An Integrated Geological and Geophysical tady of the Deblin Copper Mine

areain Kombat South, Southern Otavi Mountain Land, Northern Namibia

JosiaTulongeni Shilunga (1252952

School of Geosciences, University of the Witwatersrand, Johannesburg

2018

SupervisorsProf. JudithKinnaird andProf. Susan Web

A Dissertation submitted to the Faculty of Science, University of the Witwatersrand

Johannesburgn fulfillment of the requirements for the degree of Master of Science.



Declaration
| declare thathis dissertation my own woyrkinaided work. It is being submitted for the Degree of
Master of Science at the University of the Witwatersrand, Johannesburg. It has not been submitted

before for any degree or examination at any other University.

Josia Tulongeni Shilunga

28" day ofFebruary2018 in Johannesburg.



Abstract
The Deblin Copper Mine is located tte transition between the Swakop -b#isin and the

carbonate platform of the Otavi Mountain ldai€opper and zinc mineralization occurs mainly in
carbonate host rocks close to a major thrust fanterlain by bimodal metavolcanics with
mineralized quartralcite veins. Copper sulphides of chalcopyrite and bornite occur as
disseminated and veiype mineralization associated with sphalerite and pyrite. The area is
characterizedby outcrops of carbonates and limited metavolcaméal rock alterations include
sericitization and chloritization of metavolcanics, as well as silicification and dolotatizaf
carbonates. Vein type mineralization is characterized by a relatively narrow range of sulphur
isotopes (S = -4.95 to +6.G ) compared to that of disseminated sulphidé&SE-9 . 994 t o
+3.63a) . The two sul phur i snatit ang sedimeatargselghurs u g g e
sources were involved in the genesis of the dep@sibchemical and petrological dataggest

that the metavolcanic rocks the area formed as alkali basalts in an oceanic island geotectonic
setting. Magnetic data revealedowcealed faults which may have acted as conduits for
mineralizing hydrothermal fluidslhe deposit shows ore forming processes associated with both
VMS and MVT-type mineralization.
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Chapter 1

Introduction

1.1 Background
This study is part of th&&ombat Southresearch projectwhich aims toapply geological and
geophysical techniqude gain a be#r understanding of thgeology of theareain the southern
part of theOtavi Mountain LandThe main objective is to develop models that can be applied in
the identification and locationf @conomicmineral occurrences iNamibia. The Kombat South
researh project is part of aollaborative effort between the University of Namibia (UNAM) and
the Geological Survey of Namibia (GSN) on the geological and geophysical characterization of
metallogenic zones in Namibia. The projectaordinatedby Prof A.F. Kamona (UNAM) and
Mr. 1. Kahimise (GSN)This study uses fielgeologicalmapping geochemical (whole rock and
sulphur isotopes) methodad geophysical methodsimarily aeranagneticand ground magnetic
data,and magnetic susceptibility data determinethe style ofcoppermineralizationand its
structuralsettingin thearea aroundhe historicalDeblin CopperMine (Neuwerk Cudeposij, in
thesouthern part of th®tavi Mountain Land

1.2 Location of the study area
The study area is situatemh farm Neuwerk 87 in northern NamibigFigure 1.1),about 5km
south of the Otavi Valley Synclirendon the soutérn margin of th®tavi Mountain LandFigure
1.1). The area lieabout60 km south off sumeb MindCu-Pb-Zn-Ga-Ge-Ag deposit)iand15 km
souttwest of Kombat Mine (CuPb-Zn deposit)(Figure 11), which closedn 1996 and 2008,
respectrely. The area is under the Exclusive Prospecting lse€iEPL) 3743 owned by Golden
Deeps Limited to prospect for base metalthmOtavi Mountain LandThe termDeblin Copper
Mine used in thislissertatiorrelates tahe shaft that was developedtae NeuwerkCu deposit,
which wasdiscovered by Falconbridge Exploration Limited in 1970. Falconbridge Exploration
Limited (as cited in Adamson, 1976) described the Deblin Copper direesmall body of base
metal mineralization with an estimated tonnage of 260 000 t at 2.6% Cu (Adamson, 1976;
Schneider and Seeger, 1992 in Kamona and Gunzel, ZB0Iden Deeps Limited, 2012)



Subsequently, Falconbridge Exploration Limitkeelopedh 2m diamete concretdined circular

shaft lut no mineralization was encounter@iamson, 1976Golden Deeps Limited, 2012

1975, the shaft was affected by a strong flood event and hence the mine development stopped
without any production recordgdanson, 1976; Golden Deeps Limited, 2012)
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Figurel.1. Locationmapof the stug areaon the northeastern margin of the Damara Baken
from Miller, 1983 and Borg, 2000he opengreenbox represents the Otavi Mountain Land.
Bottom left inset shows &ation of Namibia.

1.3 The Research Problem

The ®uthernOtavi Mountain Landincluding the area arourttie Deblin CopperMine, preserves
valuable records ofhe tectonic developmerdnd associatecbase metal mineralizatiofsmit,

1959 Adamson, 1978Petzé, 1991 Kamona and Guinzel, 200Golden Deeps Limited, 2018
thenorthern Damara Orogefihe recognition of the importance of the south®tavi Mountain

Land geology in the base metal evolution of northern Damara belt has been developed through
extensve studies by several researcheoser several decadesrhit, 1959; Schaum 1960
Adamson, 1976; Miller, 1983 etzel, 1991; Kamona & Giinzel, 2007; Golden Ddepsted,
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2013; Nangolo, 2014)Structures in he central and norther@tavi Mountain Landappear to
indicate primary controls ometatbearing hydrothermdluid flow (Miller, 1983; Pirajno and
Joubert, 1993; Deane, 1995; Laukamp, 2086hough the geological setting and mineralization
of various base metal depositstire Otavi Mountain Landncluding the NosibbGroupvolcanic
hosted deposits have been studied in défaulit, 1959 Lombaardet al, 1986 Nangolo, 2014
Innes and Chaplin, 1986lughes, 198/Misiewicz, 1988 Petzel, 1991Chadwick, 1993Chetty,
1998 thegeologi@al framework andnineralizationin theDeblin Copper Min@reais uncleardue

to the extensive Cenozoic sand couaraddition major geologicaktructuresand underlying
lithologiesare concealed bihe Otavi Group carbonates. As a consequence, little is known about
the structural framework and mineralization inthe study area andxisting geological map
structures are largely inferreMoreover, there is limited geophysical dada the area which can
be used in the identification and location of concealed structurektlamidgies associated with

copper mineralization.

The distribution of the stratigraphy of the area around the Deblin Copper Mine and its relationship
with base metal mineralization is not well understood. Different auihiepreted thdase metal
mineralizationstyle of the Deblin Copper Mine differenthAs a result there are two contrasting
ideas of the mineralization style of the Deblin Copper Miree earlyauthors(Adamson, 1976;
Petzel, 1991; Kamona and Gunzel, 2007; Golden Deeps Limited) 20dgested that tHaeblin
Copper Mine is &olcanogenic massive sulphide (VMS) deposit with base metal sulphides located
in the contact zone between sericite chlorite schist of the Askevold Formation and the overlying
dolomite of the Abenab Subgroupln contrast,recentpetrographic studieby Golden Deeps
Limited (2013)suggested shearhosted hydrothermahineralization stylevith an Iron Oxide

Copper and Gold (IOCG) style mineral assemblage hostiba garbonates

1.4 Aim and Objectives
This studyaims to determinethe coppermineralizationstyle of the DeblinCopperMine andto

improve the existing local geological mdphe objectivesof the study are

1. To producea geological and structural map of the Deblin Copper Mine area based on

geological mappig and magnetic survey data.



