsic-intermediate | 3,4 —28,6 0,961 | -0777 0,0488 65 23
intrusions

Shamvaian hosted | 3,30-27,2 0,948 | -0,662 0,0466 21 25
Bulawayan hosted | 2,57 -23,8 0,990 | -0,976 0,0231 114 37

Data Analysis and Interpretation

The results of fractal analysis summarised in Table 5 - 2 suggest that there is a clear
change in the fractal dimension at r = 2.5 km for the shear zone/fault hosted deposits, quartz
veins and deposits hosted by Bulawayan rocks. The 2.5 km change in fractal dimension is
consistent with the entire Zimbabwe craton in general and with Shamva and Masvingo -
Mashava greenstone belts in the Zimbabwe craton in particular (Blenkinsop, 1994). This
suggest a significant importance of the type of geology at deposit scale, although, Blenkinsop
(1994) explained this change as being related to exploration efforts being greater in the
immediate vicinity of pre-existing mines.

The fractal dimension and the minimum range agree with the idea of a unique process operating
for the spatial distribution of the shear zone/fault hosted and quartz vein hosted deposits. This is
also supported by the structural control of these types of deposit. The structural control is
evident at regional scale and at mine-scale as observed in detailed field observations at

Excelsior, Dot’s Luck and other mines as discussed in Chapters 3 and 4.

5.3.1.4 Fractal Distribution of Gold Depaosits grades and productions in space

The gold deposits with grades higher than 5 g/t are considered high-grade and those with
less than 5g/t are considered low grade. The fractal analysis for gold deposit grades distribution
in space may contribute towards refining of exploration objectives in terms of areas to cover

when searching for specific deposit (grade and tonnage).
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The production record is a good indicator of the size of the deposit. The application of
fractal analysis to different gold production intervals is sensitive to deposit size in space. This
principle can be used successfully in exploration. The use of gold production is biased towards
on-going mining and unknown or non-economic reasons for mine closures. The influence of the
first constraint is minimised by the number of deposits being mined within the MMO
greenstone belt, which is only three. The problem related to reasons for closure of the mines is
more complex and for this study it was assumed that all mines had ceased production due to
economical reasons, mainly lack of economic reserves at the time of closure. Thus production
records until time of closure of a mine are treated here as economic reserves and so are the sizes
of the deposits. The deposits that had produced more than 100 kg of gold were considered large
deposits and those that had produced less than 10 kg as small.

The distribution of gold deposits’ grades in space are presented in plots of the fractal
analysis (Figs. 5— 10 and 5 - 11) and parameters used in these plots are shown in the Table —5-

3.

High grade Au Deposits
1000 tpper

Regression

E Limit

@ 100 -

3

o

(S

w

10
2 Upper |
3 Regression T~
’ Limit : ®
100 1000 10000 100000
Log Box size in Meters

Figure 5 — 10. Number of squares n (d) of length d (meters) necessary to cover all (123) high-grade gold
deposits as a function of d for the MMO greenstone belt.
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Figure 5 — 11. Number of squares n (d) of length d (meters) necessary to cover all (73) low-grade gold

deposits as a function of d for the MMO greenstone belt. Note the bimodal population in the curve.

Table 5 - 3. Fractal dimension (D) (slope) of gold deposits by the square counting method for different
ranges of length of square, d (km). R - correlation coefficient (regression), E — standard error of the

slope, N — number of mines, M — number of observations within the regression line.

Grade Range of r | D R E N M
Interval (km)

<5,0 4,4-30,7 |0,983 -0,776 0,0341 73 20
>5,0 3,3-30 0,988 -0,894 0,0289 123 25

The distribution of gold production in space was studied by fractal analysis and the

results are presented in Table 5 - 4. Figures 5 — 12 to 5 - 14 represents the fractal plots of a

number of deposits with specific production interval as a function of the length of squares

needed to cover them.
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Figure 5 — 12. Number of squares n (d) of length d (meters) necessary to cover all gold deposits that
produced less than 10 kg of gold. Note the bimodal population in the curve.
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Figure 5 ~ 13. Number of squares n (d) of length d (meters) necessary to cover all gold deposits that
produced between 10 and 100 kg of gold. Note the bimodal population in the curve.
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Figure 5 — 14. Number of squares n (d) of length d (meters) necessary to cover all gold deposits that
produced more than 100 kg of gold. Note the bimodal population in the curve.

Table 5 — 4. Fractal dimension {D) (slope) of gold deposits by the square counting method for different
ranges of length of square, d (km). R — correlation coefficient (regression), E — standard error of the
slope, N — number of mines, M — number of observations within the regression line.

Production | Range of r | D R E N |M
(kg) (km)

<10 2,03-27,1 {099 |-0,985 [0,0152 | 110 {38
10 - 100 2,3-26,33 |0,986 |-0,761 |[0,0240 |51 |29
> 100 54-286 (0938 |-0,760 |0,0806 [33 |14

Data Analysis and Interpretation

The results summarised in Table 5 - 3 suggest that high-grade deposits obey a fractal
distribution within the distance range between 3,3 and 30 km. And the low-grade deposits obey
a fractal distribution between 4,4 and 30 km. The fractal dimension for both high and low grade
deposits is equal which suggests that these deposits are spatially controlled by the same factor.

The spatial distribution of gold deposits that produced a certain quantity of gold as
studied by fractal analysis (Table 5 - 4) revealed that most of the deposits (production <100 kg)
are spatially distributed at distance ranges of between circa 2 and 27 km. The lower regression
limit of 2 km suggests that the deposits that produced less than 100 kg cluster at shorter
distance range compared to those that produce more than 100 kg. It is expected that large
deposits cluster at large distance range (5,4 km) because large deposits are harder to find
compared to small deposits. The upper regression limit of all gold deposits with recorded
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production is circa 27 - 28 km suggesting that the productive districts and sub-districts are not
larger than 28 km in diameter if the mineralisation event obey a power law and behave as

fractal dusts with fractal dimension (D) of circa 1.

5.3.2 Discussion on Fractal Analysis

The gold deposits in the Manica-Mutare-Odzi greenstone belt, as a whole, and for the
three distinct areas (Manica, Mutare and Odzi) obey a fractal distribution at a range of distances
between circa 2,0 and 20 to 30 km with D approximately equal to one.

The fractal dimention and overall results from fractal analysis agree to a certain degree

with other similar studies carried elsewhere in the Zimbabwe Craton (Table 5 - 5).

Table 5 — 5. Fractal dimension (D) (slope) of gold deposits by the square counting method for different
ranges of length of square, d (km). R — correlation coefficient (regression), E — standard error of the
stope, N ~ number of mines, M — number of observations within the regression line. Data from this
study are compared to results from Blenkinsop (1994), (1995), Blenkinsop and Sanderson (1999) and
Carlson (1991).

Fractal Range of r | Correlation | Recorded number

Author Area Dimension (D) | (km) Coefficient | of mines
Blenkinsop | Masvingo - | 1.21 1,0-10 -0,999 147
(1995) Mashava

Craton 0.92 10— 60 -0,999 651
Blgﬂ‘g‘ﬂsgp Harare 0.98 10— 60 -0,992 288
?{’999)”’ €SO0 MBulawayo | 0,97 10-60 20,994 321

Masvinge | 1,06 2.5-20 -0,998 147

Shamva | 1,18 2,5-20 -0,995 122

Masvingo | 0,32 03-25 -0,947 147
Blenkinsop 1,12 2,5-29 -0,995 147
(1994)

Shamva | 028 03-25 -0,988 122

1,18 2,5-29 -0,999 122

Carlson (1991) | Basin and | 0,50 1-15 4775

Range 1,51 15 - 1000 4775

MMO 0,997 1,74—63,5 |-0,977 241
This Study Mutare 0,996 0,58—1,99 |-1,00 136

Manica | 0,991 25-17,15 |-1,00 |47

Odzi 0,992 143 -22,24 |-0,958 58
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The table 5 — 5 shows that if the main population within fractal dust of all deposits is
considered a consistent range between c. 2 and 20 to 30 km corresponding to a fractal
dimension between 0,99 and 1,18 are observed in all greenstone belts. This is a clearer
evidence of existence of a common factor that control de distribution of gold deposits within
the greenstone belts of the Zimbabwe Craton.

The analysis of fractal distribution of, not only ‘deposit’ positions but also the deposit
type, host lithology, grade interval and production levels of the deposits was meant to probe the
hypothesis that the “control of gold deposits distribution can be explained by single process”.

In general, the use of grade is expected to be more sensitive to geological factors than
production, because the later is highly influenced by economic factors while the grade is
intimately related to geological aspects. The use of grade in this study for analysing the spatial
distribution of deposits suggested a fractal relation at square length range of 4,4 - 30,7 and 3,3 -
30 km for low-grade and high-grade respectively has shown that there is no significant
difference between the deposits distribution controlling factor for both high and low grade
deposits. These ranges are considerable high compared to the distribution pattern suggested by
other authors (e.g. Blenkinsop, 1994, Blenkinsop, 1995 and Blenkinsop and Sanderson, 1999)
when using deposits positions, however the fractal dimension is very similar, fact which
encourage the general idea of explaining the fractal distribution of deposits by a unique
mineralisation event.

Furthermore the study shows that different types of deposits such as quartz vein deposits
and deposits hosted in Bulawayan correlate with pattern suggested by Blenkinsop (1994) for the
Zimbabwe Craton in terms of fractal dimension close to one. This implies that the single event
explanation is also valid for the quartz vein/ fault deposit type.

The fractal analysis for gold deposits that produced < 100 kg follow a fractal distribution
pattern for a distance range between circa 2,3 and 27 km and a fractal dimension equal to 0,99.
This finding agrees with the general conclusions made on the greenstone belts in Zimbabwe
(Blenkinsop, 1995) and for Mesozoic hydrothermal precious metal deposits in the western USA
(Carlson, 1991). Ord (1994) studied the fractal spacing of shear zones while Blenkinsop
(1993), Kruhl (1994), Zhang and Sanderson {1994) studied the fractal spacing of brittle

fractures. All these authors invoked a single mineralisation event to explain the fractal
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distribution of gold deposits as ‘a hydrothermal system with channeled flow in deformation
zones’.

Evidence from this study show that gold mineralisation in the MMO greenstone belt
obeys a fractal distribution in a range between circa 2 km and circa 20 — 30 km. Thus, fractal

analysis can be used to explain distribution patterns of gold deposits in the MMO greenstone

belt and, such distribution is considered to be controlled by a single event, most probably

related to structural control.

§.3.3 Autocorrelation analysis (or Fry analysis)

Autocorrelation (Fry) analysis is used in this study to determine the spatial relationships
among the gold deposits. Fry analysis was first applied to determine the bulk strain in rocks,
which arises from changes in the inter-grain's distances due to tectonic activity (e.g. Fry, 1979;
Hanna & Fry, 1979; Crespi, i986; Dunne et al., 1990). Fry analysis was extended to
applications such as analysis of description of distribution patterns of data points representing
mineral deposits by Vearncombe and Vearncombe (1999).

Successful examples of application of autocorrelations analyses for mineral exploration
include the kimerlites in West Africa, hydrothermal and porphyry copper deposits in Arizona,
gold deposits at Mount Pleasant (northwest of Kalgoorlie), Western Australia, advanced
exploration drilling in the Jundee gold mine, Western Australia, and exploration drilling and
grade control from the Bronzewing gold mine, Western Australia (Vearncombe and
Vearncombe, 1999).

The method involves placing a transparent medium over the map of the deposits with
the centre of the transparent paper on one of the deposits, and then marking the positions of
each deposit on the transparent medium. After that, the centre of the transparent medium is
moved to the next deposit (the overlay is to be kept in the same orientation) and again, all the
positions are marked on the transparent medium; the procedure is repeated until all deposits’
positions on the map have acted as centre of the plot. In this study, the autocorrelation analysis
was performed using a computer program developed by Blenkinsop (pers. comm., 2000). The
resulting plot is commonly called translation map or fry plot or autocorrelation plot (e.g. Fig. 5
- 15) and it shows trends in different directions and visually the trends suggest a repeated

pattern in a specific direction.
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The autocorrelation analysis visually enhances geometrically linear trends in the X Y
direction, calculating spatial autocorrelation for m data points that result in n* ~ n point data
(Vearncombe and Vearncombe, 1999). Subtle linear patterns in the data points become more
pronounced in the autocorrelation analysis results. The results are presented as histograms of
the frequency of the length of the segments linking two data points versus the length of the
segments (translation vectors), and in rose diagrams of azimuth distribution of the segments

linking each two data point.
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Figure 5 — 15. Results of autocorrelation analysis for the MMO greenstone belt presented in a translation
map of N = 241 deposits, which resulted in 57841 points here called N*. The X and Y direction are in
UTM co-ordinates zone 36K, Clarke 1866.

Translation map is plotted for an average point of every three points for computation efficiency. This
simplification does not visually affect the final appearance of this plot.

5.3.3.1 Methodology
A lineament in the present context can be regarded as an alignment of gold deposits in a

linear array reflecting a line or a corridor adjoining deposits. Lineaments can be enhanced
statistically, graphically or geometrically by means of autocorrelation methods and variography.
The geological complexity of the data require processing methods that privilege the scale
dependency of the data where each scale in a different data set is estimated from histograms
(e.g. Fig. 5 - 16) plotting the frequency of the length of the segments linking each segment of
two data points (translation vectors) in the autocorrelation analysis result. Each break
(maximum) in the histogram represents a change in grouping size at a specific distance segment

search, which can be calculated as a half width at the maximum frequency position.
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The main pattern of gold deposits in the MMO belt is linear.

Frequency

Figure 5 — 16. Histogram of segment frequency per length of the segments in meters at average of 100 m
spacing for all deposits in the MMO.

Note the clustering that can be estimated by the mode of the class in the graph at 3 km, 9 km, 15 km and
20 km. The Mode is the length that occurs with greatest frequency in the data (Davis, 1973) and is
equivalent to the maximum of each class.

Possible scale dependency is assessed from histograms (e.g. Fig. 5-16) of the lengths of
the translation vectors. Figure 5 - 16 shows that individual populations with modes at 3-km, 9-
km, 15-km and 20-km radius represent a degree of clustering of gold deposits estimated by the
half width at the mode. The resulting grouping presented in this figure can be obtained by
calculating interactively the distance search.

The mode of each population was used to test the distribution patterns of the data-points.

As noted in (Mondlane et al., 2001) the entire data set of the MMO greenstone belt was
tested using the autocorrelation method. Firstly it was applied to all gold deposits and then
segments based on the presence of distinct populations defined by the histogram shown in Fig.
5 — 16. The autocorrelation plot of the entire data set (241 mines) is presented in figure 5 - 15,
and the equivalent rose diagram is shown on Fig. 5 - 17A.

The autocorrelation analysis for the distance search at modes of sub-populations 3-km,

9-km, and 20-km are shown as rose diagrams in Figs. 5 - 17B, 5 - 17C,and 5 - 17D.
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Figure 5 — 17. Rose diagrams of the MMO greenstone belt representing the azimuth frequency of the
/ point data resulting from the autocorrelation analysis exercise.
“ A) Rose diagram of all deposits in the MMO greenstone belt with no limit on the distance search. B)
Rose diagram showing all deposits within 20-km distance search limit. C} Rose diagram of all deposits
within 9-km distance search limit. D) Rose diagram of all deposits within 3-km distance search limit.

5.3.3.2 interpretation of the results

The interpretation of the trends and patterns from autocorrelation is done by comparing
results with trends on the structural-geological maps and satellite imagery. In order to be able to

recognise patterns and trends on maps, a semi-quantitative approach is adopted.
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The semi-quantitative analysis of the distribution patterns involves manual tracing of the
lines linking aligned points or clusters of points in the autocorrelation plots considering the
geological controls of the deposits. When finalised, the traced lines indicate a pattern in the
directions identified by rose diagrams with an additional parameter of spacing between parallel
lineaments. The distance between lines is calculated and is used for predicting similar

alignments in other areas.

The first stage of the spatial analysis is to compare the trends from gold deposits with

lineaments that can be drawn from the autocorrelation plot (Fig.5 - 18).

-] N ) 0 10000 20000 :nu;:janom —
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Figure 5 — 18. Results of autocorrelation analysis for all deposits in the MMO greenstone belt presented
on a translation map overlain on a map of all deposits (red dots).

The X and Y directions by solid lines are in UTM co-ordinates zone 36K, Clarke 1866. Some
alignments of gold deposits are traced for illustration of the method.

The next step involves overlaying the mineralised structures on the trend pattern

generated from the autocorrelation plot as shown in figure (Fig. 5 - 19).
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Figure 5 - 19. Results of autocorrelation analysis for all deposits in the MMO greenstone belt presented
on a translation map. The X and Y direction are in UTM co-ordinates zone 36K, Clarke 1866.

The translation map is superimposed on a map of structures related to gold mineralisation and a map of
gold deposits. Note the blue line represent alignments positioned parallel to the structures and away
from it. Note also the potential alignments oriented at an angle to the known structures.

The final stage is to compare gold deposits, structures and lineaments generated from
autocorrelation. The final result is to be interpreted considering genetic models for gold

mineralization in the region.

5.3.3.3 Analyses of the Results

The autocorrelation plot of all gold deposits presented in Fig.5 - 15 suggests a dominant
NE - SW trend which can be interpreted as a reflection of the bias due to NE-SW linearity of
the MMO belt. The same plot shows also a prominent secondary trend WNW-ESE and E —W.
The rose diagram of all gold deposits shows mainly the NE-SW and E-W trends (Fig. 5 — 17A),
the WNW-ESE is not evident. The analysis of all deposits is only recommended when a general
idea of the regional linear trends of the data is required (Mondlane et al., 2001). For more
detailed analysis, it is important to separate the gold deposits on the basis of the clustering
dimension, which is defined by the mode as distance limit search of each grouping shown in
Fig. 5 - 16. In this analysis, the rose diagrams in Fig. 5 - 17 show different patterns at different
scales. The 20-km distance limit search rose diagram in Fig. 5 — 17B shows a primary trend
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oriented NE-SW and subsidiary trends oriented E-W and ESE-WNW, the N-S trend direction is
comparatively insignificant. The 9-km and the 3-km distance limit search rose diagrams show
trends oriented NW-SE, NE-SW, N-S and E-W. Note that the bias due to NE-SW linearity of
the belt has no effect at these detailed scales.

A closer analysis of the autocorrelation analysis lineaments suggests that at their
intersection lies a big deposit. This is true in the case of Rezende, Dias Pereira, Boa Esperanca
and Howat’s Luck deposits for example.

The trends traced on the basis of the known gold deposits produced an indistinct pattern
with dominant NE-SW and N-S directions (Fig.5 - 1 and Fig. 5 - 18). The spatial relationships
between lineaments generated from aligned deposits and the lineaments derived from
autocorrelation plot suggest a more comprehensive pattern in three main directions, ENE-WSW
and NW-SE at 3-km spacing and, NNE-SSW at 9-km spacing (Fig. 5 - 18). This interpretation
suggests that when exploring for new gold deposits in the MMO greenstone belt, effort should
be concentrated within 3-km radius from known ENE or NW alignments of deposits and within
9-km radius of known alignments in the NNE direction.

The relationships between lineaments derived from autocorrelation plot and the
mineralised regional structures favour the E - W structures that are traditionally known to host
mineralisation while on the other hand, patterns with trends at an angle to these structures
represent a new breakthrough on the controls of mineralisation. It is not clear whether or not
these directions represent a sort of structural control. One may argue that in any group of points
there is always more than one direction of trends. This argument is valid, but if the trend
direction is persistent at different scales and for different groups of deposits, then it is
something to look at carefully, because it might be an important control of mineralisation. Thus
in order to confirm the validity of trend directions and patterns, the data set was divided into the
categories of shear zones/faults/contact reefs, quartz veins, felsic and intermediate intrusion and
BIF related deposits. Further subdivision into production (<10, >10<100, and >100 [kg]), high
(>5 g/t) and low (<5 g/t} grade, sulphides, 'stratigraphic units (Shamvaian and Upper
Bulawayan) and their combinations such as high grade quartz veins or high-grade quartz veins
in ultramafics was made. In ali cases different scales were tested for autocorrelation and
lineament analyses (Appendix V-A). An example is the consideration of the search for
distribution patterns of "large" deposits (i.e. production larger than 100 kg up to 1995) in the
MMO greenstone belt, whose results are illustrated in Figures 5 - 20 and 5 - 21,
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Figure 5 - 20 - Gold deposits that produced more than 100 kg and all structures known to control
mineralisation in the MMO greenstone belt.

Note the high structural contro! of this type of deposits, with exception of the Rezende group of deposits
that seem to be highly influenced by the presence of the Penhalonga granodiorite. The X and Y direction
are in UTM co-ordinates zone 36K, Clarke 1866.
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Figure 5 — 21. Results of autocorrelation analysis for deposits that produced more than 100 kg in the
MMO greenstone belt presented in a translation map is superimposed on a map of deposits that
produced more than 100 kg (red dots).

Alignments of gold deposits are traced in full lines and the predicted alignments resulting from
Autocorrelation plot are traced in dotted lines. The X and Y direction are in UTM co-ordinates zone
36K, Clarke 1866.
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Figure 5 — 22. Rose diagrams of the gold deposits that produced more than 100-kg of gold representing
the azimuth frequency of the point data that resulted from autocorrelation analysis.

5 - 22A) Rose diagram of all deposits that produced more than 100 kg in the MMO greenstone belt with
no limit on the distance search. 5 - 22B) Rose diagram showing all deposits that produced more than 100
kg in the MMO within 9-km distance search limit.

The rose diagram (Fig. 5 - 22A) of all deposits that produced more than 100 kg shows a
prominent NE-SW trend and a subsidiary WNW-ESE trend. When considering the 9-km
distance limit search the rose diagram (Fig. 5 - 22B) it is dominated by WNW-ESE trends
while the other directions are relatively less important (<10 %).

The interpretation of these results by spatial comparison with gold deposits trends (Fig.
5 - 21) reveals that in general, large deposits do not cluster, but are distributed, in this case, ina
9-km spacing pattern oriented mainly WNW. This result also suggests that the structural control
dominant for this class (>100 kg) of deposits at a scale of 9-km is not very different from the E
-W orientation of the mineralised structures in the belt.

The results of all classes obtained following the methodology described above are

summarised in the table 5 - 6.
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Table 5 — 6. Main direction obtained from lineament and rose diagram analysis. The number in brackets
is of deposits in each class or group or type.

Manica Mutare Odzi | MMO (241)
(46) (136) {59)
All deposits | Al deposits (241) N-§ N-S; E-W | N-S; E-W
NW-SE NE - SW
<3 km inter-distance N-S; E-W; NE-SW; NW-5E
| <9 km inter-distance NW-SE, NE- SW, N-8
<20 km WNW-ESE, NE - SW
Shear-fault- (122) ENE - WSW
20 km search limit ENE - WSW, E -W
15 km search limit ENE - WSW, E -W
9 km search limit ENE - WSW, E -W, WNW - ESE
3 km search limit ENE — WSW, E-W, WNW —ESE, N -
S
Deposit Quartz vein (170) ENE- WSW,E-W
Type 20 km search limit ENE - WSW,E-W
15 km search limit ENE- WSW E-W
9 km search limit E- W, NE-SW, WNW, ESE, N -8
3 km search limit E - W, NE—-SW, WNW,ESE,N-8S
BIF related (42) ENE - WSW E-W
20 km search limi$ ENE - WSW,E-W
15 km search limit ENE - WSW E—-W
9 km search limit ENE-WSW, E-W,N-58
3 km search limit ENE-WSW E~-W,N-§ -
Undefined (43) N-S:NW-SE
Grade Low Grade (<5 g/t}y (73) ENE - WSW
20 km search limit ENE - WSW E-W
15 km search limit ENE - WSW,E— W, NE - SW o
9 km search limit ENE - WSW E-W NE-SW N-8
3 km search limit N-—S§,NE-SW, NW-SE
High grade (>5 g/t) (123) ENE - WSW
20 km search limit ENE - WSW, E-W L
15 km search limit ENE - WSW,E-W
9 km search limit ENE - WSW, E - W, WNW —ESE, N
-5
3 km search limit N-S,E~W,NE-SW, NW-SE
Low <10 kg (110 E - W, ENE - WSW
20 km search limit E-W, ENE - WSW
15 km search limit E—-W,ENE - WSW N-§
9 km search limit E - W, ENE - WSW, WNW — ESE, N
-8
3 km search limit E—-W,ENE-WSW NW-SE N-8
Production Medium (10-100 kg) (50) ENE - WSW

| 20 km search limit

ENE - WSW

15 km search limit

ENE — WSW, NE - SW

9 km search limit ENE - WSW, NE - SW e
3 km search limit ENE - WSW,NE-SW, N-§
High, > 100kg (37) ENE - WSW

20 km search limit

ENE — WSW, WNW - ESE

|15 km search limit

N-S,NE_SW, WNW—ESE, E- W

"9 km search limit

N-S, NW-SE NE-SW,E-W

3 km search limit

N -8, NW - SE, ENE - WSW
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Felsic and intermediate ENE - WSW
Intrusion (65)

20 km search limit E—W,ENE- WSW,N-§

15 km search limit E - W, ENE - WSW,N-§,NE - SW

9 km search limit E-W, NE - SW

Lithology | 3 km search limit E—W,ENE— WSW,N-S

Stratigraphy | Shamvaian

20 km search limit

E-
E-
15 km search limit E-
9 km search limit E - W, NE - SW, ENE - WSW,

3 km search Hmit E - W, NE-SW, NW-SE

Bulawayan ENE — WSW

20 km search limit ENE-WSW,E-W
15 km search limit ENE — WSW, E - W

9 km search limit ENE - WSW, E— W, WNW - ESE

3 km search limit ENE - WSW, E- W, N-§, NE - SW

{1 14) Number of deposits in specific group

5.3.3.4 Discussion on the Autocorrelation analysis

Very little work has addressed the description of patterns in point distributions resulting
from gold deposits or the factors that control these patterns. The understanding of the
distribution patterns and the controlling factors are required for improving gold exploration
models. This section has made a step towards such understanding particularly of the lineaments
not directly related to known surface structural trends or geological associations.

The assumptions such as “the known gold deposits correspond to a representative
sample of the mineralisation” and “the mineralisation is structurally controlled” are a pre-
requisite for the interpretation of autocorrelation maps.

Interpretation of the autocorrelation maps show that the ENE — WSW direction at more
than 20 km scale is related to the linearity trend of the MMO greenstone belt. Thus, the Fry
plots should be analysed with care, in case of linear belts such as the MMO because the method
can be biased by the linearity of the beit, which is reflected as continuity in the translation maps
(e.g. Verncombe and Verncombe, 1999).

The fact that the intersections of the autocorrelation analysis lineaments coinctde with

presence of a large deposit make the method a powerful exploration tool for MMO belt.

Autocorrelation analysis has shown the existence of linear patterns oriented NW-SE and N-S

directions, which are not directly related to surface structures such as, shear zones, lithological

contacts and veins in the MMO greenstone belt.
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The NW-SE and N-S directions controlling gold distribution have also been identified in
other greenstone belts on the Zimbabwe craton, e.g. the Mashava area (Blenkinsop, 1994). This
could mean that the mineralising event at MMO belt and the Mashava area were simultaneous,
suggesting a craton wide scale event.

Rose diagrams in the MMO greenstone belt show different patterns at different scales.
These scales are defined by a histogram of segment (translation vectors) frequency per length of
the segments linking each two deposits. The break points that represent change in deposit
spacing are estimated at 3-km, 9-km, 15-km and 20-km. The changes in patterns at different
scales may suggest that different mechanisms were dominant during the emplacement of gold
mineralisation at each scale. Each group of deposits defined by common spacing is
characterised by different deposit type, deposit size, grade and ore mineralogy.

The deposits at 3-km and 9-km spacing in high production (>100 kg) and low grade (<5
g/t) are typically quartz vein hosted and are controlled by surface trapping structures. While the
15 and 20-km spacing deposits are dominantly shear zone-hosted deposits associated with BIF
and the N-S and NW — SE are the subsidiary patterns. The N-S and NW- SE pattern are also
present at 3 and 9-km scale showing mainly the orientation of the quartz veins.

In general it secems that the N-S event that opened transcrustal regional fractures was
active before the mineralising event and was responsible for the emplacement of late granites.
During the mineralising event (2,65 Ga) the transcrustal fractures were partially or totally
reactivated (fault valve behaviour, laminated veins and fractal results showing more than one
population) and acted as focussing structures for the mineralisation fluids in specific segments.
Gold mineralisation could then be trapped in several types of brittle structures near surface and
are oriented in all directions that give the surface pattern drawn by Autocorrelation analysis of
gold deposits at 3 and 9-km scale.

The presence of N-S deep-seated transcrustal structures have been discussed (e.g. Dirks
pers. comm., 2001) in the light of rotation of main compressional stress field from E-W to N-S
during the cratonization of the Zimbabwean Archaean basement.

The existence of deep seated structures oriented at high angle (x 80° - 90°) to the surface
structures e.g. N-S and WNW-ESE is a very important concept for gold exploration in the area,
hence the actual exploration models need to concentrate efforts in searching for optimum sites
favourable for trapping mineralisation. These models are easily supported by lineament analysis

from surface structures visible on satellite imagery and aeromagnetic survey maps. They
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neglect the fact that surface structures are not the focussing structures as they only trapped
mineralisation. In our interpretation future exploration in the Archaean terrains should go

beyond understanding trapping structures into underlying focussing structures.

5.4 General discussion on Fry and Fractal Analyses

Although the Fry analysis or the autocorrelation methods are not recommended to linear
belts due to over representation along the main axes of the belt it constitute an alternative to
variography for directional studies and allows easy handling of large point databases and to
analyse data within specified distance range (Veammcombe and Vearncombe, 1999). The
autocorrelation methods by nature yield more noise due to the specificity of the data points,
which are less sorted, and this fact is inflated by the uncertainties and errors, introduced during
collection and inputting of the data. The effect of the linearity of the MMO belt was minimised
by dividing the belt in geographical units (Manica, Mutare and Odzi). The comparison of the
results yield in this study (specially the fractal analysis) with those from other authors has
demonstrated that the effect of linearity of the MMO belt was not significant.

The advanced data analysis in the MMO belt, such as directional distribution of gold
deposits associated with specific parameters (e.g. production, grade, deposit type or lithological
control) has shown ability to describe patterns not evident in whole set data analysis.

The fractal analysis has the advantage of being a logarithmical or exponential
distribution, which by nature allow a smoothing of the data. The results of the two methods
show clearly this effect. For example the well-sorted data such as structurally controlled
deposits treated by the two methods did yield the same result in terms of cluster size. In the
MMO greenstone belt the cluster size of 2 — 20 km maximum obtained earlier by the
autocorrelation method, is proved to be supported also by the fractal analysis (cluster size of 2 -
30 km).

The use of gold deposits position for fractal analysis has been discussed by Blenkinsop
(1994 and 1995) who showed that the mines were only a random sample which suggests that
more deposits are to be discovered in the Zimbabwe craton.

The gold deposits are affected by multiple factors, which are represented by presence of

more than one population in fractal analysis. The main focus is oriented to the population that
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yield the highest correlation coefficient, and for this populations, one can confidently conclude
that the main controlling factor is unique.

The application of the two methods (fry and fractal analysis) to similar data sets proved
that the two methods converge to a certain degree.

5.5 Conclusions

Distribution patterns of gold deposits and controls of gold mineralisation in the Manica-
Mutare-Odzi greenstone belt have been determined by statistical, autocorrelation and Fractal
analyses.

From a basic consideration that the known gold deposits reflect a representative
sampling of the mineralisation, it has been shown that the controls of gold mineralisation in the
Manica Mutare Odzi greenstone belt goes beyond the surface trapping structures (discernible on
surface). The orientations of regional structures that control mineralisation do not, in most
cases, coincide with orientation of surface trapping structures.

The study has also demonstrated that autocorrelation analysis has potential in the
characterisation of regional distribution patterns, which is important for gold exploration and
for understanding the metallogenic evolution of MMO greenstone belt.

The correlation and consistency of the direction of the mineralisation controlling
structures at different scales and in different subsets prove the high capacity of the
autocorrelation analysis in explaining the spatial relationships of complex data sets such as gold
deposits in the MMO Archaean greenstone beit.

Autocorrelation analyses of lineament intersections represent high probability of finding
new gold mineralisation in the MMO belt. This is supported by the fact that the known large
deposits fall on these intersections.

Based on the distribution patterns of known gold deposits, this study has shown that the
gold deposits are fractal and the mineralisation has been transported and deposited in
favourable geological structures by hydrothermal systems.

There is a clear relationship between mineralisation and shear zones of different
generations with evidence of reactivation proved by crosscutting relationships and enrichment

in gold of the second generation shear zones (see also chapter 4 and 9).
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The autocorrelation analysis suggests a structural contro! of gold mineralisation in a
pattern mainly oriented N-S and WNW - ESE at a regular 5 km spacing of maximum width.
These corridors might have constituted the deformation zones where the hydrothermal systems

acted to emplace the gold deposits.

The autocorrelation analysis can be used as exploration tool for new deposits in the
MMO where field evidence should be gathered within 3-km radius from known ENE or NW
alignments of deposits and within 9-km radius of known NNE alignments.

The fractal relationship has proved that the gold deposits in the MMO greenstone belt
can be explained by a single event, as already suggested by earlier author Blenkinsop (1994 and
1995) for the Shamva and Masvingo - Mashava greenstone belt.

Autocorrelation and fractal analyses have shown that the gold deposits in the MMO
greenstone belt cluster at distance ranges between 2 and ~30 km with the exception of deposits
spatially related to the Penhalonga granodiorite where the cluster size is between 0,58 and 2
kms.

The lower regression limit of 2 km on fractal analysis suggests that the deposits that
produced less than 100 kg cluster at shorter distance range compared to those that produce more
than 100 kg. It is expected that large deposits cluster at large distance range (5,4 km) because
large deposits are harder to find compared to small deposits.
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Chapter 6

6 Mineral Exploration using infrared Spectroscopy

6.1 Introduction

The most challenging problem in mineral exploration is finding method or methods that
casily map mineralised structures in greenstone belts. In previous chapters gold mineralisation
was characterised and its relationship with shear zones was established. The next step is to check
whether the shear zones have particular reflectance signature (e.g. mineralogical aiteration
pattern) that can allow its mapping using remotely sensed data. For this purpose soil and rock
samples where collected across the mineralised shear zones. The samples were analysed using
infrared spectrometer (PIMA SP) (Appendix VI-A).

The PIMA results provide better understanding on how mineralised shear zones can be
mapped using remote sensing by supplying digital values of the spectral reflectance of the shear
zones.

The other objective is to obtain spectral inputs from different lithologies, which will be
used to improve the satellite imagery (TM, ETM and SPOT) interpretation. The comparison
between the ETM or TM reflectance and the PIMA spectrum is only valid for the infrared bands
(bands 5 and 7).

These goals are achieved by characterising spectrally the alteration assemblages and their
compositional variations along traverses across the shear zones and the analysis of chip samples
of several lithological units (Fig. 6 - 1).
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Figure 6 — 1. Simplified geological map showing the rock and soil samples locations in the MMO greenstone belt. The geological units are interpreted from

satellite imagery (TM169/73, ETM 169/73, SPOT - Xs and SPOT-Panchromatic) and mosaic of airphotos with geological map as reference. The inserts show
detailed sample profiles.
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The use of Short Wavelength Infrared (SWIR) spectrometry for geologic studies,
especially for mineral exploration has increased dramatically in recent years (Clark and Roush,
1984). The reflectance spectrum of a particular mineral in the SWIR (Fig. 6 - 2) is characteristic
of that mineral. This is because mineral spectrum is dependent on composition and crystallinity

of the mineral, which is unique to each mineral.
e
j Vvl
] /\ o
N\ ~/ /]

FeOHE;
<

o T o X
o O Q0O
£ s 2gge
& o
VIBRATIONAL SPHCTRAL
ABIORFION FRATURES
VWV W] Visible[Near Infrared| Shoit Wavelength Infrared | Mid IR Far IF

Microwave Radiowave

Figure 6 — 2. Short Wavelength Infrared position in the electromagnetic spectrum

The minerals, when irradiated by a source of light, selectively absorb and reflect light in
different amounts at specific wavelengths due to the bending and stretching of molecular bonds
(Clark, 1999).

According to Pontual et al. (1997a), the bonds giving rise to absorption features in SWIR
include those in hydroxyl (at 1400nm), water (1400 and 1900nm), carbonate (2300-2350nm) and
between AIFOH (2200nm), Mg-OH (2330nm), and Fe-OH (2200nm). These molecules are major
components in phyllosilicates (including clay, chlorite and serpentine minerals) hydroxylated
silicates (e.g. epidote and amphiboles) and sulphates (alunite, jarosite and gypsum), and
carbonate minerals. Table 6 - 1 and Fig. 6 - 3 summarise the dominant diagnostic absorption
features in the SWIR.
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Figure 6 — 3. Major spectral absorption bands in the SWIR for different clay minerals (Source: Pontual et
al. (1997a))

Table 6 — |. Wavelength positions of dominant absorption features in the SWIR

Mineral group/composition _Wavelength in nm

OH (structurally bound) 11400 (also 1550 and 1750-1850 in some minerals) |
Water ~1400 and 1900

Al-OH [ 2160-2220 . R

Fe-OH ~2230-2295 T “

Mg-OH [_2300-2360 L o _

CO, 2300-2350 (and also at 1870, 1990 and 2155)

The diagnostic absorption features may also reflect variations in crystallinity of the
minerals due to changes in the shapes. They also provide useful information for discrimination of

compositional variations within mineral groups (Pontual et al., 1997a). For example the shift in
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the wavelength positions of the diagnostic absorption features may reflect variations due to
alteration. They are also important for mapping mineralisation/alteration relationships.

The PIMA SP principles, the PIMA spcctrmﬁ, PIMA measurements and data processing,
and feature extraction from PIMA are explained in the Appendix VI-A.

6.2 Data Collection and Sample Preparation for PIMA Analysis

6.2.1 Data Collection

The samples were collected from areas selected on the basis of existing information,
airphotographs, geological maps mainly compiled during this study and gold deposits database
with information on control of the deposits, production, and geology. Orientation fieldwork was
carried out before commencing sample collection so as to establish the main structures (shear
zones), deposits and sites to be included in the sampling program. It was concluded from the
orientation field study that the soil samples are the most useful sample types for spectral analysis
due to dense vegetation, poor exposure (Manica section) and thick soil profile.

Soil samples were collected along profiles at 10 to 25 m sample-spacing across
mineralised shear zones, main felsic intrusion and known structurally controlled gold deposits as
illustrated in Fig. 6 - 1. The option of collecting surface samples and not the horizon B or C as
recommended in most geochemical soil studies was supported by the need to compare the
spectral results with Landsat TM and ETM whose scanning penetrability is superficial (less than
30 microns). The spacing of 10 to 25 m was an effort to warrant the detection of the
mineralogical changes that may not be discernible on Landsat due to its broad spatial-resolution
(30 by 30 m) on bands 5 and 7. Efforts were made to collect samples from places with minimum
vegetation in order to allow direct comparison to Landsat images and reduce the effect of
vegetation. Two hundred and fifteen (215) soil samples each weighing ¢.200 g were collected. At
cach sample point, information on type of vegetation, main lithology, size and type of floats
present were recorded (Appendix V1 — B). The list of samples, location and description are given
in the Appendix VI-B.

A total of one hundred and forty five (145) rock samples (chips) were collected from
different lithological units ranging from basalts to granitoids (Appendix VI-B). it was expected
from rock samples to characterise the spectral reflectance of the lithological units in the SWIR
- range in order to improve the interpretation of the satellite imagery and resolve image features

not previously detected.
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6.2.2 Sample preparation

The soil samples were split in halves in order to retain duplicates and thus a portion of
about 100 g was used for PIMA analysis. The samples were not oven dried because the main
objective was to measure the samples in their most approximate natural conditions which are the
same or similar to the conditions during the acquisition of the Landsat TM and ETM. Soil and
powder samples are measured in glass petri dishes. The finer part of the sample was concentrated
at the bottom of the petri dish by manually shaking it. The petri dishes are about 2.5 cm in
diameter and 0.5-cm height.

The coilected rock samples were split in three; the first part of the sample was used for
thin section analysis, the second part of the sample was for PIMA and the third was for
reference. The rock samples were pulverized to 150 microns and powder was scooped by petri
dish and shaken in order to settle the finer particles to the bottom. The powder samples are
needed to cross check the reflectance spectra from the rock (chip) samples which is more
affected by scattering of the light and there is a high chance to measure only one mineral rather
than the several minerals that constitute the rock. The cut surfaces of the rock samples were also
used to place the sample on the PIMA SP optical port to obtain the reflectance spectra.

The explanation on mineral identification and feature extraction procedures on PIMA SP
data are presented in Appendix VI-C. The interpretation of spectra using a spectral library can be
summarised in the seven steps suggested by Pontual et al. (1997a), (see Appendix VI - D).

6.3 Mapping the degree of alteration in the mineralised shear zones and
granite intrusions using PIMA

The soil samples profiles Sp3, Sp4, Sp5, Sp/GF, Sp7, Sp10 were drawn perpendicular to
shear zones that crosscut different rocks. Profiles Red2, Red3 and Sp/Rw were designed to
crosscut the Penhalonga granodiorite and the shear zones to the south and to the north of it as
shown in Fig. 6 — 1.

The profile Sp1 crosscuts the northern contact between the MMO greenstone belt and the
granite and the profile MAP1 crosscuts the southern contact. Soil samples were preferred due to
the need to correlate the PIMA analysis with Landsat TM and ETM (see discussion in Chapter
7.

