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Abstract

Spatial data integration and analysis for updatieglogical map and predicting mineral potential
were carried out on the available analogue andaligemote sensing datasets of Magondi Belt,
Zimbabwe. In the search for mineral potential areasurate and up-to-date geological maps are
essential as it represents the most basic infoomdtr directing exploration activities. To thiscgn

the existing geological map of the study area, tviwas published in 1961, is too old to extract ap-t
date information for mineral exploration. Howevé&eological Survey of Zimbabwe (GSZ) has
acquired several exploration datasets from diffeexploration and mining companies. The problem
is there is no proper integration of the explonatdatasets in order to update the geological map an
prospect and delineate new exploration targets.ebh@r, modern exploration techniques and new
tools like RS and GIS have not been applied in otdéntegrate the diverse geological datasets to
predict mineral potential map for certain typesnheral deposits in the Magondi Belt. The main
objective of this research was to integrate thestasgts to update the geological map and produce
mineral potential map of the study area. In thesearch, the various datasets were processed,
integrated and modelled using GIS and remote sgnsthniques. Landsat TM and ASTER images
were interpreted and classified to delineate mdjtirological units and structural features.
Lineaments were interpreted from DEM and verticativhtive total field magnetics. Lithological
interpretations made on analytical signal totalldfienagnetics were compiled with results of
interpreted multispectral images to produce updaggalogical map. The map was validated and a
total accuracy of 76% was obtained.

Estimation and integration of spatial evidencesenmsnducted in the southern portion of the study
area. Evidential belief functions (EBFs) were usedjuantify the spatial association between Cu
deposit and geological features. Deposit recogmitiriteria were the basis for extracting spatial
evidences based on the characteristic featuresathsound Cu-Ag-Au mineralization in the study
area. The geochemical copper anomaly map, whidheddbd the potential zone of mineralization,
was used as one spatial evidence. Among the ditficdl units, arkose and dolomite were important
spatial evidence. The linear structure, NW tregdiaults and magnetic anomalies have similar
spatial evidence to copper mineralization. Thedbdlinction maps were integrated and classified to
produce a binary predictive copper potential maplidations conducted on the predictive map
without magnetic evidence indicates that the faable potential zone correctly delineate 12% of the
Cu-anomaly, 58% of the ‘model’ and 60% of the ‘dalion’ deposit. Validation conducted on
predictive map using magnetic evidences improvedsipatial coverage of the favourability zone by
0.3% and delineated 19% of the Cu-anomaly. Thedieate that integration of all spatial evidences
give satisfactory result for mapping mineral poi@nof the study area. The result implies the
usefulness of the model for further explorationuofliscovered strata-bound copper deposit in the
study area.
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GEOLOGICAL AND MINERAL POTENTIAL MAPPING BY GEOSCIENCE DATA INTEGRATION

1. Introduction

1.1. Research background

Reliable geoscience information in the form of ggidal and mineral potential maps is very
important for exploration and development of miheesources. In countries like Zimbabwe for

example, mineral resource development has playedmgortant role for sustainable economic

development. For many years now, the northern paEridgimbabwe, especially the Magondi Belt,

have been a target for gold and base metal exfaraAlaska and Mhangura are the major copper
producing mines currently in operation. The MagoBdlt is situated in the Magondi district north-

west of the capital city Harare. It covers an a£8,500 knibetween 16° 15’S and 17° 30°S latitude

and between 29° 50’E and 30° 15’E longitude.

Copper production and exploration in the Magondt Bearted in the 1% century, following the old
workings exploited by the local people. Proper exaion activities however, started as the early
1940s with employment of advanced exploration tepkes by the Zimbabwean Government and
mining companies. During the period 1970 to 1978, groduction of copper reached its peak and a
maximum of 55,000 tones of copper have been exgploitKkambewa, 1998). Since then, most mines
are either exhausted or closed. To substituteolthanines and sustain the country’s economy, the
Geological Survey of Zimbabwe (GSZ) has conductesumber of exploration surveys. In 1970,
ground and airborne geophysical surveys were cdadua the area. Between the years 1983-1995
the GSZ, in collaboration with the Japan IntermaloCo-operation Agency, Metal Mining Agency
(JICA), has carried out exploration work. The lwopbncentrated on the collection of geochemical,
geophysical and geological data in the northerhgfathe Magondi basin (Kambewa, 1998).

Today, the GSZ has acquired large amounts of gmalbglatasets from various conventional
exploration and mining companies. Most of the iinfation is dispersed and kept in analogue format.
However, no attempt has been done to convert tbate and integrate information to establish a
mineral potential map to attract investment in tbgion. Moreover, the existing geological map is
published in 1961, and does not convey detailedrin&tion for undertaking mineral potential
mapping. At present the area is covered by opéndl microwave remote sensing digital datasets, but
these datasets have not been processed and ietegith the available geological data.

Conventional geological mapping and mineral exgloraare labour intensive and require high
investment, and take long periods of investigati@n the contrary, modern exploration techniques
are cost effective and quick and can be achievddsis time. In this research, the various datasets
available for the Magondi Belt were processed, grdated and modelled using Geographic
Information System (GIS) and Remote Sensing (R8% dbjective of this research was to integrate
the available geological datasets in order to wpdhé geological map and to produce a mineral
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potential map. In the research, optical and mick@veemote sensing datasets and aeromagnetic
remote sensing data were processed, interpretediraegrated for both geological and mineral
potential mapping. Ground truth field observati@tadets were used to further improve and validate
the geological map. Comparisons were made betwbenotd and updated geological map.
Geochemical soil sample and aeromagnetic data preressed and analysed. The results of analysis
and interpretations were used in spatial data ratemn and predictive modelling for mineral potaiti

mapping.

The interpreted images were further integrated radgce an updated geological map. The new
geological map was used to extract spatial evidefmepredicting mineral potential map. Estimation

and integration of spatial evidences were conduatgdg evidential belief functions (EBFs). The

belief function maps were integrated and the ragulmap was classified to produce a binary
predictive mineral potential map. Validations cocitdd on the binary predictive map using Cu
anomaly and deposits indicated a satisfactory traeshich implies the usefulness of the model for
further exploration of undiscovered strata-boungpaw deposit in the northern parts of the study
area.

1.2. Problem statements

The Magondi Belt of Zimbabwe contains several coppimes, which were discovered as a result of
follow up investigation of old workings exploited kocal people. Currently, a number of mines are
closed and the present ones are depleted duedgkmind of exploitation (Kambewa, 1998). These
mines are considered to be favourable spatial tidies for finding new potential areas. Exploration
of new potential locations for mineral developmeotmonly takes place in and around areas where
mineral deposits have already been found (van RO(E6). For this reason, the study area attracts
exploration companies to conduct investigationiszaver new deposits. However, investors require
organized datasets to decide and plan their exporactivity. This indicates that access to such
datasets is very important. Mineral potential maps an important part of such datasets, which help
to focus the exploration activities over the maosteptial areas, thereby increasing the possitslitie
finding new deposits by optimizing the exploratexpenditure (Andrada de Palomera, 2004).

In the search for mineral potential areas, accuaatk up-to-date geological maps are essential as it
represents the most basic information for direcémgloration activities. To this end, the published
geological map of the study area which was pubtishel961 needs updating. To the knowledge of
the author, this map is too old, produced usingveational mapping techniques. However, GSZ has
acquired several exploration datasets from diffeeaploration and mining companies. The challenge
is that there is no proper integration of the esqtlory datasets such as aeromagnetic, optical and
microwave data in order to prospect and delinea&e exploration targets. Moreover, modern
exploration techniques and new tools like RS anfl kdve not been applied in order to integrate the
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diverse geological datasets to predict mineralm@kmap for certain types of mineral depositthia
Magondi Belt.

1.3. Research objective

The main objective of this research is to apply @il RS based techniques for interpretation and
integration of diverse geologic datasets such eslogical, geochemical, geophysical, and optical RS
and microwave datasets, to update the existingpgezal map and to produce a mineral potential map
of the Magondi Belt. The research aimed at tedtiegcapability of the integration model to produce

mineral potential map.

In order to achieve the major objectives the follmywsub objectives were set:

« Interpret the remote sensing images and aeromagdata to update the existing geologic
map of the area.
* To delineate the host rocks of strata-bound Cu-AgsAneralization.

e To identify geologic features with spatial assdoia to Cu-Ag-Au mineralizations and
extract these features from the available geoldgigaochemical, remote sensing, and
aeromagnetic datasets.

« To quantify the spatial associations of known Cufigmineral deposits with the geological
features of the study area and develop models @mpéintegrating and predicting areas with
potential for Cu-Ag-Au mineralizations.

1.4. Research Question

1. How can remote sensing, geomagnetics, geochemidageological datasets be used for
updating geological map and modelling the minecdéptial of the study area?

2. Which tectonic structures have spatial associatith Cu-Ag-Au mineralization in the
study area?

3. Which simple approaches are useful for integrathmg geological datasets in order to
predict the mineral potential of the area?

1.5. Hypothesis

It is possible to interpret and integrate varioeslggical datasets such as geological, geochemical,
geophysical, remote sensing and known mineral dedat in order to update the geological map
and produce a mineral potential map of the researela using RS and GIS. h&re may be
unidentified host rocks and tectonic structuresciwhtontrolled mineralization in the study
area.To predict where these mineral deposits of intemgght occur, it is necessary to study spatial
association between known deposit occurrences arnditc geological features that control their
occurrence. GIS-based predictive modeling suclewvadential belief functions (EBFs), involves
analysis of spatial associations between multifegegeological features and known deposit
occurrences to predict where deposits of intenestileely to occur.
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1.6. Methodology

Updating the geological map and producing a minpaiéntial map is the general purpose of this
research. In both methods, several steps were takéear In the first instance literature review was
done for extracting information concerning the gahgeology of the study area. Data preparation
and pre-processing of optical and microwave rematehsed images, such as Landsat TM, ASTER,
SRTM and aeromagnetic data were conducted usinglSLevd ERDAS software. Various image
enhancement techniques were employed to clearlyahi® the image. Radiometric and geometric
corrections were applied in order to remove théuarfce of the atmosphere and to get surface
reflectance. Images were georeferenced and sutisaine projection system.

The existing 1:1,000,000 scale geological map efrésearch area was digitized from the existing
geological map of Zimbabwe at a scale of. Additiagenlogical features in northeastern parts of the
study area were digitized from interpreted mapkasfdsat TM and low resolution aeromagnetic data
at a scale of 1:500,000 (Carballo Lopez, 1998).

Mean values digital numbers (DN) of lithologieadits in individual Landsat TM and ASTER bands

were calculated and the values were plotted tovbdeh band best discriminate the lithologies. Based
on the selected individual bands an image clasgifio was carried out using maximum likelihood

classification.

Appropriate band combinations were chosen for ldgigal and structural interpretations. The band
combinations were variously fused with the SRTMadat order to further enhance lithological
boundariesThe shaded-relief image of the SRTM was used f@rjmetation of lineaments. Analysis
and extraction of lithology, lineament and faultsrevs supported by sample datasets and information
obtained from the existing geological maps. Gedaaljieatures extracted from the fused images were
integrated with the sample datasets into one difgtanat in GIS. The extracted geological features
were digitized in order to produce an updated ggoid map.

Four major steps were followed for creating a mahguotential map: 1) spatial data input, 2)
conceptual data development, 3) spatial data psesesand 4) integration and validation. The first
step consists of input of spatial data like, geilaly geophysical, geochemical data and occurrences
of known mineral deposits in the study area. Dawalent of conceptual exploration model was
based on literature review of strata-bound Cu-Ag-deposit of study area. Here, information
regarding the deposit model in sedimentary basuir@mment was referred from literature. Study of
general characteristics of sedimentary Cu depdsitbe area and establishment of criteria for the
recognition of potential zones for the occurren€édhese deposits was carried out. Based on the
conceptual exploration model, spatial data analysae carried out. Extraction of geological feature
that have spatial association with Cu-Ag-Au minizedlon in the study area was the third step, which
results in evidential maps to be used in the ptedianapping of Cu-Ag-Au mineralization potential
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of the study area. Integrating the evidential miapsCu-Ag-Au mineralization and validation of the
predictive maps were the last step undertaken.

1.7. Justification

The Magondi Belt of Zimbabwe, which has a favoueatitological setting for gold and base-metal
mineralization, there are adequate geological d&asbtained from past geological mapping and
exploration surveys. The datasets includes gedbgitap, aeromagnetic and geochemical data;
remote sensing images and several mine data. Tdaasets and the favourable geological setting
attract mining companies to explore potential afeaglevelopment. In order to increase the chance
of mineral discoveries and optimize the exploratierpenditure, mining companies require

geoscientific knowledge which indicates the typemoferalization and locations of potential areas
(Andrada de Palomera, 2004; Thurmoeidal, 2006). However, the lack of up-to-date geological
maps and absence of mineral potential maps holds the investment and development activities in
the region.

There may be unidentified host rocks and tectotriectures which controlled mineralization in the
study area. The challenge is how to map these ri=atin order to know potential areas for
mineralization. At present, it is difficult for th@SZ to use the conventional methods of geological
mapping and mineral exploration to find target artr mineral deposit along extensive area, since
these techniques are labour and capital intenaine require long period of investigation.

Today, powerful tools of RS and GIS have contridugelot in modern geological mapping and
mineral exploration by enhancing, interpreting amdegrating of various geologic datasets.
Integration of remotely sensed data and airborngnetic data with other geological datasets is a
promising and cost effective method to add newcttinal and lithological features to the geological
map in a diverse geological province like the pnésesearch area, Magondi Belt (Isabirye Mugaddu,
2005), (Le Thi Chau, 2001). Mineral potential maggpiinvolves delineation of potentially
mineralized zones based on geological features #@hat characterized by a significant spatial
association with target mineral deposit (Porwalal, 2006).A systematic exploration program for
geological and mineral potential mapping thereforeolves the integration of geological,
geochemical and geophysical techniques (Carratzal, 1999). All the geoscience information
together with pre-processed remotely sensed datheaised as evidence to delineate potential areas
for further investigation (Chang-Jo and Fabbri, 399

GIS together with traditional geoscience datasedsusedto obtain effective predictors of mineral
potential (Harriset al, 2006). Different researches revealed that enhgnantegrating and analysis

of geoscience data together with interpretationseafotely sensed datasets could help in predicting
mineral potential. To this end, Evidential Beliafrietions theory (EBFs), which has been widely used
in mineral potential mapping (Carranza and Hald)3}0was used to predict the potential for Cu
mineralization in the Magondi Belt. It was choseatéuse the method uses both knowledge and data
driven approaches and requires a number of repsen mineral deposits to compute the spatial
association between the deposits and the geolofgiatires. The Magondi area therefore fulfils all
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these criteria. This is the first time that EBFsevapplied for mineral potential mapping t therefor
this study would help support the previous predittiechniques, which were totally based on simple
overlay methods (Carballo Lopez, 1998; Kambewag).9

1.8. Organization of the thesis

This thesis deals with integration of geologicaladats for updating the geological map and mapping
of mineral potential of Magondi Belt. The first ghear introduces the research background, the
problem definition, the scope and objective, and tuestions and hypothesis of the research.
Information about the study area, such as loca@aeess, general geology and previous works are
given in chapter two. Part of chapter two introdudectonic setting, metamorphic history and
mineralization of the rocks in the study area.

The detailed methodologies employed for the geolignapping and mineral potential mapping of
the belt are described with the help of flow chantschapter three. Data inputs, organization and
processes, spatial analysis, validation of resaits the main steps followed in this chapter. The
available input data and software used for proogsand analysis are mentioned in the same chapter.
Data processing and interpretation of analoguanaagnetic, optical and microwave remote sensing
data are clearly mentioned in the chapter. The gmtressing techniques mainly focused on
multispectral images, high resolution aeromagnetita and geochemical stream sediment analysis.
Pre-processing of Landsat TM, ASTER and SRTM imagespart of this chapter. Chapter four deals
with data integration and analysis for lithologicad lineament mapping. The geochemical and
geophysical anomaly maps are integrated togethtbrmilltispectral processed images to produce an
updated geological map. In chapter five, the metbdbdEBFs for mineral potential mapping is
described. Conceptual model of mineral depdsé,deposit recognition criteria and spatial evigenc
extractions done based on the geo-exploration al&aliscussed in detail. In this chapter, the apati
association analyses were done between the evideape and copper mineralization followed by
spatial data integration for predictive mineralgratal modelling. Here, generation and combining of
the predictor patterns and validation of the priadicmodel were undertaken to produce a predictive
Cu-Ag-Au potential map. Finally, the results areatdissed and conclusions are made on chapter six.
Recommendations are also made on the same chapter.
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2. Study area

The northern part of Zimbabwe, especially the MaljdBelt, has been a target for gold and base
metal exploration for many years (Figure 2.1). Alasand Mhangura, in the central part, and
Shamrock in northern parts of the country, are sofrtbe explored base metal mines currently under
operation (Kambewa, 1998; Woldei al, 2006). The Mhangura mine consists of two stratankl,
sediment-hosted copper-silver deposits of Mangudd Blorah. The main copper production of
Zimbabwe comes from these mines with by-productgotd and silver.

2.1. Location and access

The research area is situated in Zimbabwe abouk&8rorth-west of the capital city Harare. It is
bounded by 1615’S and 17 30’S latitudes and by 2%0’E and 3815’E longitudes with center at
about interception of £700’S latitude and 3000’ E longitude (Figure.2.1). The area extends 170
km north-south and 50 km east-west, covering d tota of 8,500 ki

Access to the area is possible through the towml@hii, about 130 km west of the capital city
Harare. The two operating base metal mines, Malmmgud Shamrock are accessible from
Chinhoyi. Mhangura mine is 70 km north of Chinh@yigure 2.1).
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Figure 2-1 L ocation map of the research area
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2.2. Previous work

Magondi basin is a known Cu-Ag-Au mining provindece 13" century. Copper metal was
mined for production of ornamental and cutting otgeby local smelters (Kambewa, 1998).
Following the old workings by local people, a canthus exploration survey was conducted
since late 1940’s to mid 1970’s. Stagman (1952 among the first researchers to map the
geology of the area around the Mangula Mine, Lomdgand Guruve district (Stagman,
1978; Kambewa, 1998). Later on he tried to clagsiéygeology of the area into basement and
Magondi supergroup in 1978. The Magondi Belt hadrbstudied by Master (Mastet al,
1989; Master, 1991) from 1987-1991. In 1989, helistli the mineralization of copper and
silver in red beds of early Proterozoic alluviahgaof the Mangula Mine, while in 1991, his
research concentrated on the origin and controlgherdistribution of copper and precious
metal mineralization at Mhangura and Norah Mines.

During the year 1993 to 1995, the Geological Swsvey Zimbabwe and the Japan
International Co-operation Agency, Metal Mining Agg, have conducted exploration work
in northern part of Magondi Basin. Geological, gemmical and geophysical surveys were
conducted during the joint exploration program (Kenva, 1998).