2. To establshthe ore mineralogy and paragenetic sequence of sulphide mineralization in the
Deblin Copper Mine area.

3. To establish theorigin of sulphur in the sulphidgdrom the Deblin Copper Mine.

4. To determne the geochemicalcharacteristicsand the possible tectonic setting of

emplacement of themetavolcanic rocks of the Askevold Formation.

1.5 ResearchMethodology
The results of this studgre based ogeological and geophysicaéld data collectedn the area
around the Debti Copper Mine. Fieldwork was undertaken betw2éiay 2015and 15 June
2015 androm 30 November 2015 to7Z.Decembe2015 The geologicaldatawere cdlected on
sporadic outcropsn the study areaAdditional petrographiadata were collected frorthree
boreholecoresthat were drilled in the study area in 20IBe borehole cores were provideg
Sabre Resourcééamibia a company that iexploring for base metals in tetudy area and other

parts of theDtavi Mountain Landn collaboration withthe GoldenDeeys Limited.

Geological mapping and core lithological logging were used to create a new geological map and
establish the local stratigraphy. Petrography and ore mineralogy were used to determine the host
rock, main ore minerals and mineralization stybulphur isotope analyses were conducted to
establish the source of sulphur in the sulphides, whereas whole rock geochemistry was used to
establish the geotectonic ey of the metavolcanic rock®ieromagnetic data were used to
understand the regionstructural setting, while ground magnetic surveying was used to decipher
the local structures and the distribution of the magnetic rocks. Magnetic susceptdidiyere
essential for understanding the magnetism of the rocks in the study area. Aerantsjaatere
provided by the Geological Survey of Namibia, whereas ground magnetic and magnetic
susceptibility data were acquired during the second field session (30 November 2015 to 17
December 2015). Magnetic data were processed using the Oasis Gergajft software, version

8.3.



Chapter 2

Regional Geology

2.1 Geological Settingof the Otavi Mountain Land

2.1.1 The Damara Belt

The PanAfrican Orogeny was responsible for the development of seWealproterozoic
orogenicbelts of the Gondwana supercontineint southern and central AfricéMiller, 1983
Porada, 1983Hoffmann and Prave, 199@igure 2.). The Damara Orogen in Namibia represents
the collision of the Angol&ongo and Kalahari cratons in Africa and the Rio de la Plata Craton in
South AmericgPorala, 1985 Frimmelet al, 1996 Grayet al, 2008 Miller, 2008) (Figure 2.).
The Damara Orogen comprises three orogenic:b@ltthe Damara Belt 4 northeast trending,
intracontinental brangh(ii) the Kaoko Belt & north-south trending coastal brarjcand (iii) the
Gariep Belt & southern cadal branch (Martin and Porada, 197 Miller, 1983, Porada, 1985
Gray et al, 2009 (Figure 2.1and Figure 2.2 However,Rapelaet al. (2011 suggestedhat
Kaoko and Gariep Belts formed from two different ggnic eventsThesethree belts are
considered texpress collisional triple junctiorfMartin and Porada, 197Kiiller, 1983 Porada,
1985 Borg, 2000 Grayet al, 2008 Miller, 2008).

The DamaraBelt represents an @genic eventhat records the amghmation of theformer
continental fragments of ti@ondwanaupercontinenMiller, 1983 Hoffmann and Prave, 1996
Grayet al, 2008, between the Kalahari and Congo Crat@dseffmann, 1983Miller, 1983 2008
Grayet al, 2008 (Figure 2.1and Figure 2). Aeromagnetic surveys indicate that the Damara Belt
structural treds can be traced northeastwdnbugh northwestern Botswagankin, 2014 and
Zambig andinto the Katanga Succession of the Democratic Republic of the Gbfildgr, 1983
Grayet al, 2009, as it extends undé&talahari Supergroupover.
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Figure 2.1 Map of the Brasiliano and Pakfrican orogensshowing theposition of the
Neoproterozoic Damara Orogédfalahari and Congo cratons as welb#tger orogenic belt&fter
Gray et al., 208, Miller, 2008.

The Damara Belt has been extensively studied by both local and international resésiatigrs

and Porada, 197Coward, 1981Corner, 1983Miller, 1983 Porada, 1983Hoffmann and Prave,

1996 Corner, 2008Miller, 2008 Grayet al, 2008 Germset al, 2009 Rankin, 2014Lehmann

et al, 2019. TheDamara Belt is divided into seven contrasting tectonostratigraphic zones, on the
basis of stratigraphy, structure, metamorphic grade, plutonic rocks, geochronology and
aeromagnetic expssions(Miller, 1983, 2008) From north to south these are: the Northern
Platform, Northern Margin Zone, Northern Zone, Central Zone, Southern Zone, Southern Margin
Zone, and Southern Forela(@orner, 2008Miller, 2008) (Figure 2.2 andrigure 2.3). Theanes

are demarcated by major linear features, including faults, thrusts, lineaments, stratigraphic and
metamorphic boundarie@Miller, 1983 2008 Corner, 2008) The focus of this study is the



Northern Platform, which forms the northern margin of the Dankelt with less deformed
carbonateshan shown by other zon@sigure 2.2) (Miller, 2008).

16"

CONGO CRATON
OWAMBO BASIN e Matchless Amphibolite Belt
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- Kaoko Belt (Undifferentiated; KB)
||| Southern Kaoko Zone (SKZ)
- Northern Platform (NP)
| - Northern Margin Zone (NMZ)
| [ | Northern Zone (N2)
!:] north Central Zone (nCZ)
- south Central Zone (sCZ)
| | Okahandja Lineament Zone (OLZ)
Southern Zone (SZ)
B southern Margin Zone (SMZ)
B southern Foreland (SF)
*| [ | Naukluft Nappe Complex (NNC)
Pre-Damara

B congo Craton
I xalahari Craton

Post Cambrian Mobile Belts

Neoproterozoic Mobile Belts

FIGURE B Cratons

Figure 2.2 The location and architectureof the DamaraBelt. (A) Simplified map of the
Neoproterozoic PanAfrican belt systems in southern ancentral Africa sbwing the
intracontinental Damara Belt and the coastal Kaoko and Gariep (Bé&ks Gray et al., 2008;
Miller, 2008). (B) Simplified map of the Damara Belt showing ttectonostratigraphizones
(taken from Corner2008 andMiller, 2008). The X-Y line regesents a cross section shown on
Figure 2.4

According to Miller (2008), the drthernPlatformis a broad shelf region bordering with both the
Kaoko and Damara belts (Figure 2. Phe characteristic features of the Northern Piatfimclude
the thick, lav grade platform carbonates of the Otavi Group overlain by molasse sedirnires o
Mulden Group (Figure 2.3 arfigure 2.4) and the presence of open foldikgler, 1983. In
addition, the easwest trending fold structures in the southern part of tbehdrnPlatform are
conspicuous in the magnetic dg@orner, 2008 Miller, 2008). Although the Northern Margin

Zoneis nonmagneticin general,it displays positive remanent magnetic anomalies in places,
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ascribed tothe presence gbyrrhotite in the Mulde Group phyllite and quartzite. While the
NorthernMarginZoneis characterized by molss sediments, the Northern Zaeeharacterized
by a southward transition into deep water éacrocks, swmift metasedimentarynd volcanic
rocks, low grade metamdrsm and, higly deformed faciegMiller, 1983,2008; Corner, 2008).
Notably, the MrthernZone shows a strong magte signature attributed tthe presence oa
bandedron formationwithin the diamictiteunit of the Chuos Formation (Figure 2.3) aodhe
mafic volcanicrocks of the Askevold FormatiofCorner, 2008Miller, 2008).