The chemical compositions of the lithologies and equivalent soils were kindly supplied

by previous authors (e.g. Chenjerai, 1996). Generally, soils are a complex mixture of newly
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formed clay minerals and iron hydroxides and minerals inherited from the underlying bedrock.
The following minerals are usually present in variable proportions: hornblende or actinolite +
chlorite (typical of upper grenschist and lower amphibolite facies, metabasites), talc and
serpentine (present in ultramafic rocks), nontronite, saponite, monimorillonite (smectite group),
kaolinite (kaolinite group) (common weathering products near surface), muscovite, illite and or
phengite, and sericite (illite group) (present in felsic and some metasediments). The above
minerals can be divided into chlorite, carbonate and muscovite zones.

The next subsections presents the spectra of the soil samples and the mineralogical

variations imposed by the presence of different type of shear zones in the MMO belt.

6.3.1 Shear zones near the contact between the Bulawayan and Shamvaian
Supergroups

The shear zones near the contact between the Bulawayan and the Shamvaian host ¢ 40
deposits in the MMO greenstone belt.

Figure 6 — 4. Simplified geological map showing the sample location for the profiles Sp/GF, SpS5, Sp4,
Sp8 and MAPI. For geological legend refer to Fig. 6 — 1.

In the Figure 6 — 5a, reflectance spectra for the soil samples obtained by PIMA are
shown. These spectra show that the samples Sp8_1 to Sp8 3 are dominated by the same
minerals, namely anhydrite, halloysite/kaolinite and talc in different proportions and are
characterized by low reflectance compared to sample Sp8_4.
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Spectra os the samples Sp8_1to Sp8_4
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Figure 6 ~ 5a. Reflectance spectra of the samples Sp8_1 to Sp8_4.

Note the similarity of the spectra representing mainly talc (absorption at 2312nm) and
halloysite/kaolinite (absorption at 2208nm doublet and smaller doublet at 1393nm). The 1900
absorption feature is due to the presence of free water. (For location refer to Fig. 6 —4)

Figures 6 — 5b and 6 — S5c show that the reflectance remains relatively high for the
samples Sp8_5 to Sp8_9 and drops slightly for the samples Sp8_10 and Sp8_11. The samples
have similar minerals with proportion varying from talc being dominant and followed by
kaolinite in the samples Sp8_5 to Sp8_7. In the samples Sp8_9 to Sp8 11 there is no talc and the
samples are dominantly kaolinite/halloysite and anhydrite.

Spectra of the samples Sp8_5 1 Sp8_8
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Figure 6 — 5b. Reflectance spectra of the samples Sp8_5 to Sp8_8.

Note the similarity of the spectra representing mainly talc (absorption at 2312nm) &
halloysite/kaolinite (absorption at 2208nm doublet and smaller doublet at 1393nm). The 1900
absorption feature is due to the presence of free water. (For location refer to Fig. 6 — 4)
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Spectra of the samples Sp8_8 to Sp8_11
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Figure 6 — 5¢. Reflectance spectra of the samples Sp8 9 to Sp8_11.

Note the similarity of the spectra representing halloysite/kaolinite (absorption at 2208nm doublet
and smaller doublet at 1393nm). The 1900 absorption feature is due to the presence of free
water. (For location refer to Fig. 6 —4)

Figure 6 - 6 represents the mineralogical fields identification using the absorption
features mapping and the asymmetry index for the profile Sp8.
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Figure 6 — 6. Mineral-field identification using the asymmetry index and absorption features of the profile
Sp8. For distribution of these samples across the profile refer to Fig. 6 — 18. The arrows indicate the
position of specific mineral.

In Fig 6 — 7, the spectra along the profile Sp/GF across Guy Fawckes deposits (see
chapter 4) indicate that according to reflectance percentage there are three groups of samples; the
low reflectance {Sp/GF/01), the middle reflectance (Sp/GF/02, Sp/GF/04 and Sp/GF/05) and the
relatively high reflectance of samples Sp/GF/03, Sp/GF/06 and Sp/GF/07. The low reflectance of
the sample Sp/GF/0lis explained by the presence of free water. The mineralogy along this
profile is presented in the Appendix VI — E. The relatively high reflectance seems to be
associated with presence of kaolinite without free water. In general the reflectance increases with

increasing kaolinite proportion in the sample (Pontual et al., 1997a).
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Spectra of the samples SP/GFO1 b SpAGF/07
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Figure 6 — 7. Reflectance spectra of the samples Sp/GF/01 to Sp/GF/(7.
Note the similarity of the spectra representing mainly talc (absorption at 2312nm) & Halloysite
(absorption at 2208nm doublet and smaller doublet at 1393nm). The 1900 absorption feature is
due to the presence of free water. (For location refer to Fig. 6 —4)

Figure 6-8 shows the mineral field mapping using the absorption features and the
asymmetry index. In this particular case the two methods give similar results.
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Figure 6 — 8. Mineral-field identification using the asymmetry index and absorption features of the profile
Sp/GF. For distribution of these samples across the profile refer to Fig. 6 — 18.

6.3.2 Shear zones on the contact between Bulawayan Supergroup and
‘granites

Some portions of the sheared contact between the Bulawayan and the granites are
significantly mineralised. These shear zones were also sampled (Fig. 6 —9) for PIMA analysis.
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Figure 6 — 9. Simplified geological map showing the sample locaticn for the profiles Sp9 and Spl. For
geological legend refer to Fig. 6 — 1.

The spectral response shown in Figs. 6 — 10a and 6-10b suggest that the samples
collected on the granite side of the profile have higher proportion of kaolinite compared to the
ultramafic rocks as would be expected.

The samples Spl_1 to Spl_04 contain halloysite as the dominant mineral followed by
kaolinite and anhydrite, hence the relatively low reflectance. The samples Spl_5 to Sp1_07 have
higher proportion of kaolinite compared to anhydrite and halloysite, which explains the relatively
high reflectance. The samples Sp1_08 and Sp1_10 have free water, which reduces significantly
their reflectances. The last two samples on the profile (Spl1_11 and Spl_12) have halloysite and
anhydrite dominant compared to kaolinite,
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Figure 6 — 10a. Reflectance spectra of the samples Sp1_01 to Spl_06.

Note the similarity of the spectra representing mainly halloysite/kaolinite (absorption at 2208nm
doublet and smaller doublet at 1393nm). The 1900 absorption feature is due to the presence of
free water. (For location refer to Fig. 6 —9)
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Spectra of te samples Sp1_7 b Sp1_12
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Figure 6 — 10b. Reflectance spectra of the samples Sp1_07 to Spl_12.

Note the similarity of the spectra representing mainly halloysite/kaolinite (absorption at 2208nm
doublet and smaller doublet at 1393nm). The 1900 absorption feature is due to the presence of
free water. (For location refer to Fig. 6 — 9).

The mineralogical fields shown in Fig. 6 — 11 as mapped by asymmetry index and
deepest absorption features suggest three distinctive fields representing kaolinite and sericite.
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Figure 6 — 11. Mineral field identification using the asymmetry index and absorption features or the
profile Sp1. For distribution of these samples across the profile refer to Fig. 6 — 19.

6.3.3 Shear zones near the Penhalonga granodiorite

Other sets of mineralised shear zones in the study area are situated to the north and to the
south of the Penhalonga granodiorite (Fig. 6 — 12). The samples collected across these shear
zones show in general low reflectance (less than 40%), which may be attributed to the
dominance of talc (Figs 6 - 13a, to 6 — 13¢).
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Figure 6 — 12. Simplified geological map showing the sample location for the profiles Sp/Rw, Red2 and
Red3. For geological legend refer to Fig. 6 — 1.

Spectra of the sarmples 26/Sp/Rw to 31/SpRw
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Figure 6 — 13a. Reflectance spectra of the samples 26/Sp/Rw to 31/Sp/Rw.

Note the similarity of the spectra representing mainly talc (absorption at 2312nm) & Halloysite
(absorption at 2208nm doublet and smaller doublet at 1393nm). The 1900 absorption feature is
due to the presence of free water. The presence of sericite and kaolinite is not expressive. (For
location refer to Fig. 6 — 12).
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Figure 6 — 13b. Reflectance spectra of the samples 33/Sp/Rw to 38/Sp/Rw.

Note the similarity of the spectra representing mainly talc (absorption at 2312nm) & Halloysite
(absorption at 2208nm doublet and smaller doublet at 1393nm). The 1900 absorption feature is
due to the presence of free water. The presence of sericite and kaolinite is not expressive. (For
location refer to Fig. 6 — 12).
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Figure 6 — 13c. Reflectance spectra of the samples 39/Sp/Rw to 42/Sp/Rw.

Note the similarity of the spectra representing mainly talc (absorption at 2312nm) & Halloysite
(absorption at 2208nm doublet and smaller doublet at 1393nm). The 1900 absorption feature is
due to the presence of free water. The presence of sericite and kaolinite is not expressive. (For
location refer to Fig. 6 — 12)
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£

The Fig. 6 — 14 indicates that four mineral fields are present in the samples from the

profile Sp/Rw, namely kaolinite, talc, sericite and water.
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Figure 6 — 14. Mineral field identification using the asymmetry index and absorption features or the
profile Sp/Rw. The arrows indicate the position of specific mineral. For distribution of these samples
across the profile refer to Fig. 6 — 20.

6.3.4 Felsic intrusions within the Bulawayan Supergroup

As shown in Figs. 3 —23 and 3 - 25, the majority of gold deposits in the MMO belt are
located within or in the vicinity of the Penhalonga granodiorite. Fig. 6 — 12 shows location of
samples around Penhalonga granodiorite and Figures 6 - 15a to 6 - 15f show the reflectance
spectra of different samples.

The spectral response of the intrusion and its contact with Bulawayan metabasalts show
little mineralogical variation from the soils suggesting that the soils are probably transported

from elsewhere.

Spactra of the samples Red2_01 to Red2_67
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Figure 6 — 15a. Reflectance spectra of the samples Red2_01 to Red2_07
Note the similarity of the spectra Red2_04 to Red2_07 representing mainly halloysite/kaolinite
(absorption at 2208nm doublet and smalier doublet at 1393nm). The spectra Red2 01 and
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Red2_02 have the main doublet at 2315 nm and the smaller one at 1395 nm showing the
presence of talc and tremolite. The 1900 absorption feature is due to the presence of free water.

Spectra of the sampies Red2_8 to Red2_12
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Figure 6 — 15b. Reflectance spectra of the samples Red2_08 to Red2 12.

Note the similarity of the spectra Red2_08 to Red2_10 representing mainly halloysite/kaolinite
(absorption at 2208nm doublet and smaller doublet at 1393nm). The sample Red2_11 has an
extra absorption at 2317nm for the tremolite. The 1900 absorption feature is due to the presence
of free water.

Spectra of the samples Red2_13 to Red2_18
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Figure 6 — 15¢c. Reflectance spectra of the samples Red2_13 to Red2_18

The sample 13 was not spectrally identifiable. Note the similarity of the spectra Red2_14 to
Red2_16 representing mainly talc and tremolite (absorption at 2313 to 23 17 nm doublet and
smaller absorption at 1395nm). The samples Red2_17 and Red2_18 are dominated by halloysite
and Anhydrite. The 1900 absorption feature is due to the presence of free water.

143




Chapter 6: MINERAL ANALY SIS USING INFRARED SPECTROSCOPY

Spectra of the samples Red2_19 to Red2_25
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Figure 6 — 15d. Reflectance spectra of the samples Red2_19 to Red2_25

Note the similarity of the spectra representing mainly halloysite/kaolinite (absorption at 2208nm
doublet and smaller doublet at 1393nm). The presence of sericite, alunite and kaolinite is not
significant. The 1900 absorption feature is due to the presence of free water.

Spectra of the samples Red2_26 to Red2_31
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Figure 6 — 15e. Reflectance spectra of the samples Red2_26 to Red2_31

Note the similarity of the spectra representing mainly halloysite/kaolinite (absorption at 2208nm
doublet and smaller doublet at 1393nm). The presence of sericite, alunite and kaolinite is not
significant. The 1900 absorption feature is due to the presence of free water.
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Spectra of the samples Red2_32 to Red2_43
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Figure 6 — 15f. Reflectance spectra of the samples Red2_32 to Red2_43

Note the similarity of the spectra Red2_32 to Red2_43 representing mainly halloysite/kaolinite
(absorption at 2208nm doublet and smaller doublet at 1393nm). Exception is the sample
Red2_41 that contain phengite (absorption at 2210 and 1412 nm). The presence of sericite,
alunite and kaolinite is not expressive. The 1900 absorption feature is due to the presence of free
water.

Figure 6 — 16 indicates that five mineral fields are present in the samples from the profile

Sp_Red2, which are kaolinite, talc, sericite, alunite and water.
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Figure 6 — 16. Mineral field identification using the asymmetry index and absorption features or the
profile Sp_Red2. The arrows indicate the position of specific mineral. For distribution of these samples
across the profile refer to Fig. 6 - 21.

6.3.5 Interpretation of the Results

The reflectance parameters (e.g. absorption feature) and the asymmetry index are
important parameters for the identification of the minerals in each sample but have proved to be

of less significance when it comes to map shear zones and associated alteration, mainly due to
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mineralogical mixture reflected in the spectrum and to the limited amount of minerals revealed
by this technique. Therefore, a different approach was adopted which considers the percentage of
each mineral in the mixture in order to identify differences in proportion and distribution of
minerals resulting from the presence of shear zones. Fig. 6 - 17 shows that samples Sp8/04/99
and Sp8/8/99 are anomalous compared to the rest of the profile. These samples were collected

next to the Dots Luck open pit, which may suggest a contamination from the mining activity.
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Figure 6 —17. Mineralogical variations across the profile Sp8
Note the presence of anomalies on Sp8/04/99 and Sp8/08/99 and Sp8/09/99. Black arrow shows

the position of the shear zones

The profile Sp/GF (Fig. 6 — 18) illustrates that the sample Sp/GF/04 is mineralogicaily
anomalous, presenting only talc and kaolinite. Considering that the sample was collected next to
the Guy Fawckes open pit mine, it may suggest a contamination of the soil due to mining, thus
the absence of anhydrite, a typical mineral in kighly sulphurdised deposits such as Guy Fawckes.
Some of the incompatible minerals shown in the samples suggest contamination presumably by

mining activity or agriculture.
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Figure 6 — 18. Mineralogical variations across the profile Sp/GF
Note the presence of an anomaly on the sample Sp/GF/04. Black arrow shows the position of the

shear zone as mapped by previous authors

The soils above of the contact between the granites and the Bulawayan rocks were
expected to have a combination between these two lithologies. The sampies (Fig. 6 — 19) Sp1/01
to Spl/04 were collected on the granitic side of the contact and the sample Spl1/05 on the
expected contact, samples Sp1/06 to Sp1/09 were collected from basaltic soil, and the rest of the

samples come from the old mine dump.
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Figure 6 — 19. Mineralogical variations across the profile Spl
Note the presence of anomalies on samples Sp1/1/005, Sp1/1/010 and Spl1/1/11. Black arrow

shows the position of the shear zone as mapped by previous authors
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The samples 34/Sp/Rw to 36/Sp/Rw were collected above the shear zone (see also Fig. 6
— 1) and according to the profile Sp/Rw shown on Fig. 6 — 20 these samples have different
mineralogical composition. It is not clear at this stage whether this difference is due to presence

of shear zone or to other influences. The sample 41/Sp/Rw to 43/Sp/Rw were collected over the
Penhalonga granodiorite.
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Figure 6 — 20. Mineralogical variations across the profile Sp/Rw

The profile Sp_Red2 (Fig. 6 — 21) transect different rocks ranging from northern
ultramafic schists (Sp_Red2 | to Sp_Red2_15), Penhalonga granodiorite (Sp_Red2 17 to
Spr_Red2_32), southern ultramafic schists (Sp_Red2_37 to Sp_Red2_43), a disturbed mine area
including old mine dump (Sp_Red2_34 to Sp_Red2_36) and a contact between granodiorite and
the ultramafic schists (Sp_Red2_16). All these sections of the profile present different minerals
at varying proportions, which probably can be related to the lithologies underneath.
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Figure 6 — 21. Mineralogical variations across the profile Sp_Red2.
Black arrow shows the position of the shear zone as mapped by previous authors.

6.4 Discussion

Three methods on how to identify minerals using PIMA were presented. The first method
identifies minerals by comparing the spectrum generated by PIMA for each sample with USGS
reference library spectrum. The best match resolves the sample spectrum and provides a semi
quantitative analysis where the proportion of each mineral is given in percentage.

The second method considers the deepest absorption feature of the spectrum and its
wavelength position. In this method minerals are identified on the basis of their field position on
scatter plot. Although this method can successfully discriminate the main fields of tale, chiorite,
nontronite, and actinolite, it fails to discriminate overlapped fields such as kaolinite — sericite
fields.

A third method was devised to resolve overlapping fields. This method uses the scatter
plot of asymmetry versus wavelength.

In this chapter it was shown that scatter plots could be used to characterise fields of
occurrence of specific minerals although overlaps may occur. The absorption features and the
asymmetry index demonstrated to be valid instrumental technigues for mineral identification.
However, it also proved to be of little use for mineral mapping and illustration of the
mineralogical trend across the shear zones. This is mainly due to the mineral fields overlap that

occurs on the scatter plots, which depend on the several element ratios that influence the position
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of specific mineral in the plot. For example the position of the main absorption features that
diagnose kaolinite partially overlap with the main absorption features that identify the
sericitefillite (see also Figs. 6 - 10, 6 — 15, 6 — 18 and 6 — 21). These two minerals could only be
distinguished on the basis of the asymmetry index because the sericite tend to have low
asymmetry indices (usually less than 2). :

The PIMA resuits do not quite agree with the petrological studies of thin section mainly
because the PIMA analysis is performed in a single point of 2 mm by 10 mm, which can be a
single mineral while the thin section is much larger area. And the fact that the PIMA only
characterize the mineral in the SWIR region of the spectrum, which means it leaves many
minerals such as quartz unidentified, these minerals may constitute the main elements in the
rocks. Researchers have been arguing the need for carrying out PIMA analysis instead of
collecting samples and making thin sections for petrological analysis. This view is not correct so
is any attempt to validate the PIMA results using petrological analysis because the idea of field
spectrometer is to have quick analysis of specific important minerals during the field exploration
while the petrological studies are expected to be carried out at late stages of the exploration
program. The petrological studies will provide both quantitative and qualitative data while the
PIMA data are indicative and provisional.

In the MMO greenstone belt the presence of pervasive talc and anhydrite as main
weathering products makes their use for characterisation of mineralised shear zones very
difficult. These minerals interfere on the spectra in such a way that the identification of other
minerals present in smaller quantities is difficult.

Profiles of spectral data crosscutting perpendicularly the shear zone is a powerful
instrumental method that allows characterization of the spectral changes caused by the presence
of the shear zones. In this study some indicative anomalies are observed on the profiles Sp1, Sp8,
Sp/Rw, Sp_Red2 and Sp/GF. The observed changes in the profiles Sp8, Sp_Red2 and Sp/GF
may be a result of the disturbance due to mining. However, the spectral and mineralogical
variations shown in the profiles Spl and Sp/Rw are due to different causes, which could be,
among other reasons, the presence of the shear zones. It is interesting to understand that the
differences observed on the mineral assemblages profiles are not evident on the spectral profiles
presented in the section 6.3.2. |

The mapping of shear zones, felsic intrusions, Bulawayan — Shamvaian contact,
Buiawayan ~ granites contact was performed using the three methods described in the section
6.3.1. The mineralogical variations occurring due to presence of shear zones or dug to presence
of a contact are plotted in Figs 6 - 17,6 —18,6- 19,6 - 20 and 6 —21.
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The Fig 6 — 17, samples Sp8/04/99 and Sp8/09/99, and Fig.6 — 18 (sample Sp/GF/03) show that
the shear zones are characterized by anomalies of kaolinite and talc with absence of anhydrite
and halloysite.

The Fig. 6 — 19 shows an anomaly of kaolinite and anhydrite without halloysite on the
sample Sp1/1/005. While the anomalies in the profile Sp/Rw (Fig. 6 — 20) are characterised by
presence of talc, as seen in the samples number 027/SP/Rw, 028/Sp/Rw, 030/Sp/Rw, and
039/Sp/Rw. The presence of talc suggests anomaly in the profile Sp_Red2 (Fig. 6 — 21) as shown
in samples RED2/01/99 and RED2/16/99.

The results shown in the profiles Spl, Sp8, Sp/Rw, Sp_Red2 and Sp/GF suggest two
types of anomalies related to shear zones, one characterised by presence of talc and kaolinite
(e.g. Sp8 and Sp/GF) and the other characterised by presence of talc only (e.g. Sp/Rw and
Sp_Red2). This shows clearly that the soil profile plays an important role in the type of anomaly
because the first type of anomaly is related to the samples collected in the Manica part of the belt
and the second type of anomaly is from samples collected in the Mutare part of the belt. As
already mentioned elsewhere in this thesis that the Manica and Mutare parts of the belt are
different in the weathering profile. This simply means that the PIMA analysis are to be
conducted separately for the two parts of the belt.

The next chapter discuss how the PIMA results can be used to improve satellite imagery

interpretation for mapping of mineralised structures such as shear zones.

6.5 Conclusions

o Most of the common mineral assemblages occurring in the soils or rocks of the MMO
greenstone belt can be distinguished on the basis of the interpretation of spectral information on
the SWIR and using the scatter plot of asymmetry index and deepest absorption feature
percentage reflectance.

0 The study has shown that the use of mineralogical assemblages in the MMO
greenstone belt and probably in most greenstone belts situated in the tropics, is not conclusive
due to weathering which produces minerals such as talc, kaolinite, chlorite, anhydrite and little
sericite at the surface. Minerals such as alunite, important for the mapping of shear zones are
present in very small amounts, and in general all spectra are affected negatively by presence of

organic matter, lime, iron oxides and vegetation (e.g. roots).
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@ The PIMA analysis supports the fact that the Manica and the Mutare parts of the
MMO greenstone are different in regard to soil profile. In the Manica the anomalies related to
the shear zones are characterised by presence of talc and kaolinite without halloysite or
anhydrite, while in the Mutare the shear zones are characterised by presence of talc.

o Profiles of spectral data crosscutting perpendicularly the shear zone have shown to be
an important instrumental method that allows characterization of the spectral changes caused by
the presence of the shear zones. The changes observed in the profiles Spl, Sp8, Sp/Rw, Sp_Red?2
and Sp/GF are not conclusively known to be related to hydrothermal activities in the shear zones,
but the fact that they are there suggest that it is worth checking on the ground during exploration.

0 The study showed that the PIMA spectrometer could particularly be used in the field
for mapping of mineralised shear zones during exploration programs in the MMO greenstone
and similar environments. The study proved that PIMA analysis could be important for
validation of the existence or not of shear zones, which could have been defined on the basis of
satellite imagery interpretation. This was observed in all profiles that crossed known shear zones
which have shown anomalies on top of the shear zones.

0 The study has also shown that PIMA data are only provisional for preliminary stages
of exploration programs and this type of data bear the advantage of fast mineralogical results in
the field.
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Chapter 7

7 PIMA Spectral reflectance compared to satellite images (ETM

and TM) for shear zones mapping in gold exploration

7.1 Introduction

This chapter discusses the comparison between Landsat imagery and the Portable
Infrared Mass Spectrometer (PIMA) spectral reflectance. Emphasis is placed on
understanding whether or not PIMA results can be used to improve the quality of
interpretation of Landsat TM or ETM by resolving the mixture of the material represented
in a pixel.

Several studies have been carried out on the development of multispectral
scanners (e.g. Landsat TM or ETM) separated from the development of the hyperspectral
scanners (e.g. PIMA, Airborne Visual and Infra-Red Imaging Spectrometer (AVIRIS)).
Less work has been done on the combination of the two systems or use of the
hyperspectral data to improve the spectral and spatial quality of the multispectral data.

Clark (1999) has shown that the spectrometry identifies more accurately minerals
such as alunite than the Landsat Thematic Mapper (TM) or Moderate Resolution Imaging
Spectroradiometer (MODIS) (Fig. 7 - 1). An important factor when comparing the
spectra is the resolution of the spectrometers. PIMA spectrometer has a resolution of
7nm, which gives enough precision to record details in the spectrum.

The principal difference between multispectral scanners like TM and
spectrometers like PIMA is that with PIMA and similar spectrometers can identify
materials (e.g. minerals) whereas with multispectral scanners could only discriminate
between materials (e.g. sandstone being different from basalt). The PIMA measures
single point in a sample and its result generally is not displayed as an image. The
combination of ETM and TM images with PIMA data has also the disadvantage imposed
by restriction to SWIR bands (band 5 and band 7) due to spectral bandwidth of the PIMA
spectrometer (1,3 um to 2,5 um). The PIMA produces a continuous spectrum between 1,3
um and 2,5 pm which is an advantage for mineral identification. Spectrally the Landsat
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TM or ETM pixel represents an average reflectance of specific bandwidth at resolution of
approximately 100nm.

In general the spectroscopy has an added advantage of being sensitive to both
crystallinity and amorphous materials and the capability of being used in the laboratory or
from space. Nevertheless the spectroscopy has the disadvantage of being too sensitive to
small changes in the chemistry and/or structure of materials (Clark, 1999). This
disadvantage is nowadays turning into a major advantage, allowing analyses of more
detailed changes due to chemical variations, which might be related, in the case of
geology, to hydrothermal alteration.
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Figure 7 — 1. Spectra of the mineral alunite are shown as measured in the laboratory and for

broadband remote sensing instruments (TM and MODIS). .

The FWHM is the Full Width at Half Maximum. Sample HS295.3B from the USGS

spectral library. Each spectrum is offset upward 0.6 units from the one below it for clarity

(Clark, 1999).
The satellite imagery contrary to the PIMA data is affected by presence of

vegetation and atmospheric conditions (e.g. % of humidity).

7.1.1 Effect of Vegetation on Satellite imagery

Vegetation influences the satellite imagery in two distinct forms, which can be
considered end-members, dominate a spectrum of vegetation: green and wet
(photosynthetic), and dry (non —photosynthetic) (Clark, 1999). He also argued that there
is a seemingly continuous range between these two end-members. Clark (1999) justified
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the similarity of the spectra as caused by ali plants being made of the same basic
components.

For a typical spectrum of green vegetation (Fig. 7 - 2), reflectance increases
drastically (from visible to near-infrared light) at about 0.7 pm (band 4 T™; 0.76 —

0.90 pm).
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Figure 7 — 2. Reflectance spectra of photosynthetic {green) vegetation, non-photosynthetic (dry)
'vegetation, and soil.

The green vegetation has absorptions shot at 1 pm due to chlorophyll. Those at
wavelengths greater than 0.9 pum are dominated by liquid water. The dry vegetation
shows absorptions dominated by cellulose, but also lignin and nitrogen. These
absorptions must also be present in the green vegetation, but can be detected only weakly
in the presence of the stronger water bands. The soil spectrum shows a weak signature at
22 pgm due to montimorillonite (after Clark 1999).

%
¥
L.

Reflectance

o
N
T

(N I T NN W N N I | R |

Considering that about 15% of the study area is covered by pine forest; bands TM
3 (visible - 0.63 - 0.69 um), band TM4, band TMS (1.55 — 1.75 pwm) and band TM7 (2.08
- 2.35 um) have been combined in order to distinguish vegetated-areas from soil and
rocks in the area. The mathematical expressions that relate TM or ETM bands 3, 4, 5 and
7 is based on maximising the reflectance of vegetation in band 4 where it yield high
values and minimise its reflectance in band 3 where vegetation produce low reflectance

are as follows:

(TMb4 * TMb5)/(TMb3 * TMb7)  (this study) 7-1
and .
(TMb4 — TMb3)/(TMb3 + TMb4)  (ILWIS Users Guide) (7-2)

Where, TMb3 is Landsat TM band three
The expression (7 - 2) is regarded as Normalised Difference Vegetation Index
(NDVI), which yield results between —1 and 1. Typically, vegetated areas will have high
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values due to relatively high reflectance in the near infrared (TMb4) and low reflectance
in visible light (TMb3) (Fig. 7 - 3). The rocks and bare soil areas will have values, which
are near zero due to similarity in reflectance of these materials in the visible and near
infrared range. Finally the negative values will represent water bodies and clouds due to
their high reflectance in the visible band compared to near infrared. Expressions 7 — 1
could be used to give similar results as long as the principle of comparing visible (red
band) and near infrared spectra is observed and when spectral differences can be
strengthened. In the MMO greenstone belt, the highly vegetated zones (Fig. 7 — 3) were
excluded from the search for alteration patterns or mineralised shear zones because it was
observed that the artificial plantations were not related to particular lithology. Another
reason for not using these zones relates to thick soil profiles associated with these areas of

plantations, which made it difficult to map for structures using remotely sensed data or
ground spectrometry.
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N Figure 7 — 3. Image showing highly vegetated areas in green (pine plantation and dense vegetation
along the rivers) in the MMO region. Map calculated from expression 7 — |
(ETM4*ETMSY(ETM3*ETMY7), and the result was sliced in order to improve the visual
impression of the image as <0.4 green vegetation, 0.4 — 0.9 Bare rock; 0.9 — 0.97 Vegetated soil;
0.97 — 1.0 Bare soil or rock.

The NDVI is widely used in the qualitative estimation of vegetation using the
satellite imagery (e.g. Townsend and Justice, 1986). The application of NDVI for
quantitative analyses requires corrections, especially the conversion of digital numbers
into apparent reflectance (Guyot and Gu, 1994, Lupankwa, 1999).

- —~—
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NDVI gives a qualitative indication of the amount of vegetation present in each
pixel. This indication is important for the assessment of reflectance due to vegetation and
that resulting from soil or rock obtained by PIMA spectrometer. The fact that the NDVI is
partially a difference and partially a ratio gives an added advantage of reducing the
spectral variations of the incoming radiation. The main disadvantage in the use of NDVI
lies in the pixel cover mixture where the influence of soil and rock affect its result.
Several authors (e.g. Elvidge and Lyon 1985; Huete et. al., 1985, Lupankwa, 1999) have
studied this influence and concluded that its complexity is mainly due to collateral factors
such as moisture content, surface roughness, relief and organic matter content which
contribute significantly to the scattering of the incoming radiation, and the partial
coverage of the pixel by vegetation which originate mixed pixels. The topic is so complex
that Huete (1988) introduced the Soil Adjusted Vegetation Index as a way to minimise the
problem of soil background in the NDVI. The Huete index introduces a constant factor
dependent on the Leaf Area Index (LAl) that is calculated from tables.

In this study it was not quantified the amount of vegetation per pixel, thus the
problems of soil background which would require the use of Soil Adjusted Vegetation
Index (SAVI) are not addressed. Interested readers may refer to Huete (1988) for more
detail.

7.4.2 Effect of Humidity on satellite imagery

The other important factor for the estimation of the true reflectance of the samples
(soils or rocks) or ground is the amount of moisture contained in the atmosphere and on
the ground. The water reduces the spectral reflectance especially on the wavelengths
greater than 700 nm, which are the most important for PIMA analyses (i.e. 1300 to 2500
nm). The effect of water on the atmosphere was reduced during the atmospheric
correction performed on the satellite imagery is such a way that the satellite data represent
real reflectance of the ground surface. The atmospheric correction was not done for the
PIMA samples because the analyses were carried out in the laboratory. The effect of
water (moisture) on the ground can be qualitatively evaluated from rainfall data during
the period of collection of the samples. Table 7 - 1 shows rainfall data for the study area
for the months when the remotcly sensed data was collected. The Table 7 —1 indicate that
throughout the acquisition period the area did not receive any rainfall.
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Table 7 - 1. Rainfall at the date of the acquisition of the satellite imagery and monthly average for
the fieldwork days, in mm. The monthly average is arithmetic mean of the daily rainfall.

Oct. 94 [Jul-99 |17-Nov-99 [25-Apr-00 |Jul-00
™ Omm
ETM Omm Omm
Fieldwork Omm Omm
|Rainfall ave. |0mm Omm Omm Omm Omm

Table 7 - 2 shows the average daily Relative Humidity (%) based on the hourly
Synoptic'” observations and the date of acquisition of the satellite imagery and field data
(samples) month are highlighted.

Table 7 - 2. Rusape daily Relative Humidity (%) based on the hourly Synoptic Observations

1994 |1994 |1999 [1999 (2000 (2000
Day Jul  |Oct Jul  |Nov  |Aprl |July

1 73 |60 |54 |57 |86 |78
2 85 |58 |53 |53 |91 |90
3 77 |45 (64 |56 |85 |74
4 63 |47 |73 |51 80 |75
5 59 [80 |74 |39 |80 |75
6 59 |71 |74 |51 89 |73
7 72 |62 |74 |58 |90 |76
8 60 (46 |73 |53 |78 |75
9 57, |46 |79 (83 |72 |84
-[10 55 140 (74 |75 |82 |77
11 66 |42 |63 |74 |80 |73

12 70 [52 |73 |62 (77 [76
13 64 |74 |92 [55 |72 |64
14 70 [84 |76 |58  [72 |71
15 65 |[86 |58 |42 |87 |63
16 74 |98 |53 |47 |88 |55
17 66 [93 |48 |42 |79 |54
18 74 (89 |46 |48 |77 |47
19 66 (78 |75 |70 |80 |40
20 67 |64 |75 |89 |75 |39

21 65 |48 76 |82 78 (56
22 61 |57 63 |[85 74 |71
23 56 |70 58 |85 67 |77

24 50 |67 58 |82 59 (71
25 40 (58 61 81 58 |65
26 37 |55 63 |74 54 |73
127 38 |46 59 |62 47 |66
28 76 |50 54 |60 79 |65
29 69 |59 53 |56 91 58
30 75 (72 52 |67 80 [58
31 71 88 44 61
Average|64 |64 64 (63 77 |65
(1) The synoptic hours are 02:00, 06:00, 08:00, 11:00, 14:00, 17:00 and 20:00 hours

Source: Actual readings from the monthly records of the meteorological stations in Russape
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Thus, deducing qualitatively the influence of rainfall and relative humidity during
the acquisition of the satellite data and the vegetation index values, theoretically
reflectance values {on the band TM35 and TM7) close to the real values of the ground
without vegetation could be obtained. This reflectance would be similar to the one
obtained from PIMA if the spectral and spatial resolution of the two systems (Landsat and

PIMA) were similar.

7.2 Method, Data presentation and analyses

To properly compare the PIMA reflectance spectra with the conventional satellite
imagery (e.g. Landsat TM or ETM) data, the data sets must be sampled at the same
wavelengths and resolution.

The hull quotient PIMA spectra were stretched, gridded and resampled to TM or
ETM with bandwidth centred at 2225 nm and 1650 nm for band 7 and 5 respectively.
Gridding of a spectrum is to fit a square grid on the spectrum in order to reference all
spectra to the same co-ordinate system. The resampling operation involved proportional
weighted-average of the bandwidth wavelength and assigning the value to the band
centre, and the transformation of reflectance values in a range between minimum and
maximum wavelength of the TM or ETM bands 5 and 7 equivalents on the PIMA
spectrum. The resuits of resampled PIMA spectrum are two values corresponding to TM
band 5 and 7 equivalent bands.

Data from October1994 TM, November 1999 and April 2000 ETM images band 5
and 7, the equivalent Normalised Difference Vegetation Index (NDVIs), the resampled
PIMA spectral reflectance values for the equivalent band 5 (band centre 1650nm) and 7
(band centre 2250nm) are retrieved and displayed simultaneously through the “pixel
information window” in ILWIS v.2.2. This information is entered into the database and is
further processed in Excel (Appendix VIIA). The TM or ETM bands 5 and 7 are selected
due to their position (SWIR) on the spectrum and they mainly detect the following
(Sabins, 1987):

- TM band 5 (1,55 um — 1,75 pm) detects moisture content of soil and

vegetation and it allows good contrast between vegetation types.
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- TM band 7 (2,08 um — 2,35 um) coincides with an absorption band caused by
hydroxyl ions in minerals (see also Chapter 7 section 7.1 and 7.2).

The ratio of bands 5 and 7 is potentially useful for mapping hydrothermally
altered rocks associated with mineral deposits (e.g. Herrmann et al., 2001).

To minimise the effect of the spectral and spatial differences between Landsat and
PIMA, band ratios were used to compare the two systems. As shown in Clark et al.
(1990) band ratios are sensitive to the relative absorption in a spectrum at two
wavelengths. The ratio approach has the advantage of compensating for the brightness
variations caused by variations on illumination conditions and topography for the TM and
ETM imagery and, by lithological mixing for the PIMA (Herrmann, et al., 2001). Other
analysts including Sabins, 1987, Lillesand and Kiefer, 1987 contend that the ratio aiso
emphasises differences in slopes of the spectrum. Band ratios are affected by the amount
of organic carbon in the soils (e.g. Stoner and Baumgartner, 1981 and Goossens, 1992).

The figure 7-4 shows'I_'M and ETM band 5 and band 7 ratio for the 8 soil sample
profile (see Fig. 6 — 1) in the MMO greenstone belt stack plotted together with NDVI and
absorption ratio from resampled PIMA values.
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Figure 7 — 4. Graphical representation of the ratios ETM Nov. 99, ETM Apr. 00 and PIMA bands
5 and 7 and, NDVI April and November for the soil profile SPS. The red arrow represents the
position of interpreted BIF,

The reflectance percentage of the same profile (Sp5) was plotted as shown in Fig.
7 -5 for comparison with ratio method and it proved to be significantly less consistent
compared to the ratio method.
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Figure 7 — 5. Graphical representation of the comparison of the radiance of the Landsat images
ETM Nov., ETM April and PIMA bands 5 and 7 for the soil profile SP5.

The other analyses that was used to detect shear zones, particularly those
associated with ironstones, was the iron parameter plotted against sample numbers as
appears in Fig. 7 — 6. The iron parameter is equivalent to weighted average absorption
(%) in the wavelength between 1350 and 1700 nm, for each sample that were used for
PiIMA analyses. Pontual et al. (1997c) demonstrated that the iron parameter could be used
to map iron rich minerals (actinolite and Fe-carbonate) in either side of shears zones in
greenstone belts. High index of the iron parameter suggest presence of iron rich minerals
(e.g. actinolite, Fe-Carbonate). The background values for this index depend on the
lithology type present, thus the importance of presenting this results in graphic form (e.g.
Fig. 7-6).
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Figure 7 - 6. Graphical representation of the iron parameters for each sample in the soil profile
SP5.
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The fact that the Iron parameter is calculated from a wavelength that does not
coincide with any Landsat band. The Landsat band 5 (5 (1550 — 1750 nm) has only an
overlap of 41.7% with iron parameter zone fact which prevent the use of this parameter to
improve satellite imagery data.

7.3 Results and Interpretation

7.31 Results

Figure 7 - 4 is an example of a typical soil sample profile across a gold deposit in
the Manica area and represents the ratios ETM Nov. 99, ETM Apr. 00 and PIMA bands 5
and 7 and, NDVI April and November for the soil profile SP5. The graph shows that the
PIMA ratio is always higher than the ETM November ratio and lower than the April ratio.
The November NDVI is always lower than the April ratio (see also Appendix VII), and
this is because in November there is less fresh vegetation compared to April.

Ratio comparison of Landsat imagery and iron parameter analyses were carried
out for the other shear zones including the shear zones near the contact between
Bulawayan and the granite (e.g. Figs. 7 — 7 and 7 - 8), the shear zones near the
Penhalonga granodiorite (e.g. Fig. 7 — 9 and 7 - 10) and the presence of the Penhalonga
granodiorite (e.g. Fig. 7— 12 and 7 - 13).
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Figure 7 ~ 7. Graphical representation of the ratios ETM Nov. 99, ETM Apr. 00 and PIMA bands
5 and 7 and, NDVi April and November for the soil profile SP1. The red arrows show the
position of shear zones as mapped by earlier authors.

The Fig. 7 — 8 shows the Fe*" response and highlights the spatial occurrence of Fe-
carbonate on one side of the interpreted shear zone.
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Figure 7 — 8. Iron parameters for the profile Spl in the Manica part of the MMO belt. The red
arrow represents the interpreted BiF. The black arrows show the position of shear zones as
mapped by earlier authors.

The example of integrated data ratio illustrated in Fig. 7 — 9 demonstrate the accuracy of
the method in mapping shear zones as interpreted on Fig. 6 — 12.
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Figure 7 — 9. Graphical representation of the ratios ETM Nov., ETM Apr. and PIMA bands 5 and
7 and, NDVi April and November for the soil profile SP_Rwl.

A spectral parameter has been calculated to show the Fe?' response in all samples
considered in Fig. 7 — 9. The result presented in Fig. 7 — 10 illustrate that the shear zones
interpreted in position around sample 23 have high Fe?* response. The high expression of
this anomaly minimised the response of the other shear zones previously interpreted on
Fig. 7 — 9 position sample 3 to 4. A second anomaly is observed on position around
sample 34, which has not been mapped by the integrated ratio method, regardless to its
interpretation on the geological map (Fig. 6 — 12). This aspect demonstrates that the iron
parameter method is more sensitive to presence of Fe-carbonate minerals, which can be

associated to shear zones than the ratio method.
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Figure 7 — 10. Iron parameters for the profile Sp/Rw in the Mutare part of the MMO belt. The red
arrow points to an interpreted shear zone position.

The profile RED0O2 was drawn is such a way that it would map the contact between the
Bulawayan basalts and the Penhalonga granodiorite (Fig 6 — 12). The result shows that
the contact zone positioned around sample 10 — 12 is characterised by change in iron
response from high to tow and similar pattern is observed in the ratio analyses of the
PIMA data. This resuit demonstrates that the iron parameter and integrated ratio methods
can be used for mapping lithological contacts. The anomalies in Fe?* observed in plot
(Fig. 7 — 12) position around sample 18, 22, 33 and 41 are interpreted as enrichment of
Fe-carbonate minerals along known (samples 41 and Fig 6 - 12) and unknown (samples
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18, 22, 33) fracture zones. The ratio method only distinguishes the samples 18, 22 and 41

as anomalous (Fig. 7—11).
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Figure 7 — 11. Graphical representation of the ratios ETM Nov., ETM Apr. and PIMA bands 5

and 7 and, NDVI April and November for the soil profile SP_Red2.
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Figure 7 - 12. Iron parameters for the profile Sp1 in the Mutare part of the MMO belt

The presented data and Figs. 7—4,7 —7,7 —9 and 7 - 11 suggest that shear zones
have relatively high ratio on PIMA and low ratio on the ETM_April, and only
occasionally the ratios are high on the ETM_Nov as seen in Fig. 7 — 9 and Fig. 7 - 11.
This interpretation is more consistent for the samples collected on the Zimbabwean part
of the MMO greenstone belt than the results obtained on the Mozambican part of the belt.
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This is presumably because of the thin soil profile in the Zimbabwean side compared to
the Mozambigue part of the belt where the thick soil profile dilutes the signature. The
figures 7 — 4 and 7 — 7 show these differences.