Masteret al (1996) have integrated geological, geophysicabchemical and Landsat TM
data to identify the Highbury impact structure e tMagondi copper belt (Mastet al,
1996). Kambewa (1998) and Carballo Lopez (1998khaonducted a research on the use of
GIS and integration of remote sensing and geoclandata for mineral exploration in
Magondi Basin. Both researchers were focused cegtation of geological datasets with
emphasis on geochemical data analysis in orderdduge mineral potential map based on
simple overlay techniques. Master (2003) has atptased the mineralization, host rock and
tectonic structures of Norah Mine (Master, 2003alidation and sensitivity analysis for
mineral potential mapping were also done on thedvidgdatasets (Woldait al, 2006)

2.3. Geological setting

2.3.1. Magondi Supergroup

The Magondi Mobile Belt, which flanks the Zimbabwechaean craton to the NW, consists of
volcanics and sediments of the Magondi Supergdmpmsited during the early Proterozei@é 850

Ma (Treloar, 1988). The Archean rocks, capping basement beneath the Magondi Supergroup,
consist of the Midlands and Chinoyi Greenstone Belhe Biri and Mangula granites and the
Hurungwe gneiss in the study area (Carballo Lop828). The rocks of Magondi Supergroup, which
were deposited in the Magondi Basin, extends updenger cover towards Botswana (Woldaial,
2006) The belt at the northwest rim of the Cratgtereds over a length of 250 km from the Munyati
Riverarea in the south to the Shamrock Mine area imtimth. The Magondi Supergroups subdivided
into the Deweras, Lomagondi and Piriviioups (Hahn, 2002).
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The Deweras Group, in the southern part of the bbtiws a good stratigraphic correlatwith those

of the Silverside Mine area located between thedra@hd the northern part of the belt (Hahn, 2002).
The Deweras Group is predominantly composed oficental sediments and basaleposited in a
rift-related basimargin environment marked by crustal instabilithe bottom of the Deweras Group
rests unconformably on Archean and earliest Pratécogranite-greenstone belt rocks and gneisses
(Figure 2.2-3). Field relations suggest that thelabolite sills of thédoma west area are same as that
of the Deweras metabasalts occurimthe Silverside, in the southern part of the belt

The Formations of the Lomagondi Group, Mcheka angdsdri are characterized by lithologies
formed in stable depositional environments reftegtshelf marginconditions. The Magondi belt
rocks are normally not affected by subsequent Plaicah deformation and metamorphism. The
evolution of the belt seems to fit the emergingtgrat of cratonisation of the African plate, within
which pattern the Magondian Mobile belt may be elated with other ‘Eburnian’ cycle belts in
South Africa but not with any of the tectonothernmbvinces to the north of the Pan-African
Zambezi-Damara belt (Treloar, 1988). Metamorphiarthe northern part of the belt is explained by
thermal relaxation after the overthrusting of hatlg Proterozoic rocks from the west effectively
sandwiching the Magondi rocks between Archaeanrbestbelow and early Proterozoic basement
above. The metamorphic facies in the belt variesnftow-grade greenschist-facies in the south to
middle and upper amphibolite-facies in the norttuflylanyiwa and Maaskant, 1998). In the extreme
north and north western part, granulite-facies sae developed.
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Figure 2-2 Simplified geological map of Zimbabwe showing the mobile belts and cover surrounding the
Archaean craton (after Stagman, 1978). Box shows the Magondi mobile belt, study area, enlarged on
Figure. 2.2.
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2.3.2. Basement Complex

The Archean and earliest Proterozoic granite-gteeesbelt rocks and gneisses of the Zimbabwe
Craton form the basement complex underlying the ddgSupergroup. These rock units are exposed
in the south-eastern, north and north-eastern patte study area (Figure 2.3). The larger portén
the basement consists of granite with relativelyalbngreenstone rocks (Stagman, 1978). The
greenstone rocks comprise lavas of basaltic andsititilcomposition. The gneissic rocks are rare and
mainly quartzo-feldspathic gneisses, which are @gmédantly medium to coarse-grained biotite
gneisses, locally migmatised during partial meltifige gnessic rocks are mainly composed of alkali
and plagioclase feldspars, biotite with less abohdrnblende, garnet, clino- and orthopyroxene.
Preliminary Rb-Sr and U-Pb radiometric data sugdbsat the gneisses are Paleoproterozoic to
NeoArchaean in age (Munyanyiwa and Maaskant, 1998igle zircons analyzed for U-Pb isotope
from granite indicated that the intrusions too&qe during Paleoproterozoic Orogenesis (Majatle
al., 2001).

2.3.3. Deweras Group

The rocks of the Deweras Group crop out in two nmairts of the belt (Figure 2.4).They are exposed
around the Munyati and Mupfure rivers. In the nptttis extends from Alaska mine to Shamrock
mine. The group consists of metamorphosed congke®r arkoses, feldspathic sandstones,
greywackes, mafic tholeiitic lavas and subordingteantities of evaporates (Munyanyiwa and

Maaskant, 1998). The Deweras Group in the nortparhof the Magondi basin, which is the area of
interest of the present study, is divided into MaagNorah, Suiwerspruit and Chimsenga Formations
(Figure 2.4). These formations consist of host saakthe copper mineralization in the Magondi Belt.

The Norah Formation comprises mainly thinly beddetiydrite-bearing dolomite and argillite with
interbedded pink ripple marked arkoses. The Nocgdper deposit is found within dolomitic argillites
and grits overlain by grey chlorite quartz wackethwhin interbedded evaporate beds consisting of
anhydrite, barite, celstite, chlorite, tourmalinedacopper sulphides (Kambewa, 1998). The
Suiwerspruit Formation has mafic lava flows sepatdly interflow sediments, which overlie a mafic
pyroclastic sequence of tuffs, volcanoclastics agdlomerates. The Chimsenga Formation consists
of arkoses and argillites that overly volcanicgha Suiwerspruit Formation and forms the upper part
of the Deweras Group in Mhangura area. Basic irdnssconsist of metadolorites such as dykes and
sills are common in Deweras Group. The Mangula Bgion comprises the lower-most portion of the
Deweras Group at Mhangura and unconformably owethe Mangula granite. It consists of cross
bedded and plane-bedded meta-arkosic red bedshéogeith conglomerates, greywackes, argillites
and basalt. The arkoses of the upper arenaceonstions of the Deweras Group are host rocks of
the copper mineralization in the area. Except ia titinity of some mines, where silicification
prevents weathering, there are only small out-groften several kilometres apart and separated by
fine, pale sandy soil (Stagman, 1978). It is ong¢heke areas which the research is interested in to
identifying the covered host rock by using the gnéted remote sensing and aeromagnetic datasets.

11



GEOLOGICAL AND MINERAL POTENTIAL MAPPING BY GEOSCIENCE DATA INTEGRATION

DEWERAS GROUP  (Nurthern Facies) e
I vavavay I agalamerate
E’\Z crystal tufl
- FORMATION = iic
| v v felsic volcanic
Lo malfic sill
CHIMSENGA mafic volranic
dolomite
shale
siltstome/ phyllite
:T‘::}:{’ ... -.-' . '_‘- \ sandstone/ greywacke
1000m é;i "I'.:;:. :é&;‘ eranulestone
a0 qu‘oq:o_‘ conglomerate
SUIWERSPRUIT i Z: E H s
w T %" = B
S
w tg E -
8 &
e Trough crossheds
!
i N Large-scale
M festoon crosshed
| Pock marks
@ Ripple marks
NORAH
0y I Sole marks
Flame structures
f( )“ Laad casts
Desiceation cracks
Enterolithically folded
anhydrite beds
_ ["YY'Y'\’ Stromatolites
MANGULA s
Im 0® {,oi Oolites
MANGULA GRANITE o ' Rajed -] Conglomerate lenses

Figure 2-4 Generalized lithostratigraphy of northern part of Deweras Group (after Master,
1991).




GEOLOGICAL AND MINERAL POTENTIAL MAPPING BY GEOSCIENCE DATA INTEGRATION

2.3.4. Lomagundi Group

The out-crops of this group extend from the Ummiitier in the south to the Zambezi escarpment
for about 250 km (Stagman, 1978). This group cosesrimainly quartzites, dolomites and phyllites.
The Lomagundi Group unconformably overlies the DmweGroup, and transgresses onto the
Archean basement in some places. This group censfighree formations namely: Mcheka, Nyagari
and Sakurgwe (Figure 2.5).

The Mcheka Formation consists of basal pebbly gowerlain by a lower dolomite, phyllite,
guartizite, upper dolomite and sandy argillitese asal unit is represented by conglomerate up to 3
m thick consisting of clasts of vein quartz, arlkosed lavas of the Deweras Group; quartzite and
phyllite. The nature and composition of the clastiicates that the conglomerate was derived from
the underlying Deweras Group and greenstone rddies.Nyagari Formation consists of argillaceous
sediments, slate and graphitic shales interbeddéd sandstone and arkosic grits, overlain by a
volcanic sequence consisting of andesitic lava pymbclastic rocks with associated cherts. The
uppermost Sakurgwe Formation consists of a suamessi poorly bedded greywackes, with the
occasional narrow intercalated shale or feldspgigrtzite horizon. The greywacke are poorly sorted
and contain angular quartz, plagioclase and littsigments as well as chlorite and sericite.

The rocks along the eastern belt of Lomagundi @ipegally 38 and 48 to the west. All the rocks
particularly the argillaceous sediments trend pelréd bedding strike having sub vertical foliatioh
schistosity (Stagman, 1978). The calc-arenite dramatolite structures of the dolomite indicate a
shallow water evaporitic environment.
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Figure 2-5 Lithostratigraphic units of Lomagundi Group (after M aster, 1991). See Figure 2.3 for legend.

2.3.5. Piriwiri Group

This group conformably overlies the Lomagundi Groihe monotonous succession of this group
form a belt of 50 km wide in Zimbabwe west of SmdStagman, 1978). It consists of phyllites,
greywacke, black graphitic and ferruginous slaté&rty quartzite and subordinate argillaceous and
arenaceous with rare volcanic and pyroclastic rottksomprises three formations namely: Umfuli,
Chenjiri and Copper Queen (Figure 2.6). The baagl Ymfuli Formation consists of black graphitic
slates and breccias and pyritiferous slates wittroma bands of cherty quartzite. It consists of
agrillites and phyllites with minor interbedded gnecke. The Chenjir Formation consists of phyllite
and greywacke, with thin beds of tuffs, chert awdtiferous slate, and thicker beds of micaceous
guartzite. The upper most Copper Queen Formatiosists of sequences of phyllites and micaceous
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feldspathic quartzite, with a thin beds and lernsfeagglomerate, tuff and associated narrow, cherty
albitite dykes.
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Figure 2-6 Generalized lithostratigraphy of the Piriwiri Group (after Master 1991). See Figure 2.3 for
legend.

2.4. Metamorphism

The Magondi Supergroup was deformed and metamogghdaring the Ubendian orogenic cycle,
about 2.0-1.8 Ga ago, and is now part of a largt wargent fold and thrust belt along the western
margin of the Zimbabwe Craton. The metamorphisadgr increases along strike to the north and
northwest, from greenschist-facies near and southeoShackleton and Avondale copper mines near
the craton margin, through mid-amphibolite faciesuad Karoi, to upper amphibolite and granulite
facies north and northwest of Karoi (Munyanyiwal &dmaaskant, 1998).
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2.5. Tectonic settings of Magondi Supergroup

The Magondi rocks were deposited in a back-arcigental basin developed in response to an
easterly directed subduction zone (Munyanyiwa arahdkant, 1998). The subduction zone was
tectonically set in a rift related basin which f@anon the continental side of an Andean-type
magmatic arc under the Zimbabwe Archean Cratonu(Ei@.7). The distribution of the supracrustal
rocks of Magondi Belt was interpreted to record thensition of a passive-margin setting into
geosynclinal flysch-type deposits. The magmaticveas part of a continental scale magmatic arc
produced during the “Ubendian” cycle (2.2-1.8 Ga)olving the collision of two Archaean age
continents, immediately after the consumption bydsiction of the intervening oceanic crust (Master,
1991; Carballo Lopez, 1998). The sedimentary rockhe Magondi supergroup were formed within
the rift valley by sedimentation, which was latatemded by left lateral fault parallel to Great Byk

A strike slip fault forms parallel faults and antialine fold axis which cross obliquely to the rift
valley. These structures were formed before congraaif sediments and were pathways to metal
solution to the present strata-bound disseminatggber deposit (Kambewa, 1998). As a result of
compression and shortening during the second plafsdsformation, N-S and NNE-SW trending
folds were developed. Folding of the Priwiri Groominly on NN easterly axes curving N and
eventually NNW are common example (Stagman, 19FRye, three phases of folding were
encountered. Tight folds with axial plane trenddB-SW, asymmetric folds trending NE and NNE
and open folds with NW trending axial plane are flst, second and third phases of folding
respectively (Kambewa, 1998). The first phase ddifig, which has NE folds trending N65°E to
N55° in Deweras Group, was affected by cross foldsding S140° E. An axial plane and fracture
cleavages are manifested on early folds on argitlas psammitic rocks. The rocks of the Lomagundi
Group were deformed by three phases of folding;fits¢ phase has NE, eastward-verging folds,
refolded to N-W trending folds with NE trending aleges indicating the third phases of deformation.

The Deweras group stratigraphy indicates that & deposited in a continental rift basin, which was
faulted with the Archean basement to the eass #ni elongated fault bounded trough parallel to the
sinistral strike slip faults traversing the Archeamaton of Zimbabwe in SSW-NNE direction. The
basin fill pattern was one of the transverse afluféns and transverse braded plains, within distal
playa lakesln the Deweras Group, the amphibolite sills werkeldd together with the enclosing
sediments during the Magon@rogeny (2000 and 1800 Ma). The refolding of thgesup rocks
occuraround 530 Ma, in the Pan-African Orogeny. Deforraagbhibolites are also observed in the
Lomagundi Group, in the northern masirt of the belt (Shamrock and Makuti-East are&sh(,
2002).
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Magondi Orogeny (after Master, 1991).
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2.6. Mineralization

2.6.1. Deweras Group

The Magondi Belt is known by its base metal mingtiential sources. The two currently operating
mines, Alaska and Mhangura, produce copper witresiand gold as a by product. The Mangula
mine, the largest known deposit, with original dapoeserve of 60 million tons at an average grade
of 1.2% copper and 20 g/t silver with by produdtgald, platinum and palladium. It is a strata-bdun
copper silver deposit hosted in rocks of the Dewéaoup (Kambewa, 1998; Master, 2003; Woldai
et al, 2006). Rocks such as arkoses, conglomeratessamipelitic schist, which have a total
stratigraphic thickness of about 200 m, are hastg®f the copper mineralization in Mangula Mine.

2.6.2. Lomagundi Group

Alaska and Shamrock mines are the major econoniparadeposits found in highly sheared dolomite
and sandstone and siltstones intercalations inLtiraagundi Group. The mineralization mainly

consists of oxidized malachite ore, chalcocite amdor chalcopyrite. Malachite occurs as coatings
along the cleavages and fracture planes. The L@oddl Mine is the only gold mine found in the

Lomagundi Group. It is quartz vein type found ie fower dolomite of the Mcheka Formation and
contains abundant hematite, calcite, and red camideminor copper sulphide.

2.6.3. Piriwiri Group

The Sanyati massive sulphide deposit (Zn-Pb-CuiAghe Piriwiri Group is found 100 km south
west of Chinoyi. This deposit is characterized kalanhite stains and ferruginous gossans extending
from the Copper King Dome to Copper Queen Domer avstrike length of about 25 km. (Master,
1991). Besides the base metal sulphide mineradizatihe rocks of Piriwiri group are known to
contain industrial minerals such as graphite, kgamnhuscovite and beryl and gemstones like
tourmaline, aquamarine and topaz.

The massive sulphide deposits in the Piriwiri Grawgre probably “sedimentary exhalative” deposits,
which formed diagenetically during basin evolutig®oldai et al, 2006). Minor Cu-Au occurrences
of the “Piriwiri mineral belt” are related to thatermediate volcanics and pyroclastic rocks in the
Piriwiri Group. The ore-forming minerals are chalite, bornite, chalcopyrite and pyrite with minor
molybdnite and native silver. Traces of native gadgentite, uraninite and wittichenite are also
common. The ore is characterized by a chalcocite sarrounded by bornite rich and disseminated
pyrite zones.
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3. Datasets and Methodology

3.1. Datasets used

In this research various types of datasets wereegsed ASTER, Landsat TM, SRTM and
aeromagnetic geophysical data were used for igemgif geological features like, lithology,
lineaments, faults and folds. Deep seated strustared intrusions were easily identified using
aeromagnetic geophysical data. The geochemical wlata used to produce geochemical anomaly
maps. The datasets of known mineral deposit wad fmetraining in the prediction of mineral
potential. Mineral occurrences and deposits of eopphich were not involved in the spatial analysis
were used to validate the predicted mineral pcaénmap.

The geological feature in the research area wagitizdid from the Geological Maps of Zimbabwe
(after Surveyor-General, 1985) at a scale of 14,@0 and a Geological Map of Magondi north
(after, Carballo Lopez, 1998) at scale of 1:500,0these maps were used as input datasets in remote
sensing image interpretations and integration gteoto identify major lithologic units in the study
area. Field observation data were used as crossergfes during image interpretations and integratio
of geological data. The dataset were also usedlidating the updated geological map of the study
area.

The high resolution aeromagnetic data, total fieldgnetics, were used in interpreting subsurface
geology in the soil covered south central partthefstudy area. Multispectral remote sensing images
ASTER and Landsat TM, were used as input datasethd interpretation of the lithology and
tectonic structure in the study area. During therjretation of tectonic structures such as linedame
folds and faults, SRTM and ASTER digital elevatimdels (DEM) were used. In the image data
integration, both DEM images were alternately fugétth Landsat and ASTER images to in order to
produce a lithological map. The updated maps amerpreted geochemical copper anomaly and
analytical signal total field magnetic maps wemalfiy used as spatial evidence map for predicting
mineral potential.

3.2.  General Methodology

Two methodologies were employed in updating thetag geological map and in producing map of

mineral potential of the study area. The updatezloggcal map was used as one set of input data in
the methodology of mineral potential mapping. Flowarts indicating the general methodologies of

both groups are shown in figures 3.1 and 3.2.
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3.2.1. Updating geological map

The methodologies applied in updating the geoldgiwp of the research area involved several steps.
Literature review was the first step in derivindoinmation about the general geology of the study
area. This was followed by data preparation andppoeessing of remotely sensed images, such as
Landsat TM, ASTER, SRTM and aeromagnetic totadfimlagnetic data. Pre-image processing such
as radiometric and geometric corrections and in@gencement were employed in order to clearly
visualize the image. During the image processitignages were georeferenced into one projection
system. Images were subset to the bounding codedinaf the research area. Appropriate band
combinations were chosen for lithological and stread interpretations. The band combinations were
variously fused with the SRTM data order to further enhance lithological boundarieise shaded-
relief image of the SRTM and ASTER DEM were usedifberpretation of lineaments. Analysis and
extraction of lithology, lineament and faults wergported by aeromagnetic data. Geological features
extracted from geophysical interpretations anddusgages were integrated into one digital format in
GIS (Figure 3.1). The extracted geological featwrese digitized to produce the updated geological
map.
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ASTER T™ and gen‘z':g;’a' data
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I l d -
—

Digital database

L¢
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—_—
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Figure 3-1 Flow chart for updating geological map of the resear ch area.
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3.2.2. Mineral potential map

The general steps of the research methodology riedtigting mineral potential includes four major
steps: spatial data input, conceptual data devedopmspatial data analysis, integration and valtdat
(Figure 3.2). The first step consists of input patal data like, geological, geophysical, geocloaini
data and occurrences of known copper (Cu) depoBitsielopment of conceptual exploration model
was based on literature review of strata-bound epggver and gold (Cu-Ag-Au) deposit of study
area and elsewhere in similar region. Here, infdionaregarding the deposit model in sedimentary
basin environment was referred from literatureetdture study of general characteristics of Cu-Ag-
Au deposits in the area and establishment of @ifer the recognition of favourability zones fiwet
occurrences of these deposits were carried ouedas the conceptual exploration model, spatial
data analysis takes place. Extraction of geolodeaiures that have spatial associations with Cu-Ag
Au mineralization in the study area was the thiepsThis results in evidential maps that were used
in the predictive mapping of potential for Cu-Ag-Aineralization. Integrating the evidential maps
for Cu-Ag-Au mineralization and validation of theedictive map were the last step undertaken.
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i total field Known Cu
geological d it Cu anomaly
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Figure 3-2 Flow chart for methodology of Mineral potential map
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3.3. Processing and Interpretations of mapped and remotly sensed datasets

3.3.1. Analogue geological maps

The analogue geological map of Zimbabwe was puidish 1961 by the Geological Survey Office of
Zimbabwe at a scale of 1:1,000,000 (Surveyor-Geéng&e85). This geological map was used as an
input dataset updating the geological map of thgdndi belt. The map was scanned and the raster
image was georeferenced to UTM zone 36S projectiing WGS84 datum. Ground control points
were assigned based on the printed coordinategnettan the raster map. Vector data were created
using on screen digitizing of selected featuresiwithe bounding coordinates of the study area.
(Figure 3.3). A raster scanned geological map, which covers déiséeen and south-eastern parts of the
study area, was also digitized using the same fgrerece and coordinate system. The geological map
was a result of interpretation of Landsat TM anal tesolution qualitative magnetic map produced by
Lopez, 1998 (Figure 3.4).
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Figure 3-3Geological map of M agondi Belt digitized from Geological map of Southern Rhodesia,
Surveyor-General (1985), UTM Zone 36S projection, WGS 84 Datum.
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Figure 3-4 Geological map covering south eastern parts of the study are, digitized from Carballo L opez
(1998), UTM Zone 36S projection, WGS 84 Datum.