The Central Zoneecords the higitemperaturdow-pressure conditions of the Damara Orogen
and is characterized by sillimaniterdierite metamorphic assemblag@giller, 1983). The
Central Zone is further subdividednto a north Central Zone and south Central Zdmgth
characterized by syto postorogenic granitic plutons and dome structukgsvever themagnetic
signaturef the two zonesire different. The arth CentralZoneconsists of Karibib Formation
carbonates and Kuiseb Formation schists (Figure 2.3) deformed in basin and dome structures
(Miller, 2008) and dowsthrown to the north of the Omaruru Lineament (Figur&)oa a regional
scale(Corner, 1983 Although therocks of the orth CentralZoneare magnetidyy quiet, some

fabric is noticeable in the high resolution aeromagnetic @@ataener, 19832008. The ®uth
CentralZone by contrast, is characterized by positive magnetic anomalies caused primarily by the
mafic volcanicrocks of the Nosib Groupthe Chuos Formation diamictitesd the Mesoand
Paleoproterozoic basement rogkxorner, 2008 Miller, 2008). Corner (1983pbserved that the

Nosib Group formations are strongly magneitlwere tle metamorphic gradeare high.

The Okahandja Lineament Zoiselocated between thee@tralZoneand Southern Zongorner,
1983 2008 Miller, 1983; 2008) (Figure 2.2h. The (kahandjaLineamentZone marks major
changes in the stratigraphic succession, structural styleyfaggaly deformation, metamorphic
records, aeromagnetic signatures and seismic characteristics of the lowdCorastr, 1983
Miller, 1983). The kahandjaLineamenZonetogether with the &uthernZoneform the secalled
Khomas Trough(Martin and Poradal977 (Figure 2.4). The &ahandjaLineamentZone is
characterized by upright structures and a linear structural grain (Miller, 1983). Kéeai@lja
LineamenZonehosts the 350 kAbng, posttectonic, garnetiferous, twmica Donkerhuk Granite
batholith(Haack, 1983Miller, 1983). Both the Gahandje.ineamenZoneand the SuthernZone



contain one lithostratigraphic unit, the schistose Kuiseb Forméigure 2.3)(Miller, 1983),
which is nonrmagnetic(Corner, 2008; Miller, 2008 The ®uthernZone therdore has a quiet
regional magnetic signature. However, there are some schist units in places that are aragjnetic
the magnetitequartziteassociated with the Matchless Amphit®IBelt (Corner, 2008; Miller,
2008) (Figure 2.2 and Figure 2.4).

Miller (1983) desribed the Southern Margin Zoas consisting of intensely thrust gbamaran
rocks in the southern part, while therth@rn part consists of thrusicks of both Damara and pre
Damara Sequence§&igure 2.2h. In addition, the 8uthernMargin Zoneis characterized by
kyanitechloritemuscovite  assemblges, which signal low-temperaturéigh-pressure
metamorphic conditionfKasch, 1983Miller, 1983). The Southern Forelans characterized by
the Nama GrougFigure 2.3)rocks deposited on the stablalihari Craton and deformed along
its margins in the north and west durittge Damaa Orogeny(Miller, 1983 2008). The high
amplitude magnetic fabric and low magnetic signals, particularly in the high resolution
aeromagnetic data in theo®hern Margin Zone are associated with the Chué®rmation
diamictite and the Nosib Group rocks, respecti@grner, 2008 Miller, 2008. Aeromagnetic
data show the continuation of theushernMarginZone regionastructure and the folded northern
edge of the SuthernForelandbelow he Kalahari Supergroup cover wbrthern Botswana into
the Lufilian Arc where the Katangan rocks have been thrust southivalidr, 1983 2008
Rankin, 2013 The Damara Belt shows contrasting styles of metaimsm (Miller, 1983). While
the Northern Platform and Northern Zone record less deformation and low graxieof
metamorphism, theosith CentralZong SouthernZoneand SuthernMarginZoneare the highly
deformed zones of the DamaBalt (Germset al, 2009. The grade of metamorphisneateases
progressively from upper amphibolite facies in thieafandjaLineamentZone to greenschist
facies in the ButhernMarginZone(Miller, 1983 Germset al, 2009).

The evolution of the Damara Belt is made up of several phases: continental otag, floor
spreading, glaciation, subduction, collision, metamorphism and magn{&iigymo and Joubert,
1993 Miller, 2008). According to Miller (2008), the northeasénding Damara Ocean formed
during the spreadingof the northsouth Adamaster Oceaoining both Kaoko and Gariep belts.
During this early stagef the evolutiontwo parallel northeadtending rift basins formed: (i) the
Northern Rift (Outjo Sea) in theddthernZoneand rorth CentralZong and (ii) the Southern Rift
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(Khomas Sea) in th€entralZone of the Damara BelfMartin and Porada, 197 Miller, 1983

2008 Frimmel and Miller, 2009 These two rift basins formed about 746 + 2 Ma @fmffmann

and Prave, 1996Several rift shoulders gave way to numerous shelf regions during iyetages

of the development of the Damara Belt (Miller, 2008). These rift shoulders include chiefly an
elevated rift shoulder along the southern edge of wrehidrnPlatform that formed the Nrthern

MarginZoneand, a narrow shelf region, marginal to tieep Outjo SeéMiller, 1983 2008).

The Damara Sequen¢Bliller, 1983 (Figure 2.3 and Figure 2.4) is defined by a succession of
siliciclastic and carbonate rocks that constitute part of the Damara Belt in both the Outjo and
Khomas seas. This sequemgeludes felsic and mafic lavas, and sills wath)-Pb zircon age of

746 +2 Ma (Hoffmann and Prave, 1996) that define the age of the basal successions. Deposition
of the Damara Sequendaringthe Neoproterozoiastedbetween at least 770 and 600 (Wall er,

1983 Hoffmann, 1983Hoffmann and Prave, 19R6Irhe main part of the rift was filled with high
energy, coarse clastic and turbiditic sediments of the Nosib and Swakop groups, respectively
(Miller, 1983, 2008) (Figure 2.4).

While rifting and spreadingontinued in the central part of the Damara Orogen, pure;rifipst
platform carbonate sediments (Otavi Group) (Figure 2.4) accumulated along the northern margin
of the Northern Rift reaching a thickness of 400@Hoffmann and Prave, 199#iller, 2008).
Subsequently, extensive sea floor spreading in the central part of the Damara Orogen resulted in
tholeiitic basaltic volcanism at ~700 Malagel, 1999 that formed a migbceanic ridge now
represented as the Matchless Amphibolite Belt (Miller, 1983;dkill2000; Miller 2008) (Figure

2.4). The Matchless Amphibolite Belt is highly magnetic and it is associated with several-Besshi
type Volcanogenic Massive Sulphide (VMS)-Zo-(Ag-Au) deposits, which formed in a sea floor
spreading environmeiKillick, 2000; Miller, 2008).
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Figure 2.4 Generalizedore-orogenicsection acrss the Damara Belt (from X to Y as shown in
Figure2.2b) with a simplified stratigraphic compilah showing basal, initiaift grabensthe syn

rift Nosib Group and the posift units o the Otavi, Swakop and Muldemayps (modied after
Borg, 2000).

Although theMatchless Amphibolite Belt is made up of basalt relics with MQRIgl Oceanic
Ridge Basaltlike chemistryand age of~635 Ma(Fosteret al, 2015 Lehmannet al, 2016
derived from the Kuiseb Formation schists inieh the Matchless basalt emplacestent studies
by Lehmannet al. (2016)suggestedhatthe Amphibolite Matchless Belt is too youngsioggest
thebreakupbetween the Congo and Kalahari Cratons.