The iron-parameter analyses results highly correlate (e.g. profiles Red02, 6 out of
3, Rw 2 out of 3, Sp01 1 out of 1 anomalies for iron parameter and ratio methods,
respectively) with known or interpreted and confirmed in the field shear zones and has
proved to be more sensitive to changes in Fe** proportion compared to integrated ratio
method, plots (as shown in Figs. 7—8 and 7 - 10, 7 — 12) and geological map on Figs 6 -
12.

7.3.2 Interpretation

The use of radiance for the comparison between the conventional scanners (e.g.
Landsat TM or ETM) and the infrared hyperspectrometers (e.g. PEIMA) is less reliable due
to several externalities influencing the scattering of the incident radiance as illustrated in
the Fig. 7 - 5. Fig. 7 - 4 represents the same profile (Sp5) but it can be noted that the
interpretation of Fig. 7 - 5 does not give a clear understanding of the comparison between
the two systems. However, the PIMA results are very consistent despite little, if any,
externality related to scattering of the incident radiance.

These results suggest that the main variations in ratio between different images
must be related to different acquisition dates and sample collection periods. One of the
most challenging problems is still the use of PIMA reflectance spectra to improve the
multispectral satellite imagery fact, which hinds on development of scanner channels that
overlap within the required wavelength (1350 — 1750 nm for iron parameter versus the
T™ or ETM band 5 (1550 - 1750 nm)). The ratio method, although its merit on
resampling the PIMA data to 1650 nm equivalent to the centre of the ETM or TM band 5
and 2250 nm equivalent to the centre of the ETM or TM band 7, it has the disadvantage
of living out the region around 1300 nm which is important for the iron absorptions.

The results arising from the ratio and iron parameters methods can be used, with
care, to reinterpret the satellite imagery by assigning real reflectance values to shear zones
and train pixels for supervised classification. The next section discusses the mapping of

the shear zones using satellite imagery and PIMA data.
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7.4 Discussion

As can be observed from the results of the comparison between ETM and PIMA
spectrometer, the overall shapes (Fig. 7-4,7~5,7-7,7-9, 7— 12 and Appendix VII)
are quite similar. This can be interpreted as an indication of correlation to some extent. If
all data were acquired (satellite imagery and field samples) at the same period it would
significantly increase the chances of correlation between the PIMA spectral reflectance
and the fully corrected and vegetation removed ETM and TM reflectance data.

April is characterised by high humidity (~77%), some rain and high vegetation.
This implies high values on band 5 and low values on band 7. The ratio 5/7 will yield
relatively high values.

The scenario is opposite with November frame, where there is low rain, low
vegetation and low humidity (~63%). This implies that the ratio band 5 and 7 will yield
relatively tow values due to high values of the band 7.

The PIMA vaiues are collected in July, just after the rainy season, the rains are
scarce and the average relative humidity is ~64% in Manica and Mutare and there is in
general relatively low vegetation. These results are relatively high ratio values in
comparison to November but lower than April. This would be expected in the
multispectral satellite imagery and the fact that it is also observed with PIMA reflectance
values show that there is correlation between the two systems. This leads to conclude that
the PIMA reflectance values can be used, with care, to improve the spectral and spatial
reflectance data of the multispectral satellite imagery. However it is recognised that there
is a need for more exercises involving different soil types (grain size, texture, sorting etc.)
under different climatic conditions for further validation of this hypothesis.

The iron parameter is a powerful method for mapping silicified shear zones and
BIF related zones (e.g. Fig. 7 - 10). The zones of high iron parameter were field checked
and compared with geological maps and proved to be related to presence of BIF. The BIF
zones were confirmed by Landasat band ratio 5 and 7 image.

Ten out of fifteen shear zones fall within areas of high iron parameter, which give
a positive results for this analyses.

The structural interpretation of the sateilite imagery based on the digital numbers

of shear zones calculated here is presented in the next chapter.
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7.5 Conclusions

In this chapter, the comparison between satellite imagery and the PIMA spectral
reflectance was studied and the following conclusions are drawn:

o The PIMA results can be used, with care, to improve the interpretation of the
Landsat imagery by providing details that are not easily observable at first sight but once
the interpreter knows that they are present, become much easier to locate,

a The results presented in this chapter show that PIMA and remotely sensed data,
when properly processed, enhanced and interpreted, offer an alternative approach to
traditional geological and or structural mapping methods.

a The plotting of ratios band5/band7 for the ETM_April, ETM_November and Pima
map adequately shear zones. This conclusion is supported by iron parameter plot and field
observations.

0 The use of PIMA data and Landsat imagery as supplementary methods to each
other has proved to be an adequate mapping base for interpreting major structural
clements (e.g. shear zones through the aiteration associated to it). The Landsat data can be
used in preliminary stages of studies in order to give general information on the existence
or absence of hydrothermal minerals. While the PIMA spectrometer can be used at later
stages in the studies with the aim of providing detailed mineralogical, crystallographic
and compositional variations in specific area or set of samples.

0 The use of PIMA data and Landsat imagery does not substitute fieldwork; it only
reduces the amount of time for it by focusing the fieldwork to specific and smaller areas

of interest.
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Chapter 8

8 Satellite Imagery Interpretation for gold mineralisation
mapping in the MMO greenstone belt

8.1 Introduction

Studies in digital image processing have successfully used remotely sensed data for
spectral differentiation of lithologic units in arid to semiarid environments of well-
exposed rocks and little vegetation. But areas of dense vegetation and poor exposure,
such as the MMO region, have attracted very little attention from researchers.

Remotely sensed data are highly influenced by local conditions of climate, land
use and geomorphology, which do not allow direct application of techniques and models
developed for other different regions. This is a major weakness with using remotely
sensed data.

For this study satellite images (Landsat Thematic Mapper (TM) October 1994 and
Enhanced Thematic Mapper (ETM) April 20060 and November 1999 Scene, SPOT
multispectral (XS) 1994, SPOT panchromatic (pan), air photographs (1:40 000 scale),
Topographic maps at 1: 50 000, and several geological maps were used to map structures
that may control gold mineralisation in the MMO belt. These structures have been proved
in earlier chapter to be shear zones. Thus this chapter addresses and test techniques for
structural mapping and alteration associated with mineralised structures. Some
lithologies, such as granitic intrusions and Bulawayan mafic and ultramafic rocks have
been identified has important host to gold mineralisation in the MMO belt, hence their
mapping using mainly reference geological maps and satellite imagery manipulation. The
positions of the gold deposits are extracted from the database developed in chapter 4. The
airphotographs were scanned at 400 dpi and rectified and geo-coded, and the geological
maps were scanned and fed to a computer for digital image comparison.

The digital image processing techniques are described in Appendix V1II-B with

relevant references.
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8.2 Results of Digital Image Processing

Digital image processing involved the manipulation and interpretation of digital
images with aid of a computer. The multiple data processing procedures for the MMO
greenstone belt followed the diagram in Appendix VII - A and are described in detail on
Appendix VIII - B with relevant citations.

8.2.1 Lithological mapping

This study has concentrated in distinguishing between major and minor rock units,
such as banded ironstones of few metres wide (10 — 30m) and ultramafic rocks of Upper
Bulawayan.

Fieldwork was undertaken to check interpretations of the image processing
(Appendix VHI-B) and the structural and lithological field observations and
measurements are summarised on Appendix III — A and Fig. 3 - 3 as part of ground
truthing of the satellite imagery interpretation. Phaup (1937) geological map at 1: 50000
scale for the Mutare section of the belt, the Sheeran et al. (1990)’s geological map at 1:
25000 scale for Manica section of the belt and, the Swift (1956)’s geological map at 1:
100000 for Odzi section of the belt were used as reference maps for the satellite imagery
interpretation (e.g. Fig. 3 — 1, Fig. 3 - 4, Fig. 6 — 1, Fig. 8 - 3 and Fig. 8 - 7d).

Granites and granite gneisses

The intrusive rocks include the Penhalonga granodiorite, gneisses (syn-tectonic
granites) and K-rich granites. The gneisses occur on the margins of the belt. According to
Chenjerai (1996), they have intruded the greenstone belt supracrustals and have been
deformed together with the greenstone lithologies. The K-rich granites occur on both the
northern and southern margins of the greenstone belt and have intruded both the
greenstone belt and gneissic lithologies. The Penhalonga granodiorite, which has an
emplacement age of 2742+3 Ma, is the oldest intrusion in the area (Schmidt-Mumm et al.,
1994).

Intrusive lithologies were mapped by a colour composite (R = Pcl; G = Pc2; B =
Pc3) image of principal component of the three bands in the visible range of the spectrum
(see Appendix VIII - B). The colour composite (R = ETMbl; G = ETMb3; B = ETMb7)
image successfully distinguished small granitic intrusion within mafic volcanic and
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sedimentary rocks (e.g. Chazuca granitic plug of 800 X 2000 m as in Fig. 8 — 1). The
gneisses are mapped from a colour composite (R = ETMb7; G = ETMb4; B = ETMb3)

image.

metabasalts to the south. Colour composite ETM bands 1-3-7 as RGB and simplified geological
interpretation. The red lines are faults. Coordinates at the centre of the granitic plug UTM X =
477206, Y = 7909052

Ultramafic and mafic metavolcanic rocks

The metavolcanic units consist mainly of serpentinites, komatiites, komatiitic
basalts and high-Fe tholeiites and constitute the majority of rocks of the greenstone belt
succession.
The outline of the greenstone belt is mapped using the colour composite image (R =
"ETM7; G = ETM4; B = ETM3); (R = ETMI; G = ETM3; B = ETM7, Fig. 8 — 2¢); (R =
Pcl; G = Pc2; B = Pc3, Fig. 8 — 2b). The colour composite (R = ETM7, G = ETM4; B =
ETM]I, Fig. 8 — 2a) image was the best band combination for mapping serpentinite units
even when interfingered with other volcanic rocks (e.g. see the area west of Old Umtali)
(Fig.8 — 2a, 8 — 2c and 8 — 2d), and for the SPOT images, the colour composite 321 as
RGB‘ (Fig. 8 — 2¢) aerial photos mosaic (Fig. 8 —2f) and geological maps were used for
mapping. On Fig. 8 — 2a the active dumps are shown in blue and reddish and in yellow
bluish (Fig. 8 — 2¢). The same colours are observed in the cultivated fields. Fig. 8 ~ 3 is
the geological interpretation of Fig. 8 — 2.
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Figure 8 — 2b. Colour composite of April_00 ETM image bands 137 as RGB. Note the ultramafic
units pointed by red arrows. UTM coordinates
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Figure 8 — 2c. Colour composite of Principal Component PC1, PC2 and PC3 as RGB of the
November 00 ETM image. Note the granite intrusions pointed by white arrows. UTM
coordinates

Figure 8 — 2d. Colour composite of November image Ratio ETMb5/7, ETMb7, ETMb3 as RGB.
Note the ultramafic units and linear structures pointed by red arrows. UTM coordinates.
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Figure 8 — 2e. Colour composite of SPOT-xs image bands 321 as RGB, Mutare section of the belt.
UTM coordinates

Figure 8 ~ 2f. Mosaic of aerial photos in the Mutare area. UTM Conner coordinates Upper left
450210;7915791 and lower right 460200; 7909520
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Figure 8 — 3. Geological interpretation of the Fig. 8 — 2. The red lines are shear zones and the
black dots are sample points for PIMA analyses; the black thin lines are trends representing the
foliation cleavage or bedding as interpreted from satellite imagery (TM169/73, ETM 169/73,
SPOT - Xs and SPOT-Panchromatic) and mosaic of airphotos with geological maps as reference.

The secondary iron enrichment arcas were also mapped using the iron ratio images

{ETM_00 band3/ETM_00 band1) as shown in Fig. 8 —4.

N

el

Figure 8 — 4. Binary map of ratio image ETM 00 b3/bl, showing areas of secondary iron
enrichment (red), the green dots are gold deposits and the black tracing are the silicified
ironstones. -

Metasedimentary rocks
The sediments comprising essentially conglomerates, sandstones, siltstones and
banded ironstones occupy the central part of the belt. The banded ironstones (BIF) occur

as discontinuous units following mainly the regional shear zones (Fig. 8 — 4). The outcrop
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width varies from 10 m to 30 m and strike-lengths ranges from a few metres to 5 km
(Chenjerai, 1996).

The metasedimentary rocks in general are difficult to distinguish among them
from satellite imagery due tq.lack_of_prominent spectral difference-and due to intense
homogenisation resulting from farming. The sediments may be mapped indirectly using
the land use patterns, because they form valleys where appropriate soil for agriculture

may be accumulated.

TM, ETM, Image Mafic and
SPOT Xs, pan & » Processing (see » Ultramafic rocks
Airphotographs Appendix VII-A) mapping

r

Sediments are E?ﬁféggﬁlg;}s
mapped via land ETM visible bands
use mapping Pc1-Pc2-Pc3

b

Boolean image classification
{IFF((ETMb7>=70), ETMb7,0)
+ IFF((ETMb5>=70},
ETMb5,0)}

Figure 8 - 5. Schematic representation of data flow for lithological mapping in the MMO belt

8.2.2 Alteration and Image Manipulation for shear zones mapping

It is the objective of this chapter to detect features on the satellite images that
relate directly or indirectly to the mineralised structures in the MMO greenstone belt.
Economic gold mineralisations in the MMO belt occur spatially related to sections of
shear zones (Fig. 8 - 6) within zones of alteration confined to them (Table 8 — 1 and Fig. 8
- 8).
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Shear zones interpretation
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e
Field check and field data
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Figure 8 - 6. Schematic representation of the data flow for shear zone mapping in the MMO belt.

Field observations show that the orebodies in most cases are quartz veins
associated with vein-type and disseminated sulphide mineralisation. Alteration minerals
vary from sericite to calcite — chlorite away from the orebodies. The alteration
expressions around shear zones are narrow extending at most up to 10 metres away of the
structures. The mapping of such narrow alteration zones on the basis of remotely sensed
data is rather complex (Fig. 8 — 8). Thus the mapping of alteration was centred in
mapping alteration in known gold deposits (Table 8-1) and by mapping linear zones on
the satellite imagery. The linear zones can extend to up to 1000 metres along strike.

The silicified shear zones are mainly banded ironstones, and they have positive

topographic expréssions, which ease its detection when poorly vegetated.
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Table 8 — 1. Summary of geological characteristics of selected shear zone hosted Archaean gold
deposits in the MMO greenstone belt

Depo-sits | Produ- | Description and | Host rocks Nature of ore Alteration Ore
ction Structure minerats
(kg Au)
Kenya 32 Shear/fault Upper Disseminated in | ? Py, Gn,
Bulawayan quartz veins Ccp, Bis

Ester 8 Crack seal steep | Shamvaian Quartz ? Py, Gn
shear zone stockwork
associated with BIF

Reliance 226 Crack seal sheared | Upper Quartz Carbonate (Au, Ag)
quartz vein zone | Bulawayan stockwork and chlorite | Py, Po,
associated with BIF alteration Gn,

Try Again 100 Steep sheared | Contact Au associated | Sericitic, Py, Po,
contact, Quartz | Upper with sulphides in | sulphidation | Aspy,
sericite schist | Bulawayan quartz  sericite Cep
associated with BIF | and schist

Shamvaian

Clutha 80 Moderately dipping | Upper Au associated | Sericitic, Au and

Sheared quartz vein | Bulawayan with sulphides in | sulphidic Ag with
. quartz sericite alteration Py, Ccp,
r Gn, Sph

Fair Bride 201 Steep sheared | Contact Quartz veins | Sericitic, Py, Po,
contact consisting of | Upper and stringer | sulphidation, | Aspy,
Quartz sericite { Bulawayan Zones, and | and Cep
schist  associated | and sulphide-bearing | Carbonate
with BIF Shamvaian silicified zones

within the
southem shear
zone

Dot's Luck | 181 Steep sheared | BIF in the | Au associated | Sericitic, Py,
contact consisting of | Upper with sulphides in | sulphidation, | Aspy,
Lensoidal quartz | Bulawayan in | banded carbonatizati | Ccp, Gn,
vein associated with | contact with | ferruginous on
BIF Shamvaian quartzite

Boa 507 Reverse shear | BIF in Upper | Quartz veins | Sericitic, Py,

Esperanca zone; Lensoidal Bulawayan and stringer | sulphidation, | Aspy, Gn

zones, and | silicification
sulphide-bearing
silicified zones
within the
reverse¢  shear
. zone

Muza Reef | 106 Vertical shear zone; | Upper Sheared quartz | Carbonate
Sigmoidal  quartz | Bulawayan vein and chlorite
vein associated with alteration
BIF

Guy 494 Steep Sheared | Contact Quartz veins | Sericitic, Py, Ccp,

Fawckes contact zone; | (Upper and stringer | sulphidation | Gn
Quartz wvein in a ( Bulawayan zone, and | and
lensoidal quartz | and sulphide-bearing | silicification
vein associated with | Shamvaian) | silicified zones
BIF within 200 m

wide shear
zone, Breccia
veins
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Dias 500 Steep sheared | Contact Quartz veins | Sericitic, Py, Ccp,
Perreira contact (Shamvaian | and stringer | sulphidation, | Gn
and Upper | zone, and | carbonatizati
Bulawayan) sulphide-bearing | on
silicified zones;
Breccia veins
Magog 125 Shear zone; Highly | BIF in Upper | Sheared quartz | ? Py, Gn,
faulted lensoidal | Bulawayan vein
quartz vein
associated with BIF
Champion | 301 Steep sheared Pervasive Aspy
contact zone Silicic
alteration
Monarch 261 Steep faulted | BIF in the | Stockwork Au | Carbonate Py, Po,
lensoidal quartz | Upper associated with | alteration Aspy,
vein and sheared { Bulawayan sulphides in | and Ccep, Gn,
contact associated | basalis silicified BIF silicification Sph
with BIF
Pension 61 Flat dipping sheared | Upper Parallel quartz | ? Au and
hinge fold; | Bulawayan veins : Ag with
Stockwork Py, Po,
. Gn
Midas 25 Fault hosted quartz | Upper ? Au, Ag
vein Bulawayan with Py,
. Gn. Croc
Penha- 25 Sheared lensoidal | BIF in Upper | Quartz ? Au, Pb,
longa X quartz veins | Bulawayan stockwork Ag. Py,
associated with BIF zZones, en Ccep, Gn,
echelon and Croc
crack seal shear
zone

It was assumed as first indicator for the presence of regional shear zones, the
topography (Fig. 8 — 7a), the streambed pattern may reflect the bedding trends (Fig. 8 -
7b), the truncation surfaces of the primary trends mapped from the air photographs mosaic,
SPOT panchromatic, SPOT xs (Fig. 8 — 7c), TM, ETM images and field work (e.g. Fig. 3 -
3).

The second indicator was the spatial relationship of these truncation surfaces with
BIFs. The mineralised shear zones were interpreted on the basis of its spatial relationship to
gold deposits as discussed in Chapters 7 and 9. Based on field evidence interpretation two
types of shear zones namely northern and southern shears were identified (Fig. 3 — 3).
These shear zones are mainly deep-seated fault zones marking boundaries between
lithologically contrasting domains within the greenstone or along its margins (as discussed
in Chapters 3). It was not possible to distinguish these shear zones on the basis of

associated alteration, which would be important for their mapping from remotely sensed
data (Table 8 — 1).
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Figure 8 - 7a. Digital Elevation Model (DEM) for the Manica section of the MMO belt. The pink
dots are gold deposits. For geological interpretation refer to Fig. 8-7d.
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Figure 8 — 7b. Map of 1%, 2™, 3" and 4™ order of streambed in the MMO. The red dots are gold
deposits. For geological interpretation refer to Fig. 8-7d.
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Figure 8 — 7c. Colour composite of SPOT-xs image bands 321 as RGB, entire MMO belt. For
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geological interpretation refer to Fig. 8-7d.

The silicification is an increase in the proportion of quartz or cryptocrystalline
silica in the rock. Usually the silica is introduced by hydrothermal solutions or it may be
the by-product of the alteration of feldspars and other minerals during the leaching of
bases (Evans, 1998). The sulphidation, divided into pyritization and hematization, is a
process by which sulphur is introduced in the altered rocks attacking both iron oxides and
mafic minerals. The most common sulphidation in the MMO greenstone belt is the
pyritization (e.g. Eq. 8 — | (Evans, 1998)), which occur along shear zones associated to

gold mineralisation.

FesOu4+6H:S + Oy = 3FeS; + 6H0O Eq.8-1
(Magnetite) (Pyrite)
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Figure 8 — 7d. Illustration of the main shear zones on the basis of trend map and their spatial relationship to the gold mineralisation as a result of satellite
imagery interpretation. The thin black lines are trend lines traced from satetlite imagery (different colour composite, single band images and aerial photos).
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Figure 8 -8. Schematic representation of the data flow for mapping alteration in the MMO belt

After the identification of the main alteration process in the MMO greenstone belt,
the following stage consisted of testing the spectral ratio for clay minerals in order to
detect pixels that are likely to represent alteration soils overlaying shear zones. Laboratory
spectra show that the mineralogical variations due to silicification and sulphidation can be
detected using band ratios TM2/TM3, TM2/TM7, TM3/TM4, TM4/TM7 and TM5/TM7.
For example, the alunite presents ratios higher than illite/sericite, hematite or kaolinite in
the ratio TM5/TM7 (Fig. 8 — 9). The ratio band 5 and band 7 TM images is selected due to
its susceptibility to alteration and the possibility of comparing the results with PIMA data

(Chapter 7).

| —0— Average

—— Maximum

w
i1

TMS5/TM7
-
hilind
)

Ote Hematite Goethte Alunite Kaolinite
Minerals

Figure 8 — 9. TM band ratio (TMband5/TMband7) plot for the different alteration minerals - Note
that the ratio value is on average higher than one. TM data source: Spectral library USGS (1998).

The final consideration for mapping the shear zones is to bring these results into
the satellite images. The ratio images were calculated and reclassified for the presence of

specific alteration minerals. The supervised classification was mainly based on ground
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spectral data collected across mineralised shear zones (e.g. Guy Fawckes shear zone) and
across the mineralised Penhalonga granodiorite (see Chapter 6).

Figure 8 — 10 shows that the ratios TM5/TM7, TM4/TM7 and TM2/TM7 present
values relatively higher than the other ratios and on that basis can be used to detect
kaolinite in the soils. From the best three ratios, only the ratio TM5 by TM7 is presented in
form of classified image (Fig. 8 — 11), this is because the results of the three ratios were
similar and because the two bands are in the SWIR which allow its comparison with PIMA
data.

The presence of kaolin is generally part of the argillic alteration of plagioclase and
can be found in many environments including soils accompanied by allophane clays. In
MMO belt the kaolin is widely distributed in the farming ficlds and in the granite-gneiss
zones as illustrated by the Fig. 8 — 11 and supported by field observation.
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Figure 8 — 10. TM band ratios (TM5/TM7, TM4/TM7, TM3/TM4, TM2/TM7, TM2/TM5 and
TM2/TM3) for kaolinite. TM data source: Spectra! library USGS (1998).
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Figure 8 — 11. Classified ratio band 5 / band 7 ETM April 00 image showing areas of high
concentration of kaolinite, also goethite or hematite in the MMO greenstone belt. Image threshold
as follows: iff{image 5/7>=1.6,1,0). The threshold of 1.6 was determined on the basis of statistical
representation (Fig. 8-10) and geological knowledge of the area. The black lines are shear zones.
White pixel correspond to area without information on band 5 and 7.




The ratios TM5/TM7, TM3/TM4 and TM2/TM3 can potentially detect the
presence of illite, goethite and hematite in the soils (Fig. 8 — 12, 8 - 14).
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Figure 8 — 12. TM band ratioc (TM5/TM7, TM4/TM7, TM3/TM4, TM2/TM7, TM2/TM5 and
TM2/TM3) for illite (a) and hematite (b). TM data source: Spectral library USGS (1998).

The satellite image mapping the illite in the MMO belt (Fig. 8 - 13) show that the
ratio ETM3 by ETM4 detect the presence of illite in the late faults and in K - Al rich

lithologies, and correlate with some sections of known shear zones (Fig. 8 — 13).

i e T - e
Figure 8 — 13. Classified band ratio 3/4 ETM April 00 image showing areas of high concentration
of Illite or Hematite or Goethite in the MMO greenstone belt. Image threshold as follows:
iff(image 3/4>=1,1,0). The threshold of 1 was determined on the basis of statistical representation
(Fig 8-12) and geological knowledge of the area. White pixels comrespond to area without
information on band 3 and 4.The black lines are shear zones,
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Figure 8 — 14. TM band ratio {TM5/TM7, TM4/TM7, TM3/TM4, TM2/TM7, TM2/TM5 and
TM2/TM3) for goethite (a) and Alunite (b). TM data source: Spectral library USGS, 1998.

Alunite is better mapped using the ratios TM4/TM7 and TM2/TM7 as shown in
Fig. 8 — 14b. The classified image (Fig. 8 - 15) of ratio ETM2/ETM7 suggests that the
mapping of alunite using the above ratio is highly affected by presence of vegetation.
Thus, in the MMO belt, due to dense vegetation it is not possible to map the alunitization.
In the Fig. 8 — 14 it is most likely that all the anomalies represent areas of high vegetation
as illustrated by the extreme east of the image (Fig. 8 — 15).

j £ undefined T 7
B3 alunite

Figure 8 — 15. Classified band ratio 2/7 ETM April_00 image showing areas of high concentration
of Alunite in the MMO greenstone belt. Image threshold as follows: iff{image 2/7>=2,1,0). The
threshold of 2 was determined on the basis of statistical representation (Fig. 8-14) and geological
knowledge of the area. White pixels correspond to area without information on band 2 and 7.The
black lines are shear zones.

Carbonatization in the MMO greenstone belt involves chemical alteration of
chlorite into ankerite — dolomite according to equation (eq. 8 ~ 2; after Evans (1998))
(Mg,Fe)sSis01o(OH)s + 6CaCOs + 6CO, = 6(Mg,Fe)Ca(COs), + 4Si0; 4H;0
(Chlorite) (Ankerite or Dolomite) (Eq.8-2)
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The hydrothermal chlorites often show a change in their Fe:Mg ratio with distance
from the orebody, usually being richer in iron adjacent to the sulphides (Evans, 1998).

The normalised intensity on TM bands show that the chlorite is brighter in the
infrared bands and darker in the visible and near infrared bands.

This implies that the ratio between reflected infrared and visible bands should
enhance the detection of chlorite bearing rocks on the satellite images as shown in Fig. 8 —
16 (e.g. ratio TM7/TM3 and TM5/TM2).
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TM5TM7 TM7/TM3 TM5/TM2 TM4/TM1

Figure 8 - 16. TM band ratio for chlorite (TM5/TM7, TM7/TM3, TM5/TM2 and TM4/TM1). TM
data source: Spectral library USGS, 1998.

Chlorite may result from the alteration of mafic minerals or from the introduction
of magnesium and iron or can grow as low-grade metamorphic mineral in a variety of
environments including metasedimentary. In the MMO belt the mapping of chlorite shows
both type of chlorites, one resulting from the alteration of mafic minerals (e.g. patches
around 450259; 79102000) and the other occur along fractures (Fig. 8 - 17). Some portions
of the known shear zones coincide with areas of chlorite anomaly. However, the nature of

the anomalies do not allow exclusive positive correlation.
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Figure 8 — 17. Classified ratio band 7/ band 3 ETM April 00 image showing areas of high
concentration of chlorite in the MMO greenstone belt. Image threshold as follows: iff{Image
7/3>=2.3,1,0). The threshold of 2.3 was determined on the basis of statistical representation (Fig.
8-16) and geological knowledge of the area. White pixels correspond to area without information
on band 7 and 3.The black lines are shear zones.

8.2.3 Mapping of shear zones using combined PIMA and ETM or TM images

The combination of the ETM and TM images with PIMA data revealed capable of
improving the interpretation of the satellite imagery by adding a ground component of the
true reflectance of the shear zones and geological lithologies.

Reflectance spectra of the different rocks and soils recorded from PIMA in the
MMO greenstone belt do not show much difference in configuration, but do show
significant differences in the intensity as already shown in Chapter 6. These differences
are not apparent in the individual bands of the Landsat TM or ETM and SPOT XS or
panchromatic, probably because of the spectral resolution associated to spectral
bandwidth.

On the basis of the ratio values and iron parameter obtained in the chapter 7, it
appear that the image ETM_April band ratio 5 over 7 should give values between 1.11 and
1.28, and reach values of 1.86 for the shear zones or hydrothermally altered zones. For the
image ETM_November, the band ratio 5 over 7 yields values between 0.84 and 1.11. The
PIMA spectral values band ratio (equivalent) 5 over 7 bear values between 0.97 and 1.54
(Fig. 8 — 18). These ratio value intervals are very broad to allow specific mapping of the
single and narrow zones corresponding to phyllitic alteration. However, after image

classification (slicing) continuous zones can be detected as shown in Fig. 8 — 19.
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. Bands 5 &7 Ratios

Figure 8 - 18. Graphical illustration of the PIMA, ETM April and ETM November minimum and
maximum ratios. Note that the PIMA ratio is higher than all other.

The Fig. 8 — 19 shows that shear zones can be mapped by combined PIMA and
Landsat ETM or TM ratios.

i e _ JAsoD00] |

Figure 8 — 19. Landsat ETM ratio image (ETM_00 Band 5/ETM_00 Band 7) calibrated by PIMA
ratio on the basis of data represented on Fig. 8-18. The colour scheme goes from blue to red
corresponding to low and high alteration. The red lines correspond to interpreted shear zones. The
black dots correspond to gold deposits in the Mutare area.

By comparing the shear zones and the BIF zones, which resulted in high anomalies
in iron parameter analyses of PIMA data, it is evident that most of the shear zones coincide
with zones of BIF (Fig. 8 — 19 and Fig. 8 - 20). This is also supported by field observations
at the main northern shear zone along the road to Penhalonga, and along the profile

Sp/Rw, for example.
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Figure 8 - 20. Trend map of Mutare part of the MMO superimposed the BIF in red and green dots
represent the location of samples for PIMA analyses. The thin red lines are lithological boundaries
between ultramafics and granites and ultramafics and metasediments. The brown polygons
represent the granites. The thin black lines are trends representing the foliation cleavage or bedding
as interpreted from satellite imagery (TM169/73, ETM 169/73, SPOT - Xs and SPOT-
Panchromatic) and mosaic of airphotos with geological map as reference. UTM coordinates.

The shear zones, specially those within ultramafic units are distinguished on the
Landsat ETM images by composite images of their ratio 5/7 April image, 5/7 November
image, and 7, in R-G-B (Fig. 8 - 21).
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Figure 8 - 21. Landsat ETM ratio images (5/7 April image, 5/7 November image, ETM_April band
7, in R-G-B) illustrating linearity of ultramafic units (interpreted as shear zones in Fig. 8- 22) to
the north and to the south of the belt.

The Fig. 8 — 22 show the structural interpretation based on Landsat imagery, PIMA
resuits interpretation and field observations. Most of the interpreted shear zones coincide

with zones of discrete alteration shown in Fig. 8 - 19.
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Figure 8 - 22. Structural interpretation of satellite imagery of the Mutare section of the MMO, the
shear zones in red and the green dots representing the location of samples for PIMA analyses. The
thin black lines are trends representing the foliation cleavage or bedding as interpreted from
satellite imagery (TM169/73, ETM 169/73, SPOT - Xs and SPOT-Panchromatic) and mosaic of
airphotos with geological map as reference. The brown polygons represent the granites. The black
dots represent the location of gold deposits. UTM coordinates.

8.3 Discussion

The mapping of mineralised structures hinges in the mapping of shear zones which
are already known to be associated to BIF. The BIFs have positive topographic
expressions and linear on E-W strike, which ease its detection when poorly vegetated.
Field evidence shows that deposits related to contact between Shamvaian and Upper
Bulawayan are associated with BIF. Thus combining the structural interpretation of the
satellite and aerial photography and field data it was possible to map the BIF.

Band ratios were used to evaluate the applicability of standard clay and iron ratio to
MMO belt. It was found that the standard clay and iron ratio had to be customised to the
local conditions. This was achieved following two main approaches, which firstly
consisted of identification of the ratios that can potentially map the alteration minerals by
plotting the ratio using the USGS 1998 spectral library data, and the second involved the
testing of the anomalous ratios for the MMO data (ETM_00 or ETM_99 images).

Various ratios were tested using first the spectral library of the USGS (1998) (Figs.
8-9,8-10,8-12, 8 -~ 14 and 8 — 16). After that only the anomalous ratios were tested
using MMO data (Figs. 8 — 11 (band 5/band 7), 8 — 13 (band 3/ band4), 8 — 15 (band 2/
band 7), and 8 ~ 17 (band 7/ band3)).

The ratio images were then classified and sliced for better visualisation. The ratio

maps show anomalies in the areas of high concentration of alteration minerals (Figs.8 -

191



11, 8 — 13, 8 — 15 and 8 — 17). These anomalies correlate with sections of known shear
zones as expected. The fact that only sections of shear zones coincide with alteration
patterns revealed by the ratio images is explained by the fact that not all shear zones are
associated with alteration and for those which are, it is not the entire shear zone that is
expected to be mineralised. The alteration maps correlate well with distribution of
lithology and vegetation.

The poor correlation between ratio images and shear zones required testing of
spectral ground data collected in profiles across known mineralised shear zones using
Pima, as discussed in the Chapter 6.

Relating spatially the shear zones and the mineral deposits made it possible to
identify the mineralised shear zones (as discussed in Chapters 3 and 4). The shear zones
that were not related to mineralisation were considered non-mineralised, among these
shear zone some undiscovered mineralisation may be present (Chapter 9).

The satellite imagery processing performed in the study area followed the diagram
presented in appendix ViII-A. These proceedings are specific to the MMO data; their use
in different data set would require necessary testing. This is because the satellite imagery
data are influenced by local climatic conditions, which reduce the chances of direct
importing of image processing techniques that work elsewhere into a different area.

As seen in the Fig. 3 - 3, the field data corroborate with satellite imagery
interpretation (Fig. 8 — 22) for mapping of geological structures in the MMO greenstone
belt, which demonstrates that satellite imagery is a useful tool for structural mapping in

greenstone belts.

192




8.4 Conclusions

The following conclusion could be drawn from this chapter:

o The image processing approach used for the study of the Manica Mutare Odzi
greenstone belt data set has proved to be valid for lithologic and structural mapping.

o) The manipulation of satellite imagery based on the PIMA data has mapped some
shear zones associated with gold.

o Shear zones could be mapped on the basis of topography (when associated with
BIF), truncation surfaces of primary layering and trend surfaces on the SPOT-
Panchromatic images and air-photograph mosaic and are supported by field observations
(Appendix VILI-B).

o Alteration zones that coincide with shear zones to 2 large extent are (i) phyllitic;
(ii) chloritization; (iii) sulphidation and {iv) silicification.

o} The structures and alteration patterns mapped with remote sensing corroborate with
field observation.

o Band ratios TM3/TM4, TM5/TM7, TM2/TM3 proved to be important for mapping
illite, goethite and hematite. The band ratio TM5/TM7 was useful for mapping argillitic
alteration, while the band ratio TM7/TM3 was appropriate for mapping chlorite.

o The mapped alteration minerals such as chorite, illite, pyrite, kaolinite, alunite,
hematite and sericite are supported PIMA and field observations (Appendix III-A).

o The manipulation of satellite imagery in combination with PIMA data has proved
to be a powerful tool for mapping shear zones associated with gold deposits.
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Chapter 9: GIS and Gold Exploration in the MMO greenstone belt

Chapter 9

9 GIS and Gold Exploration in the MMO greenstone belt

9.1 introduction

Mineral exploration has always benefited from combination of spatial and non-
spatial data for target delineation. Since early times of cartography the georeferencing of
the spatial data has been important. Before Geographical Information System (GIS)
techniques, the advents of maps were physically overlaid on lamp tables in order to find
the areas of high prospectivity or targeting anomalies. The overlay of spatial data requires
that the data are from the same area and that the scale is the same.

The digital era brought the GIS, which relate vertical and lateral multiple spatial
and associated non-spatial data sets. GIS is defined as a set of tools for collecting, storing,
retrieving at will, transforming, and displaying spatial data from the real world for a
particular set of purposes (Burrough, 1986). The data set feeding the GIS is described in
terms of position (e.g. X — Y UTM coordinates), attributes that are unrelated to position,
and spatial interrelations within the data.

In this chapter, the role of GIS as a prospectivity mapping tool is presented, with
relevance to regional-scale gold exploration in the Manica Mutare Odzi greenstone beit.
The aim is to identify under-explored areas which are considered to be geologically
favourable or similar to those known to contain mineralisation, or which satisfy specific
requirements on genetic models of gold mineralisation in the MMO greenstone belt. The
GIS will combine Fry and fractal results, structural and lithological data generated by
image processing and field work, and gold deposits types, in order to generate
prospectivity maps.

9.1.1 Review of GIS applications in mineral exploration

Since its establishment, GIS pfbved to be a useful and important tool for mineral
exploration. Work in GIS applications in mineral exploration produced elements relevant

for making predictions about the mineral potential of selected areas. These works are
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driven by supervised and non-supervised decisions (Wyborn et al., 1994). The supervised
decisions in the GIS based data is an analyses where the opinion of the geologist is
important whereas in non-supervised analyses the predictions are based on measured
parameters in well known mineralised system (e.g. Reddy and Bonham-Carter 1991).

In most cases of GIS application in mineral exploration a hierarchical sequential
decision-making is adopted. The initial stage has been always to build a GIS based
database (as shown in Chapter 4) with diverse lithological, structural and mineral deposits
data coupled by geocoded satellite imagery (Landsat TM, ETM and SPOT XS and
Panchromatic). The typical analyses is conduced by producing binary maps (Boolean
operations) showing areas of presence or not of specific parameter (see section 9.4.3).
These maps are usually a result of optimised criteria of selection of specific factors in the
controls of mineralisation. One of most used criteria is a spatial relationship between the
controlling parameter and known gold deposits.

Bonhan-Carter et al. (1988) investigated the integration of geological datasets
(geological map data, lake-sediment geochemical data; airborne geophysics; and mineral
occurrence data) for gold exploration in Nova Scotia and come up with overlaying
procedures. Bonham-Carter et al. (1995) conducted a study adopting the following
processing procedure: (i) map generalization; (ii) selection of the contacts between map
classes using raster-to-vector transformations; iii} generation of proximity maps; iv)
overlay modelling on the basis of user defined operators; v) displaying new probability
maps. The decision model used Boolean operations and Bayesian probability functions to
evaluate hypotheses in terms of one or more pieces of evidence. They first described the
deposits in terms of association to quartz veins, usually confined to the Goldenville
Formation; the veins are concordant and occur at or near the crests of folds; gold occurs
within quartz-carbonate veins with associated arsenopyrite and/or pyrrhotite and minor
amounts of chalcopyrite, sphalerite, pyrite and locally scheelite and stibnite; the
occurrences are commonly confined to pyrite-arsenopyrite-rich black shale horizons; in
some cases the gold occurrences are related to NW-SE oriented faults.

On the basis of the above descriptions proximity maps were generated around fold
axes, northwest trending lineaments, granite contact, Halifax-Goldenville contact. The
proximity maps were then combined using weights of evidence to evaluate how important
the presence, or absence of a characteristic is, based on the mineral occurrences present in

the area.
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The final product was a map showing the known occurrences and new target areas
coupled with the probability of finding gold occurrence calculated using Bayesian rules.

Tighe et al. (1995) studied the surface expression of basement faults and their
relationship to gold deposits adjacent to the Chedabucto Fault in Nova Scotia using
satellite images, airbore gamma ray spectrometer data, ground sample geochemical data
and digital geological and topographic maps.

GIS was used to examine empirically the spatial relationships of the following
factors to known gold occurrences: (i) multi-element ground and lake sediment
geochemistry; (ii) radiometrics; (iii) lithology; and (iv) distance to contacts and distance
to lineaments.

Different weights were allocated to the different factors, which were then used to
calculate a score for each location representing the gold mineral potential of the area. This
procedure has produced a map that shows favourable mineral potential where no mineral
occurrences have been found previously.

The delineation of high prospective target areas using GIS in minerai exploration
has attracted the attention of many researchers in the 1990's and various methods have
been presented (e.g. Boolean logic, index-overlay, weights of evidence). For example
Reddy and Bonham-Carter (1991) portrait that decision tree approach of spatial and non-
spatial data integration (in GIS) provides a way of identifying target areas for gold
exploration, Gettings and Bultman (1993) applied the probability theory from fuzzy logic
to the quantification of favourableness of quartz-carbonate vein deposits in southeast
Arizona, Bonham-Carter er al., 1988, Agterberg et al., 1990, Bonham-Carter (1997),
Carranza and Hale (2000), favour the use of Bayesian probability theory for predicting
mineral potential for districts where a number of representative mineral occurrences are
known. The later method is particularly valid for modelling the spatial correlations
between geological features and known mineral occurrences, this is the method that was
used in the MMO greenstone belt.

The above review shows that in general, GIS is progressing in relation to mineral
exploration and can only be useful when the genetic models of mineralisation are well
constrained. The use of GIS in non-supervised approach (Bonham-Carter et al., 1988 and
Tighe et al., 1995) should be handled with care or supported with very good statistics and
extensive field validation.
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The GIS is worth applying when it is assumed that mineralisation in certain area is

not depleted and other deposits of the same type exist but are yet to be discovered.