3.3.2. Multispectral image processing and interpretations

ASTER IMAGE

The accessibility of inexpensive, satellite-bormaultispectral ASTER data has created new
opportunities for the regional mapping of geologisaucture and rock types including alteration
products (Hewsomt al, 2005). Different spectral bands of ASTER imagany acquired at different
spatial resolutions; the visible and near infrapadds (VINR bands 1, 2 and 3), which are very close
spectrally to the comparable spectral bands of safyd 5 meter resolution (Figure 3.5). There ate si
bands in the shortwave infrared (SWIR) with 30nohetson, and five bands in thermal infrared (TIR)
with 90 m resolution. ASTER near infrared bands&id 3B can generate along-track stereo image
pairs which can be used to generate high qualgitadielevation model (DEM) (Lipst al, 2002).
The VNIR, SWIR and TIR wavelength regions providenplementary data for lithological mapping.
The three VNIR bands are important sources of médion about absorption in transition metals,
especially iron and some rare-earth elements (RBE)vsonet al, 2005).In the six SWIR bands,
carbonate and hydroxyl mineral spectra display qdtem features related to overtones and
combination tones. Rock-forming minerals such aariguand feldspar do not exhibit absorption
features in the VNIR and SWIR regions. Most of thesinerals exhibit fundamental absorption
features in the TIR wavelength region. Some ofdhafmerals representing specific lithological units
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can be distinguished in standard color-infraredgesand in decorrelation-stretch image because of
their reflectance, color and textural characterss(Kalinowski and Oliver, 2004).

There are two scenes available covering almogtaati for the study area. The images were projected
to UTM zone 36S projection using WGS84 datum. A ammsvas generated from the two scenes at a
resolution of 15 m (VINIR), 30 m (SWIR) and 90 mIg). The images were variously enhanced and
resampled at a resolution of 30 m. A DEM was gateer from the near infrared bands of 3N and 3B.

LANDSAT TM IMAGE

Landsat TM images are useful for much wider ranfyapplications. The image has an improved
spatial association with increased number of barnids TM and subsequent Landsat sensors have 7
spectral bands and one panchromatic high resoldiaomd (band 8). Three bands are within the
wavelength of visible energy (bands 1, 2 and 3) tanele bands of reflected infrared (bands 4 near
infrared, 5 and 7 mid infrared) having spatial feson of 30 meters (Figure 3.5). Band 6 records in
thermal infrared at a resolution of 60 m. Band8 h relatively high resolution (15 m).

The image covers almost all parts of the study.a#¢aospheric corrections and normalization of
image were done. The image was projected to UTM &68 projection using WGS84 datum. It was
subset based on the bounding coordinates of thly strea. Different band combinations and band
ratio were implemented to increase the interprétatf the image for lithological and structural
features.

3.3.2.1. Principal components transformation and interpretations

Images generated by digital data from various wength bands in multispectral image often appear
similar and mainly transfer the same informatioheTprincipal component (PC) is one technique
designed to reduce such redundancy in multispectrages. It is a multivariate statistical technique
that selects uncorrelated linear combinations (eigetor loadings) of variables in such a way that
each successively extracted linear combinationg hamaller variances (Ranjber al, 2003). The
PC images are uncorrelated linear combinationeebtiginal spectral bands (Kalinowski and Oliver,
2004). Because of the uncorrelated nature of théenf&ges more colourful colour composite bands
are produced.

The Crosta technique is one of the known technifueisnage enhancement based on PC (Crosta and
Rabelo, 1993). The method involves identifying € image that has information related to the
theoretical spectral signature. According to thgnsind magnitude of the eigenvectors, the target
material is indicated by dark or bright pixels retPC image (Carranza and Hale, 2002).
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ASTER IMAGE

PCs were calculated using ASTER VNIR and SWIR ingpgctral bands of the study area (Table
3.1). Statistics were computed and the percenta§afata variations were produced. The largest
variation is recorded was in the first PC image.3386). Very little variance was recorded by PCA

which for the most part account to noise. The tesylPC images were generated and enhanced
linearly to apply a simple transform.

Table 3-1 Eigenvector loadings of principal componentsfor ASTER VNIR and SWIR data and their
variance

Eigenvecto Band Band Band Band Band Band Band Band Band | Variance

r 1 2 3 4 5 6 7 8 9 %
PC 1 0.44 0.37 0.35 0.39 0.29 0.31 0.28 0.27 0.24 98.33
PC 2 0.35 0.03 0.71 -0.1 -0.21 -0.29 -0.29 -0.34 -0.19 0.92
PC 3 0.49 -0.58 0.46 0.42 0.09 0.13 0.09 0.03 0.01 0.35
PC 4 -0.5 0.67 0.04 0.36 -0.18 0.03 -0.11 -0.11 -0.32 0.19
PC 5 -0.39 0.22 0.4 -0.64 -0.04 -0.01 0.19 0.38 0.23 0.13
PC 6 0.06 -0.07 0.05 -0.29 -0.06 0.85 -0.1 -0.14 -0.37 0.03
PC 7 -0.17 0.12 0 -0.03 0.18 0.2 -0.45 -0.44 0.7 0.02
PC 8 -0.11 0.08 0.03 -0.19 0.8 -0.16 0.23 -0.36 -0.3 0.01
PC 9 -0.01 0.02 -0.01 -0.01 -0.38 0.05 0.72 -0.55 0.19 0.01

In Table 3.1 PC3 and PC4 show significant high baaiib of 2/1 which enhances rocks containing
ferric iron minerals. PC4 and PC5 enhance carbanaterals. There is major absorption of Mg (OH)
bearing (chlorite, talc) and carbonate (calcitdpohite) minerals in band 8 and 9 and reflectance in
band 4. The band ratios 4/8 and 4/9 probably erdsammlomitic rocks in the study area. PC6
represents rocks containing Al-OH (clay) represgiaigthe ratio of band 4 and band 6 (Figure 3.5).
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Figure 3-5 Distribution of ASTER and Landsat channelswith respect to the electromagnetic spectrum
(after Kalinowski and Oliver, 2004).
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The combinations of PC bands 2, 3, 4 in RGB orderevselected to discriminate surface geology.
Red and orange pixels in the east represent daofRigure 3.6). In the southwest, orange pixels
correspond to graphitic phyllite. The yellowisioln color pixel to the west and greenish pixels in
the north east indicate granitic intrusion. SoWveed areas, in the central part are indicateduoyle
and green pixels. The green, purple and brownlgpixethe west are interpreted as undifferentiated
phyllite, graphitic slate, and quartzite.
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Figure 3-6 PC bands of 234 (RGB) discriminating the lithology of the study area UTM Zone 36S
projection, WGS 84 Datum.

LANDSAT TM IMAGE

Principal component analysis was also computediobands of Landsat TM (Table 3.2). The first
principal component (PC1) represents 88.34% oftdked variance of all bands. PC2 contains high
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positive loadings on band 3 (0.58) and negativelitags on band 1 (-0.60). Band ratio 3/1 enhances
iron oxide minerals (Figure 3.7c). PC4 enhancesd¥yd minerals explained by band 5/7 (Figure
3.7a). The high loadings of band 4 (0.72) andgatiee loadings of band 5 (-0.26) also enhances iro
oxide minerals (Figure 3.7b). PC band composit23zf RGB enhance lithological units in the area.
Granite, phyllite and dolomitic rocks are discrimied in the PC band combinations (Figure 3.7d).

Table 3-2 Eigenvector loadings of principal componentsfor Landsat TM data and their variance

Eigenvecto | Band Band Band Band Band Band Variance
r 1 2 3 4 5 7 %

PC1 0.31 0.11 0.32 0.14 0.71 0.52 88.34
PC2 -0.60 0.40 0.58 0.36 -0.10 -0.04 5.18
PC3 -0.74 -0.27 -0.37 -0.20 0.35 0.30 2.93
PC4 -0.02 -0.14 -0.17 0.48 0.51 -0.68 2.51
PC5 0.05 0.12 -0.49 0.72 -0.26 0.41 0.72
PC6 0.00 0.85 -0.39 -0.27 0.19 -0.13 0.32

c) d)

Figure 3-7 PC band images used for lithological interpretation. a) PC4 enhanced clay mineralsor Al-OH;
b) PC3 enhanced ferrous oxide minerals; ¢) PC2 enhanced ferric oxides and d) Colour composite PC band
image 234 RGB discriminate lithological unitsin the research area. (Bright pixels shows areas of strong
reflectance) (dl= dolomite, d = date, ph = phyllite, gd = graphitic date, gr = granite).

Rocks containing iron oxides have strong refleataspectra in the wavelength regions covered by
Landsat TM 1 and 2 (Figur@8). In vegetated area, these bands show similar tefiee spectra for
vegetation. Clay minerals have strong reflectamcéadnd 5 and absorption in the spectral region
covered by Landsat TM band 7. In band 3, both owidle and clay show strong reflectance spectra
and vegetation shows absorption feature. In bangedetation show strong reflectance spectra but
absorption feature on clay and iron oxide. Theeftlands 3 and 4 can be used to differentiate iron
oxides and clay rich zone from vegetation in thelgtarea.
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Iron oxide probably limonite and clay alterationatleering zones can be mapped using Landsat TM
bands 1, 3, 4 and 5 and 1, 4, 5 and 7 respectf@fista and Rabelo, 1993). The PCA calculated on
Landsat TM bands 1, 3, 4 and 5 showed that PC2sept high positive loadings of band 5 and high
negative loadings of band 4 (Table 3.3). Band® r&t4 enhances iron oxide probably limonite
(Figure 3.8 and Figure 3.9a). This component disicrate granite, graphitic slate, phyllite and
dolomite. These rocks contain iron bearing minewath as biotite which could weather into iron
oxide. The PCA conducted on Landsat TM bands B dnd 7 indicate PC4 contain high positive
loadings on band 5 and negative loadings of bar{@able 3.4). The ratio between these bands
enhanced clay rich rocks (Figure 3.8 and Figur®)3 Arkose, granite, and slate which could weather
into kaolin are discriminated. The ratio also erdeancarbonate rock like dolomite in the eastertspar
of the area.
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Figure 3-8 Generalized reflectance spectra of vegetation, iron oxides and clays (Fraser and Green, 1987)

Table 3-3 Eigenvector loadings of principal componentsfor Landsat TM bands1, 3, 4 and 5 data and their
variance

Eigenvector Band 1 Band 4 Band 5 Band 7 | Variance%
PC1 0.34 0.55 0.49 0.58 89.17
PC2 -0.80 -0.24 0.29 0.47 4.77
PC3 -0.11 0.31 -0.82 0.47 4.09
PC4 0.48 -0.74 -0.06 0.48 1.97

Table 3-4 Eigenvector loadings of principal componentsfor Landsat TM bands 1, 4, 5and 7 data

Eigenvector Band 1 Band 4 Band 5 Band 7 Variance%
PC1 0.33 0.46 0.57 0.60 87.22
PC 2 0.24 0.74 -0.07 -0.63 7.53
PC3 -0.89 0.27 0.36 -0.06) 4.18
PC4 0.21 -0.41 0.73 -0.50 1.07
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Figure 3-9 PC band images used for lithological inter pretation a) PC3 image enhancing iron
oxide/limonite b) PC4 enhances clay rich zone (bright pixels shows areas of strong reflectance). UTM Zone
36S projection, WGS 84 Datum.

3.3.2.2. Band combination and lithological interpretations

ASTER IMAGE

ASTER greatly improves the ability for the identdtion of geological materials with remotely
sensed data. However, extracting band combinatibat give the best results for lithological
information in most cases is difficult (Rehal, 2001). A total of 364 color combinations (RGB) of
14 bands of ASTER data overlays are obtained usptignum index factor (OIF). It is a statistical
approach to rank all possible 3-band combinatiaset on total variance and correlation coefficient
between bands (Reet al, 2001). The best three-band combinations for lithical mapping were
selected by calculieng this factor (Chaveet al, 1994). The ratio between the summation of stahdar
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deviation and absolute value of the correlationffament between any two of the three bands were
calculated. Band combinations 7, 4, 2 and 3, 6(RIGB) with high OIF were selected (Figure 3.10a
and b). These band combinations were expected ¥e@ Hee maximum extractable lithological
information since they have the least redundandierremotely sensed data.

The color composite images of 7, 4, 2 and 3, 6n1RGB mode (Figure. 3.10a and b), discriminate
the lithology of the research area. In these imatipesgranites (north-west and north-east), greaisis
phyllite in the north-west were discriminated. Dalte is better discriminated from graphitic slate i
color composite image 7 4 2 (RGB) than in color posite image 3, 6, 11 (Figure 3.10a and b).

LANDSAT TM IMAGE

Band combinations used for lithological interpretas for Landsat TM images generally include
combinations of red, green and blue (RGB) colongosites in short wave infrared (SWIR) between
2.08-2.35 micrometer. A color composite image whitds high standard deviation with less
redundancy (less correlation) is chosen based éndalculation. Among ten highest ranked band
combination obtained from OIF, band combination 4B%B) was found to be the best color
composite for lithological mapping (Figure 3.10c).

The color composite image, 453 (RGB) (Figure 3.1€leprly identifying the geologic units in the
study area. Brown pixels in the south-east in@igiilomite. The greenish color pixels to the west
represent Late Pre-Cambrian slate, quartzite amtitghof the Priwiri Group. The darker tone to the
north represents the Pre-Cambrian gneissic rockshd central and eastern portions, bright white
features with green background indicate cultivaaeghs. These areas were mapped as arkose to the
south and granite to the northeast. The contagtdest these two units using both band combinations
was difficult due to mixed spectral features cdnited by surface activities.
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Figure 3-10 Inter preted images of band combination a) ASTER 7, 4, 2 (RGB); b) ASTER 3, 6, 11 (RGB) ;
and c) Landsat TM 4,5,3RGB UTM Zone 36S projection, WGS 84 Datum). (dl=dolomite, d = slate, ph
= phyllite, gd = graphitic sate, gr = granite, gn = gneiss).

3.3.2.3. Band ratio images and interpretations

Detection of spectrally similar features can beagmed by the use of band ratios. Band ratio is one
type of techniques the enhancement of image raguitom division of digital number (DN) values in
one spectral band by the corresponding values athan band. Ratio images convey the spectral or
colour characteristics of image features, regasdlEsvariations in scene illumination conditions,
which is the major advantage of band ratio (Lillesand Kiefer, 1987). Band ratios 5/7, 5/4 and 3/1
enhances clay minerals (pyllosilicates), ferroud @on oxides, respectively (Sabins, 1987). There i
iron oxide absorption between 0.85-0.92 in bandhd mo absorption in band 5. The ratio between
these bands therefore enhances rocks rich in ixateoColor composite image of these band ratio
discriminate granite, gneiss, basic igneous rodkéomite and arkose in the study area (Figure 3-
11d). Clay/kaolinite can be obtained from weathgpnoducts of feldspar bearing arkose, gneiss and
granite (Figure 3.11a). Biotite bearing quartzifeeiss and granite can easily weather into irodexi
(Figure 3.11b and c). Combinations of band r&tib red, 5/4 green and 5/7 blue were used to
identify lithological units in the area. The blpéels represent dolomite and graphitic slate and
orange phyllite and green granite and gneiss (Eigut1d).
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Figure 3-11 Showing different band ratio and band combinations of Landsat TM a) Band ratio 5/7
indicating clay rich minerals; b) ratio 3/1 enhancingiron oxiderich rocks; c) ratio 5/4 enhancesiron oxide
and d) color composite ratio images of combination of ratios 5/7, 3/1 and 5/4 RGB discriminating
lithology(bright pixels shows areas of strong reflectance) (dl= dolomite, d = date, ph = phyllite, gd =
graphitic date, gr = granite, gn = gneiss)

3.3.3. Digital Number for multispectral image

Individual multi spectral bands can be used to tiflerithological units based on their spectral
characteristics. Mean digital number (DN) valuebath Landsat and ASTER images were calculated
and the statistical results were plotted (FigurE23and3. 13). As can be seen from the graphs in
Figure 3.12, slate (sl) and graphitic slate havghést and lowest DN values in Landsat TM,
respectively. In ASTER image, on the other hand/llpé (ph) and dolomite (dl) have lowest and
highest DN values respectively. According to thepips in Figure 3.12 and 3.13, Landsat TM bands
TM1, TM3, TM5 and TM 7 and ASTER bands 3,5,6,7 dddare relatively the most useful bands for
discriminating major lithologic units and can thbe used for classification of major lithological
units.
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Figure 3-12 Mean DN values of lithologic unitsin individual spectral bands of Landsat TM
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Figure 3-13 Mean DN values of major lithologic unit in ASTER 11 bandsVNIR, SWIR and TIR (Band 11)

3.3.4. Image classification

Image classification is the most common analysisnaftispectral remotely sensed data in order to
produce thematic maps that provide representatiaimeo spatial distribution of a particular theme
(Foody and Mathur, 2004). Multispectral classifioatis useful to obtain information with respect to
ground cover and surface characteristics. It hggusslate continuous variability of image data into
map patterns that provide meaning to the user.

Supervised classification techniques were useahdp lithological units from the Landsat TM and
ASTER images of the research area. A maximum likeld classification was used since this
classifier considers the shape, size and oriemtaifothe cluster as well as variability with in the
cluster. Training sets for nine classes of lithidaf units were used based on the available field
observation datasets (Appendix B). Input bands rodeted in the above mean DN values for
lithological units were used. TM1, TM3, TM5 and TNr Landsat TM and bands 3, 5, 6, 7 and 11
for ASTER images were used in the classificatioigfe 3.14). The results indicate that the
classification discriminates major lithological tsin both images. The individual lithological it
are better discriminated in ASTER than in Landskt. Dolomite and graphitic slate, which were
classified as one unit in the Landsat TM image yFég3.14a), were separately classified in ASTER
image (Figure 3.14b).

Accuracy assessments conducted on both classifiagds indicate 32% and 38% overall accuracy
for Landsat TM and ASTER images, respectively. EHesv values are due to the fact that the areas,
especially the south central part are extensivelyered by agriculture (soil cover); the Piriwiricks

in the western part are undifferentiated, and tbethern parts are relatively vegetated and have
different topography. Due to all these factors, iibck units are spectrally less separable.
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Figure 3-14 Classified images using supervised classification (M aximum likelihood classifications); a)
Landsat TM and b) ASTER, UTM Zone 36S pr ojection, WGS 84 Datum.