Thereafter, two NeEoaprrtohtoe nglaeascrésaltediiSothe defositior of
the older Chuos Formation (Sturtiae) about 750 Ma and the younger Ghaub Formation
(Marinoan)with a constrained age of 633..2 Ma based on zircon datifigoffmann and Prave,
1996 Hoffmannet al, 2004 Halversonet al, 2005 Miller, 2008). Eventually, with the reversal

of the plate motion, the Damara evolution ended with: (i)stileductionof the oceanic crust
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towards the northwest under the Congo Cratord (i) the collision betwea the Congo and
Kalahari Gatons (Coward, 1981 Miller, 1983 Porada, 1985Gray et al., 2008; Miller, 2008;
Germset al, 2009. However, this has been challengedlUmngridgeet al. (2014)andMilani et
al. (2015) who used geochemical evidentze show that there has not been pllisional
subduction in the Damara Belthe Congo and Kalahari Cratons collisidallowed by crustal
thickeningis understood to have occurred between approximately 580 Ma and F40mdaidge
et al, 2014 Milani et al, 2015.

2.1.2 Geology ofthe Otavi Mountain Land

Introduction
TheOtavi Mountain Lands situated on thaortheasern margin of the Damara BetitiheNorthern

Platform and NorthernZone.The Otavi Mountain Lands characterized bglatform carbonates
which were deposited during the adead stages otontinental rifting, interrupted by the
volcanismand subsequently affected by hamara Oroggnand hydrothermal activitfSéhnge,
1957 Smit, 1959 Miller, 1983 Laukamp, 2006Miller, 2008 Frimmel and Miller, 200R The
northern part ofOtavi Mountain Landorms part of the Owambo Bas(figure 2.D) and the
southern part is with the Northern RifKamona and Giinzel, 200Kiiller, 2008). The Otavi
Mountain Landolatformcarbonates occur igenerally eastvest trending synclines and astithes
attributed to the folding and overturning oétbamara 8quencdéormations(Figure 2.5and Table
2.1). The Otavi Mountain Landand the geological units within, has been the subject of several
geological studies resulting in different conceptuaboties of its formation and mineralization
styles Thefirst study of the geology and stratigraphy of th&avi Mountain Landoy S6hnge
(1957) described it as a metallogenic provinegth stratigraphic contrgl on base metal

mineralization.

Stratigraphy
The stratigraphy of th®tavi Mountain Lands predominantly composed of three major groups of

the Damara Supergroufd) the Nosib Group withreanaceus clastics, (iijheOtavi Group & thick
succession of carbonajeand (iii) the Mulden Group & molassesuccession(Séhnge, 1957
Hedberg, 1979Kamona and Gunzel, 200Miller, 2008) (Figure 2.5and Table 2.1). Early work
on theOtavi Mountain Landstratigraphy was undertaken 8%hnge (1957andHedberg (1979)
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who established the first regional stragighic framework for the Otavi Group in tl@tavi
Mountain Landn detail Hoffman and Prave (1996¢viewed the stratigraphy of the Otavi Group
with reference to the two glacial deposits predomingh#¥huos and Ghaub Formations and the
associated capacbonates. Thgeology and stratigraphy in the vicinity of the mining areas have
been described hyombaardet al. (1986) Innes and Chaplin (198&}ughes (1987)Misiewicz
(1988) Chadwick (1993)Chetty (1998)Chetty (2000)and Kamona and Gtinzel (2007)
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Figure 2.5 Geology of the Otavi Mountain Land with locations of major deposits and some
prospects (modified after S6hnge, 1957; Kamona and Glinzel, 200@agndf 1:25000 of the
Geological Survey of Namibialsenerally, the Tsumeb tym®nsistsof sulphide ores containing

Cu, Pb, Zn, Ag, As, 6, Cd and Ga, whereas the Béwgkastype contairs primarily PbZn and V
sulphide ores with littleCu.
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Paleoproterozoic Basement: Grootfontein Inlier

The basement rocks in t#avi Mountain Landelong tathe 1.946 299Ma Grootfontein Inlier
located on the southern Congo Cratitiller, 2009. TheGrootfontein hlier is further subdivided
into the older Grootfontein Mafic Bodgnd the younger Grootfontein Metamorphic Complex
(Misiewicz, 1988; Miller, 2008)Figure 2.5 and Table 2.1The Grootfontein Inlier is poorly

exposedind its lithologies i@ given n Table 2.1.

Nosib Group
The Nosib Group unconformably overlies the basement rocks (Kamona and Gunzel, 2007). The

Nosib Group developed as a result ofasbntinental rifting of the Congo Craton at approximately
756 Ma agdKamona and Giinzel, 20p7According toMiller (2008), the basal Nosib Group of

the Damaran Supergroup was deposited in two nortiressting rifts, in half grabens formed
between thewo rifts and in fluviatile plform and shelf areas borderittt rifts in the Northern
Platform and Southern Foreland. Kamona and Guinzel (2007) contended that rifting and clastic
sedimentation lasted until 746 Ma, when rift related volcanism produeaddal volcanic rocks

in the Northern Rift of the Damara Orogen. The Nosib Group succession in the Otavi Mountain
Land has been described in detail3ishnge (1957Botha (1960andPorada (1985)The Nosib

Group consists of Nabis and Askevold formationah(€ 2.1) which are sporadically exposed in

the central and southern parts of the Otavi Mountain l(&aenona and Gunzel, 200Killer,

2008. According to Séhnge (1957), the Nabis Formation in the Otavi Mountain Land is deposited
in a series of eastestto northeastrending basins. The Nabis Formation consists predominantly

of basal conglomerate that reaches a thickness of about 400 m and interfingers with feldspathic
sandstone in the upper part of the succes&amnge, 1957Botha, 1960 Grobler, 196). The
overlying Askevold Formation occurs within the Northern Zone right up against the bounding fault
of the Northern Rift (Miller, 2008). The Askevold Formation occurs as a metavolcanic unit limited
to the southern part of the Otavi Mountain Land (Kaenand Ginzel, 2007; Miller, 2008). The
main lithologies of the Askevold Formation include epidotized basic volcanic rocks (epidosite),
tuff (leucitite) and sericitehlorite schist (Smit, 1959; Kamona and Gtinzel, 2007; Miller, 2008).
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Table2.1 The stratgraphy of the Otavi Mountain Land with stratigraphic positions of the main
deposits and prospects (Kamona and Gunzel, 200ig).Otavi Group is dominated by shallow
marine carbonates with stromatolites whereas the Mulden Group rocks are mainly thastiticicl
sediments.

_ |GROUP [FORMATION LITHOLOGY DEPOSIT
Ma £ Slate,
¢ e Phyllite,
g o Sandstone
=
= e Arenite
= ’
g g’ Tschudi Subgreywacke, Tschudi Cu-(Ag)
5 Conglomerate
Dolostone, Oolite, Chert, gompat Cu-Pb-(Zn)
Huttenberg (Dolostone, Shale,Stromafrsumeb Pb-Cu-
tolite, Chert, Breccia Zn-(Ge)
g' Dolostone, Chert,
© | Elandshoek | Breccia
_g' Dolostone
3 Dolostone Abenab V
0 R . . .
2 Maieberg Limestone Khusib Spring
Q Dolostone Cu-Pb-Zn
£
IE Ghaub Diamictite
Auros Stromatolite, Abenab West
g. Chert, Limestone Pb-Zn-V
e
O | Gauss Breccia, Oolite Berg Aukas
2
= Dolostone, Chert Zn-Pb-V
n
2
@ | Berg Aukas Dolostone, Chert
s
o
2
Chuos Diamictite
Nosib Cu,
; Askevold Tuff, Quartzite Deblin Cu
Nosib Quartzite, Sandstone
Nabis Conglomerate
Diabase,Granite,Gneiss,Diorite,Gabbro,Serpentinitq
Gabbro,Serpentinite