9.2 Rationality of GIS in the gold exploration

GIS is used to manipulate spatial data by querying, analysing and defining critical
parameters to the mineralisation process that lead to the deposition of specific gold
deposits within particular geological environment. GIS produces not only the exploration
procedures, but also maps of prospectivity, which minimise the exploration costs.

GIS is used in Archaean pold exploration because the Archaean gold
mineralisation is considered to be a single event related to late Archaean orogenesis that
preceded cratonization and that mineralisation is late in the tectonic evolution, and most
of the deposits are formed from structurally focussed hydrothermal fluids {e.g. Grooves et
al., 1998); This suggests that the geological observations in Archaean terrains reflect the
relationships during the time of gold deposition, and that gold deposits are direct or
indirectly controlled by structures. Most known deposits are located in sites of
interference of optimum multiple factors that control the deposition of gold in large
amounts. The controls of mineralisation have proved to be complex in nature and its
interrelations. The large number of known deposits in the MMO Archaean greenstone
belt implies that the sample of the mineralisation from known deposits might be
representative. However, the degree of depletion of gold mineralisation due to mining
remains unknown.

This discussion supports the use of GIS for establishing the relationships between
critical controlling factors of known gold deposits and predicting areas of high probability
of occurrence in the region. The discussion illustrates that gold mineralising systems are
complex, and a complex and powerful inference system (GIS) tested with known gold

deposits and other mineral occurrences is required to obtain convincing results.

197



Chapter 9: GIS and Gold Exploration in the MMQO grecnstone belt

9.3 The GIS pool for Manica Mutare Odzi Greenstone belt

9.3.1 Data Input

The data used in the GIS study were extracted from the digital GIS based database
of the MMO belt as noted in Chapter 4. The data consisted of a geological map, a map of
structures, sateHite images (Landsat TM and ETM, SPOT XS and Pan), aerial
photographs, alteration maps generated from Landsat imagery, spectral data from soil and
rock samples, streambed patterns, DEM (digital elevation models), field data (e.g.
younging direction, mineral lineation, shear indicators), descriptions from literature (e.g.
production, grade, host lithology, mineralogy, host structure and location) and gold
deposits positions.

Other data that fed proceeding stages were generated along the process of data

evaluation, manipulation and interactive interpretation.

In summary the 241 gold deposits in the Manica Mutare Odzi greenstone belt
share the following general characteristics:

() they occur mainly related to dilational quartz veins and to banded ironstones
(BIF), usually in all Bulawayan lithologies;

(i)  they are trapped by secondary and tertiary structures linked to layer-parallel
regional shear zones;

(iii)  the contact between Bulawayan and Shamvaian lithologies is an important
control of mineralisation

(iv)  strong deformations, and formation of suitable structures followed by the
intrusion of tonalitic magmas, were important factors in gold concentration;
and

(v)  the main gold mineralisation event occurred in late Archaean;

The vector map of the lithological contacts provided the vector maps to feed the
vector-raster operation. Likewise, the lineament maps derived from satellite imagery, air
photographs, streambed and trend map interpretation provided the extraction of north-
south and northwest -southeast trending used for proximity analyses.
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9.3.2 AQuality of Data

Spatial and non-spatial geological data are rarely perfect. The uncertainties arise
from every processing stage, from data collection to data interpretation and output
generation.

The quality of the MMO greenstone belt data hinges on the accuracy of the
position of the deposits, the limited knowledge at the time of most of the geological
descriptions (e.g. principle of shear zones was not known, the description of less common
sulphides is difficult even nowadays), the mapping details which differ from place to
place within the belt, and the need for homogenisation (coordinate conversions) of the
projection systems that would allow cross maps and table operation in a GIS
environment. Most of these inaccuracies result from the age of the data. It is known that
the reliability of geological data decreases with age and, the mathematical polynomial
operation for projection systems changes.

The quality of the data was assessed by comparing earlier descriptions with more
recent ones and by ground truthing, during which 60 mines (25% of the total of the
deposits) were visited and checked with regards to position, ore type, mineralised body
orientation, pit volume and orientation, number of pits, host lithology, controlling
structure, alteration type and sulphide assemblages. The descriptions taken from literature
present fault-hosted deposits as a generic term that also includes shear zones and contact
reef deposits (Phaup, 1937). In general, the descriptions were good enough for the study
although the positions of mines were more difficult to ascertain, and errors between 50
and 100 m were recorded. This error is deemed acceptable because a deposit may be
represented by a number of adits, pits and mineralised bodies extending for more than
500 m (e.g. Guy Fawckes mine) and also because it is not known exactly where the
recorded position was taken (first adit, main shaft or centre of the claim).

The geological maps were field checked in selected profiles and supported by air
photography and satellite imagery interpretation. The final geological map used for the
purpose of this chapter was the one presented in Fig. 3 - 1.

It is not within the scope of this Chapter to elaborate on the errors and
uncertainties, but it is important to highlight that when uncertainty is present in a dataset,
the decision rule needs to accommodate the propagation of the uncertainty through a rule
that replaces the hard decision procedures of certain data with soft-data of uncertainty.
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Bayesian probability theory are extensively used for decision making in mineral
exploration projects where uncertainties are present (Bonham-Carter et al, 1995),
Dempster-Shafer theory (Campbell et al., 1982) and fuzzy set theory (Duda et al., 1977).
In this study the Bayesian probability theory was used (Appendix [X - A).

9.4 Methodology

9.4.1 Data set and Analyses

Data analyses consisted of the extraction of relevant information and its patterns
from the GIS based database. The querying in GIS ailows rapid interactive spatial
visualization of phenomenon being analysed. This module in a GIS package relates
spatial and non-spatial data and may show the result in a map or table with details that the
naked eye would not distinguish. The spatial query of a GIS database involves two
principal types of questions (Bonham-Carter, 1997):

1) What characteristics exist at some location? and
2) At what locations do certain characteristics exist?

The first question concemns details on, for example, structure, mineralogy, distance
to an intrusion, deposit type, distance to the major deposits, production and grade of the
deposit, gold content in specific lithology, and distance to the nearest deposits. The
second type of query uses detailed attributes (requirements) of the features and searches
for the location where preconceived characteristic (s) are satisfied. Conditional query may
be like “find all occurrences of gold with production between Ig and 25g” or “find all
gold deposits occurring in ultramafics and with production less than 100kg at 5g per ton”.
The query may be more complex involving more than one attribute and several types of
features in a single operation.

In the MMO belt maps of structures (shear zones and selected lithological
contacts), lithology maps and map of gold deposits were rasterised at 30m by 30m pixel
size for the computation of the weights of the binary predictor maps, and then co-
registered on a base of air photograph mosaic, topographic maps and acquired ground
control points. The rasterization pixel size was particularly chosen to ensure that only one
gold deposit is found within one pixel (Agterberg, 1992). Clusters of deposits in the

200




Chapter 9: GIS and Gold Exploration in the MMO greenstone belt

MMO belt, particularly around the Penhalonga tonalite intrusion, are as small as 1 km
diameter with deposits located at less than 100 meters apart.

Several binary maps were generated. During processing stage, mineralised shear
zones and main lithological contacts were selected from structural maps on the basis of
their spatial refation to gold deposits, the geological map was regrouped in map domains
to generalize, overlay modelling, and displaying new maps after slicing the out put range
into convenient and discrete intervals for visualization. Vector-raster operation was used
to transform the vector maps into binary raster maps. Construcﬁng buffers around the
main lineaments generated proximity maps. The distance to the foliowing features were
buffered:

« distance to the nearest Archaean shear zone;

. distance to the nearest granite and porphyry intrusions

. distance to the contact between the greenstones and the external granites;

« distance to the nearest contact between highly contrasting lithologies (Bulawayan
and Shamvaian)

« distance to the nearest Fry analyses trend, and

« distance to the nearest BIF

The above maps were combined using weighted algorithms to evaluate the
importance of presence, or absence of specific characteristic, with mineral occurrences
present in each buffer area.

The optimisation is carried out through a decision-tree analyses, which partitions the
dataset, using one variable at a time, to produce mutually exclusive subsets as tested by
studentised contrast.

9.4.2 Spatial relationship between gold deposits and controlling factors

The distance between the gold deposit and the critical parameter was measured in
such a way that spatial correlation is aptimal. The optimum distance is estimated from
analyses of the graph of contrast (C) versus cumulative distance as presented in Bonham-
Carter, (1997). The highest C is obtained at optimum distance which the predictive power
of the binary pattern is maximized Bonham-Carter et al., (1988).
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The algorithms for buffering operation have been developed for a variety of data
structures, both raster and vector. Discussion of this substance is beyond the scope of this
study, interested reader may refer to Bonham-Carter et al., (1988) and references therein.

The binary maps are generated using conditional probability. The proximity maps
were created by constructing buffers at successive radii in 100 m intervals. The maps
produced show distance to the nearest lineament. The buffers referring to one shear zone
continue until it encounters another buffer of neighbouring shear zone, then the buffer
with the shortest radius takes priority, ensuring that the resulting map (Fig. 9-1) shows the

nearest distance to the shear zone in question.

420p00 460p00

46000 SOOL)OO

Figure 9 - 1. Proximity map showing shear zones (red lines), gold deposits (black dots). The shear
zones were dilated at 100 m interval and the buffer zones are cumnulative outwards. Coordinates in
UTM.

9.4.2.1 Proximity analyses

In order to quantify the spatial relationship of gold deposits to the shear zones,
distribution of distances of the deposits to the nearest shear zone is calculated and
statisticat analyses was carried out. The figure 9 -1 is used to calculate the distance of
gold deposits to the nearest shear zone or the frequency of gold deposits ina 100 m buffer
interval. The distribution was obtained by rasterizing the shear zones map followed by
creation of buffers at 100 m interval. The following stage was to rasterize the map of gold

deposits using the same georeference system as the raster map of the shear zones. The
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distance between the gold deposit and the nearest shear zone was obtained by crossing the
raster map shear zones with the raster map gold deposits. The result is a map representing
the intersection of the point map and the buffered shear zones; this result can also be
displayed as a table containing all intersection points, the distance to the nearest shear
sone and the area of influence of the point. The table information was exported into
spreadsheet software and the frequency histograms presented in the next sections were
generated.

Figure 9 — 3 suggests that over 90% of the gold deposits in the MMO belt are
situated within a km from shear zone over 65% are within 500 m and 35% are located
within 200 m from shear zones. These results indicate that shear zones are important
factors in the control of gold mineralisation in the MMO belt.
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Figure 9 — 2. Observed distribution of gold deposits (occurrences) from nearest shear zone,
calculated from the proximity map as described in the text. Represented as cumulative percentage
of gold deposits versus distance from the nearest shear zone.

The next analyses carried out was to see whether the general distribution pattern
reflected in all deposits is reflected or not at gold deposit type scale. The proximity to the
nearest shear zone is estimated for quartz vein (Fig. 9 — 3), high grade (Fig. 9 - 4) and
low (Fig. 9 - 5) grade, high (Fig. 9 - 6), medium (Fig. 9 — 7) and low (Fig. 9 — 8)
production deposits.

The Fig. 9 — 3 point out that more than 86% of quartz veins hosted deposits are
situated within 1 km and 33% within 200 m.
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Figure 9 — 3. Observed distribution of quartz vein gold deposits (occurrences) from nearest shear
zone, calculated from the proximity map as described in the text. Represented as cumulative
percentage of gold deposits versus distance from the nearest shear zone.
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Figure 9 — 4. Observed distribution of high-grade gold deposits (occurrences) from nearest shear
zone, calculated from the proximity map as described in the text. Represented as cumulative
percentage of gold deposits versus distance from the nearest shear zone.
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Figure 9 — 5. Observed distribution of low-grade gold deposits (occurrences) from nearest shear
zone, caiculated from the proximity map as described in the text. Represented as cumulative
percentage of gold deposits versus distance from the nearest shear zone.
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Figure 9 — 6. Observed distribution of high production gold deposits (occurrences) from nearest
shear zone, calculated from the proximity map as described in the text. Represented as cumulative
percentage of gold deposits versus distance from the nearest shear zone.
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Figure 9 — 7. Observed distribution of medium production gold deposits (occurrences) from
nearest shear zone, calculated from the proximity map as described in the text. Represented as
cumulative percentage of gold deposits versus distance from the nearest shear zone.
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Figure 9 — 8. Observed distribution of low production gold deposits (occurrences) from nearest
shear zone, calculated from the proximity map as described in the text. Represented as cumulative
percentage of gold deposits versus distance from the nearest shear zone.
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Table 9 — 1 summarises the distribution of gold deposits in the MMO belt in
relation to the distance from the nearest Archaean shear zone. From Table 9 — 1 it can be
seen that the deposits hosted in Shamvaian (35.7%) and the high production deposits
(30.3%) are spatially the most related to the shear zones followed by the BIF hosted
(28.6%), the medium production (28.3%) and the high grade (;28.2%) deposits, which are

within 100 m from the shear zone,

Table 9 —1. Summary of the relationship between the Archaean shear zones and distribution of
gold deposits in the MMO belt

% of gold deposits & | Number | 1km 500 m 200 m 100 m
distance to the nearest | of

shear deposits | {%} {%} {%} {%}
All deposits 241 g0 65 35 215
Quartz veins 166 86 61 33 217
High grade 125 87.1 65.3 492 28.2 .
Low grade 113 88.5 66.4 39.8 23.9
High production 33 93.9 75.8 515 30.3
Medium production 53 88.7 69.8 41.5 28.3
Low production 151 86.1 576 311 19.9
Felsic and Intermediate | 51 88.5 59 26.2 18
Shamvaian 28 85.7 60.7 57.1 357
BIF 42 857 59.5 40.5 28.6

In order to find out the importance of each lithology in the control of gold
occurrences related to the nearest shear zone characteristic analyses was carried out. This
analysis suggests that most of the Shamvaian host deposits are spatially (35.7% of the
deposits are within 100 m and 57.1% are within 200 m from the nearest shear zone, the
highest percentage in this range) related to the shear zones (as shown in Table 9 - 1, Fig. 9
— 12). Over 40% of BIF related deposits are located within 200 m from the nearest shear
zone (see Table 9 - 1, Fig. 9 - 9). The high correlation between the shear zones and BIF
explain the presence of 29% of BIF related deposits within 100 m and 86% within a km
from any shear zone. In total 90% of all deposits, 94% of the high production, 89% of
felsic — intermediate and 86% of quartz vein deposits in the MMO belt are located within
a Km from any shear zone (Table 9 — 1, Fig. 9 — 10). The shear zones are interpreted as
major controlter to medium to high production deposits (42% of medium and 52% of high
production deposits are located within 200 m) and relatively high grade, 49% within 200
m and 94% within a km to the nearest shear zone. These figures rate the shear zones as

the most important control of gold mineralisation in the MMO greenstone belt.
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Figure 9 — 9. Observed distribution of quartz vein gold deposits (occurrences) from nearest shear
zone, calculated from the proximity map as described in the text. Represented as cumulative
percentage of gold deposits versus distance from the nearest shear zone.
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Figure 9 — 10. Observed distribution of Felsic and Intermediate hosted gold deposits (occurrences)
from nearest shear zone, calculated from the proximity map as described in the text. Represented
as cumulative percentage of gold deposits versus distance from the nearest shear zone.
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Figure 9 — 11. Observed distribution of Shamvaian gold deposits {occurrences) from nearest shear
zone, calculated from the proximity map as described in the text. Represented as cumulative
percentage of gold deposits versus distance from the nearest shear zone.
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Similar analyses was carried out for the felsic and intermediate intrusion (Fig. 9 ~
12), the contact between greenstone belt and the surrounding granite gneiss (Fig. 9 - 13),
the contact between Shamvaian and Bulawayan (Fig. 9 — 14), and the lineaments
generated from Fry analyses in Chapter 5. In each analysis spatial relationships between
each factor and the different types of gold deposits and the main lithologies were
estimated and are shown in Figs 9— 12, 9 - 13 and 9 — 14. The results are summarised in

Tables9-2,9—-3,9—-4and 9-5.
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Figure 9 - 12. Proximity map showing granitic intrusions (grey polygons) and gold deposits (red
dots) in the MMO belt. The granitic intrusions were buffered at 100 m interval and are cumulative
outwards. Coordinates in UTM.

The outcrops of tonalitic intrusions and granitoids mapped from geological map 1:50000
were recognised as important control of gold mineralisation in the MMO belt (see also
Fig. 3 — 25 and 3 — 26) due to its contribution to hydrothermal mineralisation system as
heat source. The granitoids and granitic intrusions were digitised and potygonised and
converted into distance maps that were discretised at 100 m buffering (Fig. 9 — 12). The
overlaying of the image on Fig. 9 — 12 with gold deposits allowed the estimation of
relative importance of the granitic and granitoid intrusions in the spatial distribution of
the deposits. The Table 9 — 2 shows hat 28% of medium production, 17% of high grade
and only 12% of high production deposits occur within the granitoids. Within a km from
the outer limit of the granitoids occur 32% of quartz vein, 38% of felsic intermediate, 27
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of BIF and 28 of al! deposits in the MMO belt. Among all deposits located within a km
from the intrusion there is 36% of medium and 30% high production, and 30% are high
grade.

Table 9 -2. Summary of the relationship between felsic and intermediate intrusions and
distribution of gold deposits in the MMO belt

% of gold deposits & | Number | 1 km 500 m 200 m 100 m Within
distance to  the | of granite
nearest granite | deposits | (%} {%:} {%s} {%}

infrusion {%}
All deposits 241 27.8 24.1 19.5 16.6 11.6
Quartz veins 166 31.9 26.5 19.3 17.5 13.9
High grade 125 304 27.2 21.6 20.0 16.8
Low grade 113 26.6 203 14.2 9.7 6.2
High production 33 303 27.3 15.1 15.1 12.1
Medium production 53 358 35.8 32.1 30.2 28.3
Low production 151 25.8 19.2 13.2 11.3 8.6
Felsic Intermediate 61 37.7 32.8 26.2 26.2 21.3
Shamvaian 28 7.1 3.6 36 3.6 3.6
BIF 42 28.6 19.0 16.7 16.7 14.3

Figure 9 - 13. Proximity map showing the contact between (red line) greenstone belt and the
surrounding granite gneiss terrain and gold deposits (black dots) in the MMO belt. The contact
was buffered at 100 m intervals and the buffer zones are cumulative outwards. Black lines is the
road network. Coordinates in UTM.

The lithological contact between greenstone belts and the surrounding granite-gneiss
terrains is known to be spatially associated with gold mineralisation in the Manica and
Odzi sections of the MMO belt. The table 9 — 3 shows that 42% of all deposits, 42% of
quartz vein type, 62% of felsic Intermediate type, 42% high grade and 42,5% high
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production deposits in the MMO belt are located within a km from the contact. It is
confirmed (Table 9 — 3) that the Shamvaian host deposits are the least influenced by the
contact between greenstone belt and the sﬁrrounding granite gneiss terrains, because of
the stratigraphic position of the Shamvaian sediments (Fig. 3 - 1).

Table 9 —3. Summary of the relationship between the greenstone — granite gneiss terrain contact
and distribution of gold deposits in the MMO belt

% of gold deposits & [ Number of | 1km 500m |[200m | 100m
distance to the nearest | deposits
contact granite - {%:} {%} {%:} {%}
 greenstone beft
All deposits 241 42.0 26.6 14.5 8.6
Quartz veins 166 41.9 26.4 14.9 10.8
High grade 125 42.4 25.6 14.4 8.8
Low grade 113 41.6 274 15.1 11.6
High production 33 42.5 21.2 12.1 6.1
Medium production 53 42.5 25.9 13.0 11.1
Low production 151 41.7 27.8 15.9 10.6
Felsic Intermediate 61 62.3 42.6 24.6 18.0
Shamvaian 28 7.1 3.6 0.0 0.0
BIF 42 23.8 14.3 7.2 2.4

440000

Figure 9 - 14. Proximity map showing the contacts between the Shamvaian and the Bulawayan
(red lines), and gold deposits (black dots) in the MMO belt. The contacts were buffered at 100 m
interval and the buffer zones are cumulative outwards. The white lines is the road network.
Coordinates in UTM.

The contact between Shamvaian and Bulawayan is sheared at places and is known to be
associated with gold mineralisation in the MMO belt as exemplified by the Dot’s Luck
deposit (see section 3.6.2.1). The Table 9 — 4 shows the spatial relationship between the
Shamvaian and the Bulawayan contacts and demonstrates that 75% of Shamvaian host
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deposits, 52% of BIF, 33% of high production and 34% of all deposits in the MMO belt
are located at less than a km from this contact. The analysis also proves the non-
association of the above contact with felsic intermediate host deposits.

Table 9 — 4. Summary of the relationship between the Shamvaian — Bulawayan contact and
distribution of gold deposits in the MMO belt

% of gold deposits & | Number of | 1km 500m |[200m 100 m
distance to the nearest | deposits

contact Shamvaian - {%) | {%} {%s} {%}
Bulawayan

All deposits 241 340 [ 186 9.2 5.8
Quartz veins 166 25.9 13.2 5.4 3.7
High grade 125 28.0 15.2 3.0 5.6
Low grade 113 31.0 14.2 7.1 3.6
High production 33 333 | 21.2 12.1 6.0
Medium production 53 24.5 15.1 9.4 5.6
Low production 151 30.4 13.3 6.0 4.6
Felsic Intermediate 61 3.3 0.0 0.0 0.0
Shamvaian 28 75.0 | 500 14.3 10.7
BIF 42 52.4 30.9 16.6 7.1

9.4.3 Creation of binary maps (weights of evidence) of the geological
features controlling gold mineralisation

This method was favoured instead of the multiple regression method because it
avoids the need to subdivide the area into cells, each cell associated with its own
attributes. These would create large attribute files and a complex degree of spatial

autocorrelation, which in fact would not improve the quality of the analyses (e.g.

Wackernagel, 1995). The weights of evidence probability analysis for quantification of

relationships between known mineral deposits and deposits recognition criteria using
Bayesian rule is extensively described by Bortham-Carter et al. (1998) and Bonham-
Carter (1997). Appendix [X describes the Bayes’ rule for binary maps creation. The
binary maps are actually themselves probability maps which take into account the
architecture of the geology of the MMO belt. The binary model was calculated on the
basis of half of the dataset in all categories. The data splitting method was such that every
deposit had the same chance to belong to one or other set. This was achieved by selecting
in the randomly listed deposits every other deposit to belong to one group and the rest to
the other group set.
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The rasterised lithological map or any other geological pattern was reclassified
into a binary map of favourable lithologies (assigned 1) and non-favourable lithologies
(assigned 0). ‘

In the case of MMO region where there are known gold occurrences with gap
areas in between, the potential of the whole region including the gap areas, can be
calculated statistically. The assessment of this potential requires that relationships
between gold mineralisation and the controlling factors (granitic intrusions, Shamvaian —
Bulawayan contact, granite — greenstone belt contact, BIF, quartz veins and shear zones)
be established. Such relationships were established in the previous sections by
constructing buffers around the parameters and relating this to the gold occurrences.
Because these relationships are complex and overlap among themsetves it is important to
establish the distance up to which the influence of each controlling factor is optimum.
This optimum distance can be called cut-off or threshold distance and is defined by
calculating and interpreting the contrast (C) at successive cumulative distances away from
the controlling factor. The highest contrast usually indicates the optimum threshold
distance at which the predictor power of the binary pattern is maximized (Bonham-Carter
et al., 1998, Caranza and Hale, 2000). The Studentized C was used to determine the
threshold distance due to its high sensitivity to small changes and because it takes into
account the certainty (and uncertainty) of the contrast. The mathematical formulas for the
weights of evidences, contrast value, Studentized contrast value and conditional
independence are well described in Bonham-Carter, (1997) and reproduced in Caranza
and Hale, (2000).

Table 9 — 5 shows the weight of evidence, distance to the nearest granitic
intrusion, contrast and Studentized contrast variation. The contrast and Studentized
contrast variation is also illustrated in Fig. 9 — 19 and the cutoff value, regarded as the
highest value of the contrast and indicated by the black line. The 500 m threshold
encompasses 32 gold occurrences out of 120. This is equivalent to 26% of the total
deposits, which is supported by geological evidence of the region where it is known that
granitic intrusions contro} around 25% of the gold occurrences in the MMO belt (see also
the Chapter 4).
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Table 9 - 5. Weight of evidences, distance to the nearest granitic intrusion, contrast and
Studentized contrast for the gold deposits in the MMO belt

Distance | Deposits | W' SW) | W SW) | C sC CisC
Buffer

0 16 7436 | 0063 |-0.143 | 0010 [7.579 |0.269 | 28.224
100 19 7346 | 0053 |-0.172 |0.010 |7.518 |0.250 j 30.065
200 23 7280 | 0043 |-0.213 |0.010 [7.492 |0.232 ] 32.305
300 27 7239 | 0037 |-0.2556 [0.011 |7.494 |0.219 | 34.280
400 30 7171 10033 |-0.287 {0011 |7.459 |0.211|35.380
500 32 7.066 | 0.031 | -0.310 |0.011 |7.376 |0.206 | 35.730
600 32 6.886 | 0031 |-0.310 | 0011 [7.196 | 0.206 | 34.859
700 34 6.814 | 0029 |-0.333 [0012 [7.147 |0.203 | 35.278
800 34 6693 10029 |-0333 [0.012 [7.025 |0.203 | 34.679
900 36 6628 |0028 |-0.356 |0012 |6.984 |0.199 | 35.061
1000 36 6512 | 0028 |-0.356 |0.012 |6.869 | 0.199 j 34.480
1100 36 6413 | 0028 |-0356 |0.012 [6.769 |0.199 | 33.980
1200 36 6305 |0028 |-0.356 |0.012 |6.661 |0.199 | 33.438
1300 36 6215 |0028 |-0.356 |0.012 [6.572 |0.199 | 32.989
1400 37 6155 | 0027 |-0.368 |0.012 |6.523 |0.198 | 32.997
1500 38 6.103 | 0026 |-0380 |0.012 [6.483 |0.196 |33.037
1600 38 6030 |0026 |-0380 [0.012 [6.410 |0.196 | 32.661
1700 38 5955 |0.026 |-0380 (0012 |6.335 [0.196 | 32283
1800 40 5.025 | 0025 |-0405 |0013 |6.330 |0.194 | 32688
1900 41 5884 | 0024 |-0417 [0013 |6.301 |[0.192 32737
2000 42 5.846 | 0024 |-0430 |0013 |6276 |0.191]32.792
2100 42 5785 |0024 |-0430 |0.013 }6.215 |0.191 | 32471
2200 42 5728 | 0024 |-0430 |0013 [6.158 [0.191|32.174
2300 43 5698 | 0023 |-0442 |0.013 |6.140 [0.190 | 32253
2400 43 5632 | 0023 |-0442 |0.013 [6.075 |0.190 | 31.909
2500 45 5625 |0022 |-0469 |0.013 [6.094 |0.189 | 32.318
2600 47 5619 |0021 |-0496 |0.014 |6.115 |0.187 | 32.698
2700 48 5504 | 0021 |-0509 |0014 [6.103 |0.186 | 32754
2800 48 5548 | 0021 | -0509 | 0014 |6.057 |0.186 | 32.507
2900 48 5502 | 0021 |-0.509 |0.014 [6.011 |0.186 | 32.261
3000 48 5450 | 0021 |-0509 | 0014 [5959 |0.186 | 31982
3100 49 5431 10020 |-0523 |0014 |5954 |0.186 | 32.057
3200 50 5410 | 0020 |-0537 |0014 |5947 |0.185|32.119
3300 51 5389 | 0020 |-0551 |0.014 |5941 |0.185 | 32171
3400 51 5351 | 0.020 |-0551 |0014 |5903 |0.185 | 31.964
3500 51 £314 | 0020 |-0551 {0014 |5866 |0.185 | 31.764
3600 52 5291 |0019 |-0.566 |0015 {5857 |0.184 | 31.792
3700 52 5254 | 0019 |-0566 |0015 [5.820 |0.184 | 31.592
3800 52 5220 | 0019 |-0566 |0.015 |5786 |0.184 | 31.408
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Figure 9 -15. Variation in Studentized contrast value (C) for cumulative distance to the nearest
granitic intrusion in the MMO belt

Shown in table 9 — 6 and Fig. 9 — 16 is the variation in the weight of evidence, the
contrast and the Studentized contrast for cumulative distance from the nearest Archaean
shear zone in the MMO belt. The Studentized contrast is highest at 400 m while the
contrast is not conclusive as shown in Fig. 9 - 16. The cutoff distance is set at 400m for
the optimum influence of the Archaean shear zones. The tabie also shows that 74 deposits

out of 120 are within the optimum area of influence of the shear zones.

Table 9 - 6. Weight of evidences, distance to the nearest shear zone, contrast and Studentized
contrast for the gold deposits in the MMO belt

Distance | Deposits | W* sSwWH W S°W) | C sC CisC
Buffer Number

Total 120

100 28 5798 | 0036 |-0265 0011 |6.063 |0.216 | 28.090
200 41 5683 | 0.024 |-0417 | 0013 [6.100 |0.192 | 31.689
300 56 5655 10018 |-0627 |0016 [6.282 | 0.183 | 34.333
400 65 5592 |0.015 | -0.778 | 0.018 | 6.370 | 0.183 | 34.769
500 74 5560 | 0.014 | -0.956 | 0.022 [6.516 | 0.188 | 34.705
600 84 5531 | 0012 |-1.201 |0.028 |6.732 | 0.199 | 33.795
700 90 5490 | 0011 |-1.383 [0.033 |6.874 |0.211) 32604
800 94 5450 | 0011 |-1.526 | 0.038 |6.977 |0.222 | 31485
900 96 5399 | 0.010 |-1606 [0.042 |7.005 | 0.228 | 30.695
1000 102 5391 | 0010 |-1.893 |0.056 |7.284 | 0.256 | 28.491
1100 106 5364 | 0.009 |-2.144 [0.071 |7.508 |0.284 | 26.405
1200 109 5336 | 0.009 |-2.385 [0.091 |7.721_ | 0.316 | 24,407
1300 111 5312 | 0009 |-2586 |0.111 |7.898 |0.347 | 22.788
1400 113 5288 | 0.009 |-2.8637 |0.143 [8.125 |0.389 | 20.861
1500 114 5257 10008 |-2991 [0.167 |8.248 | 0.419 | 19.692
1600 115 5235 | 0.009 |-3.173 | 0200 |[8.408 | 0.457 | 18.405
1700 115 - 5206 | 0.009 |-3.173 | 0.200 |8.379 | 0.457 | 18.342
1800 115 5175 10009 |-3.173 | 0200 |8.348 | 0457 | 18.273
1900 115 5145 | 0009 |-3.172 | 0.200 |8.318 | 0.457 | 18.207
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2000 115 5121 0.009 | -3.172 | 0.200 8.293 | 0457 | 18.154
2100 117 5115 0009 |-3.683 |0.333 8.798 | 0.585 | 15.047
2200 117 5.090 0.009 |-3683 |0.333 8.773 | 0.585 | 15.005
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Figure 9 - 16. Variation in contrast value and Studentized contrast value for cumulative distance
to the nearest Archaean shear zone intrusion in the MMO belt

The Table 9 — 7 and illustrated in the Fig. 9 — 17 Summarise the weights of
evidence, contrast values and Studentized contrast value for cumulative distances from
the nearest Shamvaian — Bulawayan contact in the MMO belt.

Table 9 - 7. Weight of evidence, distance to the nearest Shamvaian — Bulawayan contact, contrast
and Studentized contrast for the gold deposits in the MMO belt

Distance | Deposits W [sfw)|w s'w) | C sC CisC
Buffer Total (120)

100 5 5232 | 0200 |-0.042 |0.009 |5.274 | 0.457 11.545
200 7 5049 [ 0.143 | -0.060 |0.009 |5.109 | 0.389 13.117
300 11 5149 | 0.091 |-0.096 |0.009 |5.245 | 0.316 16.578
400 14 5136 | 0071 |-0.123 |0.009 | 5259 | 0.284 18.494
500 18 5186 | 0.056 |-0.162 | 0.010 [5.347 | 0.256 20.916
600 20 5108 | 0.050 |-0.181 |0.010 [5.289 |0.245 21.592
700 28 5301 | 0.036 | -0.265 | 0.011 | 5.565 | 0.216 25.786
800 28 5180 | 0.036 |-0264 |0.011 5445 | 0216 25.227
900 31 5176 | 0.032 [-0.297 |0.011 [ 5473 | 0.209 26.244
1000 35 5201 | 0.029 [-0.343 | 0.012 | 5.544 | 0.201 27.604
1100 38 5194 | 0.026 |-0.379 |0.012 | 5573 | 0.196 28.400
1200 45 5276 | 0022 |-0468 | 0013 |5744 |0.189 30.462
1300 53 5374 | 0.019 | -0.581 |0.015 {5955 |0.184 32.393
1400 57 5387 | 0018 |-0642 |0.016 |6.029 | 0.183 32.980
1500 60 5384 | 0.017 [-0691 |0.017 [6.075 | 0.183 33.272
1600 60 5336 | 0.017 |-0691 |0.017 |6.027 |0.183 33.012
1700 62 5328 [ 0.016 | -0.725 | 0.017 |6.0562 | 0.183 33.132
1800 63 5.305 | 0.016 | -0.742 | 0.018 |[6.047 [0.183 |33.078
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1900 64 5288 | 0.016 [-0.759 |0.018 | 6.047 | 0.183 33.049
2000 68 5319 | 0.015 |[-0.833 |0.019 |6.152 | 0.184 33.395
2100 69 5.306 | 0.014 |[-0.853 |0.020 |6.159 | 0.185 33.352
2200 71 5309|0014 [-0.893 |0.020 |6.201 | 0.186 33.390
2300 71 5283 | 0.014 [-0.893 [ 0.020 [6.176 | 0.186 33.254
2400 75 5314 (0013 |[-0978 |0.022 |6.291 | 0.189 33.365
2500 75 5.285 | 0.013 [-0.978 |0.022 |6.263 | 0.189 33.214
2600 77 5288 | 0.013 [-1.023 ]0.023 |6.311 | 0.190 33.150
2700 78 5278 1 0.013 [ -1.046 | 0.024 |6.324 | 0.191 33.044
2800 80 5281|0013 |[-1.095 |[0.025 [6.376 |0.194 32.925
2900 82 5283 | 0.012 [-1.146 | 0.026 |6.430 | 0.196 32.764
3000 84 5285]0.012 |-1.200 |0.028 {6486 |0.199 32.559
3100 90 5323|0011 [-1.383 10.033 |6.706 | 0.211 31.808
3200 92 5325 0.011 |[-1.452 |0.036 |6.776 ;0216 31.395
3300 93 5315|0011 [-1.488 |0.037 | 6803 |0.218 31.119
3400 93 5295 | 0.011 |-1.488 |0.037 }6.783 | 0.219 31.026

The Studentized contrast is highest for 700 m wherein 28 of the 120 gold
occurrences are present and a second pick is at 1500 m where 50% of the deposits are
inciuded. The optimum cut off distance from the Shamvaian — Bulawayan contact is set
at 700 m because is unrealistic for the geology of the region that 50% of the deposits
would be influenced by this contact.
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Figure 9 - 17. Variation in contrast value and Studentized contrast value for cumulative distance
to the nearest Shamvaian — Bulawayan contact in the MMO belt

The variations of weights of evidence, contrast values and Studentized contrast

values for cumulative distances from the nearest BIF in the MMO belt are shown in Table
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9 — 8 and Fig. 9 — 18. The highest contrast and the cutoff distance are set at 900 m
wherein 62 out of 120 deposits are present.

Table 9 - 8. Weight of evidence, distance to the nearest BIF, contrast and Studentized contrast for
the gold deposits in the MMO beit

Distance | Deposits | W | S°W) |W s‘w) | C sC CisC
Buffer Total (120)
100 16 5.483 | 0.063 | -0.143 | 0.010 [5625 |[0.269 | 20.947
200 21 5371 | 0.048 |-0.192 |0.010 [5563 |0.240 |23.154
300 26 50706 | 0038 | 0243 |0011 | 5539 0222 |24997
400 32 5315 | 0.031 |-0.309 [0011 |5.624 0206 | 27.244
500 38 5.340 | 0.026 | -0.379 | 0.012 |5.719 0.196 | 29.142
600 44 5351 | 0023 |-0455 |0013 | 5806 |0.189 | 30.652
700 48 5306 | 0.021 |-0.509 | 0014 [5815 |0.186 | 31.206
800 55 5349 [0.018 |-0611 |0015 | 5960 |0.183 | 32.530
900 62 5.386 | 0.016 | -0.725 | 0.017 | 6.111 0.183 [ 33.450
1000 63 5321|0016 |-0.742 | 0018 |6.062 |0.183 | 33.164
1100 66 5289 | 0015 |-0.796 | 0019 |6.084 [0.183 | 33158
1200 69 5267 | 0.014 | -0.853 | 0020 [6120 |0.185 |33.142
1300 74 5269 | 0.014 | -0.956 [ 0.022 | 6.225 0.188 | 33.153
1400 79 5378 | 0013 |-1.071 |0024 | 6348 |0.192 {32982
1500 84 52084 | 0.012 |-1.200 | 0028 | 6484 |0.199 | 32.550
1600 89 5294 | 0.011 | -1.350 |0.032 | 6644 10209 |31.859
1700 a2 5084 | 0011 | 1451 | 0036 |6736 |0.216 | 31.208
1800 92 5742 | 0011 |-1451 |0.036 |6693 |0.216 |31.009
1900 94 5219 | 0011 |-1.525 | 0038 |6744 0222 |30434
2000 98 £225 10010 |-1.692 |0.045 [6.917 |0236 |29.321
2100 100 5213 | 0.010 | -1.787 | 0.050 |7.000 0245 | 28.577
2200 102 5199 | 0.010 |-1.892 |0.056 |7.092 |0.256 |27.739
2300 105 5198 | 0.010 |-2.075 | 0067 |7.273 0276 |26.348
2400 106 5179 | 0.009 | -2.143 | 0071 [7.322 [0284 | 25750
2500 111 5190 | 0.009 | -2.585 |[0.111 |7.776 0.347 | 22.435
2600 113 5.181 | 0.009 |-2.836 |0.143 |8.017 0.389 | 20.583
2700 113 5.156 | 0.009 | -2.836 | 0143 [7.992 |0.389 | 20.518
2800 114 5140 | 0.009 |-2.990 |0.167 [8.130__ | 0.419 | 18411
r 2900 114 5115 | 0.009 | -2.990 |0.167 [8.105 |0419 | 19.350
3000 114 5089 | 0.009 |-2.990 |0.167 |8.079 |0.419 | 19.289
3100 115 5.069 | 0.009 |-3.172 |0.200 | 8.241 0.457 | 18.040
3200 115 5047 | 0.009 |-3.472 |0.200 |8219 |0457 |17.992
3300 115 5025|0009 |-3.172 | 0.200 |8.197 0.457 | 17.942
3400 115 500210009 [-3.172 [0.200 |8.173 0457 | 17.891
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Figure 9 - 18. Variation in contrast value and Studentized contrast value for cumulative distance
to the nearest BIF in the MMO belt

The fry analyses or autocorrelation analyses, discussed in Chapter 5 has shown
that the translation maps of gold occurrences suggest alignments of dots which are
regularly spaced. The main orientations of the alignments are NE — SW, N S, and E -
W. The relationships between the gold occurrences and the alignment identified by
autocorrelation analyses are presented using 100 m spacing buffers, estimation of contrast
value, Studentized contrast value, and weights of evidences in a Boolean model (Table 9-
9).
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Table 9 — 9. Weights of evidence analyses of the Autocorrelation analyses lineaments

Distance | Deposits [ W' SW) | W SiW) | C sC CisC
Buffer Total {(120)
100 18 5508|0056 |-0.162 | 0.010 | 5669 0.256 22,176
200 29 5487 | 0034 |-0.276 | 0.011 | 5.763 0.213 27.024
300 46 5571 (0022 |-0482 |0.014 |6.053 0.188 32.241
400 56 5541 | 0.018 | -0627 | 0.016 | 6.167 0.183 33.708
500 62 5462 | 0016 | -0.725 | 0.017 | 6.187 0.183 33.867
600 67 5363|0015 [-0815 |0.019 | 6.178 0.184 33.607
700 75 53210013 |-0.978 |0.022 |[6.299 0.189 33.4056
800 80 52810013 |-1.095 |[0.025 |6.377 0.194 32.929
900 83 5226 1 0.012 | -1.173 | 0.027 | 6.399 0.198 32.372
1000 90 5210 | 0.011 |-1.382 | 0.033 | 6.592 0.211 31.271
1100 93 5152 [ 0.011 [-1.487 |0.037 | 6.640 0.219 30.372
1200 95 5108 | 0.011 |-1.564 {0.040 | 6.672 0.225 29.681
1300 96 5.056 | 0.010 | -1.604 | 0.042 16.660 0.228 29.184
1400 99 5.022 | 0.010 |-1.738 | 0.048 |6.760 0.240 28.136
1500 101 4080 | 0010 |-1.837 |[0.053 |6.817 0.250 27.261
1600 103 49530010 [-1.948 [ 0.059 |6.901 0.262 26.361
1700 104 4919 |0.010 |[-2.009 |0.063 |6.927 0.269 25.795
1800 106 4889 0.008 |-2.142 | 0.071 | 7.0 0.284 24726
1900 107 4851} 0.009 |-2216 |0.077 | 7.067 0.294 24.059
2000 108 482610009 |-2295 |0.083 |7.121 0.304 23.402
2100 108 4794 | 0009 (-2295 |0.083 | 7.089 0.304 23.298
2200 109 4768 [ 0.009 |-2.382 |0.091 |7.150 0.316 22.601
2300 110 4749 | 0.009 | -2.477 |0.100 | 7.226 0.330 21.877
2400 111 47310009 |-2582 |0.111 |7.313 0.347 21.100
2500 111 4698 | 0.009 |-2582 [0.111 | 7.280 0.347 21.005
2600 111 4670|0009 |[-2582 |0.11t1 [7.252 0.347 20.924
2700 113 4665 | 0.009 |-2833 |0.143 | 7.498 0.389 19.249
2800 113 4642 |1 0009 |-2.832 |0.143 | 7.475 0.389 19.191
2900 114 4627 1 0.009 |-2986 |0.167 | 7613 0419 18.176
3000 114 4603 | 0.009 |-2986 |0.167 | 7.589 0.419 18.118
3100 114 4573|0009 {-2986 {0167 | 7.559 0.419 18.048
3200 114 4554 | 0.009 |-2.986 | 0.167 |7.540 0.419 18.001
3300 114 453310009 |-2985 |[0.167 |7.518 0.419 17.950
3400 115 452110009 |[-3.168 | 0.200 | 7.688 0.457 16.830
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Figure 9 — 19. Variation in contrast value and Studentized contrast value for cumulative distance
to the nearest Fry lincament in the MMO belt
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At this stage there is one set of seven binary predictor maps (Table 9 —10) that can

be integrated to map the gold potential in the MMO greenstone belt on the basis of known

gold occurrences. The weights of evidences, contrast values and their standard deviations

and Studentized contrast for each of the binary predictor maps are summarised in Table 9

— 10 and the seven maps are shown in Figs 9 -20to 9 —26.