3.3.5. Processing and interpretation of Shuttle Radar Topography Mission
(SRTM) and ASTER DEM images

The Shuttle Radar Topography Mission (SRTM) obtdieéevation data on a near-global scale to
generate the most complete high-resolution (90 igijadl topographic database of the Earth. ASTER
DEM was generated from the near infrared bands\b&8d 3B at a resolution of 30m. The images
were projected to WGS 84 datum, UTM zone 36S ptigec Due to the difference in resolution
between the two images topographic features ame aedifferent scale. As can be seen from Figure
3.15a, finer details can be observed on the ASTEHRIDhan on the SRTM DEM. Major structural
features, such as faults, topographic differencesasily seen on SRTM; since these features cover
large areas (Figure 3.15b). ASTER DEM image cownsost all the study area as compared to
SRTM (Figure 3.15).
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Predominantly NW and NE lineaments were interpratedocks of arkose, dolomite slate, basic

igneous rocks and gneisses. In the south westemtaght folded structures in quartzite are clearly
seen on hill-shaded image of ASTER DEM (Figure & 19 he structures can easily be seen in large
scale to the north folding the NE trending gendirsdaments to NW. Major lineaments/fractures

probably faults, are clearly seen on SRTM (FigubsB). All interpreted features were compiled to

produce lineament map of the study area (Figur&c3.1These tectonic structures are comparable
with those structures stated in Section 2.5.
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Figure 3-15 Hill shaded DEM images a) ASTER b) SRTM c) interpreted lineaments, UTM Zone 36S
projection, WGS 84 Datum.

3.3.6. Processing and interpretation of aeromagnetic data

The capability of high resolution aeromagnetic dataccurately map a single geological feature over
a wide and covered area makes it suitable for ftralcand lithologic mapping at various scales. The
residual total magnetic field map is useful for lggical mapping because it reflects physical

properties of the underlying rocks.

Airborne magnetic survey was conducted on May l1@76outhern parts of the study area, where
lithologies are extensively covered by soil. A higlsolution aeromagnetic grid covers 530 lareas

in the southern parts of the study area (Figuré)3The data were collected by helicopter at adpee
of 140 km/h with constant flight-line orientatioramd at one second sampling interval. It was flavn
an altitude of 61 m above ground level with a pacing of 150 m. Magnetic total field grid, prefil
map and different raster maps of color shadedfrelége produced to help visualize and interpret the
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aeromagnetic data of the study area. The profilp nepresents all data recorded along the lines
showing the shape and source of the magnetic amesr{&ligure 3 16a).

3.3.6.1. Aeromagnetic database and generation of grid

The aeromagnetic data obtained in xyz ASCII filexfat were imported and a database was generated
in Oasis Montaj. Before generating the magnetial teld grid, the data were sorted to remove back
tracks. A non-linear filtering was also conductedremove data spikes (undesired high-amplitude
short-wavelength features) from the original datee girding process was carried out in two prinkipa
steps. First, each line was interpolated alongdtiginal survey line to yield data values at the
intersection of each required grid line with thesetved line. The intersected points in each lineewe
then interpolated in the across-line grid directtonproduce a value at each required grid point.
Geological trends in the data can be emphasizetidogppropriate orientation of the grid so that the
second interpolation is in the direction of strilkgeak on the profile indicate high magnetization
(Figure 3 16a).

3.3.6.2. Applying filters to enhance aeromagnetic images

Magnetic anomalies are displayed as color compaoaitd intensity-hue-saturation images. By
displaying anomalies as color and grey-scale imag@#our and profiles can be achieved by filtering
and enhancing through a series of processing tgebgiapplied on datdn this research studies,
color image of unfiltered total magnetic grid (Figu3.16b) and filtered color shaded vertical
derivative and analytical signal were used forrimtetation.
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Figure 3-16 M agnetic total field image a) profile map showing the shape of the magnetic anomalies; and
b) unfiltered total magnetic grid of M agondi-Belt, Zimbabwe

Vertical derivative

Vertical derivative is commonly applied to total gnatic field data to enhance shallow geological
features. It suppresses the deeper features apd teelidentify closely spaced sources by giving a
better resolution. Color and grey scale shaded esayq the vertical derivative help to identify and
interpret linear features like faults and jointatiures (Figure 3.17a). They are useful in outtjrtime
boundaries of linear structural features, whichraseclearly visible in the total magnetic grid.uita

are recognized by relative shifts and interruptiateng the continuity of linear geologic features.
Based on these characteristics linear featuresflilidt and dykes are interpreted from the color
shaded relief image of vertical derivative (Fig@r&7a).

Analytical signal

The analytical signal calculates the analytic digriaa channel. It can be useful in locating edgks
remanently magnetized bodies in areas of low magtegitude. It is also useful for structural and
lithological interpretation. The analytical sigradltotal magnetic field of the study area idensftbe
lithological boundaries (Figure 3-17b). The lithgio units were recognized from the changes in the
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characteristics of the aeromagnetic field from lithelogy to another. High magnetizations are due t
rocks containing ferromagnesian minerals. Doloridikes and basic igneous rocks, which are
associated with the Deweras Group, were interpraseshcks containing these minerals. Intermediate
and low magnetizations were interpreted as rockarkdése and dolomite (Figure 3.17b and Figure
3.18). Previous works (Carballo Lopez, 1998) showed these rocks occur together in the study
area and the former has minerals which have relgtimoderate magnetic response (Telfetdal,
1990).
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'Figure 3-17 Color shaded relief image of the total magnetic field a) first vertical derivativeindicating
interpreted lineaments and doloritic dykes b) analytic signal showing inter preted lithologic boundaries
(ilumination inclination, =45 and declination 315).
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Figure 3-18 Interpreted lithology and lineaments from aer omagnetic data

3.3.7. Geochemical data processing and interpretations.

Geochemical soil sampling has long been a techntigjiredicate the distribution of background and
anomalous element concentration of underlying ldgy in order to predict the possible potential of
mineralization (Govett, 1976). Geochemical soilveyrwas conducted in Magondi Belt. The area
extends from Shamrock, in the north, to Alaskahm south. The survey was carried out in four areas
namely: Alaska, Umboe, Mhangura and Shamrock (Eigut9). A total of 3,676 soil samples were
collected covering an area of 919 krBampling was conducted at grids of approximas@gXx500
meters. Soil samples, each weighing about one tetag were collected at a depth of one to six
meters. The samples were chemically analysediferefements (Cu, Pb, Zn, Fe, Co, Ni, As, Au, and
Ag). Statistical analyses of all element concemratdata were carried out for each dataset to
determine anomalous areas. Threshold values whkrela®d to determine the anomaly. These values
are values above which values are considered anomaboil samples which contain censored
values of elements were set to half of their deiaclimit (Kambewa, 1998). Bivariante and
multivariate analysis were not conducted for As,aud Ag because of these values below detection
limit (Kambewa, 1998).
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Figure 3-19 Geochemical soil sample location map of M agondi Belt

3.3.7.1. Univariate statistics

A graphical inspection of geochemical data is Beagy as the first step in data analysis (Reingnn
al., 2005). Graphical techniques are used to exarhmshape of the distribution of univariate data to
give the first impression to the distribution ofettdata (Reimann and Filzmoser, 2000). The
geochemical soil sample data of the research aeea fivst plotted as frequency histogram to inspect
the distribution. The result indicates that mosthaf elements show one to two population, positivel
skewed, containing relatively large maximum valuéth respect to the mean. The data were then log
transformed to improve the distribution close tomal. More than half of the total samples of As, Ag
and Au, in all four areas contain values below ct&e limit. Analysis of these elements were catrie
out after removing censored data, since normafibligton can not be approached if there are more
values (>25%) below detection limit (Reimann anidrabser, 2000).

Histogram and box plots were used to visualizedis&ibution and determine the outliers. The box

plots for Cu, Zn, Ni, Au and Ag indicate signifidaautliers which could determine the anomaly

concentrations. Outliers in such geochemical d&tasan be used as indicative of ore deposit
(Reimann and Filzmoser, 2000). Box plot is used aethod to select the anomaly threshold (Yusta
et al, 1998; Bounessah and Atkin, 2003; Reimanml, 2005). Figure 3.20 shows different parts of

an idealized population standardized to the anontalshold. The median for each dataset indicate
the line in the middle of the box plot (Q2). Fiestd third quartiles are the edge of the box repitese

by Q1 and Q3 and is known as inter quartile rah@&). The extreme values, within 1.5 IQR are the
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end of the lines extending from IQR. Extreme valp&sited with different symbols can represent
potential anomalies.

interquartile range outliers

1oR
outliers | whisker whisker "mi!d"| “far” or “extreme”

- » ] ® -—— symbols
| | 171"
| cu | 1
FL fL o1 a3 fu Fu
15 3 5 10 k
1.6 0 2 7 z-values

Figure 3-20 Indicating Box plot of an idealized population standardized to the anomaly threshold Fu and
the spread Measure (after Yusta et al. 1998).

Values above inner and outer fences are represastéd and ‘Fu’ respectively (Figure 3.20).
Ouitliers determined as inner and outer fencesefieat! by the following equation:

Inner fences fI=Q1-kIQR; fu=Q3+kIQR with k = 1.5 [A]
or simplyfl=2.5 Q1-1.5 Q3; fu=2.5 Q3-1.5Q1

Outer fences: FI=Q1kIQR; Fu=Q3+kIQR, with k =3 [B]
or simply FI=4 Q1-3 Q3; Fu=4 Q3-3 Q1

WhereQ1andQ3are the lower and upper quartiles of the data, ldquhe 25th and 75th percentiles,
and the inter quartile rand®R is Q3-Q1; 3is adopted for outer fences as constant k. Thetiau
Fu is therefore taken in this research to determostive anomalies in the study area (Yustal,
1998).

Distribution of copper

The summary statistics are computed on log tramsfdrdata based on box plot using equafizin

The graphical inspection of data made on frequéstpgram and box plot shows, all datasets except
Umboe have one population and are normally disteidbFigure 3.21). Outliers on high end represent
anomalous values. The thresholds were calculated28s 166, 153.8 and 162 ppm for Alaska,
Umboe, Mhangura and Shamrock areas respectivelyl€Ta5). About 54 samples of Alaska have
values greater than the anomaly threshold, whi&%ssof the total samples. The number of samples
with Cu value above threshold for Umboe, Mhangurd 8hamrock are 14, 37 and 10, respectively.
In both Mhangura and Shamrock, 4% of the total $asnPu values above the threshold values.
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Figure 3-21 Frequency histogram and box-plot showing distribution of Cu on log transformed data
Circlesin box plot represents outliersrepresenting values above threshold. For a better representation see
Appendix A. als=sAlaska, umb=Umboe, mha=M ahangur a and sha=Shamr ock.

Table 3-5 Summary statistics of Cu on box plotson log transformed data

Area Number| Minimu Maximu | Geometric lower upper threshold
of m m mean quartiles Q1 | quartiles Q3 (ppm)
samples| value value (ppm) (ppm) (ppm)
(ppm) (ppm)

Alask 11 12
aska 1143 0.5000 757 21 39 3
Umboe 1189 1.000 819.000 26 14 52 166
Mhangur 27.1 1 49.7 153.

aa ou 1032 0.500 411.00( ° ° 534
Shamrock 312 0.50 290.0q0 42, 30 63 162

Anomaly map for copper indicate that all anomaleamples in the Alaska area lie on arkoses and
basic igneous rocks of the Deweras Group (Figu23)3.In Umboe, anomalous values are
concentrated along the contact zone of arkosehgraphyllite and slate. The anomalies of copper i
Mhangura are found in arkoses and granitic intusitong the contact (Figure 3.23). In Shamrock
area, the copper anomalies occur within biotite lamehblende para-gneiss and along the contact with
basic-igneous rock.

Distribution of zinc (Zn)

The frequency histogram of Zn in all four areaddéates more than one population. The Umboe data
represent three population and the other threesageatain two populations (Figure 3.22)he
threshold values chosen for Alaska, Umboe, Mhangm Shamrock are 164, 271, 281 and 43, 8
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respectively (Table 3.7). In Alaska, Mhangura ahdrBrock, 6% samples have Zn values above the
threshold. About 9% of the samples in Umboe havealues above the threshold.
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Figure 3-22 Frequency histogram and box-plot of Zn on log transformed data. Outliersand extreme
values on high end on both box plot and histogram show anomalous values. For a better representation see
Appendix A. als=Alaska, umb=Umboe, mha=M ahangur a and sha=Shamr ock.

Table 3-6 Summary statistics of zinc (Zn) on log transformed data

Area Number| Minimu Maximum Geometric | lower quartiles upper threshold
of m value mean Q1 (ppm) quartiles Q3 (ppm)
samples| value (ppm) (ppm) (ppm)
(ppm)
Alask 1 164
aska 1143 1.0000 6287.0000 2819 6 53 6
Umboe 1189 1.000 4438.000 5111 27 88 271
Mhangur 7 281
1 ou 1032 1.000 2667.00 64 3 9% 8
Shamrock 312 12.00 2590.000 1311 98 183 438

The geochemical map of Zn shows anomalous valuasdfavithin arkose, basic igneous rock and
dolomite (Figure 3.23). Concentrations of Zn andesabccur in the Piriwiri Group rocks of phyllite,
graphitic phyllite and slate in Umboe area. In Mipara, anomalies are scattered in granite and
arkosic rocks. There occur spatial association eéetwthe anomalous concentration of Cu and Zn in
all areas (Figure 2.23).
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Figure 3-23 Geochemical anomaly map a) Copper (Cu); and b) Zinc (Zn). Magondi Belt, UTM Zone 36S
projection, WGS 84 Datum.

Distribution of Pb

The frequency histogram and box plot of lead (bl areas show at least two populations (Figure

3-24) According to the graphical representationd ealculation made on the datasets, no samples
have Pb values above the threshold (Table 3.6,r&i@uW24). There are no outliers representing

anomalous values on the box plots.
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Figure 3-24 Freguency histogram and box-plot of Pb on log transfor med data. For a better representation
see Appendix A. als=Alaska, umb=Umboe, mha=M ahangura and sha=Shamr ock.

Table 3-7 Summary statistics of lead (Pb) on log transformed data

Area Number| Minimu Maximu | Geometric| Standard lower upper quartiles | threshol
of m m mean Deviation | quartiles Q3 d
samples| value value (ppm) (ppm) Q1 (ppm) (ppm)
(ppm) (ppm) (ppm)
Alaska 1143|  1.0000]  73.000 1.2 2.5 ! 2 &
Umboe 1189 1.000 78.000 27.95 2.5 12 29 8(
Mh
O 1032 | 1.000 | 78.000 193 2.1 14 32 86
Shamrock 312 1.000 72.000 19.2 2.5 14 38 110

Distribution of iron (Fe)

The frequency histogram of log transformed dat®béangura represents one population. At least two
populations are present in the Alaska, Shamrocklambtoe datasets (Figure 3.25). About 5.4, 10.6,
8.2 and 11.9 % threshold values of Fe were compined summary statistics for Alaska, Umboe,
and Mhangura and Shamrock areas, respectively ¢TaB). Only the Alaska datasets contains values
above threshold (Figure 3.25). Out of the total dasof Alaska, five samples are anomalous for Fe.
The box plot of Alaska also shows few outliers esgnting anomalous Fe values (Figure 3.25). The
anomalous Fe values are found in south centralopaiaska (Figure 3-26).
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Figure 3-25 Frequency histogram and box-plot of Fe on log transformed data showing anomalous values
of Alaska on extremeend.  For abetter representation see Appendix A. als=Alaska, umb=Umboe,
mha=M ahangura and sha=Shamr ock.

Table 3-8 Summary statistics of iron (Fe)

Area Number | Minimum Maximum Geometric lower upper threshold
of value value mean quartiles | quartiles (ppm)
samples (%) (%) (%) Q1 (ppm) Q3
(ppm)
Alaska 1143| 02200 |  13.0000 1.4 ! 21 54
Umboe 1189 0.390 8.580 25 1.8 4 10.6
Mhangura 1032 0.570 7.990 2.5 1.8 34 8.2
Shamrock 312 0.890 8.250 3.5 2.7 5 11.9
N
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Figure 3-26 Fe anomaly map of Alaska, M agondi Belt, UTM projection, WGS 84 Zone 36S.
indicates anomalous concentration.

Bright area
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Distribution of Cobalt (Co)

The log transformed data of Co shows distributitwse to normal with few small values at the low

end (Figure 3.27). Threshold values of 25, 46,138 46 ppm are computed from the Alaska, Umboe,
and Mhangura and Shamrock datasets, respectivelpldT3.9). Only one sample in each of the

Umboe and Shamrock datasets has Co value aboverésiold. Two samples in the Alaska datasets
are anomalous. There is no sample which shows Cewvabove the threshold in Mhangura. In both
areas of Alaska and Umboe, the Co anomalies lin®masic igneous rocks.
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Figure 3-27 Frequency histogram and box-plot of Co on log transformed data showing very little
anomalous concentration on high end. The box plot on Mhangura shows no anomaly. For a better
representation see Appendix A. als=Alaska, umb=Umboe, mha=M ahangura and sha=Shamr ock.

Table 3-9 Summary statistics of Cobalt (Co) computed based on equation [B]

Number | Minimum | Maximum | Geometric| lower upper | threshol
Area of value value mean quartile | quartile d
samples|  (ppm) (ppm) (ppm) sQ1 s Q3 (ppm)
(ppm) | (ppm)

Alaska 1143 .5000 47.000 6.p 5 10 25
Umboe 1189 .500 85.000 8|7 6 16 46
Mhangura 1032 .500 38.004 7.9 5 13 38
Shamrock 312 -500 50.000 12,9 10 19 46
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Distribution of nickel (Ni)

The frequency histograms of Ni in all four area®vehnormal distribution (Figure 3.28). The
threshold values calculated for Alaska, Umboe, Mjuaa and Shamrock are 202, 174, 189 and 149
ppm, respectively (Table 3.10). About 14 sampleth@éAlaska and Mhangura dataset have Ni values
greater than the threshold. A total of 20 samplddmboe datasets are anomalous. Only four samples
dataset in the Shamrock are anomalous. The anosatmcentration of Ni in the Alaska, Mhangura
and Umboe areas are associated with arkose and igasous rocks. In Alaska and Umboe, the Ni
concentrations show an east west trend (Figure.3.29

Ni_sha Ni_mah

125+

100+

751

Count

501

25+

1251
1001
£ 754
é 501

251

0.5001.000 1.5002.000 2.500 0.5001.000 1.500 2.000 2.500
Value Value
‘»» FaT] o i iy > BTL] e ‘p‘

Figure 3-28 Frequency histogram and box-plot of Ni on log transfor med data. Extreme valueson high end
indicate anomalous concentration.  For a better representation see Appendix A. als=Alaska,
umb=Umboe, mha=M ahangura and sha=Shamr ock.

Table 3-10 Summary statistics of nickel (Ni)

Area Number| Minimum | Maximum | Geometric| lower upper | threshol
of value value mean quartile | quartile d
samples|  (ppm) (Ppm) (Ppm) sQ1l s Q3 (Ppm)
(ppm) | (ppm)

Alask 7 202
aska 1143|  3.0000] 301.0000 s3la 38 o 0
Umboe 1189 3.000  447.000 52 38 72 174
Mhe;ngur 1032 5000 616.000 Y 2 189

Shamrock 312 11.000 658.000 49.3 37 65 149
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Figure 3-29 Nickel anomaly map of Magondi Belt, UTM Zone 36S projection, WGS 84.