Otavi Group
The Otavi Group forms the main succession in tbetiernPlatform (Miller, 1983) (Figure 2.4)

and is dominated bg carbonate platfornfFigure 2.5and Table 2.1 The thickness of this group

is estimated at about 4 kmanitcrop and at about 6 km beldle Cenozoiacover in the Owambo
Basin(Hedberg, 1979Miller, 1997). According to Miller (1983)the Otavi Group is the platform
equivalent of the deep marine carborag¢aring portions of the Swakop Group (Figure 2.3 and
Figure 2.4. In the Otavi Mountain Langthe Otavi Group is subdivided into thewer Abenab
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and Upper TsumebuBgroups (Smit, 1959; Séhnge, 1975; Miller, 1983) (Figure 2.5 and Table
2.1).

a) The Abenab Subgroup
The Abenab Subgroup consists primarily of dwog beds, but includes limestone, marl and
shale, as well as theaglial deposit of th€huosFormationdiamictite(Kamona and Giinzel 2007).
In generalthe Abenab Subgroupccurs in the central and southgrarts ofthe Otavi Mountain
Land (Figure 25). The Abenab Subgroup is subdivided idtur formations(Séhnge, 1957
Hedberg, 1979Kamona and Gunzel, 200Miller, 2008). From oldest to younge, these are the
Chucs, Berg Aukas, Gauss and Aurosriations.The basal Chuos Formation(Table 2.1)
formeilly known as the Varianto Formati@ecurs in the central, western and southern parts of the
Otavi Mountain Land(Kamona and Gunzel 2007; Miller, 2008Jhe Chuos Formation
unconformably overliethe Nosib Group or basement rocks (Miller, 2008)is glacihdepositis
represented by massive to poorly stratified diamictite with scattered and unsorted, polymict
pebbles, cobbles and boulders derived from the underlying rocks of Nosib Group and basement
granites (Miller, 2008)In addition, his formationcorsists of conglomeratic siltstone, feldspathic
sandstone and baad iron formation(S6hnge, 1957Hoffmann and Prave, 1996The Chuos
Formationdiamictite was deposited during the Sturtian glaciat{ptoffmann and Prave, 1996
Hoffmannet al, 2004 Halversonet al, 2005, which was accompanied by volcanism dated at 746
+ 2 Ma (Hoffman et al., 1996) as shown litg andesitic and basaltidastsin the matrix. The
associated cap carbonates of the Berg Alk@snation(Table 2.1)have beenused in global
correlations of the Sturtian glaciation by most researcti¢o$fmann et al., 2004; Halverson et
al., 2005; Hoffman and Li, 2009Thesecap carbonates are characterized by negéatfoarbon
anomalies, whereas the carbonate successions underlying the glacial deposits have high delta
tt3carbon(Frimmelet al, 1996 Kennedyet al, 1998 Hoffman and Li, 2009

The Berg Aukas Formatiorconsists othe basal laminated and banded grelpstone(S6hnge,
1957; Kamona and Ginzel, 2007, Miller, 2008hich were deposited directly do the Chuos
Formation during the flooding event that followed the Snowball Earth glaciation (Hoffmann and
Prave, 1996)The laminated and banded grey dolostaseoverlain by a fjht grey dolomite

characterizedby stromatolitic reef facies associated with reef debris and comgpddtlight grey
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dolomite with sparry calciteement and algal chert layers.eTyioungest unit of the Berg Aak
Formation is a lack to dark grey banded and laminated dolostone rhythiftieoverlyingGauss
Formation (Table 2.1¢onsists b a dark greydolomicrite, light grey dolanicritic, light grey
boundstoner dolo-arenite and oolite, laminated mudstare light grey dolonarite a dolo-
arenite at the bag€hadwick, 1993 The successivéAuros FormationTable 2.1)is made up
primarily of dolostone, limestone anshale (Kamona and Ginzel, 200This formation is
characterized by three to four upward cycles made up of shalet®azourring with interbedded
limestone and dolomite layefkamona and Gunzel, 200Miller, 2008). Each cycle begins with

marl and terminates with the stromatolitic tidal flat fagiéamona and Giinzel, 20D7

b) Tsumeb Subgroup
The Tsumeb Subgroups madeup of the basaMarinoan ageglacial deposit of theGhaub
Formation, andsubsequentarbonate formations of Maieberg, Hishoek, and Huttenberg
(Figure 2.5 and Table 2.1Each of these formations is divided into different units based on
lithology (S6hn@, 1957).The unitsare labeled T2 to T&ollowing the usage of T for Tsumeb
SubgroupUnit T1 isaccorded tahe Ghaub Formation, whereasits T2 to T8 can bsuldivided
in two grougs: (i) the lowerT2-T4 sequence an(i) the uppeil5-T8 sequencéMill er, 2008) The
Ghaub Formatiomnconformablyextendsacross the Auros and Gadasmations (Miller, 2008).
The Ghaub Formations defined principally by diamictite, conglomerate and minor shale,
sandstone and dolomit@iller, 2008). The diamictite of thisFormation & characterized by
unsortedboulders of predominantly dolomite, limestoaed quartzite hosted in a figgained
calcareous and dolomitic matriKennedy et al., 1998; Hoffmann et al., 2004; Miller, 2008)e
clastsare up tdl m in diameter ad can bestriated.The succeedinllaieberg Formatiors widely
distributed within thé@tavi Mountain LandKamona and Gunzel, 2007he base of the Maieberg
Formation is made up of the Keilberg Member, which is the cap carbonate of the glaciogenic
GhaubFormationdiamictite(Hoffmann and Prave, 199B0offmannet al, 2004 Halversoret al,
2005 Hoffman and Li, 200R Where the Keilberg Member lies directly in contact with the Ghaub
Formationdiamictite, it is thin and consists of a laminated dolontitewever, vihere the Ghaub
Formation is missing, the Keilberg Member forms the basal Tsumeb Subgroup dolomite
(Halverson etal., 2004; Hofmann at al., 2005The top part of the Maieberg Formatios
composed of the T2 limestone and T3 dolomite (S6hnge, MiS&r, 2008).
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The Elandshoek dfrmationis highly karsic with an irregular blocky terrainThe Elandshoek
Formation is persistent on the northern side of the Otavi V&8\ecline(Figure 2.5) where it
reaches a thickness of approximately 150Q(Nller, 2008) The Elandshoek Formation is
conformablyoverlying the platyl'3 dolomite of the Maieberg Formaticemd contains primarily
largely uniform, light grey dolomite (Miller, 2008} his formation issubdivided into T4 and T5
dolomite units The lowerT4 dolomiteunit is characterizedby massive, light grey dolomite with
layers & bedded to laminated dolomiten contrastthe upperT5 dolomiteunit is very uniform
and consistsfaepetitivewell bedded, medium to light grey, dolomite mudstone and graiasto
with layers of massi dolomite.In addition, the T5 dolomiteasa general medium grey to buff
weathering colar (Miller, 2008).The T6, T7 and T8 unitsf the Huttenberg Formatiaronstitute
the ppermost part of the Tsumeb Subgrotipe T6unit confamaly follows the Elandshoek
Formation and has a dolomite with conspicuous chert Igiter, 2008). The subsequent T7
unit is made up of dark grey, bedded, carbonaceous, dolomite mudstone or grainstone and
alternating layers of light and dark grey ololite mudstone or grainstone with minor limestone
mudstone (Miller, 2008). This unit has subordinate thin shale beds and rare chertTihends.
ensuing T8 dolomites defined bytight grey massive to mediwmedded dolomite mudstones and
packstones with intbedded sikified ooliteoncolite beds, andiavy stratiform, domalkolumnar
stromatolite{S6hnge, 1957

Mulden Group

The Mulden Group isinconformably to paraconformably owarlg the Otavi GrougFigure 2.4
andTable 2.1)and formedrom deposition 6the erosioal productsof the Otavi GrougHedberg,

1979 Miller, 2008). According to Miller (2008),the Mulden Group is syntectonand was
deposited betweeniDand D phases of Damaran deformation in thertRern Platform. The
Mulden Group rocks are @iled from the anticlinal areas of the cen®&vi Mountain Landand
deposited within the synclinal valleys (Figure 2.5) along the folded southern and western margins
of the NorthernPlatform (Kamona and Giinzel, 2007; Miller, 2008) elevated margins dhe
Northern Platformthe Mulden Group rests direciyn preDamara basement gneisses, whereas,
in the Owambo Basin iteocks are extensively covered by the Karoo and Kalahari successions
(S6hnge, 195Miller, 2008).