Table 9 - 10. Summary of the weight of evidence, threshold distance and contrast for the gold

deposits in the MMO belt

Binary Predictor | Deposits | Threshold [ W© sWo [ W SW C sC C/isC
Pattern within Distance in

threshold metres
Felsic and
Intermediate 32 500 7,066 0,031 {-0310 |0,0t1 | 7376 | 0,206 | 3573
intrusions
Shamvaian -128 700 5.301 0.036 |-0.265 |0.011 |5565 |0.216 | 25.786
Bulawayan
contact
Granite -~ | 47 800 4,957 0.021 |-0.494 | 0.014 | 5452 | 0.187 | 29.151
Greenstone
contact
BIF 62 900 5386 0.016 | -0.725 | 0.017 |6.111 |0.183 | 33450
Shear zones 74 500 5,560 0,014 | -0,956 | 0,022 | 6,516 | 0,188 {34,705
Fry lineaments 62 500 5.462 0.016 |-0,725 | 0.017 | 6.187 | 0.183 33.867
Bulawayan host | 106 900 5.289 0.009 | -2.144 | 0.071 | 7433 | 0.284 | 26.138

rocks

Figure 9 - 20. Binary geological pattern for buffered granitic intrusions (500 m cutoff) and
positive and negative weights of 7,066 (red) and -0,310 (blue) respectively. The black dots
correspond to all 120 gold occurrences in the MMQ belt
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Figure 9 - 21. Binary geological pattern for buffered Shamvaian — Bulawayan contact (700 m
cutoff) and positive and negative weights of 5.301 (red) and —0.265 (blue) respectively. The black
dots correspond to 120 gold occurrences in the MMO belt

Figure 9 - 22. Binary geological pattern for buffered granite - greenstone contact (800 m cutoff)
and positive and negative weights of 4.957 (red) and -0.494 (red) respectively. The black dots
correspond to 120 gold occurrences in the MMO beit
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Figure 9 - 23. Binary geological pattern for buffered BIF (900 m cutoff) and positive and negative
weights of 5.386 (red) and -0.725 (blue) respectively. The black dots correspond to 120 gold
occurrences in the MMO belt

I i nu....m[-’lsjz UUDO_ILM :.:_.m.-_:;" b

Figure 9 - 24. Binary geological pattern for buffered Shear zones (400 m cutoff) and positive and
negative weights of 5,560 (red) and -0,956 (blue) respectively. The black dots correspond to 120
gold occurrences in the MMO belt
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Figure 9 - 25. Binary geological pattern for buffered fry lineaments {500 m cutoff) and positive
and negative weights of 5.462 (red) and -0,725 (blue) respectively. The black dots correspond to
120 goid cccurrences in the MMO belt

The lithologies hosting more than 25% of the gold deposits in the belt are
empirically considered favourable to mineralisation (Table 9 — 10). This condition makes
the Bulawayan rocks and the granitic intrusions favourable lithologies and the BiF and
Shamvaian lithologies unfavourable. But, if productivity of each lithology, defired per
number of deposits per square km is used, the BIF (17465 oz/km?) becomes favourable
(Mondlane et al, 2000).

These lithologies were then integrated and binary maps were generated using
conditional probability.
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Figure 9 - 26. Binary geological pattern for buffered favourable host Bulawayan lithologies (900
m cutoff) and positive and negative weights of 5.289 (red) and -2.144 (blue) respectively. The
black dots correspond to 120 gotd occurrences in the MMO belt

9.5 Creation of a mineral potential map for MMO

9.5.1 Test of Conditional Independence

In the MMO region where there are known gold occurrences with gap areas in
between, the potential of the whole region including the gap areas, can be calculated
statistically. The assessment of this potential requires that relationships between gold
mineralisation and the controlling factors (granitic intrusions, Shamvaian — Bulawayan
contact, granite — greenstone belt contact, BIF, quartz veins and shear zones) be
established.

The seven binary predictor maps created in section 9.4.3 can now be combined to
produce a predictive map for the MMO belt. Prior this integration using the Bayesian
probability model described by Bonham-Carter, (1997) and Asadi and Hale, (2001), it is
necessary to test the conditional independence between all pairs of the maps to be
combined.

The test of independence means that the conditional probability of binary pattern
e.g. A being present is independent of whether binary A, is present or not, and vice versa

and can be calculated using the following equation (Bonham-Carter, 1997).
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N{A, N D} N{A,N D}
N{A, NA; N D}= NDT Eq. 9-1

Where A; and A; are conditionally independent with respect to a set of mineral

occurrence points D.

The left-hand side of the equation is the observed number of deposits in the

overlap region where both binary patterns Ay and A, are present. The right-hand side is

the expected number of deposits in the overlap area. The resuit of the equation 9-1 can be
represented as a contingency table (Table 9— 11).

The conditional independence is valid only if N{fA, NA; N D}is not equal to zero. In the

case where there is no spatial overlap between the patterns A, and Ay, then N{A; NA; N
D}is equal to zero, thus there is no conditional independence. If a pattern has high spatial

correlation with other, it will imply that the patterns are not conditionally independent and
the right hand member of the equation 9 -1 will be greater than the left hand. According
to Agterberg (1992), Bonham-Carter (1997) and Caranza (2002) in such cases one of the
binary patterns must be discarded or possibly be combined with appropriate binary
pattern before the weights of evidence analysis.

The spatial relationships between the binary patterns and the mincrals deposit can be
related according to a contingency table calculation for testing the conditional

independece of every two binary predictor pattems (Table 9 — 11).

Table 9 — 11. Contingency table for testing conditional independence. The four values in the table
are either the expected or calculated values according to Eq. 1, or observed values from the maps.
(after Bonham-Cater, 1997)

A, Present A, Absent Total

Az Present N{A] ﬂAz n Q} N{Al nAz n D} N{Az N D}

Az Absent N{A,nAz n D} N{Az nAz N D} N{Az N D}

Total N{A; N D} N{A, N D} N{D}

The conditional independence is tested by calculating ¥* as follows:

4
2 _
x lz=1 Expected d,

(observed d; — expected d; )*

Eq.9-2

225




Chapter 9: GIS and Gold Exploration in the MMO greenstone belt

The y* can be used to calculate the conditiona! independence with at least 98% confidence
level because the deposits are considered as points, which are not affected by unit area
measurements (Walker and Lev, 1953, Bonham-Carter, 1997).

Other methods of testing the conditional independence between a pair of binary predictor
patterns are described by Bonham-Carter et al. (1989) where they privilege the
calculation of observed and predicted numbers of pixels with and without deposits in
eight unique overlap possibilities.

With respect to all deposits in the MMO belt all pairs of binary geological
parameters, except for the Fry lineaments and the BIF, are conditionally independent
(Table 9 - 12). As proved by the comparison between the critical value of chi-square,
which is equal to 15.98 for the probability level of significance of 1%, and degree of
freedom is calculated as (number of rows -1) times (number of columns -1) (Levine et al.,
2002). The bold values in Table 9 — 12 are those pairs for which the conditional

independence is not violated.

Table 9 — 12. Calculated chi-square values for testing conditional independence between all pairs
of 5 binary maps with respect to all gold occurrences in the MMO belt.

Shamvaian — | Granite - Shear Fry
Binary Map Bulawayan Greenstone { BIF ZOnes lineaments
contact contact
Felsic and Intermediate | 7,388 6.774 9,384 10,888 23.135
intrusions
Shamvaian —  Bulawayan | - 13,971 28,297 | 25,769 15,433
contact
Granite — Greenstone contact | - - 14,671 1 15,633 17,731
BIF - - - 27,580 52,053
Shear zones - - - - 29,000

The fact that the geological parametres are conditionally independent, suggest that
the binary patterns can be combined using the weights assigned in Table 9 — 10 and the
Fry lineaments and BIF must be discarded from the model (see next section).

9.5.2 Data Integration and Results

The final product of the analyses is a new map that should reflect the known
occurrences and provides as well new target areas. The probability of finding gold
occurrence is calculated using Bayesian rules (Appendix [X). The final maps showing
probabilities of gold occurrences were prepared using ILWIS software.

The binary patterns that proved to be conditionally independent according the test
described in previous section were assigned the positive weight for the pixels within the
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optimal spatial association with respect to gold deposits, and otherwise pixels were
assigned the negative weight. The pairs of input binary predictor patterns that proved to
be conditionally dependent according to the chi-square test were discarded. The
overlying of the map is by itself a true geological and statistical test of validity of the
predictor patterns. Thus, an overall test of conditional independence for probing the
statistical validity of the posterior probability map was not performed in this study.

The GIS uses a query method to create a spatial model by superimposing all the
weighted critical parameters in binary maps on to a single map and likewise comparing
with known gold deposits and occurrences. The overlap of various evidences of the
critical parameters on binary maps resulted in the areas with highest cumulative weights
representing the highest probability of gold occurrence.

The Fig. 9 - 26 shows the prospectivity map considering five binary maps
(granite-greenstone contact, Bulawayan — Shamvaian contact, shear zoneé, felsic and
intermediate intrusions and the Bulawayan lithology) with predictive weights ranging
from a maximum of 22.754 to a minimum of -3,991, providing a relative measure for
prioritising areas of exploration potential for goid.

The prospectivity map is presented as discrete and threshold in terms of low,
moderate, high and very high prospectivity areas for better visual impact.
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Figure 9 —27. Final map of gold potential based on binary predictor patterns whose weights were
calculated for 120 deposits in the MMO belt. The black dots correspond to the 120 gold
occurrences used to generate the model.
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Threshold between low and moderate prospectivity zones is set by W'y + W'z -
W, + W7, where the subscripts refer to the predictor patterns with lowest positive
weights, and is equal to 4.957 + 5.289 — (0,494) + (2,144) = 8.596 for low grade deposits
in the MMO belt.
The threshold between the moderate and the high prospectivity areas is calculated using
the three-predictor patterns with lowest positive weights, and thus is 13.632.
The threshold between the high and very high prospectivity areas are also calculated
similarly using the four-predictor patterns with lowest positive weights, and in this case it
is equal to 18.236. The threshold intervals as defined earlier correspond to 16% of the
deposits falling in the low prospectivity area, 30% within moderate, 40% and 14.2% of
the known deposits are in the high and very high prospectivity areas, respectively.

9.5.3 Analyses of the Results

The summary of the weights and contrast value used in the predictive model for
all deposits (Table 9 — 10) of the belt has been illustrated on map of prospectivity Fig. 9 -
27. In the contingency table for calculated chi-square two binary predictor patterns did
not meet the criteria for conditional independence and they were discarded from the
mode!. These patterns are geologically retated, for example, most of the BIF are within
shear zones hence their high spatial correlation. The Fry lineaments are derived from
alignments of known deposits which are controlled by one or another pattern in the
model, hence its high correlation with all other patterns except for the contact between
Bulawayan and Shamvaian. The discarding of these two binary predictor patterns did not
affect the model.

The model as designed depicts 54% of the deposits within high and very high
prospectivity areas (Fig. 9 — 28). The other strength of the model is that only 16% of the

deposits are within low prospectivity area.

228




Chapter 9: GIS and Gold Lxploration in the MMO greenstone belt

Very High - gheg
High [

Moderate |

Prospectivity

0 10 20 30 40 50

% of known gols ocurrences

Figure 9 - 28. Distribution of all known deposits within the study area per Prospectivity Index.
Note the dominance of deposits within the highly prospective zones.

9.5.4 Model Validation

In general, if more than or approximately 55% of known gold occurrences fall
within the areas of high and very high probability one can consider the model correct and
the areas of high and very high probability without known deposits may constitute the
location of unknown deposits of same type. Table 9 — 13 summarise the distribution of
deposits by the probability intervals as mean of model validation. The patterns are similar
in all prospectivity index categories where 51% of the deposits are distributed within the
high and very high prospectivity areas (Fig. 9 —29). In the validation data set only 20% of
the gold occurrences fall within low prospectivity area. The 30% of gold occurrences
falling within area of moderate prospectivity index shows some consistency of the model

for the designing and the validation datasets.

Table 9 — 13. Summary of the results of the predictive maps based on the original data (mode!
generator) and the unknown data set (validation set) of gold occurrences in the MMO belt

Gold All  deposits | Al deposits
potential |Set one] [Set two
Number | % Number | %
Low 19 15.8 {25 20.7
Moderate | 36 30 |35 28.9
| High 48 40 143 35.5
Very High | 17 142 {18 14.9
Total 120 100 | 121 100
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Figure 9 — 29. Final map of gold potential based on binary predictor patterns whose weights were
calculated for 121 deposits in the MMO belt. The black dots correspond to the 121 gold

occurrences which were not used in the model generation phase.

The Fig. 9 — 30 shows that 70% of the gold occurrences in the validation dataset are

within moderate to very high prospectivity areas. This indicates that the assumptions of

conditional independence discussed earlier are not seriously violated (Table 9 — 12). This

facto, to some extent validates the splitting process used in dataset in order to obtain a

model generating dataset and a validation dataset.

% gold ocurrencies

o e S Y T NS o AN T

Figure 9 - 30. Distribution of all unknown deposits (Validation dataset) within the study area per

Prospectivity index. Note the pattern similarity between this Fig and the Fig. 9 — 28.

The Fig. 9 — 31 represent the data flow of the GIS model for gold mineralisation

prediction in the MMO greenstone belt.

230




DATA INPUT Bulawayan Shamvaian host Granitic
host rocks rocks intrusions
I 1 1
Archaean Shamvalan - Granite - Fry analysis
shear Bulawayan Greenstones BIF lineaments
zones contact contact
| I | | |
Gold Deposits Model Gold Deposits
Generation Dataset Maodel Validation
DNataset
e
( Threshold
Buffering Proximity Contrast value C Studentised C Definition
relationships
| I v | | |
Data
Manipulation We!ghts of evidence .
Boolean
Models
Test of
Conditional
Independence
' Bayesian
& Models
v v
Predictive
nel > probability Model
Data Qutput maps ﬂ Validation
Figure 9 - 31. Schematic diagram of the GIS based gold mineralisation exploration model for the MMO greenstone belt.
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9.6 Discussion

This chapter demonstrated the distribution of deposits within distance interval
(buffer) to the nearest mineralisation-controlling factor (e.g. shear zones) and, it is seen in
Fig 9 — 3 that 90% of the gold deposits in the MMO belt are situated within a km from
Archaean shear zones for example. This is the pattern when considering all deposits in the
belt. The subdivision of the gold occurrences in mineralisation categories (Figs 9 —3 to 9
— 8 and Table 9 —1 — to 9 - 4) reveals that different categories present different
distributions and proximity to the controlling factors, but all of them within 1.5 km. For
example, the high production deposits are concentrated within 400 m to the nearest shear
zone (Fig. 9 -6 and Table 9 - 1).

The study proved here that some patterns are spatially more related to
mineralisation than others (Table 9 -1 to 9 - 4) e.g. 51,5% of high production deposits are
located within 200 m to the nearest shear zone, while 53,3% of medium production
deposits are situated within 100 m to the nearest felsic or intermediate intrusion (Table 9
- 2), 41.9% of felsic or intermediate occurrences are located within 500 m to the nearest
greenstone — granite gneiss terrain contact (Table 9 — 3) and 50% of the Samvaian-host
deposits are situated within 500 m to the nearest Shamvaian — Bulawayan contact. This
example shows that there is need to harmonize the importance of each parameter before
combining all of them in the predictive model. One way of harmonizing the influence of
each parameter is by calculating their weights of evidence.

At this stage the gold occurrences dataset was split into two subsets of 120 and
121 occurrences. One set was used to generate the model of weight of evidence and the
other was used to test the validity of the model. From the weights presented earlier, it has
been seen that the presence of felsic and intermediate intrusions carries more weight of
favourableness than any other factors, contrary, the granite — greenstone contact carries
the least weight (Table 9 — 10). This finding is supported by geological evidences, fry
analyses resuits and the known deposits distribution which show a cloud of deposits
around the Penhalonga granodiorite, for example. This suggests that the felsic and
intermediate intrusions statistically represent the most important parameter in terms of
favourableness of occurrence of gold deposits. The use of weights of evidence for
mapping gold prospectivity as main criteria has been applied by other researches (see for
example, Sahoo et al. (2000), Carranza and Hale (2000), Ngorima (1999)), however none
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of these studies addressed gold mineralisation in greenstone bets. In general the results
obtained by earlier authors compare favourably with results obtained in this study.

The magnitude of Studentized C (e.g. Tables 9 —51to 9 - 10, or Figs. 9 - 15t0 9 -
19) shows that based on cutoff distance of influence, input binary maps important for
prediction of gold occurrences are (i) proximity to felsic and intermediate intrusions, (ii)
proximity to Archaean shear zones, (iii) proximity to banded iron formations, (iv)
proximity to Upper Bulawayan — Shamvaian contact, and (v) proximity to granite —
greenstone contact. On the basis of Studentized C the felsic and intermediate intrusions is
again the most significant predictor of all gold occurrences in the MMO belt. Studentized
C for calculation of optimum cutoffs distance was also used by e.g. Bonham-Carter et al.,
(1988), Bonham-Carter (1997), Carranza and Hale, 2000. Bonham-Carter (1997) suggests
that Studentized C must be used in a relative rather than an absolute sense, because of the
assumptions required for a formal statistical test. He adds that it is nice to see values of
Studentized C higher than 1,5 or even 2 because this will imply that the contrast is large
compared with the standard deviation, and then the contrast is more likely to be “real”.
All of Studentized C values in this study are higher than 1,5, which according to Bonham-
Carter (1997) would be more likely to be statistically “real”.

As mentioned earlier, binary map analysis was selected due to its flexibility and it
avoids the subdivision of the study area into cells, each cell with associated attributes.
The binary maps were prepared using the optimum cutoffs determined by the Studentized
C analyses. The positive and negative weights of evidence were used to produce the
binary maps of mainly two values, positive or negative weight. The positive weight is
assigned to the area within the cutoff distance and the negative weight of evidence is
assigned to the area outside the optimum cutoff distance.

The conditional independence test carried out for all pairs of binary maps (Tables
9 — 12) shows that chi-square values for most of pairs do not violate the null hypothesis.
The shear zones — BIF binary maps pair show high dependence in all pairs, i.e. the chi-
square value is high than the critical chi-square value. This can be explained by the fact
that most of the BIFs are shear zones. Thus, the decision to discard the binary predictor
BIF was taken. The shear zones also show conditional dependence with Upper
Bulawayan — Shamvaian contact, which is explained by the fact that large segments of
this contact are highly sheared. Statistically, the shear zones were supposed to be

removed from the analyses because they violate the conditional independence principle,
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but the removal of shear zones from the analyses would be “geologically” incorrect
although statistically correct. The Fry lineaments show dependence to all other binary
parameters except for the Shamvaian — Bulawayan contact, thus it was removed from the
model.

From the exercise presented in this Chapter it has been shown that the presence of
shear zones in general and surroundings, within 400 m, is a highly favourable to presence
of gold deposits. The GIS model tested here depicts around 55% of the deposits within
arcas of high and very probability of occurrence. The model was then tested for validity
using the other dataset and proved to be consistent and valid by depicting 51% of the
deposits within high and very prospectivity areas and 80% within moderate to very high
prospectivity. These observations mean that each dataset of gold deposits can be used to
predict the location of the other gold deposits. This is evidence to support that the gold
mineralisation in the MMO greenstone belt is genetically and spatially associated to a
single event and to similar geological features. This observation corroborate with

conclusion of Fractal analyses discussed in chapter 5.

9.7 Conclusions

From the discussion presented in this Chapter the following conclusions can be
drawn:

o The establishment of quantitative and qualitative distribution of the spatial
association between known gold occurrences and geological features in the MMO belt is
important tool for mapping its mineral potential.

o The distribution of the deposits within distance intervals to the nearest
mineralisation-controlling factor agree largely with results from the fractal analyses
regarding the cluster size around the factors (e.g. shear zones).

o GIS modelling using Bayesian probability for gold potential assessment and
prediction provided a useful tool for predicting gold potential in the MMO greenstone
belt. The results obtained in the MMO greenstone belt can be considered representative
because of the large number of gold occurrences within the belt and the number of

occurrences per square km.
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0 The selection of the controls of mineralisation using geological principles was in
general confirmed to be correct by statistical test of conditional independence for the
pairs of predicting patterns.

o The Studentised contrast (C) has shown to be a powerful criterion for
establishing the cut-off distances of influence for each controlling parameter which was
later used for conversion of multi-class proximity maps into binary patterns.

o The magnitude of contrast (C) and the Studentised C proved to be a good
indicator of the importance of each mineralisation-controliing factor, being high for all
factors, suggesting the statistical validity of the binary predictors.

0 The test of conditionality shows that chi-square values for most of the binary
maps pairs do not violate the null hypothesis, thus could be combined.

a The crossing of validation dataset with resulting maps of posterior probabilities
shows that the model is correct. This is evidence to support that the gold mineralisation in
the MMO greenstone belt is genetically and spatially associated to a single event and to
similar geological features.

o The posterior probability maps have identified unexplored gold potential zones
in additions to the known gold potential zones. These maps can be used to direct

exploration work to search for new deposits in the area.
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Chapter 10

10 Discussion, Conclusions and Recommendations

10.1 Introduction

This thesis investigated mainly the design and use of a GIS based database for
gold exploration in the MMO belt; the spatial distribution patterns of known gold deposits
and their occurrences through statistical, autocorrelation and fractal analysis; the use of
satellite imagery for mapping structures and alteration patterns related to mineralisation;
the ground infrared spectral geology for mapping alteration and structures related to gold
mineralisation; and the design of a GIS based gold mineralisation prediction model for
MMO belt.

10.2 General Discussion

Discussions were presented at the end of each Chapter in order to highlight the
main observations. In this section only few general problems of the study are discussed.

The design and testing of GIS based gold prediction model requires several
parameters that feed into the model. The acquisition of these parameters is crucial for the
quality and accuracy of the results. Earlier studies have generated these parameters
mainly by traditional exploration methods, including geophysics, geochemistry and
fieldwork coupled with laboratory studies and they are not usually compliant with digital
database requirements. The main problem with such approach is that it is time
consuming, laborious and ultimately expensive.

The main challenge in the digital exploration model design is to find entry
parameters that are easy to gather, rapid to use and less laborious and still be of high
quality to be able to produce reliable prospectivity maps. This study has contributed
towards a GIS based exploration model that depends less on the traditional methods. The
generation of entry parameters is based on the processing and systematisation of previoﬁs
knowledge of the area in terms of geology, structure, and metallogenesis into a GIS based
database backed and updated by ground truthing. Satellite imagery and airphotography
interpretation supported by infrared spectral geology constitute the other source of

information for the model.

234




Chapter 10: GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

The advantages of systemising the information in a database are, easy retrieval,
access, storage, updating and processing. The distribution patterns, statistical,
autocorrelation and fractal analysis were directly supported by the database.

Probably the most demanding problem for this study was trying to bring all
different data sources into a common platform, which could allow comparison of overlay.
The data, mainly geological and satellite imagery has different sources, different
accuracy, different scale, age and purpose, such that to attempt a spatial relationship of all
data was a complex exercise. The initial stage consisted of bringing all data into a similar
coordinate system such as UTM. The following stages included systematisation of the
data in such a way that areas with more detail are comparable to areas with less detail.

Other problems were related to representativity of the gold mineralisation sample.
The gold deposits in the MMO belt may reflect a representative sample of the
mineralisation because of their large quantity and the widespread distribution throughout
the belt. Thus the distribution patterns and controls of known deposits should reflect the
distribution pattern of the mineralisation in the belt. From this assumption it has been
shown that the controls of gold mineralisation in the MMO belt goes beyond the surface
trapping structures. The orientations of regional structures that control mineralisation do
not, in most cases, coincide with orientation of the structure at mine scale.

The compilation of the GIS based database faced difficulties related to age, source
and accuracy of the geological descriptions. In this study the interest was in studying the
regional relationships between controls of mineralisation (structural, lithological,
hydrothermal alteration, deformation event and metamorphism) and the distribution
patterns of the gold deposits, mainly by statistical, autocorrelation and fractal analysis.

As discussed in Chapter 3 and 4, gold mineralisation in the Zimbabwe Craton is
mainly controlled by secondary and tertiary structures that occur within or close to the
Archaean greenstone belts. This suggest that the combination of knowledge on structural
controls, the geometry of individual deposits, and understanding of the tectonic of the
greenstone belts noted in Chapter 2 would improve the exploration strategies for targeting
concealed gold deposits.

Several potential good trapping sites can be identified from sateilite imagery in the
MMO greenstone belt and vicinity, but very few of them are mineralised. This suggests
that effort on the gold exploration should be devoted to description of distribution
patterns of gold mineralisation rather than search for trapping structures. The existence of
trapping structures is necessary but not deterministic for gold deposition.
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The distribution patterns of gold deposits controlied by shear zones and faults
suggest clusters at regular intervals. The discussion in Chapter 5 covers this extensively.
The reasons of clustering are far from being understood. However, if a pattern can be
statistically or mathematically described, then undiscovered clusters can be predicted (see
Chapter 9).

Geological interference of optimum-parameters increases the probability of gold
deposition. This has been the dogma in gold exploration for many years without
measuring the effort of modelling several parameters mainly by static overlay. Yet the
rate of discoveries did not improve significantly compared to use of traditional methods.
This suggests that probably the interference of several optimum factors is important but
not sufficient. For example in Manica the Chazuca granite (Fig. 8 - 1) intrude similar set
of lithologies that are intruded by the Penhalonga granodiorite (Fig. 3 - 25), but the
former one is not mineralised. Probably the explanation is more complex where aspects of
amount of heat flux supplied by the granite and its size play a role in the mobilisation and
deposition of gold. The thickness of the country rock is another factor that may influence
the deposition of gold in specific structures near granitic intrusions.

This study combined parameters that control mineralisation and geological
interpretative and non-interpretative factors such as position of gold deposits; size, grade
and presence of sulphides for proposing an exploration model where distribution patterns
play an important role. This integration is done in a GIS environment where entities
(binary predictor or controls of mineralisation) are spatially related to known gold
deposits. The model produces prospectivity maps, which result from the sum of weights
of evidence of different controlling parameters. The highest values characterise the
highest probability and the lowest values the lowest probability of finding gold deposits.

After generating the prospectivity maps, the next problem is related to how
accurate this maps are? If the model depicts in the moderate, high and very high
probability areas more than 80% of known deposits, then it is considered valid model for
the study area. The model was validated by running it for a new dataset, which was not
used during the mode! generation stage and, this showed that the model still depicts in the
moderate, high and very high prospectivity areas 80% of the deposits.
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10.3 Conclusions

The objectives of this study presented in Chapter 1 were achieved following the
methodology summarised in the same chapter. The following main conclusions can be
drawn from the study:

The nature and quality of the existing data is adequate for the designed GIS based
database followed by its use for exploration modelling in the MMO belit.

The gold deposits are fractal and the mineralisation has been transported and
deposited in favourable geological structures by hydrothermal systems. This assumption
is based on the distribution patterns of known gold deposits,

The autocorrelation analysis can be used as exploration tool for new deposits in
the MMO belt, where field evidence should be gathered within 3-km radius from known
ENE or NW alignments of deposits and within 9-km radius of known NNE alignments.

Shear zones could be mapped on the basis of topography, truncation surfaces of
primary layering and trend surfaces digitised from SPOT-Panchromatic images and air-
photograph mosaic, and are supported by field observations,

The spectral geology using infrared spectrometer such as PIMA (used in this
study) can positively contribute towards fine turning of satellite imagery interpretation by
providing the ground spectral information, which is not affected by atmospheric
conditions or by the mixing of radiance derived from spatial or spectral resolution of the
satellite platforms.

The comparison between satellite imagery data and PIMA data shows that major
structural elements (such as shear zones) identified by interpreting TM imagery can be
confirmed by carrying out perpendicular profiles across them with PIMA.

The most significant controls of gold mineralisation in the Zimbabwe craton are
structural where gold is associated with sulphides or occurs as free gold in moderately-
steep dipping (c. 50° + 20°) reverse or cblique-reverse shear veins or shear zones that
traverse the greenstone belts.

Gold mineralisation in the MMO belt is controlled by the presence of:

(i) Felsic and intermediate intrusions within Bulawayan rocks,
(i)  Shear zones and associated second order shear veins and adjacent conjugate
sets

(ii))  Contact between Bulawayan and Shamvaian,
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(ivy  BIF,

(v)  Quartz veins oriented N-S

(vi) and hidden lincaments that correspond to those lineaments generated by
autocorrelation and fractal analysis.

(vii) Mafic and ultramafic rocks of Bulawayan

The selection of the controls of mineralisation for the GIS model using geological
principles was generally confirmed to be valid by statistical tests of conditional
independence (contrast value and studentised contrast value) for the pairs of predicting
patterns.

The resulting maps of posterior probabilities based on two datasets of gold
occurrences are similar. This implies that the model is statistically or/and geologically
robust.

The various analytical methods including statistics, autocorrelations, fractal,
spectral geology, sateilite imagery interpretation, geological mapping applied are
essential tools in mineral exploration yet they only contribute positively in the target
delineation when combined in such a way that the prospectivity maps generated from
there are of increased confidence to mining companies.

The GIS gold exploration model designed for the MMO greenstone belt which
takes into account the fractal and autocorrelation lineaments, the structures interpreted
from satellite imagery and checked in the field, depicted new areas of high prospectivity.
The prospectivity maps of MMO belt can be used to direct exploration work in search for
new deposits.

The use of GIS based exploration model reduces the time need for fieldwork and
laboratory studies, and increases the efficiency of the search for new deposits. It also
reduces the cost of the exploration programs because a reduced team does most of work
and fieldwork is only conduced in limited pre-targeted areas.

10.4 Recommendations

The research reported here has contributed towards understanding the controls on
the evolution of the distribution patterns of gold mineralisation in the MMO belt.
Nevertheless, further studies are recommended specially towards testing the applicability
of the autocorrelation and fractal analysis in more diversified geological setting.
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Chapter 10: GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

Better understanding of the correlation between PIMA and TM or ETM imagery is
needed when conducing gold exploration in Archaean terrains. The knowledge of this
relationship is of great importance for the mapping of hydrothermal alteration within
shear zones. More research is required in order to establish more precisely the limitations
and capabilities of the PIMA data in refation to TM or ETM in regard to gold exploration
in Archaean greenstone belts.

The GIS based exploration models are becoming increasingly popular at different
levels of exploration. However, more research is needed for understanding the importance
of the quality of the data entry and the need to test the conditional independence of the
data by calculation of chi-square values.

The geological data input has many assumptions, which need to be quantified by
assigning weights. However, assuming weights creates uncertainties as to the actual
weighting involved due to the complex nature of mathematical formulations. Thus, more

research on the field of GIS modelling for geoscientists is recommended.
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APPENDIX V-A
Fry Analysis (autocorrelation analysis) applied to gold deposits in MMO

The following sections describe the results of Autocorrelation analysis for the above subsets
and the results are summarised in the Table 5 — 6.

Manica Sector
The Manica sector trends towards north-northeast and is bordered to the east by the gneissic

Barue Complex. A total of 44 gold deposits were recorded in the Manica sector and were all
used in the analysis. A gold deposit was considered as a whole and the presence of seve;'al
adits and shafts were regarded as a single deposit and the position considered to be the main
(usually the first) shaft or adit (entrance).

Resuits of the Autocorrelation analysis of the Manica sector is presented in the Fig. VA - 1.
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Figure VA — 1. Fry plot — translations of the gold deposits in the Manica sector of the MMO

Rose diagram of the Manica part of the MMO belt is presented in Fig. VA-1.
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Figure VA — 2 Rose diagrams for Manica sector of the MMO belt;

a) Rose diagram of all deposits in the Manica sector (1980 points); b) Rose diagram showing all
deposits within 20 km distance search (1899 points); ¢) Rose diagram showing all deposits within 15
km distance search (1669 points); d) Rose diagram showing all deposits within 9 km distance search
(993 points); €) Rose diagram showing all deposits within 3 km distance search (185 points)

Data Analysis and Interpretation
The translattons map in Fig.VA-1, shows broad linear zones defined by gold deposits

| positions, and are oriented in three key directions, ENE — WSW, WNW — ESE and W - E.
The rose diagrams of the azimuth-frequency (Fig. VA-2) also confirms these directions.

The ENE — WSW direction is interpreted as related to the continuity of the MMO Archaean
greenstone belt. The NW — SE and N-S directions are invoked here as representing directions
controlling gold mineralisation in the Manica sector of the MMO greenstone belt. These
directions are not evident on structural maps of the arca. The NW-SE and N-S direction
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controlling gold distribution in the Archacan greenstone belt have also been identified in
Mashava area in the Zimbabwe Craton (Blenkinsop, 1991).

Mutare Sector

The Mutare sector of the MMQ Archacan greenstone belt stretches from the border of
Mozambique — Zimbabwe which is approximately up to the 32°30" parallel to the west. The
area was mapped by Phaup (1937). The positions of the gold deposits were extracted from his
map by Dirks et al. (1999). In this study some sectors of this area were checked and remapped
structurally (see also chapter 3).

A total of 137 deposits were entered as input data to autocorrelation analysis and translations
map was generated (Fig. VA - 3).
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Figure VA - 3. Fry plot — translations map of the Mutare sector

Rose diagrams of the azzmuth-frequency of the Mutare area are shown on Fig.VA - 4.
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Figure VA - 4. Rose diagrams for Mutare sector of the MMO belt;

a) Rose diagram of all deposits in the Mutare sector (18632 points); b) Rose diagram showing all
deposits within 20 km distance search (18292 points); c) Rose diagram showing all deposits within 15
km distance search (17118 points); d) Rose diagram showing all deposits within 9 km distance search
(12558 points); €} Rose diagram showing all deposits within 3 km distance search (4442 points)

Data Analysis and interpretation

The distribution of gold deposits in the Mutare sector revealed highest concentration of
deposits around Penhalonga granodiorite.

The pattern of gold distribution (Fig. VA - 4), suggests that at least three main directions of
high population of deposits can be found and are ENE — WSW, N — § and WNW — ESE.

The ENE —~ WSW was interpreted as a reflection of the continuity of the geometry of the
greenstone belt, thus it was disregarded for the purpose of mineralisation control.
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The N - S and the WNW — ESE direction are the main corridor direction that reflect the
clustering of gold deposits. As mentioned earlier, these corridors are not shown in any

structural map of the area.

Odzi Sector
The Odzi sector comprises the rest of the MMO belt to the west from the longitude 32°30° up

to longitude 31°55” and contain 58 gold deposits. The translation map in Fig. VA - 5
represents the results of the Autocorrelation analysis for the Odzi sector.
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Figure VA — 5. Fry analysis translation map of the Odzi sector

An additional and different view of the data is given by plotting a rose diagram of the
azimuth-frequency as presented in Fig. VA - 6.
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Figure VA — 6. Rose diagrams — azimuth frequency of the segments that link every two points
generated from the Autocorrelation analysis for Odzi sector of the MMO belt;

a) Rose diagram of all deposits in the Odzi sector (3422 points); b) Rose diagram showing all deposits
within 20 km distance search (2040 points); ¢) Rose diagram showing all deposits within 15 km
distance search (1644 points); d) Rose diagram showing all deposits within 9 km distance search
(1128 points); e) Rose diagram showing all deposits within 3 km distance search (360 points)

Data Analysis and Interpretation

The results of autocorrelation analysis are presented in Fig. VA - 5 (translations map) and
show that the three directions identified on the previous sectors (Manica and Mutare) are not
clearly defined mainly due to linearity of this section. The N — S direction is not present and
therefore is not expressed on the rose diagram of the azimuth frequency (Fig. VA — 6).

Deposit type
The grouping of deposits is discussed in chapter 4 section 4.2.

Deposits associated with shear zones/faults and sheared contacts (Fig. 4-1) produced the
autocorrelation plot presented in Fig. VA — 7 and the rose diagram in Fig. VA — 8.
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Figure VA - 7. Fry analysis — translations map of the shear zone and fauit hosted deposits;

d) e)

Figure VA — 8. Rose diagrams — azimuth frequency of the segments that link every two points
gencrated from the Autocorrelation analysis for Shear zone and fault hosted deposits in the MMO belt;
a) Rose diagram of all shear zone and fault hosted deposits in the MMO belt (12432 points); b) Rose
diagram showing all deposits within 20 km distance search (6167 points); c) Rose diagram showing all
deposits within 15 km distance search (5080 points); d) Rose diagram showing ail deposits within 9
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km distance search (3381 points); ¢) Rose diagram showing all deposits within 3 km distance search
{1091 points)

The deposits associated to quartz veins show the distribution presented in Fig. VA — 9, the
Autocorrelation plot is shown in Fig. VA — 10 and the rose diagrams on Fig. VA —11.
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Figure VA — 9. Distribution of quartz vein related gold deposits in the MMO belt.
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Figure VA - 10 - Fry analysis — translations map of the quartz vein deposits
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Figure VA — 11. Rose diagrams for the deposits related to quart veins;

a) Rose diagram of all deposits in the MMO belt (28730 points); b) Rose diagram showing all
deposits within 20 km distance search (15388 points); c¢) Rose diagram showing all deposits within 15
km distance search (12820 points); d) Rose diagram showing all deposits within 9 km distance search
(8634 points); €) Rose diagram showing all deposits within 3 km distance search (2966 points).

Deposits related to felsic and intermediate intrusions (Fig. VA - 12) generated the
Autocorrelation plot shown in Fig. VA — 13 and the rose diagram in Fig. VA - 14.
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Figure VA — 12. Distribution of gold deposits related to felsic and intermediate intrusions in the MMO
belt.
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Figure VA — 13. Autocorrelation plot of the deposits related to felsic and intermediate intrusions in
the MMO belt.
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Figure VA — 14. Rose diagrams for the deposits related to felsic and intermediate intrusions;
a) Rose diagram of all deposits in the MMO belt (4160 points); b) Rose diagram showing all
deposits within 20 km distance search; c) Rose diagram showing all deposits within 15 km
distance search (1324 points); d) Rose diagram showing all deposits within 9 km distance
search (1044 points); €) Rose diagram showing all deposits within 3 km distance search (620
points).

Deposits associated to BIF rocks generated the Autocorrelation plot shown in Fig. VA - 15
and the rose diagram in Fig. VA — 16.
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Figure VA - 15. Autocorrelation plot of the deposits associated with BIF in the MMO belt.
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Figure VA — 16. Rose diagrams for the deposits related to BIF;
a) Rose diagram of all deposits in the MMO belt (1722 points); b) Rose diagram showing all deposits
within 20 km distance search (990 points); ¢) Rose diagram showing all deposits within 15 km
distance search (810 points); d) Rose diagram showing all deposits within 9 km distance search (600
points); €) Rose diagram showing all deposits within 3 km distance search (162 points).

Figure VA — 17 show the Autocorrelation plot for the deposits hosted by Shamvaian rocks
and, the rose diagram is shown in Fig. VA — 18.
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Figure VA — 17. Autocorrelation plot of the deposits associated with Shamvaian sediments in the
MMO belt.
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Figure VA - 18. Rose diagrams for the deposits associated to Shamvaian sediments;

a) Rose diagram of ali deposits in the MMO belt (930 points); b) Rose diagram showing all deposits
within 20 km distance search (670 points); ¢) Rose diagram showing all deposits within 15 km
distance search (590 points); d) Rose diagram showing al! deposits within 9 km distance search (384
points); €) Rose diagram showing all deposits within 3 km distance search (132 points).

Gold deposits hosted by Upper Bulawayan rocks (Fig. VA — 19) produced the Autocorrelation
plot (Fig. VA —20) and the rose diagram shown in Fig. VA - 21.
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Figure VA — 19. Spatial distribution of the gold deposits hosted by Upper Bulawayan rocks.
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Figure VA — 20. Autocorrelation plot of the deposits associated with Upper Bulawayan rocks in the
MMO belt.
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c) d) €)

Figure VA - 21. Rose diagrams for the deposits associated to Upper Bulawayan lithologies;
a) Rose diagram of all deposits in the MMO belt (12882 points); b) Rose diagram showing all
deposits within 20 km distance search (6186 points); c) Rose diagram showing all deposits within 15
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km distance search (5262points); d) Rose diagram showing all deposits within 9 km distance search
{4112points); e} Rose diagram showing all deposits within 3 km distance search (1432peints).

The gold deposits of high grade (>5 g/t) produced the Autocorrelation plot and rose diagram
shown in Figs. VA — 22 and 23, whereas the low grade (<5 g/t) deposits’ are presented in
Figs. VA - 24 and 25.