Distribution of arsenic (As)

Seventy percent of the values in the Alaska andnighea dataset are below detection limit. The
values of As below detection limit for Shamrock ddchboe are 86 and 58%, respectively. All the
values below detection limit were removed beforaduwting any statistical analysis. Threshold
values are chosen as 64, 55, 171, and 95 ppm AthdéoAlaska, Umboe, Mhangura and Shamrock
areas, respectively (Table 3.11). As can be sean the box plots on Figure 3.30 and summary
statistics table below, hardly any anomalous comagans of As are found in all four areas.
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Figure 3-30 Frequency histogram and box-plot of As on log transformed data showing no outliers on
extreme ends. als=Alaska, umb=Umboe, mha=M ahangura and sha=Shamr ock

Table 3-11 Summary statistics of arsenic (As) computed using equation [B]

Area Number| Minimu Maximum | Geometric lower upper threshold
of m value mean quartiles quartiles (ppm)
samples| value (ppm) (ppm) Q1 (ppm) Q3
(ppm) (ppm)
Alaska 302 2 102.0000 9.6 4 19 64
Umboe 500 2 125.000 7 3 16 55
Mhangur 3 45 171
a 274 2 151.000 12.3
Shamrock 79 2 151.000 17 3 76 295

Distribution of gold (Au)

Summary statistics of Au were computed after remgpw¥he censored values. About 20 % of the total
samples in the Alaska, Umboe and Shamrock areas Aavvalues below detection limit. The
Mhangura dataset contains 65% censored valuethéfrequency histograms of Au are right skewed
with large maximum values found on the high endy¢Fé 3.31). The threshold calculated for the
Alaska, Umboe, Mhangura and Shamrock are: 17, 33nt 19 ppb Au, respectively (Table 3.12).
About 3% of the total samples in the Alaska and Oenblatasets are anomalous for Au. Only 11
samples in the Mhangura area contain Au valuesealioy threshold. No samples in the Shamrock
area contain Au value more than the threshold (€igu33).
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Figure 3-31 Frequency histogram and box-plot of Au.
als. =Alaska, umb=Umboe, mha=M ahangura and sha=Shamr ock

Table 3-12 Summary statistics of gold (Au)

Area Number| Minimum | Maximum | Geometric lower upper threshold
of value value mean quartiles | quartiles (ppb)
samples|  (ppb) (ppb) (ppb) Q1 (ppb) Q3
(ppb)

Alaska 908 1| 346.0000 2.8 ! > 1

Umboe 988 1 450.000 2.2 1 4 14
Mhangura 360 1 59.000 4 3 6 15
Shamrock 92 1 18.000 2.3 1 5 19

The Au anomalies are found within arkose mostlyeisded with basic igneous rocks and doloritic
dykes (Figure 3.33). In Umboe and Mhangura, tharahy of gold is found along the contact with

surrounding graphitic slate and slate of PiriwiroGp. The anomaly observed in granitic intrusions
are found along stream bed, indicating possibdit@ concentrations drained from top meta-
sediments. No gold anomaly is found in Shamrochk ari¢h in gneissic rocks.

Distribution of silver (Ag)

Most of the Ag concentrations in all areas are Wwetlletection limit. About 93% of the samples in
Shamrock have Ag values below detection limit. thilee areas contain 76% of their samples below
detection limit. Statistical analysis was done rafeamoving these censored values. Extreme high Ag
values in all datasets are concentrated at high (Bigure 3.32). From the statistical summary
calculated for the datasets of Alaska and Umboé; twwo samples contain Ag values above the
threshold (Table 3.13). Seven samples of Mhangexe i\g values greater than the threshold. No
sample in Shamrock contains Ag values above thtégRk@mure 3.32). Almost all silver anomalies are
found within the Deweras Group and has spatialcGason with copper (Figure 3.33).
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Figure 3-32 Frequency histogram and box-plot of Ag on log transformed data. Circles on box plot
represent values above the threshold. Plus signsin M hangura indicate very high anomalous values.

als=Alaska, umb=Umboe, mha=M ahangura and sha=Shamr ock

Table 3-13 Summary statistics of arsenic (Ag) calculated

Area Number | Minimum | Maximum | Geometric| lower upper threshold
of value value mean guartiles | quartiles Q3 (ppm)
samples | (ppm) (ppm) (ppm) | Q1 (ppm) (ppm)
Alaska 294 0.1 1.5000 0.2 0.2 0.4 1
Umboe 295 0.1 1.700 0.25 0.2 0.4 1
Mhangura 239 0.1 8.500 0.2 0.2 0.3 0.6
Shamrock 24 0.1 0.800 0.2 0.5 1.4 4
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Figure 3-33 Geochemical anomaly map a) Gold (Au); and b) Silver (Ag) Magondi Belt, UTM Zone 36S
projection, WGS 84.

3.3.7.2. Bivariate statistics

Investigation of bivariate relations between eletsewas carried out on scatter plots. The plot
indicates spatial relations between the pair ofnelets. Scatter plots of Cu, Pb, Zn, Fe, Co anih Ni
all areas indicate positive linear relations (Fegw.34). Pb has very weak correlations with all
elements in all areas. Fe and Co have a relatsietyg positive correlation with other elementsrye
weak positive relation of Cu with Pb and Ni exiSbpper has a relatively strong relation with Zn,
Co, and Fe. In Mhangura and Umboe Cu has a relgatstrong positive correlation with Zn (Figure
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3.34). The relation between Co and Ni in all a@a&svery strong indicating close association o$¢he
elements.
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Figure 3-34 Scatter plotsof elements of Shamrock, M hangura, Umboe and Alaska areas
Pear son correlation coefficient analysis

Pearson correlation coefficient analysis is onehoetof assessing the element association in
bivariate analysis. Pearson linear correlation ficieht calculated for each area is shown on Table
3.14. A coefficient significant at the 95% confidenlevel is assumed to indicate a meaningful
correlation. Element correlation coefficients ire ththangura, Umboe and Alaska areas are positive
and significant at 95%. Correlation between Ni-RtShamrock area is negative and the other pairs
like Co-Pb, Ni-Cu and Ni-Zn are significantly pagdly correlated at 99% (Table 3.14). There is lack
of correlation between Ni and Fe in the ShamrodaaAll elements correlate positively with Cu
indicating their respective concentration tendsdoy together. Copper has a significant correlation
with Fe, Co and Zn in all areas and is very strnthe Shamrock, Mhangura and Umboe areas. Fe
has a very strong correlation with all elementsegxavith Ni in Shamrock and Pb in Mhangura. The
existence of correlation between Fe and these elisnmeay suggest a scavenging effect of Fe (Table
3.14).

Table 3-14 Pearson linear correlation coefficient of Shamrock, M hangura, Umboe

and Alaska geochemical datasets. (*= 95% confidence level; **=99% confidence |level)

Shamrock Mhangura

Cu Ph Zn Fe Ni — Cu1 Pb Zn Fe Co_|Ni
o - F_‘Ib 0270 1
PL e
zﬁ EiSH wa) ; Zn [ 046(™) | 0247 1
Fe [0550") | 0.350") | 067 T Fe | 0./0(7) [ 016(7) | 055(7) 1
Col0a3() | 0.13()] 062() [081¢") [033(") I et
Ni | p1ay] -oos] 013 ] 005 1 ' ' ' - = d
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Umboe Alaska
Cu Fh Zn Fe Co MNi Cu Pb Zn Fe Co Ni
Cu 1 &1 1
Pb | 0427 1 PR | 0147 1
Zn | 049(**) | 042{*) 1 Zn 0260 | 0.35(*) 1
Fe | 0.66{(*") | 046{*)| 0.63(") 1 Fe 0.29(*1 | 047(**} | 0.63(**) 1
Co | 0.54() | 040(™) | 0.54(") | 0.78(") 1 Co | 0300 | 0.32(%) | 0.39() | 0.65() 1
N[ D34(7) | 040 | 03507 | 04377 | 053{™)| 1 NI 0.14(%) | 0.30(*) | 0.32(") | 0.54(") | 0.59("") | 1

3.3.7.3. Multivariate

The method of multivariate analysis is to idensfatistical relationships between variablésalysis

of inter element correlations was conducted to eddfitiate mineralization related element
associations. Principal component analysis was wated on six elements (Cu, Pb, Zn, Fe, Co and
Ni). During the analysis log transformed data wesed to make a Gaussian distribution. Elements
like As, Ag and Au are not incorporated in the gsm, since both have more than half of their value
below detection limit.

Principal component analysis

Principal component analysis (PCA) is one of thethmés that can help reveal simpler
patterns within a complex set of variables. In maheexploration, the most common
application of these multivariate analysis methadsto characterize and map inter-
relationships within high volume surface geocherpigiatasets. Components may reflect the
geological and geochemical processes indicativeniokralization, lithology and alteration.
The principal component analysis calculated foredements in four areas are shown in Table
3.15. The percentage of variance of each six componethttila® loadings gives the ratio,
expressed as a percentage of the variance accotortdny each component to the total
variance in all of the variables represented.

Table 3-15 Principal component analysis of elementsin Shamrock, M hangura, Umboe and Alaska

Mhangura PC1 PC2 PC3| PC4| PC5 PC6
Cu 0.82 0.11| -0.19| -0.29| 0.32 -0.30
Pb 0.39 0.72 0.57| -0.01| 0.03 0.08
Zn 0.70 0.25| -0.34| 0.55| -0.16 -0.09
Fe 0.85| -0.06| -0.27| -0.13| 0.11 0.41
Co 0.77| -0.23 0.18| -0.26| -0.50 -0.08
Ni 0.54| -0.56 0.50| 0.30| 0.22 -0.01
Varianceéo 48.72| 16.08| 13.99| 9.23| 7.40 4.58
Shamr ock PC1 PC2 PC3 PC4 PCBH PC6
Cu 0.69 -0.04 -0.05 0.71 0.12 0.05
Pb 0.4 -0.62 0.66 -0.0y  -0.0 0.04
Zn 0.8 -0.04 -0.11 -0.3% 0.4p 0.91
Fe 0.92 -0.13 -0.17 -0.04 -0.22 -0.23
Co 0.86 0.26 -0.15 -0.2 -0.8 0.2
Ni 0.26 0.81 0.52 0.02 0.04 -0.07
Variance % 49.02 18.85 12.92 10.91 6.58 1.71
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Alaska PC1| PC2| PCa| Pcal| PC5| PC6
Cu 043 086] -010] 023 012] 0.0
Pb 060 -021] 057] 051] 002] 007
Zn 0.71] 011] 036 -054] 0.5] 0.9
Fe 088 -0.01] 007 -015] -0.17| -0.40
Co 0.80| -0.06] -037] 006 -0.39] 023
Ni 0.71] -034] -045] 009] 0.42] -0.01
Variance 49761 1515| 1345| 1074| 660| *2°
(4

Umboe PC1| PC2 PC3 PC4 PC5| PC6
Cu 0.75 -0.30 | 0.07 0.49 0.29 0.05
Pb 0.66 0.26 0.68 0.01 -0.18 0.03
Zn 0.76 -0.27 | 0.01 -0.52 0.27 .059
Fe 0.88 -0.21 | -0.14 -0.01 -0.24 -0.33
Co 0.85 0.01 -0.33 .017 -0.31 0.28
Ni 0.65 0.68 -0.24 0.00 0.24 -0.07
Variance 58.23| 12.24 11.02 8.50 6.77 3.23
%

The data variability in the individual areas acdednby PC1 is about 50%, representing the
background population of the study area and refleite combined effect of lithological,
mineralogical and chemical controls. The high pesivalues on elements in this component
probably represent scavenging of the elements bighemical control). The high loadings of Co and
Ni probably indicate the presence of mafic-ultramafocks (lithological effect). Sulphide
mineralization such as sphalerite (ZnS), chalco@@S) and galena (PbS) can also contribute to the
high loadings of Zn, Cu and Pb (mineralization efffe

The PC2 of the Shamrock data has high podibaéing (0.81) on Ni, moderately positive loadimgs
Co, but moderately low negative loadings on othements. This component could be explained as
background geology of mafic-ultamafic rocks repnésd by Ni-Co association. In the Mhangura
dataset, PC2 has data variability of 16% contaihigd positive loading on Pb (0.72) associated with
moderate positive loading on Zn and negative logalion Ni and Co. This antipathetic relation
probably indicates the occurrences of Pb and Zmahodue to Pb and Zn mineralization associated
in mafic and ultramafic rocks. PC2 of the Umboeaammntains high positive loadings on Ni,
relatively moderate positive loading on Pb and tiggdoadings on Cu, Zn and Fe. This may indicate
the existence of Ni anomaly due to mineralizatigar(ierite) or the presence of mafic-ultramafic
rocks in the area. Data variability of 15.15% is@mted by PC2 on the Alaska dataset. Its
significance could be interpreted as Cu minerdbrain the study area. The high loading on Pb in
PC3 of all four areas probably suggested the poesafi Pb anomaly due to Pb mineralization
(galena). In Shamrock and Mhangura, the PC3 hak ligdings on both Pb and Ni probably
indicating Pb and Ni anomaly represented by Pb Minthineralization (galena and garnerite). The
antipathetic relation on Ni-Co and Pb-Zn on PC3Atdska suggest the presence of Pb and Zn
anomaly in ultramafic rocks which is represented\hyand Co association. The same relations also
occur between Cu-Co and Zn-Ni in PC4 of Mhangura gobably representing anomalies of these
elements in the area. The high positive loadingCanin PC4 of the Shamrock and Umboe datasets
suggest copper mineralization in the area. Relgtin®derate positive loadings of Cu and negative
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loadings on Co in PC5 of the Mhangura and Umboasa4s$ probably represent Cu mineralization in
igneous sedimentary series (Beus and Grigorian{)197

Box plots of PC scores of high loadings on Cu welatted as a first inspection of the spatial
distribution of copper. Results indicate that PGrss in all areas show outliers of large valuethen
high end corresponding to anomaly concentratioguiie 3.35). The PC scores of each area then
compared with copper, zinc, gold and silver anomadyps of Figure 3.23 and 3.33 to identify areas of
overlap which are expected to represent copper ralimation in the study area. In Alaska high
concentrations of copper anomalies occur aroundHdres and Angwa Mine in the south. To the
north low Cu concentrations are found north of $oakand north-west of Avondale Mine. Copper
anomalies in Umboe are located west and north efuhited Kingdom Mine to the east, and south
west of Norah Mine, in the north and west of theaain Shamrock, concentrations of Cu are found
around the Shamrock Mine.
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Figure 3-35 Showing PC scores and accompanying box plots indicating anomalous concentration of
copper in Alaska, Umboe, Mhangura and Shamrock areas. Box plots show outliers in the high end
corresponding to anomalous values of Cu. (n=number of geochemical soil samplesin the area).
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Geochemical interpretations

The spatial distributions of elemeintdicate that, most of the anomalies were founchiwithe
arkoses of the Deweras Group. Some anomalies wsrdaund along the surrounding boundaries of
arkoses with granite, slate and phyllite. The ariate analysis revealed that out of nine elemeaints,
elements, (Cu, Zn, Ni, Co, Au and Ag) show anomsilealues in most of the datasets. Only Alaska
has anomaly of Fe. No anomaly of Co is encount@melflhangura. The Absence of Au and Ag
anomalies in Shamrock area suggest no mineralizafithese elements in gneissic rocks. Zn, Ni, Au
and Ag have a spatial relation with Cu indicatihgit close association. Copper has remarkable
strong positive relation with Zn, Co and Fe and kveslation with Ni and Pb. The positive linear
relations of copper in both areas might indicatmesarigin and type of mineralization hosted in
particular types of rocks, in this case arkoselzagic igneous rocks of the Deweras Group.

The first component in the principal componanalysis contains high loadings on all element® Th
relatively high loading of elements with Fe in thiemponent probably indicates the possible
scavenging of elements with coprecipitation withnirhydroxide. High loadings of Ni and positive
loading on Co in PC2 of Shamrock could be due ¢opitesence of mafic-ultamafic rocks represented
by Ni-Co association. Antipathetic relation betwd@nzn and Ni-Co, in Mhangura and Ni-Pb and
Cu-Zn in Umboe, also corresponds to same rock gontpPb-Zn and Cu mineralization (Table
3.15). PC2 can therefore be used as one of theauenp to map ultramafic rocks of the study area.
The score of this component overlaps most of tlsichgneous rocks and shows western extension of
meta-ultramafic rocks in Mhangura area. In Umboigh hPC2 scores coincide with anomalous
concentration of Ni. PC2 of the Alaska data, PC4hef Umboe and Shamrock datasets and PC5 of
the Mhangura have high loadings on Cu probablyesgmting the mineralization in the area. The
plots of scores of the components representingr@malies show areas on Cu mineralization. These
components were overlapped with the copper anomaly of Figure 3.23. The resulting map was
overlaid with the Au and Ag anomaly maps of FiglB&83 to determine potential areas for
mineralization (Figure 3.36).
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Figure 3-36 Copper anomaly map of M agondi Belt. Polygons represent copper anomaly zone.
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4. Data integration for Geological mapping

Image enhancement and transformations enabled| vigegpretations to be carried that allowed the
identification of lithological and structural feasis in the previous chapter. Integrating of indiil
images data further provided additional informatiorthological interpretation. Various integration
techniques were employed to improve the visual aree of multi-spectral data. To acquire more
information and integrate different data, imagesemeriously fused (van Genderen and Pohl, 1994;
Schetselaar, 2006). Image integration techniqueshiad fusion of multi-spectral bands with high
spatial resolution data like panchromatic imageh€selaar, 2006) Lithological contrast can often be
reflected in topography. Multi-spectral images flisgith SRTM data could easily enhance the
lithological contact along the topographic diffecenvan Genderen and Pohl, 1994). Merging color
composite images with DEM results in a number o&dm features, which have reflectance and
topographic signals in image data. In geology, DEMused to visualize the geomorphologic
characteristic of the terrain in relation with urgimg geology (van der Meer, 2006 3D
visualization and geospatial analyqi¥oneset al, 2006) and Intensity-Hue-Saturation (IHS)
transform are also used to combine a large nunabegeospatial data into a single model
(Schetselaar, 1998).

4.1. Combining images with digital elevation model (DEM)

The best band combination of multi-spectral Land3dtand ASTER, which were interpreted in the
previous chapter are now fused with SRTM and ASTEERM to further enhance and improve the
lithological interpretation. Images were first malized and color composite images of 4 53 and 7 4
2 (RGB) of Landsat TM and ASTER, respectively, wanegrated with shaded relief images. As a
result of combined spectral and terrain featurks, lithological and structural features were well
discriminated (Figure 4.1). The lithological corttaovere clearly deciphered because of their
topographic differences. Contacts were enhanceshbhyp color boundaries. With the exception of
the central part, which cover and occupies low twaphy, most of the units were clearly identified.
In both fused images, gneiss and granite in thehpphyllite and slate in the west and dolomitéhia
east show rough textures. Phyllite, graphitic ptelislate, granite and gneiss were well discrit@da
on ASTER image (Figure 4-1a and b). In this astegng foliation trends, folds and NE trending
lineaments are interpreted. The lineaments, posdililts, are interpreted on gneiss, phyllite,
dolomite and quartzite. To the southwest, the rasisibit prominent tight folding structures. This
rock unit was mapped as undifferentiated phyll#iate and quartzite. The uniqgue geomorphologic
features help differentiate this rock from the surding slate. According to the field observation
datasets (Appendix B), this lithology was mappededdspar-bearing quartzite. A relatively smooth,
low topography and variegated pixels correspondsotiocovered agricultural land in the central part
of the area.
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4.2. Combining with high resolution image

The PCA analysis of Landsat TM conducted on previchiapter identifies lithologic features. Here,
in order to increase the spatial resolution of lsstd™ image the bands were resampled to the pixel
size of high resolution panchromatic image of Latdsand 8. Principal component analysis (PCA)
and intensity hue saturatigtHS) images can be used to merge Landsat spedoteajes to high
resolution panchromatic image (Rigol and Chica-Ql&#298; Owustet al, 2006; Schetselaar, 2006).
Adding band 8 to PCA enhanced the resolution of B@ image and further increases the
interpretability (Figure 4.1c).The resulting image shows a clear structural festand lithologic
contacts.

To the southwest, a folded rock unit, which wasse#n on enhanced images in the previous chapter,
is now clearly discriminated (Figure 4.3). This kaanit is classified as feldspar bearing quartzite
based on literature review and field observaticiasizt(Appendix B).