19



Like the Otavi Group,the Mulden Goup is subdivided into two subgroupghiefly the
Etoshafontein and Welkonsubgroups accordingly (Miller, 2008jFigure 2.3). While the
siliciclastic Tschudi and Komb&brmationsconstitutethe Etoshafontein Subgroup the Otavi
Mountain LandKamona ad Giinzel, 2007Miller, 2008), the Welkom Subgroup is absent in the
Otavi Mountain LandMiller, 2008). The Tschudi Formation is funer subdivided into a lower
pelitic and an upper psammitimit (Miller, 2008). The lower Tschudi Formation comprises dark
grey shales, slates, feldspathic greywackes, marls, quartzite and interbedded, 2 ,m thick
conglomerate layer3he upper Tschudi Formation, by contrasisists of immature sedimentary
rocks The typical Kombat Formation area is the Otavi Valgyncline (Figure 2.5) where it
overlies the Tschudi Formatiggamona and Ginzel, 2007 this area, the Kombat Formation
consists of the tigtly folded, dark grey phyllitend siltyto sandy phyllite, often pyrrhotitic or
pyritic (Miller, 2008)

Deformation and Metamorphism
The Otavi Mountain Lands dominated byhe Otavi Group carbonates in a foreland falad

thrust belt settingf the Damara Belt. Th®tavi Mountain Lands located at theansitionbetween
the highly deformed and metamorphosed central pdrtthe Damara Belt and the
unmetamorposedJess deformed molasse succession of the Owambo Basin in theMibieh,
2008 1983 Frimmel et al, 2009 (Figure 22b). The Otavi Mountain Landunderwent three
regional deformation events during the parAfrican Orogeny(Miller, 1983) The first
deformational event, Doccurred atapproximately650 Mamarking the closure of the Preto
Atlantic with the formation of recumbent southeasterly vergent foldsaiKaoko Belt(Miller,
1983 Deane, 199pandwasrespasible for he eastvestshortening(Laukamp, 2006 As a
consequence, highly deformed high grade rocks were thrust over the platform carbonates on the
southwestern margin of the Congo Cratoneeffects of this deformation are minimalthre Otavi
Mountain Land(Deane, 1995)Lehmannet al. (2016)interpreted tht D1 north-south shortening
event in the northern Damara Bedtords an early stagf convergence between the Congo and
Kalahari CratonsAccording toLehmanret al.(2016) the early convergare between the Congo
and Kalahari Cratonsccurred at ~590 Ma.
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Previously, he second deformatioavent, D> was recordedat approximately537 to 550 Ma
(Deane, 1995)however recent work byehmannet al. (2016)demonstrated new zircon age of
512 +7 Mafor the Dy activity, which appear to contradict the age af ®hich isapproximatd at
530 Ma to 460 Maas reported by Deane (1995-is themain deformational event in tl@tavi
Mountain Land(Deane, 199; Laukamp, 206; Miller, 2008). This wasmarkedby theformation
of theDamara Belt, whichesulted irmnorth-southshorteningf theOtavi Mountain LandMiller,
1983;Deane 1995, Laukam@p06). Consequently,ite northwesvergent folds and thrusts were
developed and eventually formed the outstagpddtavi Valley Syncline Kigure 2.¢ (Deane,
1995).The D2 eventwas accompanied by metamorpic event M1 (Kréner and Clauer, 1979
Deane, 199branging fromlower greenschist facies (Miller, 1983; Miller, 2008irajno and
Joubert, 1993 eane, 1995)ear the Kombat aredigure 2.6 to zeoliteand prehnitgoumpellyite
facies forthe Mulden Group rock&roner and Clauer, 197®irajno and Joubert, 1993The
metamorphic gmient in theOtavi Mountain Landdiminishes northwards, coinciding with
deceasirg deformation (Smit, 19586hnge 1964;Miller, 1983; Pirajno and Joubert, 1993he
ensuing closure of the Khomas Sea with the subduction of the Kaatzdonunder the Sao
FrancisceCongo Craton caused the upl#hd karstification of the Otavi Groupcks (Miller,
1983;Miller, 2008). The dominating structures associated witinElude the eadrending large
folds, which are open to tight and upright to northward vergent in the soud&vihMountain
Land (Coward, 1981).The distribution andthe northward movement of the metalliferous
hydrothermal fluids wre facilitated by pre to synD> structures as conduits. Additional
remobilization of former base metal sulphide bodies intstuctures is evident frothe Kombat
(Innes and Chaplin, 1986; Dea, 19%) and Tsumeb (Hughes, 1979) depositse D; event
formed lage scale faults and dyke swarat8ibuted to théaleozoic uplift and extension (Séhnge,
1957).

In generalthe Otavi Mountain Landtructuresare oriented more or less eastst(Miller, 2008)

This orientation is influenced by basement idi@vliller, 1983).Folding in theOtavi Mountain
Landis predominantly eastveststrikingand isassociated with northward overturning of the strata
(Smit, 1959; Pirajno ahJoubert, 1993; Laukamp06).According to Pirajno and Joubert (1993)

a number of northwadrtrending faults and fractures, which are characteristic of the Damara

Orogenoccur throughouthe Otavi Mountain LandFigure 2.§. During the higher temperature
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D2 regime,Swakop Groupocks were thrust northwarasto lover temperature Mulderchists

in the westerOtavi Mountain LandMiller, 1983). The Efolds along the southern margin were
warped into doubly plunging anticlines and synclines during the late stagessbiiest
compession thaendel D> in boththe Kaoko Belt and the drthern Platfornof the Damara Belt
(Deane, 1995Miller, 2008).
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Figure 2.6 Geological map showing the regional architecture of the Otavi Mountain Land
metallogenic provincethe main base metal deftss(Mississippi Valley Type)the Deblin Cu
Mine and other Cu prospects in the southern Otavi Mountain (aodified after Kamona and
Gunzel, 2007 and map of 1:250 000 of the Geological Survey of Namibia).
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Base Metal Mineralization
Base metal mineralation in the Otavi Mountain Landoccurs throughout the Neoproterozoic

Damara Supergroup units, including the basal Nosib Group, the middle Otavi Group and the
uppermost Mulden GroujEmslie, 1979S6hnge, 195Kamona and Glnzel, 20D'Additionally,
different styles of mineralization affected the Neoproterozoic rodkei@tavi Mountain Landcht
various tectonic stagg®eane, 1995Laukamp, 2004 Laukamp, 2006 Kamona and Ginzel,
2007). The mineralization of key deposits in t@¢avi Mountain Landvasdescribed in detail by