____
. 0 19000 20000
¥ T T T I I i I i

Figure VA — 22, Autocorrelation plot of the high-grade (> 5 g/t) deposits in the MMO belt.
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Figure VA — 23. Rose diagrams for high-grade deposits in the MMO belt;

a) Rose diagram of all deposits in the MMO belt (15500 points); b) Rose diagram showing all
deposits within 20 km distance search (9016 points); ¢) Rose diagram showing all deposits within
15 km distance search (7788 points); d) Rose diagram showing all deposits within 9 km distance
search (5067 points); e) Rose diagram showing all deposits within 3 km distance search (1868
points).
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Figure VA — 24. Autocorrelation plot of the low-grade (< 5 g/t) deposits in the MMO belt.
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Figure VA —25. Rose diagrams for low-grade deposits in the MMO belt;

a) Rose diagram of all deposits in the MMO belt (4830 points); b) Rose diagram showing all deposits
within 20 km distance search (2252 points); c) Rose diagram showing all deposits within 15 km
distance search {1734 points); d) Rose diagram showing all deposits within 9 km distance search

(1344 points); ) Rose diagram showing all deposits within 3 km distance search (512 points).

The low, medium and high production gold deposits generated the Autocorrelation plots and
rose diagrams shown in figures VA — 26 and 27, VA — 28 and 29 and VA — 30 and 31

respectively.
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Figure VA — 26. Autocorrelation plot of the low-production deposits in the MMO belt.
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Figure VA - 27. Rose diagrams for low-production deposits in the MMO belt;

a) Rose diagram of all deposits in the MMO belt (23870 points); b) Rose diagram showing all
deposits within 20 km distance search (12232 points); c) Rose diagram showing all deposits within 15
km distance search (9822 points); d) Rose diagram showing all deposits within 9 km distance search
(6304 points); e} Rose diagram showing all deposits within 3 km distance search (1760 points)

[ J—
: 0 10N 200
1 I I I T I I I 1

Figure VA — 28. Autocorrelation plet of the medium-production deposits in the MMO belt.
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Figure VA — 31, Rose diagrams for high-production deposits in the MMO belt;

a) Rose diagram of all deposits in the MMO belt (1056 points); b) Rose diagram showing all deposits
within 20 km distance search (459 points); ¢) Rose diagram showing all deposits within 15 km
distance search (330 points); d) Rose diagram showing all deposits within 9 km distance search (270
points); €) Rose diagram showing all deposits within 3 km distance search (470 points).

Data analysis and interpretation
The results of Autocorrelation analysis for the different types of deposits show that N-S is

usuaily negligible at belt scale, 20 km, and 15 km distance search. It is only at 9 and 3 km
distance search that the N-S direction is accountable. This can be explained by the fact that
the N-S direction is characteristic of quartz veins which cluster ate small radius and are a
result of N-S maximum compression. This fact is supported by field evidence at Dot’s Luck
mine (see also Chapter 3).

The BIF deposits are dominated by E-W trend, which is not unusual because of their
relationship with early shear zones as already discussed in chapter 3.




Appendix VI - A

PIMA SP principles, the PIMA spectrum, PIMA measurements and
data processing, and mineral identification and feature extraction
from PIMA

The PIMA Spectrometer

The Portable Infrared Mineral Analyser (PIMA) shown in Fig. VIA - 1 is a short
wave infrared reflectance spectrometer that operates in the wavelength region between
1300 and 2500 nm. The PIMA spectrometer, similar to all other high spectral resolution
(“hyperspectral”) spectrometers, provides a complete spectrum for the full SWIR range at
~7nm spectral resolution. This has an advantage when compared to broadband
multispectral scanners such as Landsat Thematic Mapper (TM) or Enhanced Thematic
Mapper (ETM) which have only two spectral wavelength bands (bands 5 (1,55 ~ 1,75 pm)
and 7 (2,05 ~ 2,35 um) in the SWIR and spectral resolution on the order of 100 to 200nm
(van der Meer, 1999). The comparison between the ETM and TM reflectance and the
PIMA spectrum is only valid for the infrared bands (bands 5 and 7); thus, its importance in

the mapping of alteration and clay minerals.

The produced spectrum results from a sample area of about 10mm by 2 mm and
the spectra have a 2 nm wavelength-sampling interval (PIMA SP users manual, 1999).
Soil, powder, rock chip or solutions can be measured, in the field or in the laboratory (e.g.
Fig. VIA - 1), using PIMA.

Sample in
. Spectrum petri glass
. placed on the
PIMA optic
- port
2 PIMA-SP

, Samples

Figure VIA - . PIMA Spectrometer set for laboratory analysis and connected to a PC. De Beers
laboratory, Johannesburg, South Africa in 2001,




The PIMA SP spectrum is characterised mathematically by spectral parameters,
which describe spectral features on the basis of depth, width, asymmetry, size and
wavelength position of a particular absorption feature as indicated in Fig. VIA - 2.

101
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95 -
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Figure VIA - 2. Main spectral parameters; the spectrum is Fourier Smoothed at 1% and is Hull
Quotient applied (L = left, R = right and WL = wavelength), width is the distance between the two
shoulders, Depth is the minimum in the spectra anomaly

The absorption wavelength is defined as the wavelength of minimum reflectance of
an absorption feature (van der Meer, 1995). The width of an absorption feature can be

calculated as (Aren + Avight)

Width= — 20 (VIA -

b

where: D is the depth of the feature relative to hull (Green & Graig, 1985; see Fig. VIA -
3); A (left and right are the wavelength to the left and right shoulders of the absorption
feature as start and end points of the areas).

The depth of an absorption feature, D, is usually defined relative to the
“background absorption”, R, and it depends on the abundance of the absorber and the

grain size of the material.
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pD=1-—Ro (VIA -2)

Where: R, is the reflectance at the band centre, and R, is the reflectance of the background
at the same wavelength as R, (Clark and Roush, 1984).

The asymmetry of an absorption feature, S, is defined as the ratio of the area left
(A’1n) of the absorption central wavelength to the area right (A’ign) of the centrai
wavelength (Fig. 6 - 5) as (see also table VIA - 1)

(VIA -

PIMA measurements and Data Processing

The petri dish with soil sample is placed on top of the optical port of the PIMA SP
so that the port is completely covered by the sample in the petri dish. The sample is
measured and a reflectance spectrum is produced. The spectrum and the parameters are
saved as a binary file.

For measuring the rock samples the configuration has to be calibrated to normal
wavelength (without petri dish). The rock samples were cut and not polished to avoid extra
reflectance due to smooth surface. The relatively flat surface of the rock sample is placed
against the optical port of the PIMA instrument so that the optical port is covered
completely.

The acquisition of the readings was done by PIMA SP PC Acquisition software
version 2.2. The instrument was recalibrated at every 10°C variation. All measurements
were performed at integration 8 and quality/speed setting; “Quality” which was labelled
speed 1 for convenience.

Reflectance spectra were loaded into a software package (De Beers/AAC in house
SpectNT 1.63) where data quality control for checking the file names and configuration,
exporting of files FOS into DSP extensions, generating library files was done. Spectra
were Fourier-Smoothed using two settings (0,5 %, and 1%), and a “Hull Quotient” was
applied to each of the resulting sets of spectra.

The hull correction is a baseline or hull, which is calculated to touch the maximum
number of points on the spectrum whilst remaining convex and not crossing the spectrum
line (Pontual et al., 1997a). The result is that in both quotient and difference correction the

i




spectrum should have reflectance values of 100% at the beginning and at the end of the
spectrum (Fig. VIA - 3). Clark and Roush (1984) suggested that dividing the hul! into the
reflectance spectrum or subtracting it from the apparent absorbance should remove a huli.
Thus, the hull quotient calculation involves multiplying by 100 the value given by the
division of the reflectance value for each wavelength on the spectrum by the reflectance
value for the same wavelength on the calculated hull line (Fig. VIA - 3). On the other
hand, the huil difference is obtained by subtracting from 100 the value of the subtraction
of the reflectance value for each wavelength on the spectrum and the reflectance value for
the same wavelength on the calculated hull line (Fig. VIA - 3).

The fast Furrier smoothing is a mathematically complex way of averaging the
spectra as frequencies of DN (radiance or reflectance) values and are modelled by
sine/cosines to separate the amplitude and the phase of the signal

f()=Ap+Z A, Cos nat + L B, Sin nwt (VIA - 4)

where: Ag = mean level of the function
A, and B, are the coefficients of the sine/cosine waves
© = 2n/T the frequency is proportional to the length T of the series

After the hull correction and Furrier smoothing of the spectra a macro program
(pers. comm. Harris P., 2000) extracts the main spectral parameters (Table VIA - b.
Resulting spectra and summary of extracted features were exported to Excel in an
“XYYY” format.
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Figure VIA - 3. Hlustration of Hull correction. The convex Hull is an envelope curve fitted over
the original reflectance spectrum having no absorption features. (Source: Pontual et al. 1997a)

All data are further processed and reflectance spectra are produced from Excel data
sets using PEIMAVIEW 3.1. The reference library data are hull quotient corrected and

Fourier-smoothed at 1%.




Table VIA - 1. Example of results of feature extraction from powder spectra library, profile B in
the MMO belt {for explanation of abbreviations see Appendix V1 — C and Fig. VIA - 2, for sample
location refer to Fig. 6 - 1)

Results of extracting features from Library : P_Spectra

Processes Performed - Abbreviations

Rnk - rank
FourierSmoothing . Smoothing = 1.00% Asym - asymetry
Feature Extraction Settings:

Sort Key : Sort by Depth

Sorted in Descending Order? : TRUE

Maximum # of features to Keep : 10

Feature Extraction Mode : Use 100% Intensity Line

Spectrum L Should Cent. WL R Should Depth Asym. Rnk L. FWHM R.FWHM PFWHM BW FWHM BC Sh BndW

P_B01_00 2230 2500 2500 551 99 1 2389.75 0.1 0 0 270
P_B01_00 2100 2210 2230 5093 535 2 2180.07 2216.93 36.87 2198.5 130
P_B01_00 1300 1300 1366 50.32 0 3 0.1 132224 1322.14 661.17 66
P_801_00 1838 1932 2100 5025 0.55 4 1896.07 2002.5 106.42 1949.29 262
P_B01_00 1366 1416 i638 4993 0.23 5 1389.37 1483.08 93.71 1436.22 272
P_B01_00 1784 1780 1822 474 019 6 178713 1811.37 24.25 1799.25 8
P_801_00 1762 1778 1784 474 267 7 177085 1781.11 10.27 1775.98 22
P_BO1_00 1744 1754 1762 47.37 1.25 8 174885 1758.1 917 1753.43 18
P_801_00 1698 1740 1744 47.36 10.48 9 172021 1742.28 2207 1731.24 46
P_B0O1_00 1822 1826 1838 473 033 10 182385 183213 8.28 1827.99 16
P_B03_00 2144 2316 2358 7564 3.84 1 227279 2331.22 58.43 2302.01 214
P_803_00 2414 2500 2500 75.11 99 2 244847 0.1 0 0 86
P_B03_00 2358 2390 2414 7395 133 3 237664  2400.48 23.84 2388.56 56
P_B03 00 1700 1916 2092 68 1.16 4 188917 1999.55 110.38 1944.36 392
P_B03_00 1368 1396 1664 676 0.1 § 138693 144585 58.92 1416.39 296
P_B03_00 1300 1300 1368 65.63 0 6 01 1325386 1325.26 662,73 68
P_B03_00 2092 2134 2144 6551 418 7 210954 21379 2837 212373 52
P_B03 00 1664 1666 1678 61.64 0.17 8 1665.01 167177 6.76 1668.36 14
P_B03_00 1678 1684 1700 6163 0.38 9 1680.58 1692.16 11.58 1686.37 22

1

External (room) and internal (instrument) temperature changes affect the results
from PIMA Spectrometer measurement. The effect of temperature is minimised by
keeping an air conditioner at coolest for 24 hours and seven days a week. The effects of
temperature of the detector (instrument) is controlled by recalibrating the instrument at
every 10° C increase and by discontinuing measurements for at least half an hour when
temperature of the detector reaches 55°C. The quality of measurement is monitored and
controlled by plotting all the calibration spectra and checking for any changes on the shape
and position of the calibration spectra as shown in Fig. VIA - 4. The shape and position of
the spectra show that there is no change due to instrument drifts mainly related to
temperature changes.
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Figure VIA - 4. Instrument calibration. Reflectance spectra of 44 PIMA SP calibration samples vs
wavelength

6.1 Mineral Identification and feature extraction from PIMA Data

Pontual et al. (1997a) considers PIMA analysis semi-quantitative because the
spectral response of a mineral mixture is mainly influenced by varying absorption
coefficients between different minerals. Absorption features out of the range of the PIMA
also influence PIMA reflectance spectra. These features include the ferrous iron
absorptions around 1000 nm and strong water and carbonate absorptions around 2700 nm.
Pontual et al. (1997a) showed that the influence of ferrous iron on the reflectance spectrum
provide an added dimension of spectral information (reflectance hull) that allows
distinction of iron-bearing minerals from non-iron-bearing minerals. Although the
importance of this information contained on the “reflectance hull”, makes the
determination of the other absorption features difficult, particularly those on the steepest
parts of the reflectance spectrum. Therefore, it is recommended to remove the “reflectance
hull” and to erhance the spectral absorption features (Pontual et al., 1997a and Clark and
Roush, 1984).

The main advantage of hull correction is to improve the absorption features or
minima not easily detectable in the uncorrected reflectance spectrum. But the hull
correction has the disadvantage of removing largely the effect of iron (Pontual et al,
1997a). The next section discusses the mineral identification using spectra from PIMA.
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Mineral _identification by spectral interpretation (methods and
procedures)

The method presented here is not unique for mineral identification and mapping,

however, is comparatively advantageous due to its fast result and its ability to be used
directly in the ficld, especially when quick indicative results are needed in regional
exploration.

The diagnostic characteristics of each mineral are ideal in pure (no mixing)
minerals. In general, spectra of a sample present features of more than one mineral at
specific conditions. Therefore it is recommended that the interpretation of spectra be based
in comparison with a spectral library (spectra resulting from analyses and tests under
different conditions such as differing grain sizes or mixtures of various materials) (Fig.
VIA - 5). This approach is sensitive enough to map different regions of the spectrum such
as a kaolinite versus a halloysite-like feature. The result can then be compared with results
from other identification methods such as chemistry and petrography.

Spectra of sample 21_Sp_Rw

62

56
g 50
:
§

44
]

a8 — Spectrum of the sarmple

Reference spectrum
32
1300 1500 1700 1800 2100 2300 2500

Figure VIA - 5. Reference spectrum against the spectrum of the sample.
The spectra reconcile the mixture of anhydrite, montmorillonite and halloysite at
proportions of 37:32:30 percent.

Most minerals generally have major diagnostic absorption wavelengths between
2050 and 2450 nm due to Al-OH, Fe-OH, Mg-OH and CO; absorption bonds and can be
grouped spectrally according to the wavelength position of their deepest absorption

feature.
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The interpretation of spectra using a spectral library can be summarised in the
seven steps suggested by Pontual et al. (1997a), (see Appendix VI — D).

After these steps most single minerals would have been identified and if not that
would imply that the unknown spectrum is a result of mixture of more than one mineral.
The spectral mixing can be considered in a simplistic way as a linear process where
spectral signatures of different minerals are added together in one spectrum. For example;

Mixed Spectrum = X% Mineral 1 + Y% Mineral 2 + Z% Mineral 3 +..+ €% Mineral n
(VIA - 5)

Where: “Percentage (%)” of each contributing mineral (e.g. X) to the strength of its
spectral signature and not necessarily its actual proportion in the target sample.

The contribution of each component to the final spectrum is expressed as relative
proportion to the whole spectrum. Consequently the intensity of absorption features
usually does not correspond to the proportion of a particular mineral in the mixture.
Mathematically the linear combination of spectral end-members is as defined in the
equation VIA - 4.

Johnson et al. (1983), Mustard and Pieters (1987) and Smith et al. (1994) regarded
spectral unmixing as a convolution technique that aims at estimating the fractions of
spectral components that together cause the observed mixed spectra.

The spectral interpretation of a simple mixture can be performed following the
steps suggested by Pontual et al. (1997a) (Appendix VI-D). He proposed the use of area
one (2050 nm - 2450 nm) as the main one for searching diagnostic features followed by
the areas 2 to 4 (1300 nm — 2050 nm) and comparing the unknown spectrum with best
match from the pre-defined spectrum from the spectra library. Comparing the reference
library spectra and the sample spectra in the PimaView 3.1 software, the main minerals in
the MMO greenstone belt were identified and, the important remarks for their
identification are summarised in Appendix VI-E.

The second method for identification of minerals using PIMA consists of plotting a
scattergram of the deepest absorption feature of the sample against the wavelength. This
method altows identification of mineral fields according to the position of the sample in
the scatter plot as seen in the Fig. VIA — 6 for the USGS - reference library samples.

As shown in Fig. VIA ~ 6 each mineral has its unique position in the scatter plot,
which depends mainly on its chemical composition.
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Figure VIA - 6. Representation of deepest absorption features in the area 1 as function of central
wavetength and mineral ID from the reference library (Library was Fourier Smoothed at 1% and
Quotient Hull).

The third and last method is similar to the previous method where the asymmetry is
used instead of deepest absorption feature (Fig. VIA - 7). This method proved to be
powerful tool for discrimination of mineral ficld that usually overlap in the scaiter plot of

deepest absorption feature.
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Figure VIA - 7. Central wavelength of the deepest absorption feature versus asymmetry of the
absorption feature for the SWIR. Note the groups of minerals that can be separated for the soil
samples from the MMO greenstone beit.




Similar results obtained from plotting the deepest absorption feature against the
wavelength were in general achieved by plotting the asymmetry of the absorption feature
versus the wavelength position in the SWIR as shown in the Fig. VIA - 7. Pontual et. al,,
1997¢ obtained the same magnitude of results and separated mineral groups (actinolite and
Fe-carbonate) by plotting the Fe?* slope (between 1350 and 1700nm) versus the sample
number.

In general the main mineral groups in the MMO greenstone belt were identified by
description of their deepest absorption feature and their asymmetry in area 1 (2050 — 2450
nm). However, these groups could not conclusively characterise the mineralised shear
zones mainly due to presence of weathering products that interfere in the spectrum. Thus
an analysis per shear zone was performed and is described in the next sections.
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6.2 Appendix Vi-B

Table VIB-1. Sample location in UTM, including the observations

Position
X
462825
462985
464280
464291
464291
484291
464289
464290
464288
464289
464287
464285
464280
464300
464114
464130
464135
464142
464100
464092
464090
464080
464074
464011
463977
463890
462854
463016
463016
463016
463062
463108
463157
463094
463150
463197
463245
483264
463315
463338
463325
463386
463428
479586
479603

inUTM

Y

7912607
7914579
7914290
7914265
7914265
7914265
7914255
7914245
7814235
7814225
7914215
7914205
78141890
7914100
7914050
7914000
7913850
7913920
7913895
7913822
7913780
7913720
7913632
7913611
7913526
7913390
7812539
7912459
7912429
7912398
7912374
7912350
7912329
7912307
7912280
7912255
7912235
7912210
7912185
7912160
7912135
7912110
7912085
7918812
7918707

Code
Designation
01L/Rw
02/ore/Rw
O¥GrRw
04/Sp/Rw
05/Sp/Rw
05A/SpRw
06/S-Sp/Rw
07/S-Sp/Rw
08/Sp/Rw
09/ Rw
10/S. GIRw
11/S.Gr/Rw
12/Sp/Rw
137Rw
1417/Rw
15/7/Rw
16/7/Rw
7TRRw
187 /Rw
19/sch/Rw
20/Talc/Rw
21/Qz/Rw

22/Seric. sch/Rw

23/BIFIRw
24/Soil/Rw
2517/Rw
26/Mrock /Rw
27/chl.Rw
28/Sp/Rw
208/Sp/Rw
30/Sp/Rw
31/Sp/Rw
32/SpiRw
33/Sp/Rw
34/Sp/Rw
35/Sp/Rw
36/Sp/Rw
37/Sp/Rw
38/5p/Rw
39/Sp/Rw
40/Sp/Rw
41/SpiRw
42/SpiRw
01/Cantao/99
02/Cantao/99

Sample type

Top soil - wall face
Ore from the Dump

Top seil
Top soil
Top soil
Top soil
Top soil
Top soil
Top sail

Top soil

Top soil

Top sail
Top sail
Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top soll
Top soil
Top soil
Top soit
Top soll
Top soil
Top soil
Rock

Rock

Observations
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Redwing Mine
Cantao

Cantao

XTI




479603 7918707 03/Cantao/99 Rock Cantao

. 479605 7918749 04/Cantac/99 Rock Cantao

~ 479605 7918749 - 05/Cantac/99 Rock Cantao
499728 7918488 99MNO11 Rock Cantao
479882 7918752 SpiNMiogt Top soil Cantao
479837 7918744 Sp11io02 Top soil Cantao
479690 7918695 Sp1/1/004 Top soil Cantao
479680 7918685 Spt1/1/005 Top soil Cantao
479650 7918680 Sp1/1/006 Top scil Cantao
479600 7918682 Spt/1/007 Top soil Cantao
479580 7918680 Sp1/1/008 Top soil Cantao
479550 7918678 Sp1/1/009 Top soil Cantao
4794980 7918676 Sp1/1/010 Top soil Cantao
479480 7918678 Sp1/1/0M1 Top soil Cantao
478462 7918665 Spt/1/012 Top soil Cantao
488170 7920414 (01/Braga/99 Rock Felsic tuff
480534 7918841 99MNO034 Rock Old-Wednesday U/G
481140 7917847 01/Chua/99 Rock Chua
4811668 7917762 99MNO35 Rock Chua
481140 7917847 99MNO36 Rock Chua
493151 7910697 Sp7/01/99 Top soil B. Esperanca
493151 7910723 Sp7/02/99 Top soil B. Esperanca
493151 7910743 SP7/03/99 Top soil B. Esperanca
493151 7910783 Sp7/04/99 Top soil B. Esperanca
493151 7910793 SP7/05/99 Top soil B. Esperanca
493151 7910803 SP7/06/99 Top soil B. Esperanca
493151 7910818 SP7/07/99 Top soil B. Esperanca
493151 7910838 SP7/08/99 Top soil B. Esperanca
493151 7910858 SP7/09/99 Top seil B. Esperanca
493151 7910873 SP7/10/99 Top soil B. Esperanca
493071 7910626 99MNO27 Rock B. Esperanca
477124 7907232 99MNO17 Rock Saymour U/G
477124 7907232 99MNO18 Rock Saymour U/G
477124 7907232 99MNO19 Rock Saymour U/G
477124 7907232 99MN020 Rock Saymour U/G
477124 7907232 99MNO21 Rock ' Saymour U/G

. 476832 7910713 Sp5/01/99 Top soil Fair Bride

486832 79106596 Sp5/02/99 Top soil Fair Bride
486832 7910680 Sp5/03/99 Top soil Fair Bride
486832 7910665 Sp5/04/99 Top soil Fair Bride
486832 7910645 Sp5/05/99 Top seil Fair Bride
486905 7910626 Sp5/06/99 Top soil Fair Bride
486905 7910608 Sp5/07/99 Top soil Fair Bride
486922 7910554 Sp5/08/99 Top soil Fair Bride
486830 7910542 Sp6/01/99 Top soil Fair Bride
486830 7910567 Sp6/02/99 Top soil Fair Bride
4866830 7910582 Sp6/03/99 Top soil Fair Bride
486846 7910608 Sp6/04/99 Top soil Fair Bride
486795 7910640 Sp6/05/99 Top soil Fair Bride
486795 7910665 Sp6/06/99 Top soil Fair Bride
486795 7910890 Sp6/07/99 Top soil Fair Bride
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486784 7910723 Sp6/08/39 Top soil Fair Bride

486063 7910275 Sp4/01/99 Top soil Try Again
486063 7910260 Sp4/02/99 Top soil Try Again
486063 7910305 Sp4/03/99 Top soil Try Again
486063 7910320 Sp4/04/99 Top soil Try Again
485063 7910335 Sp4/05/99 Top soil Try Again
486050 7910408 Sp4/06/99 Top soil Try Again
485050 7910423 Sp4/07/99 Top soil Try Again
486050 7910438 Sp4/08/99 Top soii Try Again
481424 7910584 Sp8/01/99 Top soil Dot’s Luck
481515 7910599 Sp8/02/99 Top soil Dot's Luck
481515 7910614 SpBA3/99 Fop soil Daot's Luck
481535 7910629 Sp8/04/99 Top soil Dot's Luck
481546 7910618 Sp8/05/99 Top soil Dot's Luck
481546 7910633 SpB/06/99 Top sail Dot's Luck
481546 7910648 Sp8/07/99 Top soil Dot's Luck
481546 7910648 SpR/08/99 Top soil Dot's Luck
481509 7910755 Sp8/09/99 Top soil Dot's Luck
481521 7910785 Sp8/10/99 Top sail Dot's Luck
481453 7910877 Sp8/11/39 Top soil Dot's Luck
493261 7910964 99/MN023 Rock Dof's Luck
480414 7917700 SpaTFi Yop soil Two Fools
480424 7917650 Sp9/TFIO2 Top soil Two Fools
480435 7917600 Sp9/TF/03 Top seil Two Foois
480462 7917577 SpofTF/D4 Top sail Two Fools
480470 7917550 Sp9/TFi0S Top soil Two Fools
480475 7917500 Sp9/TF/06 Top soil Two Fools
480487 7917475 Spo/TFi07 Top soil Two Fools
480490 7917450 Sp9/F/08 Top soil Two Fools
480495 7917430 Sp9/TF/08 Top soil Two Fools
480485 7917404 Spa/TFHO Top soil Two Fools
486970 7912044 9IMNO54 Mine Guy Fawkes
486970 7912994 99MNO55 Mine Guy Fawkes
487035 7913144 Sp/GF/01 Top soil Guy Fawkes
487000 7813110 Sp/GF/02 Top soil Guy Fawkes
486984 7913099 Sp/GF/03 Top soil Guy Fawkes
486860 7913037 Sp/GF/04 Top sail Guy Fawkes
486830 7913000 Sp/GF/05 Top soil Guy Fawkes
486971 7913051 Sp/GF/08 Top soil Guy Fawkes
488800 7913010 Sp/GF/07 Top soil Guy Fawkes
471940 7012512 99MNO49 Rock Monarch
471508 7912517 99MNO50 Rock Monarch
471153 7812550 99MN052 Rock Monarch
471140 7912604 99MNO53 Rock Monarch
471259 79128637 O1/monarch/99 mitling site Monarch
471140 7912754 Sp10/01/99 Top soil Monarch
471135 7912670 Sp10/02/59 Top soil Meanarch
471152 7912695 Sp10/03/99 Top soil Monarch
471283 7912695 Sp10/04/99 Top soil Monarch
473282 7914316 99MNO3?7 Rock Revue
473275 7914314 99MNO38 Rock Revue
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473270
473259
473325
473324
473323
473320
473323
473322
473323
473290
487882
487879
487880
487880
487882
487881
487883
487880
487885
487886
487883
487884
487880
487880
487882
487883
487885
487886
487888
487888
487888
487880
487885
467346
467364
467454
457354
467343
467229
467185
487205
467180
467126
467127
467184
457179
467230
487292
467292
466937
467495

7914312
7914310
7914094
7914074
7914063
7914050
7914040
7914030
7914028
7914027
7908690
7908729
7908749
7908749
7908769
7908789
7908800
7908820
7908850
7908870
7908888
7909010
79080186
7909020
7809061
7909690
7909695
7909720
7909780
7909780
7908780
7909898
7908997
7914336
7914309
7914282
7914230
7914126
7914159
7914045
7913952
7913957
79813850
7913820
7913799
7913749
7913688
7913624
7913624
7913740
7913265

99MN039
99MN040
99MNO4 1
GIMNO042
9SMND43
9SMN044
9OMNO45
9SMN046
99MNO47
9IMNO48
MAP1/01/99
MAP1/02/99
MAP1/03/99
MAP1/03b/99
MAP1/04/99
MAP1/05/99
MAP1/06/99
MAP1/07/99
MAP1/08/99
MAP1/09/99
MAP1/10/99
MAP1/11/59
MAP1/12/99
MAP1/13/99
MAP1/14/99
MAP1/15/99
MAP1/16/99
MAP1/17/99
MAP1/18/99
MAP1/18b/99
MAP1/18¢/99
MAP1/19/99
MAP1/20/99
RED3/001/99
RED3/002/99
RED3/003/99
RED3/004/99
RED3/005/99
RED3/006/89
RED3/007/99
RED3/008/99
RED3/009/99
RED3/010/89
RED3/011/89
RED3/012/99
RED3/013/99
RED3/014/99
RED3/015/89
RED3/016/99
RED3/017/89
RED3/018/99

Rock
Rock
Rock
Rock
Roack
Rock
Rock
Rock
Rack
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Top soil
Top soil
Top soil
Top soil
Top soil
Tap soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top soit
Top soil
Top soil

Revue
Revue
Revue
Revue
Revue
Revue
Revue
Revue
Revue
Revue
Profile S-N
Profile S-N
Profile S-N

Profile S-N
Profile S-N
Profile S-N
Profile S-N
Profile S-N
Profile S-N
Profile S-N
Profite S-N
Profile S-N
Profile S-N
Profile S-N
Profile S-N
Profile S-N
Profite S-N
Profile S-N

Profite S-N
Profile S-N
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing




467625
467709
467729
467735
467788
464306
464755
464755
465027
465028
465026
465026
465026
465026
465037
465077
485059
465071
465087
465097
465127
465167
465182
465193
465419
465203
465281
465316
465320
465325
465325
465384
465434
465409
465409
465519
465519
465519
465593
465712
465590
466163
466108
465935
465839
465746
485746
465594
481825
481825
481825

7913234
7912811
7912779
7912564
7912544
7914044
7914128
7914128
7914142
7914153
7914167
7914142
7914117
7914100
7914090
7914070
7914022
7913955
7913865
7913835
7913818
7913750
7913625
7913526
7913454
7913366
7913239
7913196
7813180
7913142
7913127
7913015
7913006
7912964
7912900
7912885
7912879
7912869
7912856
7012687
7912152
7911838
7811793
7811710
7911685
7911660
7911635
7911585
7903041
7909041
7909041

RED3/019/99
RED3/020/99
RED3/021/99
RED3/022/99
RED3/023/99
RED2/01/99
RED2/02/99
RED2/03/99
RED2/04/99
RED2/05/99
RED2/06/99
RED2/07/99
RED2/08/99
RED2/09/99
RED2/10/99
RED2/11/99
RED2/12/39
RED2/13/99
RED2/14/99
RED2/15/99
RED2/16/99
RED2/17/99
RED2/18/99
RED2/19/99
RED2/20/99
RED2/21/99
RED2/22/99
RED2/23/99
RED2/24/99
RED2/25/99
RED2/26/99
RED2/27/99
RED2/28/99
RED2/29/99
RED2/30/99
RED2/31/99
RED2/32/99
RED2/33/99
RED2/34/99
RED2/35/89
RED2/36/99
RED2/37/99
RED2/38/99
RED2/35/99
RED2/40/99
RED2/41/99
RED2/42/99
RED2/43/99
SP2_01
SP2_02
SP2_03

Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top soit
Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Tap soil
Top soil
Top soil
Top soil
Top soil
Top sail
Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top soil
Top sail
Top soil
Top soil
Top soil
Top soil
Top soil
Tap soil
Top soil
Top soil
Top soil
Top sail
Top soil
Top soif
Top scil
Top seil
Top seil
Top soil
Top soil
Top soil
Top soil
Soit profile
Soil profite
Soi! profile

Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Road to Mondungwara
Road to Mondungwara
Road to Mondungwara




481825
481825
481826
481824
481826
481824
476936
476340
476944
476948
476952
476956
476950
476964
476954
477093
477042
477307
477248
477348
477628
477628
476431
476581
476730
476880
477030
477180
477330

477480

477630
477779
477929
478079
464280
488822
491796
466325
443065
468280
468288
468748
488813
468881
465405
467517
457045
456844
454705
461358
461338

7909041
7909041
7909075
7909065
7909055
7903045
7907104
7907106
7907108
7907110
7907112
7907114
7807116
7907118
7907152
7807219
7907051
7907562
7807429
7907429
7907047
7907045
7907889
7807802
7907716
7907630
7907543
7907457
7807371
7907284
7807198
7807112
7907028
7906939
7914190
7913802
7914738
7910154
7906144
7912222
7912320
7911935
7911938
7911840
7814010
7911643
7809970
7909945
7912386
7914549
7914143

SP2_04
SP2_05
SP2_06
SP2_07
SP2_08
SP2_09
SP3_01
SP3_02
SP3_03
SP3_04
SP3_05
SP3_08
SP3_07
SP3_08
SP3_09
SP3_10
SP3_t1
SP3_12
SP3_13
SP3_14
SP3_15
SP3_16
RED3/001/100
RED3/002/100
RED3/003/100
RED3/004/100
RED3/005/100
RED3/006/100
RED3/007/100
RED3/008/100
RED3/009/100
RED3/010/100
RED3/011/100
RED3/012/100
R_12c_SP_RW
R_B01_00
R_B03_00
R_B21_00
R_B25_00
R_B26_00
R_B27_00
R_B28_00
R_B29_00
R_B30_00
R_B31_00
R_B32_00
R_B33_00
R_B34_00
R_B37_00
R_B38_00
R_B40_00

Sqil profile
Sait profile
Top soil
Top soil
Mafic schist
Quartz vein
Bear soil
Bear soil
Bear soil
Bear soil
Bear soil
Bear soil
Bear soil
Bear soil
Serpentinite
Serpentinite
Serpentinite
Serpentinite
Serpentinite
Serpentinite
Serpentinite
Serpentinite
Top soil
Top snoil
Top soit

Top soil
Top suil
Top soil
Tep soil
Top soil
Top sail
Top soil
Top soil
Top soil
Float

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Rock

Road to Mondungwara
Road to Mondungwara
Road to Mondungwara
Road to Mondungwara
Road to Mondungwara
Road to Mondungwara

{sitaca Mountain
isitaca Mountain
Isitaca Mountain
Isitaca Mountain
Isitaca Mountain
Isitaca Mountain
Isitaca Mountain
Isitaca Mountain
Isitaca Mountain
Isitaca Mountain
Isitaca Mountgin
Isitaca Mountain
Isitaca Mountain
Isitaca Mountain
Isitaca Mountain
Isitaca Mountain
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
Redwing
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461159
451113
447766
446980
445615
444977
450896
454277
444632
444856
445113
443771
445844
451246
456045
459888
463313

467265

466406
463336
469779
461093
493242
488170
488236
488150
479959
483715
483429
487050
485796
486796
486796
478780
471152
471182
471279

473291

4733
480431
480430
481449
481458

7913903
7913236
7908917
7908480
7908112
7907789
7911025
7909562
7906704
7906149
7906104
7906223
7905611
7906414
7805598
7806398
7814024
7914140
7914972
7906461
7908767
7905174
7910879
7920414
7820460
7920514
7918805
7918130
7817999
7913090
7912635
7912635
7912835
7920250
7912273
7912346
7912345
7913765
7913916
7917374
7917290
7910666
79106884

R_B41_00
R_B42 00
R_B46_00
R_B47 00
R_B48 00
R_B49_00
R_B50_00
R_B51_00
R_B52_00
R_B53_00
R_B54_00
R_B55_00
R_B56_00
R_B59_00
R_B60_00
R_B63_00
R_B64_00
R_B67_00
R_B68_00
R_B69_00
R_B70_00
R_B72_00
R_BoaEsperan
R_Braganca_1
R_Braganca_3
R_Braganca_5
R_Cantao_1
R_Excelsior_1
Excelsior_2
R_Guy Fawkes
R_lvone_1
R_lvone_2
R_Ivone_4
R_Marondo_1
R_Monarch_3
R_Monarch_4
R_Monarch_5
R_Rewue_3
R_Revue_4
R_Two Fools_2
R_Two fools _3
99/MN024
99MN029

Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Rock
Main pit
Shaft
Small adit
Small adit
Adit
Adits

Open pit (main)
Dump

Dump

Dump

Adit

Open pit

Open pit

Adit 5

Adit
Explorafion adit
Open pit

Adit 7

Dots Luck 4
Dots Luck 6

Dot’s Luck
Dot's Luck
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6.3 Appendix Vi-C

Table VIC-1. Spectrum feature extraction explanation and comments

Cut oﬂ1
Field Explanation limits INOTES
\All spectra have been smoothed to the
1% setting, using a Fourier smoothing
The name of the spectrum to which processes algorithm, prior to any other process
Spectrum |have been applied - being performed.
All spectra with HQ in the result header|
(through the complete wavetength range)
have had a background removal process
The maximum albedo of the spectrum, aften applied in the foom of a convex hull
maxy smoothing 1% - quotient removal.
Results with "gr" in the name have been
resampled to a grid after smoothing,
before the hull quotient has been
removed. Grid range is specified in the
¥1320  [The reflectance value at wavelength 1320, - explanation.
Cut off limits represent the wavelength
limits beyond which the selected feature
can not occur. The extraction process
looks for the nearest feature to the
The reflectance value at wavelength 1650, specified wavelength, and this could be
combined with y1320 provides a measure of the quite far away, so the clip limits test the
slope towards a Fe2+ absorption at 1000nm, results and return a 0 for features|
y1650 present in e.g. clinopyroxene, olivine. - outside the specified range.
Extractions have been done using a
macro written by P.D. Harris within the
proprietary software SpectNT 1.63d
Reflectance value after huli removal, this is a point} developed at Anglo American and jointly
along kaolinite/halloysite shoulder feature, and can owned by DeBeers Consolidated Mines
be used to calculate crystallinity of the kaolinite, and Anglo American (Geophysical
162HQ [according to the G-Mex method - Services Department, a part of AAC plc.
Reflectance value after hull removal, this is a point]
along kaolinite/hatioysite shoulder feature, and can
be used to calculate crystallinity of the kaolinite,
178HQ jaccording to the G-Mex method -
Reflectance value after hull removal, this is a point
along kaolinite/halloysite shoulder feature, and can
be used to calculate crystallinity of the kaolinite,
2184HQ |according to the G-Mex method -
Reflectance value after hull removal, this is a point
along kaolinite/halloysite shoulder feature, and can
be used to calculate crystallinity of the kaolinite,
y2190HQ jaccording to the G-Mex method -
The wavelength of the nearest feature to 1380nm,[1395-
n1380HQ [represents O-H bonds 1405
Depth of the nearest feature to 1380nm, represents
d1380HQ [O-H bonds,
The wavelength of the nearest feature to 1410nm,|1405-
n1410HQ Jrepresents O-H bonds 1410
Depth of the nearest feature to 1410nm, represents
d1410HQ |O-H bonds,
[The wavelength of the nearest feature to 1750nm,1699-
n1750HQ Jrepresents sulphate minerals 1881
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Depth of the nearest feature to 1750nm, represents
d1750HQ |sulphate minerals

Wavelength of the nearest feature to 1910nm,
represents H,O normally crystalline/interdayer,
' water, free water tends toward longer wavelengthsj1881-
n1910HQ {1956 for atmospheric water. 1999

d1910HQ [Depth of the water feature.

[The wavelength of the Kaolinite shoulden2159-
n2165HQ feature/Pyrophyllite/Alunite major feature 2178
Depth of the kin shoulder, useful for kaolinite
d2165HQ [abundance and crystaflinity

Wavelength of the nearest feature to 2210,
represents the AKOH bond, present in lllite,
sericite, kaolinite, muscovite and other AOH2179-
n2210HQ bearing minerals. 12229
d2210HQ |Depth of the AI-OH feature

Wavelength of the nearest feature to the 2250nm
position, this represents an Fey+ bond
(unconfirmed in literature)} and is common in[2229-
n2250HQ [chlorites, bictites, epidotes, some amphiboles, ete. [2261
d2250HQ Depth of the 2250nm feature

Wavelength of the nearest feature to 2280nm, this
eature will normally collect a 2290nm absorption
for nontronite, or a talc shoulder feature at the
same position. This is thought to represent the|2261-
n2280HQ |Fes+ in nontronite. 2299
d2280HQ [Depth of the 2280nm feature

Wavelength of the main Mg-OH absorption feature,
this is common for actinolite, tremolite, talc, Mg-rich|2299-
n2320HQ |chlorite, biotite, phlogopite, some epidotes 2331
-1d2320HQ [Depth of the Mg-OH feature

\Wavelength of the nearest feature to 2350nm, this
eature is present as the dominant feature in most
carbonates, intermediate and Fe-rich chlorites,
some epidotes, and as a secondary but still largef2331-
n2350HQ [feature in sericite, muscovite, illite. 2361
d2350HQ [The depth of the nearest feature to 2350nm
'Wavelength of the nearest feature to 2390nm, this
eature is a common secondary feature in most Mg-
OH bearing minerals such as amphibole and talc,[2361-
n2390HQ |and has been used to track their abundance 2401
d2390HQ |Depth of the nearest feature to 2390nm
Wavelength of the nearest feature to 2440nm, this
represents the position of a carbonate absorptiont
feature. The quality of data beyond 2400nm is often
poor {low signal levels) therefore treat this with[2401-
n2440HQ icaution. 2475
d2440HQ [The depth of the nearest feature to 2440nm grid
The gridded before being hulled feature Depth of
the 2165nm absorption. This feature is often 2
shoutder or inflection, representing kaolinite
abundance and crystallinity - gridding removes the
local background and provides a more precise
measure of the feature. Grid range is 2128 to
d2165gr [2194nm at 2nm spacing. grid
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The gridded before being hulled feature Depth of]
the AI-OH 2210nm absorpfion. This feature often
falls on a slope not fully represented by the fuli hull
line, therefore gridding provides a more precise
background model and therefore removal. Grid
d2210gr jrange is 2120 to 2260nm at 2nm grid
The gridded before being hulled feature Depth of
the carbonate/chlorite 2340/2350nm absorption.
This feature often falis an a slope not fully
represented by the full hull line, therefore gridding
provides a more precise background model and
therefore removal. Grid range is 2260 to 2420 at
d2340gr 2nm grid
This extraction is the Width at Half Depth of the Al-
OH feature at 2210nm, the same feature as the
d2210HQ and n2210HG as above, The width
provides an alternative measure of the effects off
the 2165nm feature, and may represent a measure
of the relative proportions of kaolinite and
ilite/sericite/mica as the Ilatter have narrowerno clip
w2210HQlfeatures with less kacdlinite also present. check!
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6.4 Appendix Vi-D

Steps for mineral identification using its spectrum (Pontual et al. (1997a)

1. Obtain the best spectrum of the data (hull corrected ami smoothed if necessary)
and get the best display of the spectrum on paper or on PC screen.