4.3. Intensity-Hue-Saturation (IHS) transformation and fusion

IHS images are well perceived by human eyes thaB,RBce blue color is less sensitive to the
human eyes than red and green (van Roij, 20063.dblor composite often adds more color to an
image and helps to discriminate lithological featur

Three steps are followed in IHS fusion and tramsfdion in order to further enhance the color
composite image (Schetselaar, 1998). The first mepansforming the three bands to IHS. This is
followed by replacing the intensity component wvittle original band-image and finally transforms the
H; S using inverse IHS transforms which brings btk image to RGB. Color composite image of
Landsat TM 5 4 3 (RGB) was used for IHS transforomatThe first band was replaced by high
resolution panchromatic image, band 8. The rasulimage was enhanced and shows clear
lithological contacts and structural features. Western part of the area which was mapped as
undifferentiated quartzite, phyllite, graphitic tland slate are now differentiated (Figure 4.Tde
dark bluish pixel was one of the identified unitbis rock unit according to field observation datas

is described as feldspar bearing quartzite (AppeBili Slate, graphitic slate and dolomite couldals
be identified in the image.
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Figure 4-1 Integrated color composite normalized multispectral images a) DEM fused with
Landsat TM 4, 5, 3RGB b) DEM fused with ASTER 7, 4, 2 RGB; c) PC image 2, 3, 4 RGB fused
with Landsat TM, high resolution panchromatic image d) Landsat TM 4, 5, 3 RGB transformed
to IHS and fused with high resolution panchromatic image (band 8); (gz= quartzite, di=
dolomite, sl = date, ph = phyllite, gd = graphitic sate, gr = granite, gn = gneiss).

4.4. Compilation of interpreted images and lithological boundaries

As part of integration exercise compilations of lagious interpreted images with existing geololgica
data were done to update the geological map oftidy area. Lithological boundaries recognized
from image interpretations were supported by ab&lgeological maps and field observation datasets
(Appendix B). In areas where extensive soil covecuss, interpretations obtained from high
resolution aeromagnetic data supported the extracbdf additional information in the southern
portion of the area. The nomenclatures of rocksufdh compiled geologic map) were adopted from
the geological maps and datasets available on quewwork (Surveyor-General, 1985; Carballo
Lopez, 1998; Kambewa, 1998). Segment layersaetad from all datasets were overlapped and
lithological and lineament boundaries were digilize produce on updated geological map of the
study area.

Lithologic units, which were identified by their exgific spectral, topographic and magnetic signal,
were discussed and compared with the old geologiegl (Table 4.1).
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4.4.1. Biotite and hornblend para gneiss (gn)

This rock unit was mapped as Precambrian gneisaridus age and origin in the existing published
geological map (Surveyor-General, 1985). On théouarimages used and interpreted, the unit was
recognized by its rough texture, parallel drainpgttern, relatively vegetated and occupying high
topography (Table 4.1). The boundary with phyligeclearly identified throughout the interpreted
images. Interpretation of its contact with basieeigus rock is possible only in the fused images. P
and band ratio images of Landsat TM bands 3/1 @ade) and 5/7 (clay) show strong reflectance on
weathered surfaces due to iron bearing and ka@dniznerals (biotite and feldspar).

4.4.2. Meta-ultramafic rock (ul)

Meta ultramafic rocks reported as talc and serpertiearing are mapped in the eastern parts of the
area on the published geological map of Zimbabweus/or-General, 1985). Although not visible in
any of the interpreted images, the soil geocheyistvealed the presence of ultramafic rocks
interpreted by Co and Ni association in PC2 (T&hlb).

4.4.3. Granite (gr)

Rocks of granitic intrusions occupy the northwestesouth-eastern and north-eastern parts of the
study area. Except in the south-east, which istign@®vered by soil, in most of the interpreted
images, the rocks exhibit rough texture, dendtiticsub-parallel drainage pattern, scarce vegetation
and occupy high terrain. PC and ratio images ofiBéh) and 5/7 (clay) enhance the rock unit (Fegur
3.7 and Figure 3.11). Strong reflectance in spemgon on band 5 and band 4 and major absorption
on band 7 and 6 of Landsat TM and ASTER, respdgtivadicate the rock is highly kaolinized
(Table 4.1). The south-eastern granite was mappdtly@s metasediment and metavolcanics, slates,
guartzite and dolomite (Figure 3.3). Although thist is difficult to discriminate due to soil cover
the field observation datasets show that the srentirely covered by granite (Appendix B).

4.4.4. Doloritic dykes (dk)

This unit was mapped as intrusive igneous rockdaod@rite and gabbro in the northern parts of the
study area (Figure 3.3). It was also reported tupwithin the Deweras Group associated with basic
igneous rocks and arkose in the central part ofstbdy area (Carballo Lopez, 1998). The unit was
also interpreted from analytical signal of tot&ld magnetics (Figure 3.18).

4.4.5. Basic igneous rocks (ig)

Basic igneous rocks, like the doloritic dykes ahowere interpreted from total field magnetic data.
(Figure 3.17 and 3.18) (Telforet al, 1990). Interpretation of this unit on multispet¢ttandsat TM
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and ASTER images is possible in areas where thast exposures. Discontinuous, NE trending,

some times folded and linear like features are dmethe central part (Figure 4.1c). The color

composite images of ASTER and fused images alsaraeltl the rock unit in the northern part of the

area (Figure 3.10a, and 4.1a). Here, the unitgesuhigh topography, rough texture and has sub-
parallel drainage pattern (Table 4.1).

4.4.6. Arkose (ak)

This unit occupies the central part of the studyaarhere extensive agricultural activities takes@l
The unit was mapped as metasediment and metavedc@figure 3.3) (Surveyor-General, 1985). Due
to thick soil cover, the interpretation in the dwrn area is only possible by using high resolution
aeromagnetic data. The analytical signal of todfmagnetics reveal an intermediate magnetic
signal of the rock unit (Telfordt al, 1990) (Figure 3.17b and 3.18). In the north cdngart, the unit

is well discriminated from all interpreted images.

4.4.7. Dolomite (dl)

The unit was mapped as slate, quartzite and dato(Rigure 3.3) in the published geological map.
Except in the south central part, dolomite was wetriminated in all interpreted images. It shows
low reflectance in all bands except band 4 in Labhdsvl and equivalent band 3 of ASTER. It has
rough texture, folded and faulted and occupiedaively high topography (Figure 4.1 and 4.2). Clea
contact with the surrounding lithology is enhand®d sharp color boundaries. Interpretations of
analytical signal total field magnetics also caomir the occurrence of dolomite associated with
arkoses and basic igneous rocks (Figure 3.17b d8).3ts low magnetic signal (Telfoet al, 1990)
makes it possible to discriminate from the othdtsutmage classification conducted on both Landsat
TM and ASTER image was well identified the unitgiiie 3.14).

4.4.8. Phyllite (ph)

This unit was mapped as part of undifferentiatates quartzite and phyllite (Figure 3.3) (Surveyor
General, 1985). lts significant difference in tgpaphy and increased reflectance makes this unit
different from the undifferentiated rocks (Figurd 4nd 4.2). It occupies the northwestern partbef
area and is clearly discriminated in all interpdetad classified images. It has relatively smootb/f
texture, characterized by parallel to sub-parafledinage patterns and occupy high topography
(Figure 4.1 and 4.2).

4.4.9. Graphytic slate (gsl)

This unit is also mapped as part of undifferentatecks. Its relatively strong reflectance in spalct
region on Landsat TM band 3 and band ratio of 3itirdyuishes the unit from the other
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undifferentiated rocks (Table 4.1). This specttaracteristic of the rock indicates the compositbn
iron oxide due to alteration or weathering of idegaring minerals such as biotite. Rough texture,
significant relief and strongly developed foliatjdolds and faults make it distinct from other reck
(Figure 4.1a-d). According to previous works and éxisting published map, this unit is associated
with dolomite and quartzite (Stagman, 1978; Survéyeneral, 1985). It has similar spectral
signature with dolomite in the southeastern pargigssting that the unit consists of dolomite and
quartzite (Stagman, 1978; Surveyor-General, 198%ute 4.2). Classification of ASTER image
discriminate the unit from dolomite (Figure 3.14).

4.4.10. Slate, phyllite and quartzite (sl, ph, qz)

This undifferentiated unit occurs in the westernt jgd the area. In all interpreted images, the isit
represented by variegated pixels, rough texturetaio strongly developed foliation and occupies a
relatively high topography (Figure 4.1 and 4.2).eDwo similar relief, texture and mixed spectral
signature, it is difficult to distinguish betwedretrocks in this unit (Figure 3.14).

4.4.11. Feldspar bearing Quartzite (qz)

This rock unit, like the other Piriwiri Group rocksas mapped as undifferentiated slate, phylligd an
quartzite. The boundaries of this can be delineatethe DEM. The fused images suggest that unit is
tightly folded (Figure 4.1a-d). Its low reflectanoe all bands, rough texture, significant reliefdan
folding structure allow this unit to be distingueshfrom the other rock unit.

4.5. Geological structures interpreted from integrated images

Lineaments interpreted from the DEM are furtherpsufed by features extracted from the fused
images. A general NE trend of lineaments in thettsowhich turn to the NW, corresponds with
folded like structural features. This feature isacly seen on graphitic phyllite, arkose and basic
igneous rocks (Figure 4.2). To the north, the rooks are highly fractured indicating NE and NW
trending regional lineaments, probably faults. Sgréoliations, faults and folded structures areadie
seen on quartzite, graphitic slate and dolomitégu(eé 4.2). Here, tight, asymmetric folds with dxia
plane trending NE-SW were interpreted. Similar éaldstructure in Piriwiri Group rocks with axial
plain trending NS and NNE were reported in the plaga (Stagman, 1978).
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Figure 4-2 Color composite 36 11 RGB ASTER, fused with DEM showing interpreted structural features;
a) tightly folded quartzite and dolomite; b) NE and NW trending foliations faults and folds.
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Figure 4-3 Color composite 453 RGB indicating interpreted folded igneous rocks and arkose in the
northern parts of the area.

4.6. Updated geological map

Integration of geological information derived frdR8, geophysical and geochemical datasets within
GIS is possible (Arnold Ivan Johnson, 1992). Gl8vjted the opportunity to integrate and compare
data having different formate and scale. The varienhanced and interpreted images were ovarlaid
and the extracted segment boundaries and lineamenésdigitized. Interpreted images representing
windows of various enhanced and fused datasetshan@n on Figure 4.4. The interpretation results
of fused and multispectral images, DEM and totaldfimagnetics were combined with the results of
enhanced images to produce the updated geolog@pl(Figure 4.5). The characteristic feature of
each lithologic unit with respect to spectral, wagjen cover, geologic structure, landform and
magnetic signal are summarized in Table 4.1. Tihelbgical units in the pubished geological map
are listed together with the description of feasuier comparision.
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Figure 4-4 Inter preted images showing windows of southern portion of the study area a) L andsat 453
RGB fused with DEM b) IHSimage fused with high resolution panchromatic image c) PC bands 12 3
(RGB) fused with high resolution panchromatic image d) inter preted geology €) analytical signal of total
magneticfield;; f) SRTM DEM. (ig = basicigneousrocksak = arkose, ph = phylite, gd = graphitic date, d
=date, gr = granite; qz = quartzite)
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Table 4-1 Interpreted lithology and their characteristic features

Rock type vegitation| Drainage Land | Spectral Magnetic structure Old geological map
form characteristics| signiture
Slate Sparse Sup-paralle ModerdteMajor low Strongly Mapped as phylite,
slop to absorption in developed slate and quartzite
flat 2.17-2.21 pym foliation
(bands 5 and
6)
Quartzite, Sparse Parallel and| Moderate | Absorption in - no Mapped as one unit
(feldspathic dendritic slop 2.17-2.21 pm /metasediments and
quartzite) metavolcanics
Graphitic no Parallel and | Moderate | Reflectance in - Strongly
slate sub-parallel slop TM band 3 developed
and ratio foliation, folds “
3/1(0.6-0.8 and faults
pm)
Phyllite Sparse Sub-parallel Moderate Major - Strongly
slate and slop to absorption in developed “
quartzite flat 2.17-2.21; foliation
0.85-0.92 pm
/band
4pm/clay
Phyllite - Parallel - Moderate | Strong no Mapped as one unit
Sub_parallel slop reflectance in /metasediments and
all bands metavolcanics
Dolomite Sparse Dendritic, High Reflectance low Strongly Mapped as
parallel and relief on ratio 5/7 developed metasediments/slate
Sub-parallel | moderate | major foliation, fold and | quartzite and
slope absorptions faults dolomite
2.30-2.40 um
(bands 8 and 9
/Mg-OH
arkose Sparse Dendritic flat Major moderate Strongly Mapped as
and Sub- absorption in developed Metasediments and
parallel 2.17-2.21 foliation/southern | metavolcanics
[clay; 0.85- part soil cover
0.92 um /band
4um/
Basici Moderate | Dendritic Steep to | Absorption in high Strongly “
gneous to sparse | and Sub- moderate | 0.85-0.92 um developed
rocks parallel and flat | /band 4 (Fe3+) foliation, folds
(south) and faults
Doloritic Sparse - moderate Absorption in | Very high no Intrusive igneous
dyke 0.85-0.92 um rocks
/band 4 (Fe3+)
Granite no Paralle- Absorption in - faults granite
subparallel 0.85-0.92 um /
and Strong
reflectance
band 5 and
ratio 5/7
(2.17-2.21 um
) clay
Biotite and Dense- | Dendritic Steep to | Major - - Gneiss of various
hornblend moderate | and Sub- moderate | absorption in ages
para-gneiss parallel slop 2.17-2.21
/clay; 0.85-
0.92 pm/Fe+3
/band
4pm/clay
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4.7. Validation of updated geological map

The updated geological map of the study area wigdated with the field observation datasets, which
consists of 135 locations of geological sample {goand observations (Appendix B). Most areas
covered by gneiss and all areas of grits are ndudied within the multispectral images. These
lithological units were adapted from the old gedaymap (Surveyor-General, 1985) and were not
included in the validation.

The map was crossed with the raster map createdhforobservation points to determine the
percentage of correctly interpreted lithologieshwiespect to the ground truth obtained from the
observation point.A confusion matrix made for the updated geologio&p versus the field
observation data indicates rock units such as dtdgnguartzite and undifferentiated rock unit
(phyllite, quartzite and slate), have the highdassification accuracy (Table 4.2). This is because
only four observation points of undifferentiateadkainit were obtained for validation. The high alu
of dolomite and quartzite are due to the fact thase units were well interpreted in the multispdct
images. The low values are indicated on rock&i@fRiriwiri Group and doloritic dykes. The rocks of
Piriwiri Group were mapped as undifferentiated eslajraphitic slate, phyllite and quartzite. These
rocks have similar spectral and topographic sigmal are difficult to discriminate. There were also
difficulties in differentiating doloritic dykes fra basic igneous rocks because of similarities in
magnetic signal. All the above mentioned factorsbpbly influence the overall accuracy of the
results which was calculated to be 76% (Table 4.2).

4.8. Comparison with the old geological map

The updated geological map was also crossed witlgeblogical map to indicate the propertion of
improved lithologies with respect to the older ¢hable 4.3). About 90% of the alluvium (al) in old
geological map were reclassified into arkose (d&)omite (dI), basic igneous rocks (ig), and phlli
(ph) in the new and updated geological map (TaBea#d Figure 4.5). The undifferentiated units,
phyllite slate and quartzite (ph,sl,qz), which wenappped as one unit, were also subdivided into
slate (21%) and phyllite (15%). About 18% of doltemin the old geological map was reclassified as
graphitic slate (gsl), quartzite (qz) and arkodd.(@he arkose unit in the old geological map was
subdivided into phyllite (14%), dolomite (13%), magneous rocks (8%), and granite (25%). Only
13% and 4% of gneiss in the old geological map wek&livided into arkose and basic igneous rocks
respectively.
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Table 4-2 Confusion matrix resultsfor updated geological map versus ground Control/field observation

data
Updated Field observation data
lithology | slate | Slate | quartz | Graph | Phyllite, | phyllite | Dolo | arkose Basic | Doloriti | granite | Total
quartz | ite itic slate and mite igneous | c dyke
ite slate quartzite rocks
and
dolom
ite
slate 400 199 599
Slate 100 1000 1100
quartzite
and
dolomite
quartzite 374 29 403
Graphitic 200 200
slate
Phyllite, 400 400
slate and
quartzite
phyllite 400 400
Dolomite 24411 32 2473
arkose 300| 100 271 100 3703 678 105 525
Basic 98 506 16 620
igneous
rocks
Doloritic 95 95
dyke
granite 100 201 100 2103 2504
Total 700 200 374 699 400 600 2441 4034 1284 216 0331 | 14051
Classific | 57 50 100 28.6 100 66 100 91 39 44 67 76
ation
accuracy
%
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Table 4-3 Crosstable for old geological map and updated geological map of Magondi Belt (ig = basic
igneousrocks, ak = arkose, ph = phylite, gd = graphitic date, sl =date, gr = granite, gz = quartzite, sst
gritsand sandstone, al=alluvium)

Updated old lithological map
lithology al sst| sl,gzdl| ph,sl,qz d! ak dk dr gn Total
al 4969 496
sst 849 8496
6
sl 226714 13114 7781l 1249 b9 248997
slgz,di 22660 22660
qz 6| 25802 743 26312
gsl 11016 127584 504 1391p4
ph.sl,qz 551334 551334
ph 4743 159563 386 60904 473 9838 13236883
7
dl 6681 112013 56132 797 2| 118375
8 0
ak 3938 17086 122919 1476]l 5468 44674 255 377400
0 8
ig 4240| 66 21514  3493h 76 15908
dk 4306
or 20 40162 7182 10592 2187 | 27599| 500 | 515809
5 6 7 4
gn 228 66566 46] ol 67121
Total 6024| 858 | 22660 107244] 149017| 42418| 3567 | 34859| 668
1 2 7 0 0 4 7 7
4.9. Summary of geological integration
The capability to interpret and integrate diverse eolggical datasets

in updating the geological map was tested in tlagdmdi Belt, the research area. Accordingly, the
geological map is updated based on the interpostatnd integration of digital multispectral remote
sensing images and high resolution aeromagnetiasdts. ~ Color composite, band ratio and PC
images of Landsat TM and ASTER, identified lithatzd features on exposed terrain. Nomenclature
of interpreted rock units are adapted from thetagsgeological map and field observation datasets
(Appendix B). The ground truth information datasstre overlaid on interpreted images to give the
correct name and outline the lithological boundary.Major lithological units such as dolomite,
gneiss, graphitic slate, and phyllite are easibgdiminated on all enhanced images.

Integration of multispectral images with DEM combispectral as well as terrain signals of features,
resulting additional information for the interprigd@ of lithology and lineaments. The granitic
intrusions, gneissic and basic igneous rocks ohtitehern area are enhanced and clearly identféed

a result of integration spectral data with DEM. )é48zation of 3D image also helped to show the
geomorphologic characteristic of the terrain inatieih with the underlying geology. Here,
topographic difference together with spectral sigres of the rocks helped in identifying the rock
units in the western and eastern parts of the &eglite, granite, gneiss, and graphitic slatdhie
west, and dolomite and granite in the east are igelitified by their topographic relief.
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IHS and PC color composites add more color tar@age. Integration of these color composites with
the high resolution panchromatic

Landsat image provide additional information foe tlithological interpretation. The lithological
units, which were mapped as undifferentiated slateytzite, and phyllite are now differentiated by
the help of combined IHS and high resolution paostatic image of Landsat TM (band 8).
Relatively low topography and brown pixels and tougxture on both fused images discriminate
slate from the undifferentiated rocks. Graphitiatslshows high absorption in all bands except in
Landsat TM band 3 and ASTER band 4. Landsat TM lyatid image 3/1 also discriminate the rock
unit. PC color composite images 2 3 4 (RGB) of Figu-3 fused with the high resolution
panchromatic image also enhanced the folded rodk guartzite in the southwestern parts of the
area. This unit, like phyllite, slate and graphglate were mapped as one undifferentiated urthen
old geological map. Discrimination of this unitasly possible with the help of integrated and fused
images (Figure 4.1, 4.3 and 4.4).