Innes and Chaplin (1986), Lombaard et al. (1986), Misiewicz (1988), Frimmel et al. €rg96)
Hughes (1987)Various genetic models have been proposed based on the naturdarhong
solutions, metal sources and timing of minesation to explain the origin of the hypogene
sulphide ores in th®tavi Mountain LandqHughes, 1987; Misiewicz, 1988; Pirajno and Joubert,
1993; Kamona and Gunzel, 2000ver 600 mineral occurrences of -@b-Zn-Ag sulphide
mineralization and Mich nonsuphide mineralization have been reported in@tavi Mountain

Land (S6hnge, 1957Cairncross, 1997Boni et al, 2007. Most of the mineral occurrences are
located in the Huttenberg Formation (52% of the occurrences) and the Gauss Formation (17% of
the ocurrences) (Table 2.19f the Tsumeb and Abenalbilxroups, respectively (Kamona and
Gunzel, 2007). The deposits that have proven to be economically vidbler@itonnage in the
range of 0.50 30 Mt are all hosted in carbonate formations of the Otawigrchiefly, the Gauss
(Berg Aukas ZrAPb-V), the Auros (Abenab West PIn-V), the Maieberg (Abenab V and Khusib
Springs CuPb-Zn) and the Huttenberg (Tsumeb-Eu-Zn-(Ge), Komba(Cu-Pb-Zn) Formations
(Kamona and Giinzel, 2007) (Table 2.1). The distributibthese hydrothermal deptssin the

Otavi Mountain Lands shown in Figure 2.5 arfigure 2.6 These deposits are good examples of

the Mississippi ValleyType MVT) of mineralization

a) Mineralization in the Nosib Group
The Nosib Goup contains substaati occurrences of small, legrade Cu deposits in
conglomerate, sandstone, guzée, tuff and agglomerate (Kamona and Gunzel, 2007; Petzel,
1991). At the DeblirCopperMine and Askevold South depogKigure 2.6, Cu is the major base
metal with minor Au,whereas the Nosib Prospe(tigure 2.¢ contains Cu and Ag with

subordinate Pb and V mineralization.

23



b) Mineralization in the Otavi Group (Carbonate rock-hosted
The carbonatéosted mineral deposits in t@davi Mountain Landepresent multistage processes
of ore genesi¢Lombaard et al., 1986; Pirajno and Joubert, 1993; Frimmel et al., 1996). Pirajno
and Joubert (1993) recognized at least three episodes. The first is marketblwytdraperature,
high-salinity, Cu-poor, basinal fluids,which formed MVT deposits The second episode is
characterized blgigher temperature arniighersalinity, Cu-rich fluids(Pirajnoand Joubert, 1993).
The last stage is associated with recent weatlgerpprocesses which locally causdhe
remobilization of the ores formed duog the first twostages. Also, the lastageintroducednon
sulphidePb-Zn oresandV-ores in theDtavi Mountain LandBoni et al, 2007. The formation of
these carbonate rodiosted base metal deposits was thought to be controlled by karst structures,
faults and shear zones as well as joints and frac{i#er, 2008 Pirajno and Joubert, 1993
Laukamp, 2006Laukamp, 2004Lombaardet al, 1986 Innes and Chaplin, 198®/isiewicz,
1988 Deane, 199b

The distribution of carbonateosted hydrothermahineralization in thétavi Mountain Landed

to the identification of two broad types, namely Tsumeb type and Berg Aukad typbdard et

al., 1986; Innes and Chaplin, 198&ughes, 1987; Misiewicz, 1988; Pirajno and Joubert, 1993)
(Table 2.2). The twdeposit types were characterized on the basis of stratigraphic position (Table
2.1), mineralogy, metal association, lead and sulphur isotope characteristics and fluid inclusion
data (ombaard et al., 1986; Innes and Chapliughes, 1987; Misiewicz,9B8; Pirajno and
Joubert, 1993) such that the Berg Aukas type a+2ri?Ys ores derived from low temperature and

high salinity basinal fluids whereas Tsumeb ores are complex ate&@ing and were formed

from high tenperature low salinity fluids.

a) Mineralizatio n in the Mulden Group
The Tschudi deposit is located in the northwest part of the Otavi Mountain Land (Figure 2.6). The
Tschudi deposit is the only known economic deposit hosted entirely in siliciclastic rocks,
particularly in the mediunto fine-grained fédspathic arenites and sgioeywackes of the Mulden
Group (Table 2.1). This deposit shows characteristics of MVT mineralization (Emslie, 1979;
McKinney et al., 2009). The Tschudi deposit is likely to have formed from +hetaing

hydrothermal fluids thaascended through karst cavities in the Otavi Group carbonates and spread
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within weakly cemented sandstone in the Mulden Group (McKinney et al, 2009). The Tschudi
deposit is primarily a Gédg deposit, with no significant Pb or Zn (McKinney et al., 2009). In
addition, since the recorded Pb and Zn concentrations have values not more than 0.1%, the main
economic metal target is solely Cu. This deposit is currently owned by Weatherly International Plc

and was put into open pit operation in 2014.

Table 2.2 A summary of different characteristics of the Tsuntgbe and Berg Aukas/pe
mineralization (after Lombaard et al., 1986; Innes and Chaplin, 1986; Hughes, 1987; Misiewicz,
1988; Pirajno and Joubert 1993; Laukamp, 2006; Kamona and Gtinzel, 2007).

Tsumeb-type mineralization Berg Aukastype mineralization
Consists of complex sulphide ores contain Consists of P{Zn and V sulphide ores ar
Cu, Pb, Zn, Ag, As, Ge, Cd and Ga. little or no Cu.

The known deposits are: Tsumeb-®@b-Zn- | The known deposits are: Berg AukasEZbV
(Ge) ; Kombat CtPb-(Zn); Khusb Springs | deposits and Abenab West-Bh-V.

Cu-Zn-V
Ore bodies are not stratabound and | Member of Mississippi Valley type deposits
confined to the upper paof the Tsumell preD, and is confined to the Abene
Subgroup. Theore bodies formed by copp( Subgroup The main fluid sourcevas basinal
bearing metamorphic fluidduring theD2 age| brines

event (syntectonic) and extended during
Tsumeb type may contain remobiliz
material from Berg Aukas type.

The mineralization is largely hosted in pip The mineralization is largely hosted
that developed at cross junctions of differ{ carbonate breccias.

tectonic trends
Tsumeb type is characterised by hig| Berg Aukas type i€haracterized by low
temperature conditions and low salinity flui¢ temperature and high salinity basinal fluids

2.1.3 Summary

The Otavi Mountain Lands located on the northeastern margin of the Damara Belt. The Otavi
Mountain Landcontaingplatform carbonatesvhich were deposited duritige advanced stages
continental rifting of the Damara belt evolution (Miller, 2008; Frimmel and Miller, 20019g.
stratigraphy of the Otavi Mountain Landnsade up of the Damara Sequence namely the Nosib
Group, the Otavi Group and the Mulden Grouphigge, 1957; Hedberg, 1979; Kamona and
Gunzel, 2007; Miller, 2008)The Otavi Groupis further divided into the Abenab and Tsumeb
Subgroups and itslatform carbonate deposition began atéé Ma and ended between 630 and

550 Ma(Kamona and Giunzel, 20p7The carbonate successions of the Abenab and Tsumeb
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Subgroupgonsistof basal glacial deposits, namely tBirtian Chuos Formation and Marinoan
Ghaub Formation, respective(yalversonet al, 2005 Halversonet al, 2007 Kamona and
Gunzel, 200Y. The Otavi Groupconstitutes a large record for the Neoproterozoic for it preserves

a complete carbonate record from the end of Sturtian glaciation to the middle of Ediacaran Period
(Halversoret al, 20079.