2. Look at the 2050-2450nm spectral region (area 1)

3. Identify the deepest absorption in the 2050-2450nm spectral region and note its
wavelength position.

4. Look this wavelength up in the spectral library index and identify which spectral
group the spectrum belongs to.

5 Go to that spectral group page in the spectral library.

6. Looking at 2050-2450nm spectral region, take into account other absorption
features and compare the unknown spectrum with each of the spectra of this
spectral group. Identify the spectrum with the closest match to your unknown.

7. Tum to the page of the closest match. Take into account other absorption
features between 1300-2050nm (areas 2 to 4 as shown on Fig. VID - 1) and cross
check your identification to confirm similarities with the library spectrum, and to
make a final distinction between spectrally similar minerals.
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Figure VID - 1. Structured approach to spectral interpretation (source: Pontual et al., 1997a)
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6.5 Appendix Vi-E

Mineral identification using PIMA spectrometer

The following minerals are the most common in the study area. The following description
of the absorption features and the albedo are summarised from the Spectra file information
at the PimaView software.

Anhvdrite spectra are typically noisy with a highly variable albedo. Trace water
absorption is often noted at 1450nm and 1940nm. Weak absorption is noted in the vicinity
of 2325nm.

Anhydrite is a principal component of evaporite sequences, and is also found as an

accessory mineral in carbonate facies. It may also be found as an alteration product of

carbonates and in high sulphidation environments.

Hallovsite spectra are very similar to those of kaolinite, with the following differences:
Halloysite bears a large water feature at 1912nm

The 1400nm doublet of halloysite has rounded shoulders in comparison to kaolinite.

The sharpness of the 1400nm and 2200nm doublets of halloysite is weak in comparison to
those of kaolinites.

The definition of halloysite auxiliary absorptions in the 2320nm - 2400nm range is very
weak in comparison to those noted in kaolinite spectra.

Halloysite is a hydrated pseudomorph of kaolinite, typically found as a weathering product

of aluminous minerals

Hornblende spectra show strong Fe {+2} absorption, coupled with 2316nm and 2380nm
absorptions. Significant amounts of Fe may be identified by the shoulder at 2250nm.

Hornblende occurs in a wide range of igneous environments ranging from ultra-basic to
acid and alkali, but is characteristic of plutonic rocks of intermediate composition. It is

also a common constituent of regional metamorphic environments.

Kaolinite is identified by distinctive doublets at:

1395nm and 1412nm

2160nm and 2208nm

Supplementary absorptions are also noted in the 2320nm - 2400nm range.
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An indication of kaolinite crystallinity may be gained by an assessment of the doublets. In
crystalline kaolinite, these features are well defined as separate absorptions, whereas in
poorly crystalline (and halloysite), the shorter wavelength feature tends to appear as a
shoutder to the longer wavelength feature.

Kaolinite has two major modes of occurrence; as an aiteration product of hydrothermal
systems, and as a weathering product of aluminous mineralogies.

Montmorillonite is identified by strong asymmetric 1418nm absorption and a large
asymmetric water feature at 1910nm. Al absorption is noted at 2208nm.

Montmorillonite is a weathering product of ferro-magnesian minerals with the retention of
Mg,

Nontronite is identified by strong asymmetric 1430nm absorption and a large asymmetric
water feature at 1910nm. Major absorption is noted at 2280nm.
Nontronite is a Mg rich member of the smectitic clays, and occurs in weathering of

strongly magnesian minerals with the retention of Mg.

Phengitic mascovite spectra tend to bear broad Fe{+2} absorption at shorter wavelengths.
The main muscovite absorption is noted in the vicinity of 2210nm-2240nm.

Accessory absorptions are noted at 2345nm and 2435nm, with a variably developed minor
absorption at 2115nm.

Phengite is a Fe-Mg rich muscovite, which is typically found inn hydrothermal alteration

environments.

Talc has a well defined 1390nm feature, with a diagnostic doublet at 2290nm and
2310nm.

Accessory features are noted at 2390nm and 2460nm, and in the range 2080nm - 2230nm.
Talc occurs as a hydrothermal alteration product or a hydrated metamorphic_product of

ultramafic lithologies.

Tremolite spectra lack the broad Fe {2+} absorption at shorter wavelengths noted in other
amphiboles. Moderate to strong 1400nm absorption is noted, and the 1900nm water
absorption is weak to absent. Major mineralogical absorptions are noted in the vicinity of
2335nm and 2400nm.
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Tremolite is typically identified in metamorphic assemblages of calc-silicate lithologies.

The table VIE - | show the main three minerals in each sample, the proportion of mixture
in percentage and the confidence percentage of the spectral analysis. The analyses with
confidence percentage less than 90 were rejected.

Table VIE -1. Summary of the mineral identification using spectral analysis

Sample no. | Minerals | Mixture % | Confidence%
Shear zones near the contact between the Bulawayan and Shamvaian
Sp8/01/99 Anhydrite | Talc Halloysite 53-24-24 94.55
Sp8/02/99 | Anhydrite § Talc Kaolinite 52-28-20 50.37
Sp8/03/99 | Anhydrite | Tale Kaolinite 61-23-17 | 94.25
Sp8/04/99 Tale Kaolinite 64-36 53.92
Sp8/05/98 | Anhydrite | Taic Kaolinite 49-34-17 | 9148
Sp8/06/99 | Anhydrite | Kaolinite Talc 57-26-17 91.55
Sp8/07/99 | Anhydrite | Halloysite | Talc 48-36-16 | 94.42
Sp8/08/99 Kaolinite | Talc Homblende | 51-35-14 37.53
Sp8/09/99 Anhydrite | Kaolinite 52-48 83.36
Sp8/10/99 | Halloysite [ Anhydrite | Kaolinite 55-44-1 96.20
Sp8/11/99 | Anhydrite | Halloysite | Kaolinite 56-43-2 96.04
Sp/GF/01 Anhydrite | Water Kaolinite 48-34-18 97.26
Sp/GF/02 Anhydrite | Talc Halloysite | 54-28-18 95.13
Sp/GF/03 Anhydrite | Talc Kaolinite 64-24-12 94.21
Sp/GFi04 Water Tale Kaolinite 64-23-13 88.35
Sp/GF/05 Anhydrite | Halloysite | Tale 59-24-18 95.60
Sp/GF/06 Anhydrite | Talc Kaolinite 60-27-13 92.96
Sp/GF/07 Anhydrite | Halloysite | Talc 55-27-17 96.63
8p6/01/99 | Anhydrite | Halloysite | Talc 58-26-16 | 97.26
Sp6/02/99 | Water Halloysite | Talec 60-22-17 | 91.76
$p6/03/99 Anhydrite | Water Talc 53-31-16 94.81
Spb/04/99 | Anhydrite | Halloysite | Water 61-20-19 | 95.76
Sp6/05/99 Anhydrite | Halloysite 69-31 95.30
Sp6/06/99 Anhydrite | Halloysite | Water 61-21-17 96.81
Sp6/07/99 | Anhydrite | Halloysite | Tale 64-22-14 96.84
Sp6/08/98 | Anhydrite | Halloysite | Water 62-20-18 96.51
Sp4/01/99 Anhydrite | Talc Halloysite 55-31-14 85.75
Sp4/02/99 Anhydrite | Talc Halloysite 53-32-16 95.34
Sp4/03/99 | Anhydrite | Halloysite | Talc 62-20-18 | 96.59
Sp4/04/99 | Anhydrite | Halloysite | Talc 61-22-17 | 96.86
Sp4/05/99 | Anhydrite | Water Halloysite | 58-30-12 | 97.14
Sp4/06/99 | Anhydrite | Halloysite 75-25 94 .45
Sp4/07/99 | Anhydrite | Halloysite | Tremolite 56-35-9 90.92
Sp4/08/99 | Anhydrite | Water Halloysite | 54-30-16 97.99
Shear zones near the contact between Bulawayan and granites
Sp1/1/001 Anhydrite | Halloysite 5149 91.97
Sp1/1/002 | Anhydrite | Halloysite | Kaclinite 54-33-13 82.37
Sp1/1/003 Halloysite | Anhydrite Kaolinite 43-41-17 §52.90
Sp1/1/004 | Anhydrite | Halloysite | Kaolinite 56-36-9 93.25
Sp1/1/005 | Anhydrite | Kaolinite 52-48 88.11
Sp1/1/006 Halloysite | Anhydrite Kaolinite 56-26-19 94.28
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Sp1/1/007 Halloysite | Anhydrite Kaolinite 48-33-20 93.87
Sp1/1/008 Water Anhydrite Halloysite 54-28-17 98.68
Sp1/1/010 Water Anhydrite Halloysite 52-29-18 98.79
Sp1/1/011 Anhydrite | Halloysite | Kaolinite 46-35-19 891.67
Sp1/1/012 Anhydrite | Halloysite | Kaolinite 55-36-9 94.36
Shear zones near the Penhalonga granodiorite

026/Sp/Rw | Halloysite | Anhydrite 56-44 92.36
027/Sp/Rw | Anhydrite | Halloysite | Talc 50-28-22 94.64
028/Sp/Rw | Anhydrite | Halloysite | Talc 42-42-16 94.16
029/Sp/Rw | Anhydrite | Halloysite 52-48 94.07
030/Sp/Rw | Anhydrite | Halloysite | Talc 46-38-16 95.00
031/Sp/Rw | Anhydrite | Halloysite | Talc 48-37-15 95.29
032/Sp/Rw | Anhydrite | Halloysite 54-46 93.24
033/Sp/Rw | Anhydrite | Halloysite 5149 94.12
034/Sp/Rw | Anhydrite | Halloysite Homblande | 49-27-24 94.09
035/Sp/Rw | Anhydrite | Hornblande | Halloysite | 44-30-26 93.52
036/Sp/Rw__| Anhydrite | Halloysite Nontronite | 49-33-18 52.68
037/Sp/Rw__| Anhydrite } Halloysite 5347 92.68
038/Sp/Rw | Anhydrite | Halloysite Tremolite 47-33-20 94.37
039/Sp/Rw | Talc Halloysite | Anhydrite 36-33-31 92.97
040/Sp/Rw__| Halloysite | Anhydrite 58-42 93.82
041/SpRw __| Halloysite | Anhydrite 58-42 94.40
042/Sp/Rw | Anhydrite | Halloysite | Nontronite | 49-39-12 95.07
Felsic intrusion within the Bulawayan e.g. the Penhalonga Granodiorite
RED2/01/99 | Anhydrite | Talc Halloysite | 46-35-19 93.67
RED2/02/99 | Anhydrite | Halloysite | Tremolite 54-25-21 95.65
RED2/04/89 | Anhydrite | Halloysite | Kaolinite 52-37-11 92.85
RED2/05/99 | Anhydrite | Halloysite | Kaolinite 52-41-7 93.86
RED2/06/99 | Anhydrite | Halloysite 52-48 95.71
RED2/07/99 | Halloysite | Anhydrite | Kaolinite 41-31-28 91.22
RED2/08/99 | Anhydrite | Halloysite | Kaolinite 38-32-29 86.98
RED2/09/99 | Anhydrite | Halloysite | Kaolinite 38-37-24 91.55
RED2/10/99 | Halloysite | Anhydrite | Kaolinite 48-41-11 94.43
RED2/11/99 | Anhydrite | Halloysite | Tremolite 43-42-14 56.86
RED2/12/99 | Halloysite | Anhydrite 5545 96.93
RED2/13/99 | Not Identifiable ?Alunite
RED2/14/99 | Anhydrite | Halloysite | Tremolite 64-31-5 87.44
RED2/15/99 | Anhydrite | Halloysite | Tremolite 63-19-18 89.38
RED2/16/99 | Anhydrite | Talc 54-45 80.08
RED2/17/99 | Anhydrite | Halloysite | Kaolinite 55-35-9 92.54
RED2/18/99 | Halloysite | Water Anhydrite | 40-34-27 98.99
RED2/19/99 | Anhydrite | Halloysite | Kaolinite 43-40-17 92.24
RED2/20/99 | Halloysite | Anhydrite | Kaolinite 46-35-18 92.99
RED2/21/99 | Water Halloysite | Kaolinite 55-39-6 96.23
RED2/22/99 | Anhydrite | Halloysite | Kaolinite 48-40-13 92.52
RED2/23/99 | Anhydrite | Halloysite | Kaolinite 52-37-11 93.53
RED2/24/99 | missing

RED2/25/9¢ | Halloysite | Anhydrite | Kaolinite 45-33-23 92.64
RED2/26/99 | Halloysite | Anhydrite | Kaolinite 51-26-23 91.68
RED2/27/99 | Anhydrite | Halloysite [ Water 50-40-10 97.31
RED2/28/99 | Halloysite | Anhydrite | Kaolinite 46-29-25 92.62
RED2/29/99 | Halloysite | Anhydrite | Kaolinite 50-40-10 85.10
RED2/30/99 | Anhydrite | Halloysite [ Kaolinite 43-43-14 93.18
RED2/31/99 | Anhydrite | Water Halloysite | 44-31-25 98.75
RED2/32/99 | Water Anhydrite | Halloysite | 40-32-28 98.92
RED2/33/99 | Anhydrite | Halloysite | Water 50-29-21 98.46
RED2/34/99 | missing
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RED2/35/99 | missing

RED2/36/99 | missing

RED2/37/99 | Halloysite | Anhydrite Kaolinite 37-35-28 90.79
RED2/38/99 | Missing

RED2/39/99 | Halloysite | Anhydrite | Kaolinite 50-33-16 87.01
RED2/40/99 | Halloysite | Anhydrite | Kaolinite 48-32-20 91.14
RED2/41/99 | Kaolinite | Prengite 78-22 86.70
RED2/42/99 | Anhydrite | Halloysite | Kaolinite 45-38-17 93.03
RED2/43/99 | Anhydrite | Halloysite | Kaolinite 44-36-20 89.90
Shear Zones within the Shamvaian

Sp7/01/99 | Anhydrite | Kaolinite 71-29 83.01
Sp7/02/99 | Anhydrite | Water Halloysite | 55-24-21 97.62
SP7/03/99 | Anhydrite | Homblende | Halloysite | 49-27-25 84.20
Sp7/04/99 Water Anhydrite Tremolite 62-30-7 98.06
S5P7/05/98 | Anhydrite | Halloysite | Tremolite 70-20-10 97.01
SP7/06/99 | Anhydrite | Water Halloysite | 61-27-12 96.30
SP7/07/99 | Anhydrite | Halloysite 77-23 96.38
SP7/08/99 | Anhydrite | Halloysite | Tremolite 53-38-9 94.35
SP7/09/99 | Anhydrite | Halloysite | Tremolite 64-25-11 96.39
SP7/10/99 | Anhydrite | Water Tremolite 46-40-14 96.10
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Appendix VIl

On this appendix more results of the comparison between the PIMA reflectance values and

the TM and ETM reflectance values on the band S and 7 are present.

{ sP3_o1
| SP3_02
| SP3_03
| SP3_04
| SP3_05
[ SP3_06
| SP3_07

SP3_08

SP3_09
1 sP3_10
| SP3_11

1 SP3_12

1 sp3_13
| SP3_14
{ sp3_i5

SP3_16

0.5 -
0
r———o * G NOVIAeT
-0.5 =0 ETMApIS/7
/a—a—\/ —&— NDVINov
———t A ——ETMnovSI?
-1 i PIMAS/T

Figure VIIA — 1. Graphical representation of the ratios ETM Nov., ETM Apr. and PIMA bands 5 and 7 and,

NDV! April and November for the soil profile SP3
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Figure VIIA - 2 - Graphical representation of the ratios ETM Nov., ETM Apr. and PIMA bands 5 and 7 and,

NDVI April and November for the soil profile SP4
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Figure VIIA — 3. Graphical representation of the ratios ETM Nov., ETM Apr. and PIMA bands 5 and 7 and,
NDVI April and November for the soil profile SP6
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Figure VIIA — 4. Graphical representation of the ratios ETM Nov., ETM Apr. and PIMA bands 5 and 7 and,
NDVI April and November for the soil profile SP7
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Figure VIIA — 5. Graphical representation of the ratios ETM Nov., ETM Apr. and PIMA bands 5 and 7 and,

NDVI April and November for the soil profile SP8
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Figure VIIA — 6. Graphical representation of the ratios ETM Nov., ETM Apr. and PIMA bands 5 and 7 and,

NDVI April and November for the soil profile SP9




Sp/GF/01 Sp/GF/02 Sp/GF/03 Sp/GFi04 Sp/GF/Q5 Sp/GF/06 Sp/GF/07
2'5 L L L 1 1 1
i _"—F\\
1,5 \D___,,ﬁ;_———c—/o\c—
D e J— 0 A
1 — _ 2 - |
——ge—
0.5 \\/—
0 ——
/ ——NOVIApr [T,
05 —O— ETMAprSI7
’ —4— NOVINov
—3— ETrmnovs/7
-1 i Pima’/7

Figure VIIA — 7. Graphical representation of the ratios ETM Nov., ETM Apr. and PIMA bands 5 and 7 and,
NDVI April and November for the soil profile SPGF
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APPENDIX VIIB LIST OF SAMPLES

Solls Solls Rocks  Rocks Powdars Powders
Posltion Inurm Code 20-Apr-00 1T-Movw-29 PIMA- 1%amooth
X ¥ _Dasignation Bampie type Obssrvations |ET™T ETMS NDVI ETMSETMI _ETMY ETMS _NOVI _ETMNETMT 2113 168 16502226  s13s00 w000 18502228 rriso 185000 18802725

anz825~ 7912007 O0V/ARw Top #ail - wall tace Redwing Mire ® 29 0 181 @] % 6 013

482825 7912607 001/B/Rw Top soll - wall fnce Redwing Mine " 29 o 151 1| 2 o 073

82825 7912807 001/C/RW Top sall - wall face Redwing Mine " 2 o 1.819 «l 2 o 073

482625 7912807 001D/ Rw Top scll - wall face Rudwing Wine " m o 181 #f 20 o0 073

482825 7912807 COVERwW Top soll - wad face Redwing Mine " 2 o 101 4 2 o ars

462825 7912607  0OtFMw | 700 sh - watince Redwing Mg 2 ¢ 181 al 0 9 073

482825 7912807 CO1/G/Rw Top scll - wall face ‘Redwing Mine 18 29 0 161 [ % 0 073

402828 7912807 CO1H/Rw Top soil - wat face Risdwing Mine " % o 181 « 2 0 orn

482025 7912807 CO1NRw Top 8ch - wal face Ridwing Mine " 2 o 181 “# = 0 07

462825 7012607 QOULRW Top scll - wall face Ridwing Mine 1 2 0 181 “w o 0 073

482825  Te12007 001A/Rw Top adll - wat face Radwing Mine 1 2 o 181 « x 9 073

482025  Te12807 001NMw Top soh - wal facs Redwing Mine " 2% o 181 ] . 0 TS 47 8 114
482085 TON4STO Q02ioreRw Ore trom the Dump Redwing Mins #OVR| 2DV #DIVIO!
482085  TONAET DO2/OrefRtw Ore from the Dump Redwing hiine #0IV/! #DVID! #DIV/O!
4005 TRMSTE 002/Cre/Rw Ore trom the Dump Reewing Mine #OIV/D) #DVII 62 6z 118
484280 7914790 QOVGHRw Recwirg Mine - B L 141 3 0 088 41 o8 182
4842917 7914208 00USpRw Yop 8ol Recwing Mine 28 38 0 140 73] 84 0 0.88 #OIVIO
484201 7914208 00N/SpRw Top sol Redwing Mine 2 3 0 1.40 3 e o 0.8 SOV
484291 794268 COSA/BR/RW Top sob Redwing Mine 2 8 0 1.40 73] 84 0 0.89 B0V
484280 714258 008/5-Sp/Rw Tep et Redwing kone 28 B 0 140 7] e 0o o8 23 = oss
484280  TOT4248 007/3-BpfRw Top sal Recdwing Mine 24 % 0 1.50 e B B 0ss 27 0.08
484288 TP 0/SpTRw Top sol Redwing Mie 24 = 0 1.50 0 88 o o9 SOV
484289  T9IA22S 00% Rw Top sal Redwing Mine 4 W 0 150 00 85 o 053 sDVI
484287 T9IA18 013, GrRw Redwing Ming 7 4 0 188 o[ 8 o 09 3 28 0.00
484285 7014208 011/8.G0Rw Redwing Mine 7 48 0 189 e 8 0 os8 28 28 1.00
404380 7OMIN0  (128pMw Too sch Redwing Mine 28 49 0 1.84 e e o 0.97 SOVl
484300 7014100 0137w Ricwing Mine 0 =2 0 180 es| &8 0 087 38 38 1.04
484114 7014050 014Rw Redwing Mine B & o 140 e & o ol 28 7 0.8
AS4130 7914000 0157w Redwing Mine B 8 0 148 ] e ¢ 085 DNV
484135 7913080 0187w Redwing Mine 7 a4 0 183 e] 1O 0 0.83 DIVl
484142 TR13E20 0177w Recwing Mine P 1.7 s &7 0 089 33 28 1,03
454100 7913808 0187Rw Redwing Mine 38 s 0 154 @ 71 0 080 a7 a7 102
484092 Te13822 OtQiechRw Redwing Mine w o7 0 195 i & o 079 48 40 1.10
484080 7013780 C20/Talc/Rw Redwing Mine 2 3 0 1.85 e = o 080 41 4 1.08
484080 TRIIVR0 021/0zRw Redwing Mine v 12 6 188 sl 40 4 cee 47 & 1.20
484074 79 schviw Rudwing Mire 9 5T o 118 L T ) 102
484011 7913611 CZVEIFRw Redwing Mive 44 82 0 116 "W 7w o 0% 30 47 754
483677 TR13620 024/BolRw Top sol Redwing Mine s4 6 0 126 o m o 1M 2 7 0.97
483890 TR13390 G287 Rw Redwing Me ® & 0 111 sl e o o8 37 m2 1.28
AS2854  TOI2530 (O28/Wrock/Rw Rdwirg Mne 2 4 o0 148 L T 0§3 3 3 1.01
483018 7012459 C27AhRw Redwing Mine 2 &2 o0 158 o % o o 32 3 0.09
483018 TN12428 C2E/SVRw Top sol Radwing Mire 22 4 0 164 s« 2 o o7 32 m 1.01
83016 7612300 02w Top scl Redwing Mne 2 ® o0 145 & 7 o 083 3% 37 103
A83082  THIIT4 CIS/Rw Top sol Redwing Mine 2 B 0 1.5 @2 3% o 089 3 37 1,04
10 7912380 031/5p/Rw Top scl Redwing bere B & 0 .83 | 44 o 008 34 35 109
ABMIST 7012929 032/ BvRw Toy sol Risdwing Mins 4481 0 1.49 o] 6 o 1.08 £ONVH
483004 Te12807 C3VERRw Top sed Redwing Mine 2z % 0 189 | 6t 0 08 & 1.03
a5 7912200 O4/SVRw Top st Redwing Mine s 8 0 187 es] e 0 0o8 42 4 103
483197 TOI2288 OISEpRw Top sob Recwing Mine » e 0 161 s 40 0 00 M 47 107
483245 7912238 CIBB/Rw Top solt Rechwing Mine » ®| 0 1.5 nl e o0 088 3 #H 1.08
AB2284  TOIZ210 CIT/SiRw Top soll Recwing Mine M s 0 15 e 42 o oer 7 0 1,04
483315 7012185 D38/BpRw Top sol Recwing Mine 31 85 0 .77 7] s o 087 3 4 1.08
483338 7012180 CWSp/Rw Top sol Redwing Mine 2 M 0 148 W w0 o8y 3 2 1.08
483325 7912138 DA/ Rw Top sol Redwing Mine 2 M 0 100 s «w o 083 34 25 1.04
as3388 7992110 C4V/S0Rw Top soll Recwing Mine 8 ¢ 187 s7f 81 0 cse 33 28 1.04
48328 7012088 D42/SpRw Top soi Redwing Mire 3152 ¢ 1e8 o 1w o 081 38 37 1.03
aTosss Toi8017 T1/Cantac/ts Camnse 33 &2 1 168 w82 o 083

47803 TRAETOT 02/Cantao/eo Cantao “ s 2,00 ™ 3w 4 100

ATOE03  TONATO7 G)/Cantac/oe Centsa 4 2.00 » 3% 1,00

ATQEOS 701074 OACantao/by Cantao 17 38 1 208 s w0 0.5

a79805 7010749 DA/Cantna/pd Cantao 17 8 1 208 s 3w o 0.95
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409728 7018483 BOMNDT 4 Cantao a 6 0 .00 0 4 4 0.49
479882 TRAB762 Sp1M00 Top ssil Cantao 3 4 0 1.48 o] B o0 088 42 49 147
470837 T018TA4 Sp102 Top scil Caritao 27 a1 1.01 7l m o a8 4 113
479080 7918895 Sp1/1/004 Top scil Cantao w11 1.0 n ¢ 0 108 B M 11
470680 7918885 £p1/1/008 Top sl Certtag 10 131 1.0 s1] &2 0 102 40 a4 110
4708807 7910880 Bp1/1/008 Top sol Cantao 18 34 1 .09 8] 8 0 o8 3 45 119
470800 7910887 8pIMA07 Top acl Carttag @ 3\ 1 244 2 M 100 47 €3 138
47950  7¢10880 8p1/1/008 Too sl Cantac w38 1 244 2l M 106 41 52 1.2%
a7880  TeM8A70 Sp111/008 Topsol Cantac 7038 1 22 art a8 0 102 W 2 1.9
aTe90  To0aTe Bp1/1/010 Top soll Cantac 7 & 0 1.8 B3] 7 0 o 2 27 1.3
ATe480  791887A 8p1/1/0%1 Teo soll Cantac 41 &8 © 1.41 0] 4 0 o084 3 3 118
479482 TD1SSEs Sp111/012 Top wol Cantac m s 0 180 o] & 0 08 M 40 112
ATE287  TOIR0TY  Q1/Ned-Mam/eD 2 4 1 1.5 o] & 4 on
482170 7020414 01/Braga® Feotaic bt 27 a8 1 178 g 47 @ 080
m.m 7918841 NG30 Ofd-Wadrasdsy WG $ 1 __0 1.22 08 8 o 0.7
7016841 SOIANGS Ci-Wadraadsy WG » 10 122 % & o0 e
m To18841 SOMNO32 Ok-Wadnesday UG ® 1n 0 12 sl ®m o0 007
480534 7018544 FIMNG33 Old-Wadresdsy L/G » 1 0 122 @ ® 0 087
40534 7918844 FOMNDOS Oid-Wednesday UG » 1 0 122 ol & o 057
481140 TO17847 01ChLAS9 Chua 4 3 0 078 ot 0o 0 0.00
41188 WITTe2 SEMND3S Chua B 30 0 187 es|] & 0 0.8
481140 7017847 SOMNT38 Chus 4 3 0 078 10 0o 0 0.00
493181 7910007 Bp7/01/89 Top eof B. Experanca s 50 0 142 @ B 05 42 48 1.00
23181 7910723 SpTM00 Top wol B. Exparance 5 33 0 122 30 e 0 020 23 28 1
ANBT___ T9I0743 SP70M90 Top sol B. Esperanca 33 0 1.22 20 e 0 020 20 3% 118
493181 Foi07es B7 /04 Top sol B. Esperanca B 25 9 187 e M 084 48 88 115
403181 7010763 SPTIOSAR Top 1ol 8. Esperance ® 5 1 187 73 8 0TS 21 28 121
403151 1910803 SPTIONVGY Top sl 8. Eaperanca s 3 187 T3 s - ers M M 1,03
493151 7910818 SPTOTIR Top scl B. Experanca “ oz 1 19 700 8 0 o 24 25 103
493181 TE10838 SPT06/% Top ach B. Experanca “u 7 19 ] 82 o ore 2 0.82
433181 7910858 EPT/00A9 Tep sct B. Esperanca ® M 1 150 sl @ o 08 2 1.00
493181 7910873 SPTMO Top ot B. Esperenca 4 25 1 17% ej 3 o ¢8 1 ™ 1.4
483071 7910820 SeMNGZ7 B. Experanca 2 4 0 108 & ™ 4 09
4Tr24  TOOTZR2 PoMNO17 Saymour UG a7 12 0 18 8! s 0 em
aTM24__ TOOT232 FOMNG1S a7_ 12 0 1.83 sl 3 o 270
aTTI24TT TR0T232 GEMNG1D Saymour UG 720 153 ] 39 0 0.70
aTTA24  TOOTZNZ SEMNCZD Saymour UG 7 T2 0 183 s % o0 0.7
aTriza  TOTINZ FSMND2Y Saymeur WG a7 T 0 183 = 3 o0 670
aT8822  TG10TM3 SpS0180 Top sol Fair Brica 0 2 9 180 4 o0 err M M 1.04
4pAB32 7910860 Bpa/02R0 Top sol Foir Bride 20 22 0 180 @Al 8w o o 7 N 101
a88832 7910880 BpS/0VeD Top sk Fair Brice 4 42 0 178 4] 3 o0 oT3a M W 108
482832 7910888 BpSARe Top ol Fair Bride 24 42 0 178 o 3 o0 ory 28 2% 103
maaz 7010045 SpS/05/00 Tep sol Fair Bride 2 4 0 1.7 721 #3 0 o0re 33 3% 1.08
7910828 Bp508/%9 Tep sl Fair Brida 4 45 0 188 22 40 o0 07 R W 112
mooe 7910608 BplOTR Top sl Fak Bride 2448 9 168 &2 40 o or7 38 42 147
TE10554 Bp3/0aeY Top sob Fax Bride 7 381 164 a2 @ o 087 3 M 110
m 7910842 Spa01%9 Top 8ol Far Bride Ww ™ 0 187 “ s 0 oes 22 38 118
486830 7910567 Spa/m0 Top sol Fa¥ Bride w w0 187 “l ;o0 068 30 M 1.1
488830 791052 Spavoaes Top sol Fuir Brids 2 38 0 173 a2 44 0 o 2 a2 112
458348 7970800 Spa/OARD Top soll Fair Bride 22 4 0 178 @l 45 0 or 2w 30 140
498768 7010840 Spavoano Top sol Fer Brids v & 9 187 8l a2 o 0w M 3 105
456788 7910888 Spa0ne Top 1ot Fair Bride 23 40 0 160 el @+ o 075 24 28 108
408708 7910860 SpavoTAD Top sl Far Brice B w0 0 180 e 4+ o 075 28 28 110
486784 072 Seannns Tep sol Fa¥ Brids 20 M 1 170 & « o 078 28 28 140
4&003 7910275 Spagime Tepach Try Agein 121 39 1.50 Ml w0 077 24 28 1,18
7010290 Bpaizm Tep tol Try Again 1218 0 150 ) [ TR 077 & 8 e
moea 7910308 BP0 Top sl Try Again 1B 2zr o 180 s s 0 o’ 28 3 113
488083 7910320 Spdroane Top sot Try Again B 2 ¢ 180 7 8 0 00 28 %2 118
436083 7010338 Sp/see Top soé Try Agsin 7 32 0 188 84, ® -1 o7t 18 18 106
420050 7910408 Spa/08/00 Top sl Try Again 8 4 ¢ 168 w2 s . ors 2 % 102
430050  TW10423 BpaN7rRe Top sl Try Again % 43 0 168 100] 84 1 084 34 M2 0.67
408030  TRT0438 Spanane Top soll Try Again 25 41 0 164 100 84 -1 08 28 W 112
481424 TO10584 Spa01IAY Top sol Oot's Luck 2% 3 4 170 0 2 o0 077 3% 41 1,03
481515 910569 Spa02/50 Top soll Dot Luck 2 4 1 1 87 s . 07t 41 42 103
481815 7910814 SpBOSe Top soll Dot's Luch 45t 173 1] 4 o o8 38 37 0%
481835 7910029 Sp804s Top sail Dets Luck 2z w1 177 sl 4 o 08% 48 56 117
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481548 7910618 SpROSD Top sol Ders Luck z W 177 4 a8 0 089 44 47 1.08
481548 7910823 Spa/oaS Top soil Dot's Luck 2 3w 1 ks “l = 0 ey 43 a7 110
481548 7910048 Spa?ne Top #od Dot's Luck 2 0w 170 PPy o8 42 48 1.10
481548 7910648 Spanae Top wod Dot's Luck 23 3 170 s 3 9 080 44 54 112
481500 7910758 Spa/ows Top sod Defa Luck 4 1 1.54 2/ B o 082 &7 84 114
481821 7910708 SpB/1Vee Top ol Dot's Luck 24 37 1.84 2 B e 02 s 119
481453 7910877 8p0/1100 Top sol Dot's Luck " 21 9 182 ] 38 o 0o 28 > 1.08
492081 7910084 POMNO2Y Dor's Luck v 1. 1 180 el = 0.48 #ONI
48044 917700 SpOITF/ON Top sol Two Fools 31 40 3 188 o 4o 103 28 M 119
480424 7917850 See/TFA2 Top tol Two Fools X &1 1.80 T} T 100 33 43 130
480435 7917800 SpUTFRA Top sci Two Feols 2 & 1 2.17 120 8 o 118 26 22 127
AB0462 917577 SpRITF/O Top sck Two Fools 31 88 4 1.81 ™ a0 19 M 4 134
480470 7917550 SpWTF/IS Top sol Twa Foots 7 ez 1 103 8 = o 1% 2 18 .
AB0475 7917500 SpWTF8 Top sol Two Foots 24 49 1 2,04 n 72 o 008 37 4 117
480487 TOIT476 BpRTFAT Top saf Two Foots 4 4 1 204 ] o 082 37 44 118
480490 7017480 BPTFRS Top ack Two Foois 24 40 1 2.04 n n o 100 28 87 130
480403 7017430 BLRITFIOR Top sck Two Focts 25 8 1 12 n 1 e 100 0 % 128
480485 7917404 BpS/TFA0 Top sck Two Foots R 213 @ 4« o 08y ;W a8 124
488970 7012944 POMNOS4 Mins Guy Fawkes B w1 200 s8] 87 o 104

70T TN20 TONINGAS Wine Guy Fawhes 7 2% 1.74 2 7 0 o.88

487038 TO13144 BpGFA1 Top sch Guy Fwkas M 8 0 120 14 ® o 085 2 W 121
487000 7913110 SVGFAYZ Top sk Guy Fawlas 4 e 0 147 102 1 o oes 33 38 1.08
480084 7013008 SMGF3 Top sk Guy Fawkas 7 0 1.8 ] = 0 108 M M 119
prerey 7912087 BpIGFAM Top acl Guy Fawkes ®w 17 e 1,70 s 42 o0 0% 29 28 1.1
498830 7912000 SGFR8 Top ack Guy Fawkas 2w e 180 4] 2 o0 083 M M 109
4neart 7913084 Sp/GERS Top sk Guy Fawkas 2 4 0 173 s2l & o 100 % 4 113
488800 7913010 SpGFAT Top sol Guy Fawkas n ¢ 127 7] 4 088 M 4 119
471940 7912842 SIMNOS Monareh "owm 4 145 1 o o 000 48 8 122
471808 7912847 SOMNOS0 Monarch 1. 1 4 164 0 o 1 0.00

471153 7912550 TBMNGS2 Monarch 2771 1 0.8 [ W 1 077

471140 7912604 FOMNSI Monerch 7 4 2.00 2 » 0 0.8

471259 72637 OVmonsrehNG |mling ste/seversi b Monasch &8 8 0.78 " 81 0.50

471140 TONZTM4 8p10DIY Top 4ol Monarahy 0 0 - s 7 o 1 000 17 2 127
471138 7912070 Sp100299 Top sl Monarch 101t 1.00 20 8 1 048 17 28 142
471152 912088 Sp10:0359 Top sol Monerch 101 1.00 10 o 1 000 18 22 1.28
471283 7012808 Sp10/049% Top sai Morarnch 17 38 208 18 7 1 013 1B 2 141
473282 7914318 SOMNDI? Revus "8 1 184 s o 1 000 41 & 1.25
472278 TO14314 0OMND38 Revue now 184 8 o 1 0.00

413270 7914312 ] Revue 1" 1. 18 8l o 3 0.00

473289 7014310 COMNO4O Revue W 181 180 5 e 1 0.00

473324 7914084 WIMNOA Revus B 3 4 188 = a0 069

473324 TO14074 SEMNO42 Revue 2 021 ¢ 175 18 a0 019

473328 714083 SOMNOA3 Revue % 3 1 1.0 18 s o 0.18

473320 7914080 BEMNOS4 Revue “ 2 1 1.0 2 4 % 084

473323 7914040 BUMNO4S Revus 17 03 194 2] w 084

arn TH14020 SOMNCLS Revus 733 1 194 nl 4 1 0.4

473323 TRIA028 CEMNCA? Revie 17 m 194 14 0o 1 0.00

473200 TRIA027 FIMND4S Revus 19 38 184 10 o 0 0.00

497882 7008850 MAP1/0199 Profie 8-N 2 B0 1.80 21 128 0 1.08

487870 708729 MAP 10299 Protue 5N 84 100 1,31 124 128 0 103 41 & F)
437880  TU08749 MAP1/0300 Profie 8-N “ 1o 0 1.31 13| s o 102 48 87 118 1184 2387 190 4508 5733
4B7B80 7908749 MAP102VE9 & 108 o 1% 18| 18 o 1.01 1400 2572 173
487882 7008789 MAP1G4RD Profie S-N e 1wa o 130 184 188 0 1.01

Ag7881 7908780 MAP1/08/90 Frofie 6N 7" 2 ¢ 1.30 184 158 0 1.01

4875883 T9O0BE00 MAP 10890 ProfDe SN om0 1.30 18] 118 o 088

487880 780820 MAP1X07/09 Profle 8-N 10 134 o0 1.2 u8| 18 0 058

487885 7908850 AR08/ Prafie 8-N 114 134 0 118 4] 81 . 0.89

437888 7908870 MAP1/0%/99 Protie 5-N & & o 122 73 W 082

487883 7008888 MAP1/10/98 Profie &N 60 87 _Q 182 73 8 4 042

487884 7908010 MAP1A 1798 Profe &N a0 & 0 143 I 074

487880 7008016 MAP1H2/0% Profe 8-N &0 & 0 1.43 2 s 4 o 1738 289 138 4553 4927 1.08
437880 709016 MAP1M20799 0o & o 1.43 a2l s . or 1204 1804 139
487880 ToU9020 MAP1/1348 Profts S-N 2 & 0 169 a2 s 071