All segments interpreted from the various images gnound truth geological datasets were digitized,
overlaid and integrated in GIS to produce the ugdigeological map (Figure 4.5).
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Figure 4-5 Geological maps of M agondi BeltCompiled updated geological map of the research area. (UTM
Zone 36S projection WGS 84 Datum).
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5. Spatial data integration for predictive
modeling of mineral potential

Mineral exploration involves consecutive stage divities starting from small scale to large scale,
eventually leading to the selection of potentiglaar for identification of ore deposits (Bonham-€Eqrt
1994). Based on evidence like, geological, geocbangeophysical and locations of known mineral
occurrences, favourable areas are selected forefugmploration. The conventional methods of
selection, evaluation and combination of evidernmggphysically superimposing maps to determine
the overlap relationship are now greatly improvgduling various GIS models. Evidential Belief
Functions (EBFs) is one of the methods for spai@lysis and integration of various geological
datasets. This method is applied to integrate ggeab datasets of the research area to produce a
mineral potential map. The EBFs for mineral ponthapping demonstrated by Carranza and Hale
(2003) is used here to predict mineral potentighefstudy area. This method is applied to ardas, |
Magondi Belt, where there are known mineral degdsiit the number of deposits may be inadequate
to generate statistically significant result by ngsistatistical data-driven methods like weight of
evidence. For this, knowledge-driven modelling dan applied together with mathematical data-
driven modelling to produce a mineral potential map

5.1. Evidential Belief for mapping mineral potential

The Dempster-Shafer evidential belief function tigde based on work on the generalization
of Bayesian lower and upper probabilities. Thedownd upper probabilities represent the
belief and plausibility respectively, in which arpeular proposition is supported by a given
body of evidence (Shafer, 1976). The functionsiebelnd plausibility can be interpreted as
probabilities in the traditional probabilistic fremvork (Chang-Jo and Fabbri, 1993; énal,
1994a). The following discussion of EBFs is adoftedn the explanations of Carranza and
Hale (2003).

The EBFs areBel (degree of belief)Dis (degree of disbelief)Unc (uncertainty) andPls
(plausibility). Bel and Pls represent lower and upper probabilities respegtibat spatial
evidence supports the proposition (Figure 5.1).sTRls is greater than or equal Bel. Uncis
equal toPIs-Beland represents doubt of ones belief in the prdpasbased on a given spatial
evidence;Unc = 0 whenBel = PIs. Dis on the other hand is belief that proposition isda
based on a given spatial evidence which is equaiRts. Therefore, the addition d@el, Dis
andUncis equal to one (Bel+Dis+Unc=1). In additionBi&F0, thenDis should be equal to
zero; this indicates that there is no disbeliehvatt belief, but there can only be uncertainty.
If Unc =0 thenBel+Dis = 1, as in probability approach. Functions 8el, Unc, andDis are
the EBFs used to combine spatial evidences acaptdiDempster’s rule (Dempster, 1968).
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Figure 5-1 Schematic relationships of EBFs (adopted from Carranza and Hale, 2003).

Estimation of EBFs can either be knowledge-drivendata driven. Knowledge-driven
estimation of EBSs requires expert knowledge of pheposition being evaluated. When
expert knowledge is lacking, EBFs can be estimbtestd on given spatial data described by
Chung and Fabri (1993) and An and Bonham Carte94)18Chang-Jo and Fabbri, 1993; An
et al, 1994a) When location of both mineralized anchimeralized zones are known data
driven estimation procedures of Chung and Fab@98) and Anet al, (1994) are useful
(Chang-Jo and Fabbri, 1993; Chung and Fabbri, 1883t al, 1994b). When locations of
mineralized and unmineralized zones are only gdbrtiknown, data-driven estimation
procedures proposed by Carranza and Hale, 200&fsiluThis procedure is adopted for the
study area.

Assume a spatial evidence map of an area T witfi)Naoftal number of pixel. It is necessary
to first determine the spatial coincidence betweertain pixels in a map of training data
(mineral occurrences) and certain pixel in a mappaftial evidence. To do this attributes of
spatial evidence maps Xi(i=1,2,....,n) representimantinuous variables must be first
classified into §(j=1,2,...,m) classes of attribute. By overlaying & map of training data
on each multi-class spatial evidence map, the numb€; pixel overlapping spatially with
mineral deposit D pixels [i.e., N{@IN(D)] and number of § pixels not overlapping
spatially with D pixels [ie., N(-N(C;j ND)] can be determined.

According to Carranza and Hale, (2003), EBF’s car&timated as follows: The degree of
belief, BelG;, that a mineral deposit exists, is
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j=1 (Eq.1)
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where ¥ D =

(Eq)

Where the numerator is the conditional probabiliigt a target mineral deposit exists given
the presence;iCthat means a target mineral deposit occurs;inf@e denominator is the
conditional probability that a target mineral deipesists given the absence af,@neaning a
target mineral deposit occurs outsidg Thus,Wgpp is the weight of €in terms of target
mineral deposits being more present than absddi &s may be expected due to chance.

A weight WGz for Gj in data seD for the propositiois (disbelief that a mineral deposit
exists based obD) is defined as:

Dis¢, = ,,,H—C":"' - (Eq.2)
ZWe B
N(Cy )=N(CyND) (Eq.2a)
where W- = = NiCy ) _
%P " N(T)=N(D)=[N(Cy )=N(C;\D)]
N(T }=N(Cy )

Where the numerator is the conditional probabtlityt a target mineral deposit does not exist
given the presence @j; it means simply that a target mineral depositsdoet occur irCj.
The denominator is the conditional probability tleatarget mineral deposit does not exist
given the absence @;; that is a target mineral deposit does not oceitside attributeC;.
Thus, WG D is the weight ofC; in terms of target mineral deposits being moreeabshan
present irC; as may be expected due to chance.

For data driven estimation of belief and disbel{gfjuation 1 and 2), demonstrated by
Carranza and Hale (2003), the spatial relationbleigveen classes of layers of an evidential
map should be taken into consideration besidessplatial relationship between evidential
layer and target deposit.
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Note that, if for G calculated WgD=0, which means that Bgle 0, then the corresponding
calculatedWG; b should be re-set to zero so that the corresponBis@;=0 according to
(Figure 5-1).

Uncgj=1-Belg;-Disg;
(Eq.3)

Plsg;= Belg; + Uncg; or PlsgG =1- Disg;
(Eq.4)

Maps of EBFs of spatial evidence Map #an be combined with maps of EBFs of spatial
evidence mapX according to Dempster’s (1968) rule of combinairder to generate an
integrated map of EBFs. The formula for combiningps of EBFs of two spatial evidence
maps are the following ((Carranza and Hale, 2088ppted from Wright and Bonham-Carter,
1996):

Bel y, Bel v, + Bely,Unic y, + Bel -, Unc (Eq.5)
B'E?"?_Yl.rj = — ﬁ = =
_ Dis yy Dis y, + Dis yyUnc y, + Dis y, Une g
D}s_v.;i_k—_ﬁ_ = = = = 5 = = =
(Eq.6)
} Une xUncyr (Eq.7)
Uneypyy =—————

B

Where B=1-BelxDisx,-Disx;Belx,, which is a normalizing factor to ensure thgxl+Unc+Dis=1.
Only maps of EBFs of two spatial evidence can bmhbined each time; other maps of EBFs
representing X%....X, are combined one after another by repeated appisatof Eq.5-7. Final
combination of maps of EBFs results in integratedrde of belief, degree of disbelief, degree of
uncertainty and degree of plausibility for the prsiion based on given spatial evidences
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5.2. Deposit recognition criteria and spatial datasets

The Magondi Belt is a known source ofetamorphosed, stratabound, sediment-hosted Cu-Ag
deposit (Master, 2003) he rocks of the Magondi Belt were deposited ia kagondi Basin. The
Deweras, Lomagundi, and Piriwiri Groups are thgomsedimentary rocks deposited between c¢.2.16
and 2.0 Ga (Woldagét al, 2006).The evolution of the Magondi Basin between thessagnd the
deposition of the sediments are shown in Figure se8tion 2.5The Deweras Group is the major
host rock of strata-bound copper mineralizatidfie sediments were deposited in continental
alluvial fan, aeolian dune, flat, lacustrine fagltd and playa lake environments (Master, 2003).
Mineralization was formed diagenetically by salbesin (Master, 1998; Master, 2003; Woldaial,
2006). e mineralizations consist of disseminated boraitel chalcopyrite in wackes and
arkosic granulestones, and chalcocite-bornite dradcopyrite in anhydrite-barite bearing rock
(Master, 2003). Zonation of the sulphides alongstand from top to bottom of the ore bodies
occur from bornite to bornite-chalcopyrite to clugdgrite and pyrite. The mineralizing fluids
probably originated as reduced basin brines thalved into oxidizing brines through reaction
with sulphate evaporites. The evolved brines, tagryCu and Ag (leached from red beds) as
chloride complexes, moved along the permeable falbtgranule stones and precipitated
sulphides on encountering the reduced wackes. Sommeralizations are in the form of
replacements of digenetic pyrite nodules.

Basic igneous rock, metadolerite sill, intruded Heeliments containing the ore zones. The sill
contained xenoliths of the host rock. Axial plafractures in the competent sill filled with Cu-
sulphide-bearing quartz-carbonate-microcline-hetevatiagnetite veins that originated by
pressure solution in the mineralized wall rooktasedimentsSome of these veins are up to 2 m
thick and were mined together with the disseminattimentary ore (Master, 2003).

The distribution of silver in the Norah depositlesely associated with mineralization of copper.
Mineralogically, silver occurs as both solid s@utin bornite and chalcocite, and as native
silver in concentrated diagenetic pyrites (Mas2€)3). Reddish hematite alteration accompanied
by silicification and microclinization of arkosicremites, is the characteristic feature of the
footwall of ore bodies (Carballo Lopez, 1998). Aating to Carballo Lopez, 1998, these zones
have ellipsoidal concentrations and bands of mégnet

Folding, fracturing and boudinage of earlier veimgether with emplacement of new veins
accompanied later deformation events, the lasthoclwis dated at 548 140 Ma (Master, 2003).
The anticlinal axis, N-S and NW-SE faults are aided with mineralization (Carballo Lopez,
1998; Kambewa, 1998; Woldat al, 2006). The ore deposit around Norha, has bearalgv
tectonised, and is intensely disrupted by wrenohgal and thrust faults of various ages.
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Based on the above characteristic features ofshatind, sediment hosted Cu-Ag deposit of the
research area, the following geological conceptuadlel can be summarized:

« The major host rock for Cu mineralization is arkoshich is permeable enough to pass
mineralizing fluids and allow precipitation in tlieduced environmen#nhydrite and
thinly bedded anhydrite-bearing dolomite in Norharrfation of the Deweras Group,
(Section 2.3.3), probably acted as a reducing adyiig mineralization.

« NW-SE faults could be pathways for the mineralizihgds (Carballo Lopez, 1998;
Kambewa, 1998).

* The magnetic anomaly map which interpreted the hmsk could also indicate fracture
filled magnetic minerals such as magnetite andnoyite in the mineralized zone.

* Geochemical anomalies obtained from soil samplkesrt from the overlaying host rock,
could be considered as indicator of mineralization.

Based on the recognition criteria mentioned abepatial evidences were selected from southern
parts of the study area (Figure 5.2). This arethesonly area where high resolution aeromagnetic
survey was conducted and 99% of the known Cu degpostur. Lithological units and NW trending
faults were extracted from updated geological nfi@igure 5.2a and Figure 5.2b). The interpreted
analytical signal total field magnetics was takemegnetic anomaly map (Figure 5.2c). Interpolated
PC4 scores, calculated on Alaska and Umboe dat@iSgtse 5.2d) were considered as geochemical
anomaly map.
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Figure 5-2 Spatial evidence maps a) lithological units, b) NW fault, ¢) magnetic anomaly map and d) PC4
scor e representing concentration of Cu in Alaska and Umboe area; UTM Zone 36S projection, WGS 84
Datum.
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5.3.  Estimation and integration of EBFs

Spatial evidence maps representing continuous hlasawere first classified using percentile
intervals of values. Areas which have no valueseweclassified as “no data”. The resulting
multiclass spatial evidential maps were crossed winhary map of known copper deposit. The
number of class pixels N (7 sum of all class pixels N (T), number of claseefs that overlap with
deposit pixels (N (¢g1D) and total number of deposit pixels N (D) wenstficalculated (Table 5.1).
EBFs estimation based on equations in section Bqlidtions 1-3) were performed to quantify the
spatial association between the deposit and sgatidénces (Table 5.1).

Based on the values calculated on Table 5.1, at&imaps of EBFs are created. The created belief
functions; belief, disbilief and uncertanity magdslithological units, magnetic anomaly, PC4 scores
and proximity to NW faults are shown in Figure $.30nly arkose, dolomite and granite have spatial
association with Cu deposits. Zones of high degfdmelief are mainly related to lithological unas
arkoses and dolomite. (Figure 5.3). These rocks Haw degree of disbelief and uncertainty as
compared with the other units. This suggests thaesence of these lithologic units can be used as
indicator of potential areas for copper mineralaat Zones of high degree of belief, low degree of
disbelieve and uncertainties are belonging to avederlain by high magnetic anomalies (Table 5.1
and Figure 5.4). Areas occupied by high PC4 sce®e9@6) corresponds to high degree of belief, low
degree of disbelief and uncertainty (Table 5.1 Rigdire 5.5). This suggests geochemical anomalous
areas of copper are more prospective to find stratend copper mineralization provided that the
other recognition criteria are fulfilled. High degrof belief is also related to proximity classNwW

fault between 0.00- 790m (Table 5.1 and Figure.5.8his indicates the possible potential zone
within this distance.

The belief function maps of strata-bound coppereardhzation were integrated by repeated use of
Equation 5.7, Section 5.1. The combined evidemgdief function maps estimate new belief function
maps representing the degree of belief, disbalie€ertainity and plausibility (Figure 5.7A-D). The
plausibility map was created by using Equation iyFe 5.7). Spatial evidences representing, belief
functions of lithology, PC4 scores and NW fault eéirst integrated and the results were compared
with further integration with magnetic anomaly maphe belief and plausibility maps show
potentially favourable zones.

5.3.1. Test of correctness of EBFS

Test of correctness conducted on EBFs maps indibatesum of bel+dis+unc for most pixels is 1.00.
The pixel values in the test map vary from 1.00Q @001 for all four evidential maps. The test
conducted on the integrated EBFs map indicate sad@998 to 1.0001 (Figure 5.7E). This suggests
that error for the estimation and integration offSBs + 0.0003 which can be considered as very low
and therefore, estimation and integration of EB&s loe considered to have been performed properly.
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Table 5-1 Estimation of EBFsfor class of valuesin maps of deposit recognition criteriafor strata bound

Cu-Ag potential, Magondi Belt. (EBFs of PC scores are calculated in descending order.

Lithological units N(Cij) N(T) N(CijND) N(D) Bel Dis Unc
Alluvial sediment 1228 330031 0 19 0 0 1
Arkose 71602 330031 10 19 0.53| 0.33| 0.1411
Basic igneous rocks 5814 | 330031 0 19 0 0 1
Dolomite 53113 330031 6 19 0.32 | 0.33| 0.3526
Doloritic dyke 549 330031 0 19 0 0 1
Granite 45744 330031 3 19 0.15| 0.33| 0.5163
Graphitic slate 39161 330031 0 19 0 0 1
No data 10217 330031 0 19 0 0 1
Quartzite, feldspathic 6751 330031 0 19 0 0 1
quartzite

Quartzite, phylite, slate 47980 330031 0 19 0 0 1
slate 41930 330031 0 19 0 0 1
Slate quartzite(Biotite

bearing) and dolomite 5942 330031 0 19 0 0 1
Magnetic anomaly map N(Cij) N(T) N(CijND) N(D) Bel Dis Unc
High magnetic anomaly 11737 330031 2 19 0.55| 0.33| 0.1158
Low magnetic anomaly 46042 330031 5 19 0.38 | 0.33| 0.2874
No data 272252 330031 12 19 0.06 | 0.33 | 0.6068
Score of

PCA/geochemical

anomaly N(Cij) N(T) N(CijND) N(D) Bel Dis Unc

No data 132045 330031 2 19 0.02 0.2 | 0.7789
<0.213 98972 330031 7 19 0.16 0.2 | 0.6368
0.213-0.587 49585 330031 5 19 0.24 0.2 | 0.5579
0.587-0.685 9861 330031 0 19 0 0 1
0.685-0.926 19808 330031 2 19 0.22 0.2 | 0.5792
>0.926 19760 330031 3 19 0.35 0.2 | 0.4472
Proximity to NW

fault/fracture (km) N(Cij) N(T) N(CijND) N(D) Bel Dis Unc

No data 1 330031 0 19 0 0 1
0.00-0.793 32708 330031 4 19 0.22 | 0.14| 0.6395
0.793-1.529 32965 330031 2 19 0.1| 0.14| 0.7636
1.529-2.265 32386 330031 1 19 0.05| 0.14| 0.8136
2.265-3.020 33704 330031 3 19 0.15| 0.14 | 0.7101
3.020-3.794 32509 330031 1 19 0.05| 0.14 | 0.8138
3.794-4.627 33083 330031 3 19 0.15 | 0.14 | 0.7069
4.627-5.633 33514 330031 5 19 0.29 | 0.14 | 0.5726
5.633-6.969 32729 330031 0 19 0 0 1
6.969-9.389 33230 330031 0 19 0 0 1
9.389-21.799 33202 330031 0 19 0 0 1
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Figure 5-3 Attribute map of EBFs for lithological unit classes A) belief map B) disbelief map and C)
uncertainty map, UTM Zone 36S projection, WGS 84 Datum.
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Figure 5-4 Attribute maps of EBFs for magnetic anomaly classes A) belief map B) disbelief map and C)
uncertainty map, UTM Zone 36S projection, WGS 84 Datum.
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Figure 5-5 Attribute map of EBFsfor pc scores classes A) belief map B) disbelief map and C) uncertainty
map, UTM Zone 36S projection, WGS 84 Datum.
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Figure 5-6 Attribute maps of EBFs for proximity to NW fault classes A) belief map B) disbelief map and
C) uncertainty map, UTM Zone 36S pr oj ection, WGS 84 Datum.
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Figure 5-7 Integrated EBFs maps of strata-bound Cu potential showing A) belief map; B) disbelief map;
C) Uncertainty map and D) plausibility map, E) Test of correctness of estimation and integration of EBFs.
UTM Zone 36S projection, WGS 84 Datum. (bel=belief, dis=disbelief, unc=uncertainty)

5.4. Classification and validation of mineral potential map

The integrated belief maps without evidence of metig anomaly was first used to generate
stratabound copper potential map. Integrated mah ewidences of magnetic anomaly was then
produced to compare the results. A threshold piiibab were defined to convert the belief maps
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into favourability of mineral potential map. Perténvalues 50, 75, 90 and 100% were used to
classifay the integrated belief map into low, meder high and very high potential. Here the
approperate threshold values"8percentile were used to classifay zones whichga@logically
favourable and unfavourable zones for strata-baropper mineralization. The classified potential
maps were further classified in to binary favouligbimaps (Figure 5.8). The favorability map
without evidences of magnetic anomaly outlined ptiéé zones for for strata bound copper
mineralization in the central parts of the studgaa(Figure 5.8A). The classified map with evidences
of magnetic anomaly strengthen the first clasdificeand identified more potential zones within the
boundaries of magnetic anomaly (Figure 5.8B). Ab68 and 4.98% of the total area were classified
without and with magnetic anomaly map in favopueahpotential zone for strata-bound
mineralization, respectively (Table 5.2).
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[ - ——  — o —
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= unfavourable zone = Unfavourable zane
Favourable zone I Favourable zone

Figure 5-8 Predictive map of strata-bound copper deposit potential A) using spatial evidenceslithology,
PC4 and NW fault B) using all spatial evidencesincluding magnetic anomaly. Small circles and triangles
represent locations of large and small scale known Cu deposits and occurrences used in training and
validation data r espectively; polygonsrepresent geochemical Cu-anomaly zones, Magondi Belt, UTM
Zone 36S projection, WGS 84 Datum

The favorability copper potential map were cesbwith known copper deposits and occurrences to
determine number of validation deposit pixels ie favourable zones. The result indicates that at
least 58% and 31% of known Cu deposit pixels iepiial map without magnetic and with magnetic

evidences are correctly delineated by the predigeafogically favourable zones, respectively (Table
5.2). Prediction rate was also calculated basedatidation data of small scale copper deposits and
occurrences, which were not used in EBFs. The trgsticate that 60% and 40% of the deposits are
correctly delineated by the favourable zones witlamnd with magnetic anomaly, respectively (Table
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5.3). of the out of 10 small scale deposits ofeptal map without magnetics and 4 out ofcoincide
with the predicted potential zone. This implies%60

Table 5-2 Validation of predictive strata-bound copper potential map using Known Cu deposit, South
M agondi-Belt

Classified potential map Proportion of | Number of
without magnetic anomaly potential zone %| Known Cu- Success rate %
deposit used
as training
data
Total =19
Unfavourable zone (without) 95.32 8 42
Favourable zone (without) 4.68 11 58
Unfavourable zone (with) 95.0R 13 68.5
Favourable zone (with) 4.98 6 315

Table 5-3 Validation of predictive strata-bound copper potential map using small scale Cu
deposit/occurrences, South M agondi-Belt

Classified potential map withl Number of small scale deposit prediction rate
and with out magnetic used as validation data %
anomaly Total =10
Unfavourable zone (without) 4 40
Favourable zone (without) 6 60
Unfavourable zone (with) 6 60
Favourable zone (with) 41 40

The predictive map crossed with geochemical sqgipeo anomally indicates that at least 12% and
19% of the geochemical anomaly zones are overlappdthe favourable potential zones without
and with magnetic anomaly, respectively (Table.5.4)
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Table 5-4 Validation of predictive strata-bound copper potential map using geochemical soil Cu anomaly,
South M agondi-Belt

Classified potential | geochemical Cu

map anomaly prediction rate %
Total npix=1714

Unfavourable zone 1510 88

(without)

Favourable zone 204 12

(without)

Unfavourable zone 1383 81

(with)

Favourable zone 331 19

(with)

5.5. Summary of spatial data integration for predictive modeling of mineral
potential

Evidential belief function using data driven apmiodas provided a good result in mapping
strata-bound copper potential of the research aiearedict where mineral deposits of interest
might occur, it is necessary to study spatial dasion between known deposit occurrences and
certain geological features that control their ooence. GlS-based predictive modeling such as
evidential belief functions (EBFs), involves anadysf spatial associations between multi-layered
geological features and known deposit occurrenzgaddict where deposits of interest are likely to
occur.