487582 7909081 MAP1/14%% Profie S-N 277 4 0 18 o] @& .4 078

487882 7000650 MAP1/15/08 Profie 5-N B s 0 153 o w0 100

487885 7000895 MAP1/16/89 Profie S-N 3 5 0 153 o o4 o0 1.08
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487888 ™HO8T20 MAP1/1706 Profie 5-N az 81 0 1.50 "<} 28 [+] 1.03
487888 7909760 MAP1/18/90 Profile 5-N a5 49 0 1.40 59/ a1 1] 103 2383 24.92 1.05 4543 4407 0.68
487088 TO0STB0 MAP1/180/09 35 49 0 1.40 59 81 0 1.03 14,69 18.08 1.08
487808 7009760 MAP1/18c/% 33 49 0 1.40 59 1] o 1.03 9.8 2168 1.09
487390 To00888 MAP 11990 Profie S-N a7 80 0 138 48 51 L] i
487883 TOOORGT MAP 172080 Profie 3-N < B 3 0 1.41 - ¥] M 0 1.08
A5T340 7014330 RED00190 Top soil Redwing 13 1 223 1% 17 1 026 a8 40 4,40
457304 14309 REB3002%9 - Top soil Radwing 7 19 1 220 29 27 1 093 43 M4 1.24
487454 A0 REDOCASE Top soll Redwing »n » 1 1,62 N 3 1 100 38 42 1.28
AB7354 TI4230 RED0O4W0 Tep sl Redwing 10 ] 1 o000 18 4 +] 022 #OIVIH
497343 7014128 RED/AOOM/G Top sol Redwing N n 0 182 ] 16 o 0Tr3 ¥ M 115
47229 4150 REDA/00M/SS Top scll Redwing 2 4 0 1.54 ] - o 100 34 42 1.25
487188 7014045 REDAAOTNS Jop sol 24 37 1] 1.84 -] 54 g OB 28 2 1M
ABT205 1913052 REDIOCR/SE Tep soll Redwing 20 M [*] 170 84 43 [} 08 & M 143
487190 13057 REDO0S/SS Top sol Redwing 21 3 1 1.08 81 41 o cee 7 W 1.1
447120 7913850 RECAO10R Top soll Recwing 2 Q -1 0.00 5 [+ o 000 23 24 1.04
487127 7913820 REDAO11/09 Top s2f Regwing 1 0 -1 0.00 [} o) o 00 24 27 108
457184 3T REDAD1/SR Tap sol Redwing Q 0 ¢ #0iviot 1 Q Q coo 25 7 1.08
447179 TO13748 REDAD1V68 Top sol Redwing Q Q7 #OIV/I a [} <] 000 2 W 1.12
487230 TR12088 REDAO1408 Top soll Radwing 3 0 “ 0.00 13 o Q 0.00 L]
447292 913024 REDID15%9 Top soll Radwing n w 1 1.50 42; a7 [:] 11912 2 113
7292 7913024 REDAARD Top sol Radwing 2 2 1 188 42 a7 0 12 B W 1.21
400937 7913740 REDID1780 Top sol Redwing 28 43 1 172 9 23 1] 081 28 30 117
487493 7913208 REDIO1A0 Tep sol Redwing 23 M [] 139 L] a0 0 087 41 88 135
487828 7913254 REDAMAS0 Top soll Rudwing 45 50 0 111 82 . -] 0 080 3 4t 1.18
487700 792811 REQ02000 Top soll Recwing 25 0 178 a 23 0 612 & 113
8720 ™ RERANZ1/99 Top soll Rudwing 2 42 [} 1.78 4 38 0 083 M 3 100
487733 7912504 REDAN2209 Top soll Recwing 24 30 0 1.80 17 -] 0 038 35 4 118
487788 TH12044 REDINZVE0 Top soll Recwing 2 » 0 184 ] 1] 0 o 3 W 112
484308 TH14044 RED2X01/9% Top sol Rechwing 2 M 0 188 o4 00 0 o 0 2 1.02
484783 7914120 RED2X20 Top soll Recwing 20 32 0 1.80 a4 82 0 cw 2 X 1.02
404785 7014128 REDROVSO Top soll Rodwing 20 2 0 1.80 54 82 0 Q.98 FOIVOI
448027 TON4942 RED2/0490 Top scll Recwing 2 28 -1 1.4 e8] 81 pu ors Y N 1.08
485028 T914183 RED20890 Top solf Redwing 2 28 <1 1.14 [T} [3] -1 ore M 8 1.00
485026 TR4187 RED2/00N% Top soll Recwing 14 12 -1 0.8a L1 1] -1 oTe M N 1.14
485020 7014142 RED2XO7T/0 Tap soll Redwing 14 12 -1 0.88 89 1) -1 Q77 40 48 121
485028 THI4117 RED208%9 Top soll Redwing % 20 -1 1.3 -] 53 -4 017 M 47 1.20
443020 1914100 RED20G/0 Top soll Redwing 2 34 o 1.02 ] £3 -1 077 28 5,18
485037 TH14000 RED2MOOS Top sok Redwing % 2 - 1.40 o] 43 -1 078 40 45 1145
483077 4070 RED2/11%9 Top solf Redwing 13 17 -1 1M 83 81 0 081 40 4 +.22
485059 TorAQR2 RED2M12%% Top sof Redwing 12 19 0 1.68 80 7 9 014 37 M 1.18
485071 78123958 RED2/13%9 Top soll Redwing % 27 o 1.80 a2 38 0 e 20 w oM
488007 7913888 REQ2/14/8% Top sol Redwing 2 _ 38 0 1.04 85 49 1] Q8 37 20 0.97
485097 TRTA8AS RED2/1500 Tap soil Redwing % 20 0 163 57 81 [] oes 238 27 0.97
485127 N300 RED2/10%% Tep acd Recwing 17 28 L+ 1.83 57 “ o [+ X} ] 34 33 1.04
485187 pakr-l RED2M7R0 Top sold Reciwing “ [+ 1.50 ) % o 100 %2 33 1.01
485182 7913023 RED2N1B9 Top scd Radwing 0 ] 1.85 45 43 ) o8 25 28 142
485182 7913528 RED2/10/09 Tep soll Reciwing 4 M ) 1.83 88 L) 4] 082 42 4« 108
485419 TS RED2/20/99 Top sofl Redwing 21 ar o 1.29 - 47 2 080 3 a0 113
485203 13388 RED2221/89 Top soll Redwing 8 7B A 0.08 123 9 1] o8 M & 126
485281 791322% RED2R2200 Top scll Recwing 51 &8 o 1.10 a8, o8 Q 08 N » 107
485318 TH13108 RED2/2300 Top scli Redwing 20 3 1 1,88 0 es 0 097 B 4 104
485320 7813180 RED2/2499 Topecil Redwing 20 33 1 108 74 74 <] 1.00 DOV
445323 813142 RED2725/50 Top sail Redwing 30 50 0 187 (1] a7 -] 098 A8 4% 1.1
485325 ™MNZT REQZ2r26/9 Top sl Recwing 0N 5 ) 1687 " a7 [} o8 35 M 1.00
485384 13015 RED2127R% Top sad Racwing YA ) 0 163 78 a2 [*] [ L~ - . L] 102
485434 7912008 RED22a%0 Top soll Redwing 2% 4 [ 1.04 9 49 0 08 B 113
ABS400 7912004 RED2/29%¢ Top sl Redwing 0 w o 189 ] T4 0 [1X- - BT . 111
485409 7912800 RED220/%¢ Top scll Recwing 25 42 ] 1.00 -] a2 0 082 M 2 1.08
405819 7012885 RED2/319% Top scdl Redwing Q2 o4 [ 189 ;] <] 0 104 29 1.00
485519 7912879 RED2/2210% Top scl Redwing 2 54 o 1.89 80 83 [} 1.04 21 24 112
485519 1912088 RED2/33/%¢ Top sol Rechwing 2 o o] 1.80 &0 .~ ] 0 14 27 B 1.08
485583 To12850 RED2r% Top sed Radwing 2 ] 17T 02 a2 0 0es 20NV
485712 m™i2887 RED23599 Top soil Rwiwing 24 41 1 .M 2 14 1 0.81 SDIVIOI
485500 7812152 RED2/28/98 Top soil Redwing 24 47 ] 1.96 85 b 4] oes #DIvV/ol
486183 7911838 RED2/37/9% Top soll Redwing 14 24 1 1.71 17 7 1 041 41 45 111
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400108 7911783 RED2/2890 Top soll Redwing 13 28 1 2.00 12 5 1 0.42 0NV

485035 7911710 RED2/30/9% Top soil Redwing 17 30 1 178 2 16 1 073 3 37 1.0

485829 7911888 RED2/40M0 Tog soil Redwing 2 48 [ 1.69 28 21 [} 078 A7 40 1.08

485748 7911000 RED2/4100 Top soil Redwing 2 ] 1.88 E'] 20 0 076 52 70 138

485740 7911833 RED2/4200 Top ach Redwing 24 40 [} 167 0 18 0 088 37 M 114

485504 7011588 RED2/43%0 Top scll Redwing 2 ] .84 0 20 0 067 40 42 1.05

491m8 7905041 5P2. 01 _Boll profie __Road to Mondungwars 4 610 1.3 n 4l 0 00§ 28 43 1.12

401628 7000041 8P2_02 Sl profile Read to Mondungwers 45 81 0 1.3 72 T [} 090 24 43 128

4Ante2s 7000041 8P2_03 8ol profie Rewd to Mondungwara s m [ 1.38 72 ™ [} 099 M 4 1.34

401028 7000041 8P2_04 8ol profiis Road to Mondungwara s s [} 1.98 72 4| 0 099 40 58 147

491828 7000041 §P2_08 Boll profie Road to Moncungwary L ] 0 1.3 7”2 Eal 0 090 3 se 148

481028 7000078 8P2_00 Top sol Rond 1o Mondungwara 28 4 0 1.64 49 48 0 002 42 1.08

431024 7900083 8P2_07 Top sof Road to Mondungwara I 0 1.64 72 n 0 008 38 43 1.20

491820 7009083 GP2_08 Mafic schist Rond o Mondungwara B 4 0 1.4 72 n 0 0% #DIV/Ot

481024 7909043 [ Quarz vein Road to Mondungwara a8 [ 1.38 72 gl 0 1] SO/t

470038 TO07 104 8P3_01 Baar sol lsitace Mourtain @ 51 ] 1.1 a a3 B 083 21 007

470040 7907108 §P3 02 Basr sol Jattaca Mountain o 651 o 1.1 14 -] -1 083 22 1.01

470044 7007108 SP3 08 Basr soll Isitace Mourtsin ¢ 51 [] (XL <) 1 08 20 2t 102

476040 907110 6P3_04 Bear sol leitmca Mountain 52 &8 0 142 o4 a5 -1 085 24 25 1.04

470052 7907142 8P3_08 Baar sl tsitaca Mourtain 52 58 0 112 64 38 B 088 23 M 1.05

470958 7007114 8P3_08 Bear acil lsitaca Mountsis 52 58 0 112 1] 38 B 0% 28 30 113

470060 7907118 8P3_07 Bagr ac Isitaca Mourtais [ 0 110 [ 38 B 058 2 27 1.07

470004 TSO7110 8P3_08 Basr sol leitnce Mourtair [ ] 0 1,10 1) 38 B 088 23 25 107

470054 TO07182 6P3, 00 Sarpantinits [sitmca Mourtain B0 A7 1 114 [} ] R 055 28 27 108

477083 7907219 8P3_10 Serpantinits lahaca Mountain @ 72 ] 1,80 54 37 ] 080 18 18 1.04

4TTOA2 7807081 SPA_ N Satpentinite Isitaca Mourtain LU ] 0 1.53 48 a5 0 07y 1w N 1.05

ATTA7 7907582 5P3 12 Serpentinite __Isitaca Mourtialn M54 0 1.89 0 9 073 38 40 1.4

471248 THROTAZS SP3_13 Serpentinite {sitnca Mourtain M a0 [ 187 43 ) 0 084 W W 1.13

ATT348 707429 BPI_14 Barpentinits initmen Mosmriain 0 80 0 1.87 20 3 ] o 28 28 1.08

ATTO28 TROT047 5P3_18 Serpentinite Isitmca Mourtain . I -] o 1.03 L] ] 0 oes 28 ¥ 108

477028 TOO7045 SP3_18 Berpentiits Isttmca Mountain 0 62 1 178 41 » 0 08 3 40 1.27

470431 7907889 REDMG1/100 Top sol Recwing 8 % 1 223 18| 17 1 0.89

470581 7907802 REDMOG2/100 Top soll Regwing 718 1 229 29 Fid 1 083 45 o4 1423

476730 TROTTHS REDYOCH100 Top sotl Radwing % N 1 192 at 3 1 100 28 5t 1.35

476880 7007830 REDJ004100 Top sall Racwing 10 [] 1 0.00 18 4 0 022 4 B .83

477030 007543 RED/00S100 Top sol Redwing 1 [ .62 2 18 [} 0T 1t 28 1.43

4TT180 FO07457 RED3/008/100 Joo sol) _Radwing 28 43 g _ 154 3] 3 0 100 M M 0.90

477330 TR073T1 REO3G07100 Top soll Redwing 24 37 [ 154 ] 34 [} 082 M a7 0.0

477480 TO07284 REDMDO&/100 Tap soli Redwing 0 34 0 1.70 84 43 [ 0.80 2034 2780 o688

477830 Te07168 RED3/00W100 Top sok Redwing 21 B 1 1,08 51 4« 0 0.80 5082  B482 1.08

4TTTTO 907112 REDMD1V100 Top soll Redwing 2 [ I 0.00 ] [} 0 0.00 50.04 8063 1.02

4TT929 07028 REDID1 /100 Top sod Redwing 1 [ IS | 0.00 9 [} 0 0.00 808 8.00 1.08

478070 TO0B93 REDA/012100 Top soll Redwing 0 0 0 DV " [} 0 0.00 128 7.00 1.09

484280 TO14100 R_12c_BP_RW Floai 2 4« 0 1.84 ) B4 1] o8 855 5.49 0.0

488022 7913802 R_B01_00 17 M 1 2.00 .- i ] o7 5879  890.27 118 5007 £27% 1.05
488022 TO13802 R_BO1b_00 17 M 1 2,00 59, "] ] a.78 5474 8434 118 DIVl
401700 1914738 R_B03 00 22 4% h) 208 M 32 1 0.89 8.05 244 150 3198 asie 122
4708 914736 R_B03b_00 2 45 1 205 3 2 1 0.89 8.21 .82 158 4018 51.04 127
41700 014738 R_B03c_00 2 e 1 2.08 » 32 1 0.29 2180 3525 1.83 #DIV/0!
480225 TO10184 R_B21_00 25 48 1 1.02 85 53 0 [} ] 1680  15.98 1.00 #DVOL
488328 7010154 R_821b_DO 25 48 1 192 83 5 o 008 2048  18.80 0.62 #oIV/O!
443068 TOOB144 R_B25_00 3t 47 [ 1.52 ] 82 4 088 1053 1201 123 4572 8228 1.4
443063 900144 R_825b_00 a4 0 1.82 ] [~ S ] 0.00 1000 13852 1.23 oIV
448200 man R_B26_00 20 45 [} 1.58 3] 38 ] 0.78 2062 207 142 4958 5884 1.18
488200 ™12222 R_B28b_00 20 45 [} 1.55 8 8 Q 078 42 RN 138 OV
488288 7912320 R_B27_00 16 25 [} 1.9 @® Fid 0 089 1280 109 087 3119 2308 074
488288 7912320 R_B27b 00 8 25 0 130 48 zr 0 0.59 14,03 10.94 0.08 #DIvL
488743 7911638 R_B28_00 EL 1 287 B [ 1 0.00 0.29 782 084 1812 1573 0.06
488748 To11835 R_B28b_00 24 1 287 [} ) 1 0.00 as0 B.32 008 #DIVO!
458813 7911038 R_B29_00 17 2 1 1.53 1 0 0 0.00 #DIV/O! 1829 1889 1.02
488881 7911040 R_B32_00 % 32 ) 200 13 0 1 0.00 1163 1032 089 #0IV0I
488881 7911940 R_B30b_00 6 a2 1 2.00 1 0 1 0.00 1450 1318 0.80 *DIVOL
485403 7014010 R_B31_00 2 4 0 1.7 54 49 [} o 839 0.54 1.02 DI/
485405 7014010 R_B831b_00 20 48 0 1.77 54 49 [ 08 7.90 7.58 0.68 DIV
487517 7911643 R_B32_00 8 14 1 233 2 0 t 0.00 11.78 2754 155 4122 4952 120
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487517 7911843 R_BA2b_0Q L] 14 1 233 2 [+] 1 0.00 11.81 13.85 1.17 #DIvVA!
457048 Te08870 R_B33_00 14 3 1 1.04 o) 2 0 0.78 2543 EX:) 1.57 4282 47.68 1.1
457045 7908870 R_Basb_00 14 23 1 1.84 n rd +) 078 21.58 3557 1.82 #DIVA
450844 7009045 R_B34_00 28 48 1] 177 52 50 o 098 9.12 10208 1.13 DV
458844 7009845 R_B82p_00 28 40 0 1.77 52 50 o 0.9 9.25 10.51 1.14 2DV
454705 012288 R_B37_00 18 30 0 187 E1] 45 o 088 885 LY ) 127 #O0v A
454708 M12308 R_B37_00 8 30 1] 187 §1 45 ) 0.88 7.00 a3 128 2DV
481238 TR14540 R_B38_00 17 18 -1 1.08 57, 47 1] 0.82 21,68 20.45 134 4N 48.23 1H
481258 7014846 R_B3ass_00 7 19 - 1.08 57 47 o) 0.82 27.51 30.40 11 v
451220 TR14143 R_B40_00 22 38 1 1.84 80 ] 0 om 1322 18.1% 122 4480 804 113
4811599 1912903 R_B41_ 19 24 0 .20 83 48 Q 0rs 1589 17.08 111 020 3373 1.08
481180 7913903 R B4t 00 19 24 0 120 8 48 g 0.78 17.67 £0.65 118 AoV
481113 013238 R_B42_00 20 az 107 88 [T} [} 0.88 8.45 0.57 1.13 #DIVIO
481113 T9132% R_B421_00 30 32 1 1.07 o 45 0 o.as & 10.12 1.4 20V
447708 o087 R_B48 00 27 38 0 1.4% .-} ;] 0 [+E-14 800 481 o 2OV
447708 7900917 R_B4st_00 27 38 0 1.41 82 ] [*] o 824 861 090 DV
448900 TR0480 R_B47 00 53 8 -1 128 ) Lk -4 072 7.28 B.20 142 1870 2123 1.94
440900 TR0480 R_B47b_D0 53 88 - 128 s a3 -1 072 8,08 10.83 1,84 ROV
445015 7008112 RA_B48_00 w M 0 183 40 kol o o83 #DNVOH MG 2504 1.11
444377 TR0T78% R_DP49_00 13 20 ¢ 1.54 92 74 -1 0..0 1278 12.80 1.00 #DIVRY
444977 7R07783 A_B4agh 00 13 20 0 1.54 " 4 -1 0.80 a.50 G4 111 SOV
450408 7911025 R_B5G 00 26 40 0 154 70 89 1) 0.99 2850 0.48 130 4840 5139 111
450890 711025 R_BS0H_00 Fo) 0 1.54 70 -] [] 099 20.23 3004 1.38 SOV
454277 709862 R_BS51_00 I ] 0 144 o3 e3 o] 1.00 17.84 407 187 4049 4857 118
484277 TR00582 R_BS1b_00 70w °] 144 83 83 4 1.00 ¥, ] 885 1.1 #DIvVO!
444332 TO08704 R_B52_00 21 s -] 187 53 45 1] 0as 8.28 8.95 111 %M 4188 1.15
444232 TRCAT04 R_BS2b_00 21 £l [*] 187 83 45 0 0.85 a.ss 10.70 1.24 20V
444858 TR014% R_BS53 00 27 42 1] 158 1] 32 -1 047 10.60 1297 124 4380 8232 1.20
444028 TR0A 149 R_BS23a_00 27 4 -} 188 e a2 -1 047 10.02 26.90 153 4012 4838 113
444258 708148 R_BS2sh_00 7 42 0 1.68 & 2 -1 0.47 19.32 2053 153 #0IvO!
444228 7000149 R_B53b_00 27 42 [+ 1.88 aa 32 -1 047 1814 18,82 128 OO
445113 TOOA104 R_B5¢ 00 27 32 ] 1.44 .} 48 -1 .57 8.33 5.03 oe7 17,43 10.81 1.14
445113 7008104 R_BS4a_00 27 38 [}] 1.41 I 48 -1 087 863 5.24 [-X-] FOVDE
445113 70104 R_B54ab_00 7 33 [} 1.41 1] 48 -1 087 803 7.38 0.82 oVt
445113 7000104 R_BS4b_0O 27 ] -} 1.41 81 42 -1 0.57 LK.} a8 o7 Li ']
443171 7908223 R_B58_00 27 42 [} 1.58 s e o 0.92 2r.78 42.74 184 81082 504 1.14
443171 7908222 R_BS5b_00 T 42 0 1.58 ] 3] o 0.e2 14.37 1887 130 #0001
445844 7905811 R_BS58_00 7 20 -1 1,18 3] 83 1) 162 2180 2263 108 1047 1812 1.00
445844 7905814 R_B56b_C0 17 20 -1 1.48 3] B3 e 102 2001 20,00 1.00 #0NVO1
451240 7900414 R_B59_00 A 38 ] 184 51 43 0 0.84 120 11.18 087 1847 18912 1.00
458043 7905508 R_DBB&0_00 8 43 o 1.54 3 7 0 082 14.30 11.73 082 #DV DY
458045 7005568 R PS0b 00 8 4 2 154 3 27 1] o8z 11.4% 0§82 0. B0V
459888 7808398 R_B&3_00 ER] 40 0 129 “ 41 0 1.00 21.05 0. 140 3047 4748 1.20
455800 TO08:SA R_B&3b_00 n 40 0 1.29 41 41 [+} 1.00 1883 18.07 1.0 FOVIOL
483313 7014024 R_884_00 24 3B 0 183 78 47 -1 [-X.~] 9.00 .20 104 3225 3406 1.08
483342 7914024 R_B&4b_00 4 W 0 183 8 47 -1 062 799 037 1.05 L]
487288 7014140 R_B87_00 13 21 1 1.82 38 8 +] 085 10.13 12.58 1.24 #bivor
ABT208 TH14140 R_8a7b_00 13 1 182 -] -] [+} 088 1378 17.40 1.28 BD5V/0!
488400 7814073 R_B&&_00 1 ¢ 1 2.00 5 0 1 0.00 881 k3] 1.08 *DIvo!
458408 71473 R_Beab_oo 1 0 1 2.00 5 o 1 0.00 8.19 12 .88 L=
483330 7008481 R_Be9_00 B M 1] 1.57 as 30 ) X .} 448 2034 120 2193 2040 0.8
483308 1908481 00 28 44 0 1.57 as 30 1] 0.8 12.08 1. 0. 2D
489779 TR0ATAT R_B70_00 4 2 1 0.50 13 3 1 0.23 ELFT 48.89 139 4785 B84 1.18
ABSTTE TRO8767 A_B70b_00 4 2 1 0.80 13 3 4 0.23 kL il -] 47.33 122 #DIvO!
481003 7005174 R_B72_00 24 43 [} 1.78 og 8 0 o 14.41 1.30 000 30T 47 1.0
481002 7005174 R_B72b_00 24 43 [} 178 & a3 0 an 1t.08 17.52 103 #DIVAOL
483242 ™oere R_BcaEsperan Main pit 20 35 1 1.78 52 s 0 arn 27.47 2048 144 DIV
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Appendix VilI-A

Digital Image Data Processing flow chart
Schematic represantation of data flow
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Figure VIIIA-1. Schematic representation of the different phases of data processing
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(Appendix VIII-B)

Digital Image and Data Processing

In this appendix, digital image processing of the Manica Mutare Odzi greenstone belt
is discussed with aim of defining the means of application of procedures in feature
recognition and data integration.

Geometric cormrection

The raw images need to be geometricaily corrected in order to allow correct overlap
and match of topographic and other geographic information that are based on the coordinate
system position.

The process of registration (geometric correction or georeferencing) of the SPOT
images involves the use of topographic maps (1: 50 000) as reference maps coupled by
ground control points (GCP) collected from features that can be accurately located on the
digital image. The GCP were collected using a Garmin 12XS global position system (GPS) in
Universal Transverse Mercator (UTM) WGS84, Clarke 1886 datum.

Geometric correction involves the assignment of reasonably well-distributed GCP
coordinates to the equivalent features on the non-corrected (distorted) satellite image.
Afterwards, the difference between the corrected and the non-corrected images is calculated
by a least-squares regression analyses. These differences are used as transformation
coefficients for the resampling of the non-corrected image, thus:

x=fi (X,Y)

Y=£(XY) Where
(x, y) are the distorted image coordinates (column, row)
(X, Y) are the correct (map) coordinates
(f1, f») are the transformation functions

The resampling techniques have been extensively described by Rifman (1973), and
Goetz et al., (1975). These techniques include the nearest neighbour, the bilinear interpolation
and the cubic convolution. After testing the three methods for the satellite imagery and air
photograph mosaic of the MMO area, the one that gave best results was the cubic convolution
and it was used to build up the rectified image on the new grid defined over the map.

Image Enhancement

Satellite images are recorded in wide range of grey tones, which ideally should occupy
the whole grey scale from 0 to 255. Very few images use the full range of grey scale due to
differences in the surface cover material. Thus the best contrast of an image would be the one
using the full range of the grey scale i.e. 0 to 255. The image enhancement aims at improving
the visual interpretability of an image by increasing the apparent contrast between the features
on it,

The contrast manipulation, spatial feature manipulation and multi-image manipulation are the
main enhancement methods used.
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Contrast manipulation

The contrast manipulation involves the alteration of grey level in the input image in order to
obtain the best contrast. It is performed in three different ways; the contrast stretching, the
level slicing and the grey-level thresholding. The description of these techniques can be found
in any introductory book on Remote Sensing principles e.g. Lillesand and Kiefer (1994),
Sabins (1987).

For the Manica Mutare Odzi greenstone belt after testing the three techniques it was
decided to use the linear contrast stretching. The range in which the values of the input image
is distributed is determined by plotting an histogram of the number of pixels or percentage of
pixels versus pixel values (Digital Numbers, DN) (see Fig.VIII - 1a and VIII - 1b).
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Figure VIII - 1a — Histogram of the Landsat ETM band 4 April (Manica Mutare Odzi region) —

Note that 30 percent of the pixels occupy only 0 to 2 DN, between 2 and 68 there is ¢. 0% of
pixels and less than 1 % are distributed from 145 to 155 DN; this leaves 70% of all data and
90% of DN not zero distributed between 68 and 145. The Fig VIII-1b shows the same image
after linear contrast stretching (images values between 68 and 145 only). Note that the image
values are linearly distributed in a Gaussian profile throughout the whole range (0 - 255).

Spatial Feature Manipulation

The filter operations are local image transformations in which each pixel depends on

its neighbours multiplied by a filter kernel. The kernel! defines the output pixel value as a
linear combination of pixel values in a neighbourhood covered by the kernel on the original
image.
Filter operations can be specifically designed to enhance specific information, and are called
directional when the objective is to enhance features with specific linear orientation, or non-
directional if the objective is to enhance linear information at any direction. The Filter
operations are extensively explained in most books of remote sensing (e.g. Lillesand and
Kiefer (1994), Sabins (1987)).

Several filters (edge enhancement and Laplacian kemel, Fourier transform) were
tested for the study area and the best results were achieved on the application of Edge
enhancement filter (table 1). This filter enhances spatial details related to linear features such
as roads, faults, and lithological boundaries. It calculates the difference between the central

' Filter kernel is the window of odd number of rows by same number of columns
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pixel and its neighbours in such a way that the light features become lighter and the dark

features become darker.
-1 -1 -1

-1 16 -1

T

Table 1 — Filter kernel used for edge enhancement

Multi-band Manipulation

The Muiti-band operations include band ratio, band difference, band addition, band
multiplication, band fusion, band combination (colour composite), vegetation index, and
decorrelation stretching. The present discussion will be restricted to operation that gave good
results when applied in the study area.

Band Ratioing

Band ratio has been used for compensating the variations in illumination due to
variation in topography and is also commonly used in index calculations (TM3/TM1). It is
achieved by dividing the DN in one band by the corresponding DN in another band for each
pixel. The result is plotted in an image after stretching. The ratio operation can be performed
on the spectrum of the image or any reflectance data (see also chapter 7).

In this study several ratio images were created and assessed for lithological and alteration
mapping. The ratio images were combined in colour composite RGB or they were density
sliced for better visualisation.

Colour Composite and Optimum Index Factor (OIF)

Colour composite is an operation by which three primary colours (red, green and blue
(RGB)) are combined for the purpose of display on screen. There are two methods used to
create colour composite images: the standard and the dynamic colour composites.

The standard colour composite involves a linear stretching of interval or a histogram
equalisation. In both linear stretching and histogram equalisation the intervals are user
defined.

The dynamic colour composite is created from the Heckbert Quantization Algorithm (HQA),
which is based on the amount of variations in the input pixel value. The principle is illustrated
in Fig. VIII - 2a and VIII - 2b.

11
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Ni. of pixchy No. of poecls

Figure VIII - 2a — Pixel values range in box1: from 31 to 98 in the band1; from 22 to 65 in the band2;
and from 21 to 66 in the band3. Fig. VIII -2b — Represents pixel values range in box2: from 31 to 98 in
the band 1; from 66 to 100 in the band 2; and from 21 to 66 in the band 3 (modified from ILWIS 2.1,
Reference Guide)

The Optimum Index Factor (OIF) is a statistical operation developed by Chavez et al.
(1982) that can be used for band selection of optimum combination of three bands to be used
in the creation of a colour composite image. Statistically optimum combination means the one
with highest amount of information. The use of bands with high OIF for colour composite
does not mean necessarily that the best colour composite image is produced, hence this
depend on the purpose of the study. In the present study the best OIF ranked colour composite
image was not useful for geological studies.

Statistical Analyses

In this chapter, the principal component and the correlation matrix for image data
compression and test of usefulness of the resulting images was used for geologic structural
mapping.

Principal component analyses

Principal Component Analyses (PCA) is a statistical linear transformation used to
reduce or remove the redundancy derived from different bands capturing the same
information although in different wavelength.

Loéve (1955), developed PCA and the concepts can be expressed graphically by two
bands of data in Fig. 6 — 18. The transformation defines a new axis (y;) oriented in the long
dimension of the distribution and the second axis (y») perpendicular to y; (Sabins, 1987). The
original pixel values are transformed into new coordinate system in a linear mathematical
expression as

Y1 =onx; + anx; (1)

- Ya=anx; + anxz (2)
Where: x; and x; are the pixel coordinates in the original system; Y, and Y, are the
coordinates

IV
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in the new system; and o, a2;, and ax are coefficients of the first and second

component
\ A principal component 2
Y2V eal
\ 3 principal componeant 1
>
\ g
c
\
\'B Y,
\ -
\ -7
\ —
Band X DN o

Figure VIII — 3. Scatter plot of Landsat TM band X (x; axis} and band Y (x; axis) showing
correlation between these bands. The principal component transformation was used to
generate a new coordinate system (Y;, Y,) (modified after Swain and Davis, 1978, Sabins,
1987)

For more than two bands each additional band will add an extra component, which is
perpendicular to ail others.
A principal component transformation was performed on the three visible bands and the three
reflected infrared band of Landsat TM and ETM, all bands of Landsat TM and ETM, and the
SPOT-xs data for the Manica Mutare Odzi area. The PCA images were combined to create a
colour composite where PC1, PC2 and PC3 were assigned the RGB respectively.

Correlation Matrix

The satellite images in general had a degree of correlation. This means that
information in one band can be repeated proportionally in another band. The correlation
matrix is calculated in order to assess the degree of redundancy in the satellite images bands.
It is useful for band selection in colour composite exercise.

Correlation matrix is calculated after the determination of the covariance and then the

covariance matrix is normalised as

Corrpyp = Covarpip 3)

VVary, * Varb2 .
Where: Corry, 2 is the covariance calculated for two input raster maps (bl and b2)

Var, is the variance calculated for the band b1

Image Classification

Digital image classification is the process in which the computer performs the recognition of
certain classes based on pre-set conditions (supervised) or on the basis of spectral similarities
of the pixels. The principle of digital image classification is that a pixel is assigned to class
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based on its feature vector’, by comparing it to pre-defined clusters in the feature space3
(Janssen, 2000).

Digital image classification is divided into supervised and unsupervised. It is
supervised when the clusters are interactively selected on the basis of previous knowledge of
the area, and supplied to the computer by the analyst. While the unsupervised classification
does not require any knowledge of the area and the clusters are defined on the basis of
spectral similarities by clustering algorithms.

Several classification algorithms exist and its choice depernds mainly on the purpose of the
study and on the data available. The box, the minimum distance to mean and the maximum
likelihood classifiers are the most commonly used.

The maximum likelihood classifier (MLC) was used to the Manica Mutare Odz
region because it gave better results than the other classifiers. The MLC algorithm calculates
for each feature vector, the distances towards class means and for each class, variance -
covariance matrixes are calculated. The following formula is used in Maximum Likelihood
algorithm:

Dix)=1In|Vi|+ YV;'Y )
Where:
D; is the distance between feature vector (x) and a class mean based on possibilities
Vi is the M x M variance-covaniance matrix of a class
M is the number of band
| Vi| is the determinant of V;
Y is x-m;; is the distance towards a class mean
Y" is the transposed Y
The shortest distance D to a class is found if D is smaller than the user defined threshold, then
this class is assigned to the output pixel otherwise the pixel is assigned as undefined.

2 two or more dimensional vector where each vector represent an image band
3 a graph that shows the values of the feature vectors
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Appendix IX-A
Bayesian Probability Model

The Bayesian probability model or weights of evidence model was first developed for medical
diagnosis (Lusted, 1968; Spiedelhalter and Knill-Jones, 1984; Spiegelhalter, 1986). It was
first applied for mineral potential mapping by Agterberg (1989). Bonham-Carter et al. (1989),
Bonham-Carter (1997) and Caranza (2002) described the way Bayesian probability model can
be used for mineral potential recognition criteria. _
The following formulation of the weights of evidence is summarised from Bonham-Carter et

al. (1989), Bonham-Carter (1997) and Caranza (2002).

It an area is captured in raster form or any other model that divide it in picture units (pixels) of
fixed size, s, and the total area equivalent to t, then N{T}=t/s is the total number of pixels in
the area. In mineralised area some pixels will be occupied by mineral deposits D, equal to the
number of deposits if the s is small enough that only one can occupy the pixel, then the prior
probability of a mineral deposit is:

P{D} = N{D}/N{T} Eq. IX-1
Assuming that there is binary predictor pattern B (e.g. shear zone), occupying N{B} pixels,
occurs in the region and that a number of mineral deposits are known to be associated with
predictor pattern, i.e., N{D n B}. The probability of a mineral deposit occurring within the
predictor pattern is greater than the prior probability. The probability of finding a mineral
deposit given a predictor pattern can be expressed by the conditional probability:

P{D| B}= P{DB}/P{B}= P{D}(P{B| D}/P{B), Eq.IX-2

Where P{D|} is the conditional or posterior probability of a mineral deposit given the
presence of the predictor pattern, P{B| D} is the posterior probability of being in the predictor
pattern B, given the presence of a mineral deposit D, and P{B} is the prior probability of the
predictor pattern. The probability of finding a mineral deposit in the absence of a predictor
pattern can be expressed by the following conditional probability

pp- By =B ppy B D} Eq.IX -3

P{B} P{B}
Where P{D is posterior probability of a mineral deposit given the absence of a predictor
pattern, P{B is the posterior probability of being outside the predictor B, given the presence
of a mineral deposit D, and P{ is the prior probability of the area outside the predictor
pattern. -

The equations 6-2 and 6 — 3 satisfy the Bayes’ rule. The same model can be expressed in an
odds formulation, where odds, O, are defined as O =P/(1 — P).
Expressed as odds, equations 6 — 2 and 6 — 3 become 6 — 4 and 6 — 5, respectively

P{B"-.D)

O{D-.B}=0{D —
(DB} = O(D} s

Eq.IX-4




P{B -.D}
P{B-.D}
Where O{D and O{D are the posterior odds of a mineral deposit given the presence and
absence of a binary predictor pattern, and O{D} is the prior odds of a mineral deposit. The
terms P{B| D}/P{BI D} and P{ are known as the likelihood sufficiency ratio (LS) and
likelihood necessity ratio (LN), respectively (Bonham-Carter, 1997).

O{D"-.B} = O{D} Eq.IX -5

The values of LS and LN, in the weights of evidence model, are calculated using the mineral
deposit data and by taking natural logarithms of both sides of Equations 6 — 4 and 6 — 5. The
weights for the binary predictor pattern, or the log, of LS and LN, are as follows:

- log, 18 -1} Eq. X6
P{B -.D}

lfi"-l(}g,_,—}—)i_.lgi Eq.1X -7
P{B-.D}

Where W and W™ are the positive and negative weights of evidence when a binary predictor
pattern is present and absent, respectively. Thus, Equations 6 ~4 and 6 — 5 become

log, 0:{D"*.B} =log, O{D} + W* Eq.IX -8

log, O:{D"-.B}=log, O{D}+W~ Eq.IX -9
The variances of the weights can be calculated by the following expressions (Bishop et al.,
1975; Agterberg et al., 1990)

1 1
STW*) = + — Eq.IX-10
N{BnD} N{BAD) 9

S*W)= LS B Eq. IX-11
N{BnD} N{BnD}

The contrast, C, defined as

C=W'-w

Provides a useful measure of the spatial association between a binary predmtor pattern and

mineral deposit points. For a positive spatial association, C is positive; C is negative in the

case of negative association. The Studentised C, calculated as the ratio of C to its standard

deviation, C/C;, serves as a guide to the statistical significance of the spatial association

(Bonham-Carter (1997). The standard deviation of C is given by:

Eq. IX - 13

S(C)=/S2W*)+S2(W™)
Bonham-Carter et al. (1989) and Bonham-Carter (1997) showed that when Studentised C is
greater than 2 implies that C is statistically significant.

|




Conditional probability for multiple binary patterns

If it is assumed that there are two binary predictor patterns, By and B,. from probability
theory, it can be shown that the conditional probability of a mineral deposit given the
presence of two predictor patterns is,

P{B, "B, -.D}P{D}
P{B, "B, -.D}P{D}+ P{B, " B, -. D} P{D}
If B, and B, are conditionally independent of each other with respect to a set of points, it
means that the following relation is satisfied:

P{D-.B,"B,}= Eq IX - 14

P{B, N B, -.D}=P{B, -.D}P{B, -.D} Eq. IX-15
Equation 6 — 15 atllows Equation 6 — 14 to be simplified, thus

P{B,"-.D}P{B,"-.D}

P{D"*.B, A\ B,} = P{D} PR IPIB]

Eq.IX - 16

Equation 6 — 16 is similar to equation 6 —2, except that multiplication factors for two binary
predictor pafterns are used to update the prior probability to give the posterior probability.
Using the odds formulation, it can be shown that

log, O{D"-. B, " B,} = log, O{D} +W,* + W, Eq. IX-17
log, O{D"-.B, " B,} = log, O{D}Y+ W +W; Eq.IX - 18
log, O{D"-.B, N B,} =log, O{D}+ W, + W, Eq.IX-19
log, O{D"-.B, " B,} = log, O{D} + W, +W; Eq. IX - 20

Similarly, if more than two binary patterns are used, they can be added provided they are also
conditionally independent of one another with respect to the mineral deposit point position.
Thus, with Bj(j= 1,2,....,n) binary predictor patterns, the log, posterior odds are:

log, O{D"*.B " B; \B;---B}}=> W} +log, O{D} Eq. IX - 21
J=1
where the superscript k is positive (+) or negative (-) if the binary predictor pattern is present

or absent, respectively. The posterior odds can then be converted to posterior probabilities,
based on the relation P=0/(1+0), which represent mineral potential.
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Appendix IX - B

Calculation of Chi Square in the MMO Greenstone belt Chi Square
Observed bmpbif X bmpgr bmphbif bmpgr all absent
14 48 14 42
0.466666667 -10 -14 -5.533333333
0.016091954 1.724137931 7 0.644132772 |9.38436266
Expected bmpbif X brmpgr bmpbif bmpgr all absent
13.53333333 58 28 47.53333333
bmpbif X bmpshear bmpbif bmpshear all absent
Observed 32 30 28 28
bmpbif X bmpshear bmpbif bmpshear all absent
Expected 24.16666687 58 50 36.16666667
7.833333333 -28 -22 -B.166666667
2.53908046 13.51724138 9.68 1.844086022 | 27.5804079
bmpbif X bmpgrgr bmpbif bmpgrgr all absent
Observed 19 43 28 28
bmpbif X bmpgrgr bmpbif bmpgrgr all absent
Expected 2271666667 58 47 37.71666667
-3.716666667 -18 -18 -8.716666667
0.608082661 3.879310345 7.680851064 2.503233171 146714772
bmpbif X bmpshabu bmpbif bmpshabu all absent
Observed 22 40 6 50
bmpbif X bmpshabu bmpbif bmpshabu all absent
Expected 13.53333333 58 28 47.53333333
8.466666667 -18 -22 2.456666667
5.296880131 5586206897 17.28571429 0.12800374 28.2968051
bmpgr X bmpgrgr bmpgr bmpgrgr all absent
Observed 4 24 43 47
bmpgr X bmpgrgr bmpgr bmpgrgr all absent
Expected 10.96666667 28 47 55.96666667
-6.966666667 -4 4 -8.966666667
4.425633232 0.571428571 0.340425532 1.43658924 6.77407657
bmpgr X bmpshabu bmpgr bmpshabu all absent
Observed 4 24 24 66
bmpgr X bmpshabu bmpgr bmpshabu all absent
Expected 6.533333333 28 28 70.53333333
-2.533333333 -4 4 -4.533333333
0.982312925 0.571428571 0.571428571 0.29136736 2.41653743
bmpgr X bmpshear bmpgr bmpshear all absent
Observed 15 13 45 45
bmpgr X bmpshear bmpgr bmpshear all absent
Expected 11.66666667 28 50 53.66666667
3.333333333 -15 -5 -8.666666667
0.952380952 8.035714286 0.5 1.399585921 10.8876812
bmpgrgr X bmpshabu bmpgrgr bmpshabu all absent
Observed 0 47 28 43
bmpgrgr X bmpshabu bmpgrgr bmpshabu all absent
Expected 10.96666667 47 28 55.96666667
-10.96666667 0 o -12.96666667
10.96666667 0 0 3.004189001 13.9708557




bmpgrgr X bmpshear bmpgrgr bmpshear all absent
Observed 22 25 38 33
bmpgrgr X bmpshear bmpgrgr bmpshear all absent
Expected 19.58333333 47 50 4258333333
2.416666667 -22 -12 -9.583333333 |.
0.29822695 10.29787234 2.88 2.156718852 15.6328181
bmpshabu X bmpshear bmpshabu bmpshear all absent
Observed 21 7 39 51
bmpshabu X bmpshear bmpshabu bmpshear all absent
Expected 11.66666667 28 50 53.66666667
9.333333333 -21 -1 -2.666666667
7.456666667 15.75 2.42 0.132505176 | 25.7691718
bmpfryX bmpshear Fry bmpshear all absent
Observed 32 30 28 28
bmpfry X bmpshear Fry bmpshear all absent
Expected 25.83333333 62 50 33.83333333
6.166666667 -32 -22 -5.833333333
1.472043011 16.51612903 9.68 1.005747126 | 28.6739192
bmpfryX bmpshabu Fry bmpshabu all absent
Observed 17 45 11 45
bmpfry X bmpshabu Fry bmpshabu all absent
Expected 14.46666687 62 28 44.46666667
2.533333333 -17 -17 0.533333333
0.443625192 4661290323 10.32142857 0.006396802 15.4327409
bmpfryX bmpgrgr Fry bmpgrgr all absent
Observed 21 41 26 30
bmpfry X bmpgrgr Fry bmpgrgr all absent
Expected 24.28333333 62 47 35.28333333
-3.283333333 -21 -21 -5.283333333
0.443937314 7.112903226 9.382978723 0.791127382 17.7309466
bmpfryX bmpgr Fry bmpgr all absent
Observed 20 42 8 48
bmpfry X bmpgr Fry bmpgr all absent
Expected 14 46666667 62 28 44.46666667
5.533333333 -20 -20 3.533333333
2.116436252 6.451612903 14.28571429 0.28075962 23.1345231
bmpfryX bmpbif Fry bmpbif all absent
Observed 40 22 22 34
bmpfry X bmpbif Fry bmpbif all absent
Expected 29.96666667 62 58 29.96666667
10.03333333 -40 -36 4.033333333
3.359325176 2580645181 22 34482759 0.54286244 52.0534668