A total of 19 copper mineral deposits were useth@predictive mapping of mineral potential. EBFs
function, belief, disbelief and uncertainties wereated for spatial evidences of lithologic units,
proximity to NW faults, magnetic and geochemicabmalies. Among the lithologic units, arkose and
dolomite are important spatial evidence of straiaral Cu potential. The linear structure, NW
trending faults/ fractures are also the most sigaiit spatial evidence of mineral potential. The
magnetic anomaly and the geochemical soil Cu ano@l4 scores (>0.926) have similar spatial
evidence to the copper potential. From the integrdilief functions map, it can be seen that zofes
intermediate to high degree belief, low degree whbelief and intermediate to low degree of
uncertainty, areas are underlain by arkoses anoirdtd. These rocks are host rocks of the strata-
bound Cu mineralization in the study area (Carbhbpez, 1998; Kambewa, 1998; Master, 2003;
Woldai et al, 2006). The plausibility map also indicates highgee, indicating potentially
mineralized areas. On the classified binary prédianineral potential map, with magnetic anomaly
evidences, the proportion of favourability zoneréased by 0.3%. This implies that integration and
classification of evidential maps with magnetic myaty map improves potentially favourable zone for
strata-bound Cu deposit. Favourability zones ie dgentral and northern parts of the area are
characterized by high degree of belief and low degif uncertainty of evidences of proximity classes
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of NW faults. One of the known large scale mineyah, in the north is situated on this fault line

probably indicating structurally controlled minezaltion (Carballo Lopez, 1998; Kambewa, 1998;

Master, 2003). Zones of high degree of belief, iegree of disbelief and low degree of uncertainty
of evidences of anomalous geochemical signaturéigea strong support to high favourable zone in
the southern parts of the area. This area is cbmtane underlain by arkose, basic igneous roclls an
dolomite, which contain folds and faulted structur@est conducted on integrated EBFs map
indicated that error for the estimation and intégraof EBFs is + 0.0003, which can be considergd a
very low and, therefore, estimation and integratidrEBFs can be considered to have performed
properly.

Validations conducted on the binary predictive méihout magnetic anomaly evidence indicates that
the favourable potential zone correctly deline&& lof the Cu-anomaly, 58% of the ‘model’ deposits
and 60% of the ‘validation’ deposit. Validationsndaicted on binary predictive map with magnetic
anomaly evidence indicates that the favourablemiatiezone correctly delineate 19% Cu anomaly
map, 31.5% of the ‘model’ deposits and 40% of thedidation’ deposit. The result implies that the
binary potential map with magnetic anomaly evidenwgp improves the proportion of favourability
zone as compared to the binary map without magretmnaly. This indicates a satisfactory result
which implies the usefulness of the model for fartbxploration of undiscovered strata-bound copper
deposit in the northern parts of the study area.
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6. Conclusion and Recommendation

6.1. Conclusion

Spatial data processing, analysis and integrat&inguremote sensing and GIS applications were
useful in updating the geological map and predictimineral potential map of the study area. During
the processes of image interpretation, old geoébgicaps were used as a base map to extract
information on major lithologic units. Multispectranage enhancement and interpretations were
important in identifying and delineating lithologic units including host rocks for strata-bound
mineralization in the study area. Image classiiicat were also helped in mapping major lithologic
units. ASTER image better classified the lithologitits as compared with Landsat TM. The low
classification accuracy on both images were prgbdbk to similarities in rock units, extensive soil
cover, vegetation and topography, which made thiase feature spectrally less separable. The high
resolution aeromagnetic data were help in idemtgfygeologic features on areas where extensive soil
covers occur. Analytical signal and vertical defivas of total field magnetics were helped in
extracting subsurface information to delineate homtks and structural features, which are
responsible for mineralization. DEM generated fré¢8TER and SRTM images were used in
extracting major geological structures associatid mineralization. The NW-SE faults were found
an important spatial evidence for Cu mineralizatiomages fused with DEM were helped in further
enhancing and increased interpretation of geolbdeatures. Integration of all interpreted images
helped in classifying lithologic units and updaties geological map of the study area. The geolbgica
map was validated and a total accuracy of 76% Wéssiroed.

Geochemical data processing and interpretationrwoftipal component analysis were helpful in
identifying anomalous zones for strata-bound CuAdgmineralization in the study area. Scores of
principal component (PC4) were used as one of ati@lemaps in predicting mineral potential of the
study area. Large scale known Cu deposit map weeel in quantifying the spatial associations
between the deposit and geological features.

The theory of EBFs for mineral potential mappingvieund to be the best method to predict mineral
potential map of the study area. Deposit recogmitioiteria were the basis for extracting spatial
evidences based on the characteristic featuregathsound Cu-Ag-Au mineralization in the study
area and elsewhere in similar regions. Data drigpproach were used to quantify the spatial
association between the known mineral deposit @uibgical features in Magondi Belt. A total of 19
copper mineral deposits were used in the prediatie@ping of mineral potential. EBFs function,
belief, disbelief and uncertainties were createdsfmtial evidences of lithologic units, proximity
NW faults, magnetic and geochemical anomalies. Agnitre lithologic units, arkose and dolomite
were found to be important spatial evidence oftatepund Cu-Ag-Au potential. These rocks are
host rocks of the strata-bound Cu mineralizatiorthe study area. EBFs maps containing spatial
evidence were integrated to produce favourabiligpmTest conducted on integrated EBFs map
indicated that error for estimation and integratadrEBFs is + 0.0003, which can be considered as
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very low and, therefore, estimation and integrattdrEBFs can be considered to have performed
properly. The total area predicted under favouitgbitone in predictor maps with and without
magnetic anomaly is 4.98% and 4.68% respectiveiys hdicates that the binary potential map with
magnetic anomaly evidence could improve the praporiof favourability zone. Validations
conducted on the binary predictive map without nedignanomaly evidence indicates that the
favourable potential zone correctly delineate 12%he Cu-anomaly, 58% of the ‘model’ deposits
and 60% of the ‘validation’ deposit. Validationsncaicted on binary predictive map with magnetic
anomaly evidence also indicate that the favourglaiential zone correctly delineate 19% the Cu
anomaly, 31.5% of the ‘model’ deposits and 40%tha ‘validation’ deposit. This indicates a
satisfactory result which implies the usefulnesshaf model for further exploration of undiscovered
strata-bound copper deposit in the northern pdrtiseostudy area where similar evidences occur.

6.2. Recommendation

e The predictive model has indicated potential anedlse southern parts of Magondi Belt.
Similar techniques are recommended for the nortaega of the belt where same spatial
evidences occur.

« High resolution aeromagnetic data has found to sudysurface geological features and
improve the prediction of strata-bound Cu poter#@ie. This survey is recommended in the
northern parts of the area to map subsurface gedahogpil covered area and predict potential
areas for strata-bound Cu mineralization.

e The Piriwiri Group rocks reported to host massivigpikide deposit. Application of theory of
Evidential Belief (EBFs) is recommended to prediath type of mineralization in the
research area.
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Appendices

Appendix A Frequency histograms and box-plots of elements in Magondi Belt
(als=Alaska, umb=Umboe, mha=Mahangura and sha=Shamrock )
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Histogram of copper (Cu)

Cu_als Cu_mah
12 3.000° Box plot of Cu
100 ! :
P
£ T T
o
© 50 2.0001
25 [
n ! EEaEs
©
Ci b
125 - > 1.0001
100 —+ .
I — [ — ¥ .
£ 0.0000 * '
8 50 ] ] .
25 Cu_als Cu_umbCu_mahCu_sha
Category
0.000 1.000 2.000 0.000 1.000 2.000
Value Value
Histogram of copper (Zn)
Zn_als Zn_umb
100 I Box plot of Zn
= 75 ; H
Eo
50 :
3.0001 l
25 R T
ol o
Zn_mah Zn_sha S 2.0001
S —
. 1.0007 i )
3 L RN H
O 50 X ] ]
istogram of copper (Pb) |
25 e als Pb 0.0001_° ! . ,
anp@wb’bmimh Zn_sha
Sooo 1) 1.000 2.000 [3,000 200077 - Category__
= Value
© %0 1.5004 1
25 ‘ ‘ |E|
[}
+ =} -
0 = 1.000
>
100 - e
75 0.5007 ' : :
H 1 ' ' f
3 so
o000\ i
% LIRS Pb_als Pb_mah Pb_sha Pb_umb
o il ke Category
0.000 0.500 1.000 1.500 0.000 0.500 1.000 1.500
Value Value
Histogram of Iron (Fe)
Fe_als Fe_umb
100
Box plot of Fe
75
€ 1.000-
3 50 _
o
25
0.5001
[}
0 Fe_mah Fe_sha =
100 <
> ¥
0.0007 i
75 -
2 50
© -0.5007 1
2 . . : .
J?mﬂ] Fe_als Fe_umb Fe_mah Fe_sha

Category

0
-0.500 0.000 0.500 1.000 -0.500 0.000 0.500 1.00C
Value Value




GEOLOGICAL AND MINERAL POTENTIAL MAPPING BY GEOSCIENCE DATA INTEGRATION

Appendix B Field observation dataset

Observation/ Strik_Dip Geologic
observ_pt | X_Coordinate | Y_Coordinate | Rock_name of foliation | Structure | Mine
Biotite and hornblend
200 177335.4852 8185241.602 | para gneiss 60w/40
Biotite and hornblend
221 178744.2261 8186024.568 | para gneiss 80/30
Biotite and hornblend
222 180037.6628 8186873.501 | para gneiss 52/74
Biotite and hornblende
223 180484.7084 8181004.988 | para gneiss Shamrock_mine
225 184879.8922 8168100.681 | Granite
226 182178.411 8168246.988 | Granite
227 188955.4083 8167835.872 | Granite 64/52
228 186706.5774 8170036.25 | Granite
229 183896.0571 8168110.938 | Granite
230 189612.1949 8170026.858 | Granite
231 192401.6793 8165177.266 | Granite
232 191741.598 8163230.323 | Granite
233 188469.0343 8171848.376 | Basic igneous rocks 37/52
234 189575.8536 8172912.243 | Granite
235 192255.7421 8176140.27 | Granite 70/45
236 188492.9267 8161624.514 | Granite
237 190407.8172 8162075.595 | Granite 45w/50
238 189713.2375 8159321.502 | granite 60w/48
239 187231.3514 8158548.216 | phyllite 60w/78
240 190776.6774 8155073.936 | Phylite 40w/45
241 192650.3858 8155141.833 | Arkose 45w/75
241 194042.0354 8150303.978 | arkose anticline
243 181287.298 8103085.204 | Arkose 66/60
245 182154.0808 8104549.722 | Arkose 48/58
665 183537.6245 8104717.376 | basic igneous rocks syncline
754 183016.3142 8101804.315 | Graphitic slate 15/83
976 186621.9559 8097946.381 | Doloritic dyke 37/52
775 186621.9228 8097946.401 | Doloritic dyke 543/87
887 188798.3015 8101714.186 | Dolomite 75/18
932 192662.1893 8104690.554 | Dolomite 24/10
512 188707.8236 8102447.654 | Arkose 60/40
654 187141.922 8107095.637 | Basic igneous rocks 57/53
110 188608.2312 8107091.802 | Basic igneous rocks 52/72
731 190670.123 8107095.392 | Arkose 72/28
553 192662.1963 8104690.519 | Dolomite 24/10
676 191938.759 8108128.631 | Basic igneous rocks 37/50
432 194217.0599 8109061.347 | Arkose 80/44
188 194791.239 8110628.212 | Arkose 83/17
1001 193008.052 8110334.711 | arkose syncline
511 191870.3826 8090021.259 | Arkose 28/58
988 191870.4042 8090021.298 | Arkose 28/85
289 191701.5888 8089001.89 | Basic igneous rocks 28/80
523 188689.0243 8085142.901 | Arkose Avondale_mine
779 185882.3066 8084563.811 | Arkose Shaklton_mine
659 194703.7194 8082156.876 | Dolomite 45/75
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239 183140.7584 8079497.75 | Arkose anticline
712 183501.947 8078259.123 | Arkose 38/82
899 182319.5141 8077757.359 | Arkose 48w/33
550 181628.6593 8078064.634 | Arkose
190 181589.916 8079149.352 | Arkose 52/25
268 182887.7687 8082738.554 | Doloritic dyke anticline
194 182714.1724 8083663.091 | Arkose 42/22
366 194633.9609 8078957.419 | Dolomite 45/80
1020 191434.9408 8077062.818 | Dolomite anticline
656 193236.0785 8077492.866 | Dolomite 45/85
440 190061.9432 8074671.538 | Arkose 45/80
428 187257.7292 8074024.682 | Arkose Angwa_mine
6280 185032.8833 8071282.588 | Arkose Hans_Mine
773 184696.9334 8075528.248 | arkose syncline
419 183597.9022 8074021.625 | Basic igneous rocks 58/83
1002 192721.9104 8124492.716 | Slate 38/45
122 192458.3745 8118634.855 | Arkose 60
1030 197346.932 8124979.026 | Arkose Norah_Mine
2825 203138.4184 8123059.882 | Basic igneous rocks 25
1216 206580.3789 8124569.788 | Dolomite syncline
1830 203898.8831 8117542.693 | Dolomite syncline
2725 205304.1243 8116994.37 | Dolomite syncline
United_Kingdo
335 201338.8978 8109748.25 | Dolomite m
871 197190.8375 8111923.67 | Basic igneous rocks 70/66
980 199827.0981 8096574.438 | Dolomite syncline
621 198434.8294 8092895.428 | Dolomite syncline
1200 196253.0636 8088415.278 | Dolomite syncline
1919 196905.073 8087609.658 | Dolomite syncline
634 197637.6448 8087596.21 | Dolomite syncline
436 202290.8447 8078623.756 | Granite Chinhoyi
774 198121.7973 8130458.429 | Arkose Mhangura_Mine
284 195167.6377 8141204.321 | Basic igneous rocks 31/84
659 194087.8378 8141304.124 | Arkose 35/70
Slate quartzite(Biotite
301 179200.1649 8089200.348 | bearing) and dolomite
447 183112.0668 8087805.405 | Arkose 32/60
987 188638.2248 8108222.451 | Arkose 73
661 192587.4735 8115912.706 | Arkose anticline
671 194619.6116 8118153.202 | Arkose anticline
2003 195137.3635 8112124.321 | Arkose anticline
805 183551.9954 8082702.078 | Doloritic dyke
Quartzite, feldspathic
979 170524.4564 8090784.49 | quartzite
Quartzite, feldspathic
3054 177394.3731 8082641.187 | quartzite
Quartzite, feldspathic
2836 181784.3705 8105389.439 | quartzite
Quartzite, feldspathic
1040 182593.627 8102431.476 | quartzite
Quartzite, feldspathic
5459 177904.1661 8094396.676 | quartzite
4064 185668.9662 8107390.906 | Arkose
551 170234.6583 8096647.043 | Graphitic slate
2854 195425.9632 8103208.877 | Dolomite
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3300 197415.4367 8106461.234 | Arkose
440 188056.4943 8113247.38 | Arkose
117 192642.3067 8123734.719 | Slate
752 182219.7194 8108112.247 | Arkose
337 183295.0024 8157147.695 | Slate
1028 190189.7925 8170425.154 | Granite
1022 199059.0661 8169755.761 | Granite
Biotite and hornblend
180 203695.5304 8191420.89 | para gneiss
Meta-ultramafic rock
999 203580.4129 8157973.13 | with serpentinite or talc
1016 175137.221 8163121.373 | Phyllite
2823 197791.4365 8132865.952 | Arkose
892 196240.998 8139133.608 | Basic igneous rocks
541 197309.4312 8143733.964 | Basic igneous rocks
3390 197309.4312 8143733.964 | Basic igneous rocks
645 197309.4312 8143733.964 | Basic igneous rocks
782 191704.5359 8153230.21 | Arkose
893 193575.0597 8165282.556 | Granite
566 186218.9276 8171941.241 | Basic igneous rocks
Phylite, slate and
671 172566.9818 8137241.898 | quartzite
Phylite, slate and
1101 168936.4625 8107134.232 | quartzite
80 174033.5685 8155333.059 | Slate
430 179696.4277 8163722.48 | Arkose
54 185149.5513 8138344.481 | Slate
870 187876.1131 8117993.216 | Graphitic slate
7550 192280.5591 8130373.605 | Graphitic slate
9870 181374.3119 8153234.777 | Graphitic slate
32 163546.7924 8151137.422 | Phylite
930 163756.5279 8173579.123 | Phylite
81 167741.5028 8163302.082 | Granite
900 186617.7 8123452.333 | Graphitic slate
553 205703.6327 8066364.916 | Granite
422 202977.0708 8091323.444 | Granite
6650 207381.5169 8097825.245 | Granite
6630 169419.387 8069114.522 | Graphitic slate
554 165434.4121 8066597.696 | Slate
5550 164385.7344 8088619.926 | Slate
4300 193538.9723 8198962.558 | Grits, sandstone etc
59 181793.7829 8198752.822 | Grits, sandstone etc
71 185569.0224 8174627.677 | Basic igneous rocks
Phylite, slate and
2987 175501.7172 8126380.043 | quartzite
Phylite, slate and
5400 166692.8252 8126380.043 | quartzite
19 166483.0897 8142949.149 | Granite
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Field observations a) Location of sample pointDly and strike of foliations, anticline and synem
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