Base metal mineralizain occurs in althethree goups(Kamona and Gunzel, 2007he Otavi

Group is composetargely of carbonates and records several base metal deposits (Kamona and
Gunzel, 2007; Miller, 2008)The large base metal depostech as the Berg Aukasd Tsumeb
deposis hostedin the Otavi Group carbonatesare good examples of thBIVT-type of
mineralization. The timing of MVT-type PbZn deposits in the Otavi Group is not well
constrained, howevetbased on radiometric age ddte Curich polymetallic Tsumelype
deposits in the Otavi Mourita Land appears to havbeen concentrated after the peak of the
Damara orogeny at around 530 Mahich coincideswith the 535 Ma peak of Mregional
metamorphisniKamona and Gunzel, 200Mliller, 2008).
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Chapter 3

Local Geology

3.1 Introduction
The study arais located on the westernmost portion of Askevold TrendFigure3.1) on the

northeastern margin of the Damara Beithin the NorthernZone of Corner (2008nd Miller
(2008).The study area covesssurfacearea ofabout2 kn?. Thisareais characterized bghorn
bushesthick sand coveaindhaslimited outcrop exposur&hethick extensive Cenozoic Kalahari
Supergroup sand cover in the study anedlimited surface geological dagaecluded researchers

from fully understanahg the stratgraphyand petrology.

For example Adamson (1976)suggested thanh the Deblin Copper Minarea, the Askevold
Formationmetavolcanic rockare overlain by Gauss Foation dolomiteunits However, orthe
regionalgeological magFigure3.1), thedolomiteunitsin the DeblinCopperMine areaare shown
to belong to bottithe Askevold andChuos Brmatiors, and the Gauss Formation is absent. Thus,
it is not clear which formations of the Abenab Subgratgpresent in the study area.

Although early worker¢Sohrge, 1957 Kamona and Gunzel, 200Miller, 2008) suggestedhat
the Ombombo Subgroufacies(Figure 3.1)areabsent in thsouthernOtavi MountainLandand
present onlyin the Kaokweld, west of the Otavi Mountainlandpcal geologists ffom the
exploration companiesn the Qavi Mountain Lan)l speculatedhat the carbonateaocksin the
Deblin CoppeMine area belong to thembomboSubgroupTherefore, a better understanding of
the stratigraphic elementsncludingboth expose@nd concealetithologiespresentin this area,
developed througbeological mappingoorehole lithébgical logging and petrographgould help

improve the existing interprdtan of the local geology.

3.2 PreviousWork
Previous workers in the southern Otavi Mountain Land, haveii@genthe Askevold Trend, in the
Kombat South area and described the occurrence of base metal minerali@atibn1959
Adamson, 1976Petzel, 1991Golden Deeps Limited, 2012013. The Askevold Trend is a 30
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km long eastvest trending series of coppeccurrences and geochemical anoma(igéslden

Deeps Limited, 2012 From east to west, these copper prospects are: Askevold Soih Cu
prospect, Border Post (Redrob) Cu prospect, and Neuwerk Cu prospect (Deblin Cu Mine) (Figure
3.1). These copper occunees are thought to be associated with thereléited mafic volcanic

rocks of the Askevold Formatiofsmit, 1959 Adamson, 1976Petzel, 1991 Laukamp, 2006

Kamona and Ginzel, 20p7

755000 760000 765000 770000
e 0
B
I a_o ’ )
! L gy || - — = e Y - =
: e —— =3
_ : - — S8 = = gt o
L) | ‘“\ | ||, - Exdir
By ey [y fr | , Q 2 5
b"\i ; \r'(l ! ﬁt, ;.} g E
el - g g
= e
g REDROEB/BORDER POST Cu | | : E
T £ i ASKEVOLD SOUTH Cu B Y
§ > - S o i gy - il o~
R g - = /.1 ‘- -
Askevold|
. " -
= > b P e~ Trend
=~ - ' e _
LY HARTEBEESPOORT SOUTH Cu .E
wn
N <
Qs 3 [=2]
e = &
S
3 i -+ 1 fE 1 =
8 —
& - e 2=
2 5 2
=R
LITHCODE GEOLOGY: AUROS FORMATION OMBOMBO SUBGROUP i
B Bedded Dolomite (NAobd Marble (NOB
Stichires KALAHARI SUPERGROUP ed Dolomite (NAchd) [ marble (NOBm) A
i Surficial deposits (Qs) BERG AUKAS FORMATION KARIBIB FORMATION \
Fault OTAVI GROUP: MAIEBERG FORMATION Dark Limestone (N2al) I Marble (NKb) B
— Joint Upper Maieberg Dolostone (NMa_u) Dark Laminated Dolomite (NBadd) [l Marble (NSWm) N
i Anticlinal axis ||| Phyllite (NMap) - CHUOS FORMATION NOSIB GROUP: ASKEVOLD FORMATION
—+— Synclinal axis Lower Maieberg Limestone (NMa_{) Dolomite (NChd) Epidosite, Agglomerate, Chlorite Schist (NAv) W"Q*E
GHAUB FORMATION [ Quartzite (NChq) I Dolomite (NAvDe) )
B Diamictite (NGh) [ Diamictite (NCh) NABIS FORMATION
0 1250 2500 5000 7.500 10.000 m I conglomerate, Arkose, Quartzite (NNb)
—_— . 2 - Shale, Phyllite (NNbs)

Figure3.1Regionalgeological map of the southern Otavi Mountaamd with the Askevold Trend
defined by Cu prospects closely related to the Askevold Formation volcaalen from the 1
250000 of the Geological Survey of Namibia (200B)e black dotted line indicates the Askevold
Trend.The black box showthe locd study area (Figure 3)4

The occurrence of the volcariosted base metal mineralization in the southgavi®lountain

Land attracted a number of researchers and mineral prospectors. The local stratigraphy and
geology of the southernt@vi MountainLandwas described in detail by Stahl (as cited in Schaum,
1960) when he advanced on the local stratigraphic work of Wagner (as cited in Smit, 1959) who
investigated the area in 1910. Stahl (as cited in Schaum, 1960) described the local stratigraphy in

this area and defined the diamictite unit as a conglomerate, which he grouped together with the
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grits and quartzite of the Otavi Group. However, Schaum (1960) challenged the description of the
conglomerate by Stahl (as cited in Schaum, 1960) and argued thatitttebserved isnsteada

tillite. During his mapping work, Schaum (1960) suggested that there are two tillite (diamictite)
horizons in this area, which he assigned to the Otavi Group. Today,dlaesd depositare
referred to as the Chuos and GhdtdrmationgFigure 3.2).In addition, Stahl (as cited in Smit,

1959) established that the metamorphic grade across this area decreases from south to north.

avi Mountain Land Stratigraphy
Otavi Mountain Land Stratigraphy
Group Formation Lithology Deposit
ate, Phyllite, Sandstone
Romilbt Slate, Phyllite, Sand
MULDEN ” !
Tackud Arenite, Subgreywacke, Tschudi Cu-(Ag)
Conglomerate
=9 Dolostone, Chert, Dolostone Kombat Cu-Pb-
2 | Huttenberg (Zn)
:Sb Shale, Stromatolite, Chert, Breccia Tsumeb Pb-Cu-
) Zn-(Ge)
5 Elandshock | Dolostone, Chert
o Breccia, Dolostone
g Abenab V, Khusib)
1 . )
a Maleberg Dolostone, Limestone, Dolostone Springs Cu-Pb-Z1
[a—
% = Ghaub Diamictite
S o Auros Chert, limestone ?llf;::-bV“ est
= z
Breccia
e G Berg Aukas
2 auss g
Eﬁ Dolostone, Chert Zn-Pb-V
=
W
'?é Berg Aukas Dolostone
E Chert
=
Chuos Diamictite
Nosib C
Adkevold Tuff, Quartzite b
NOSIB Askevold Cu
Nabis Quartzite, Sandstone, Conglomerate

Figure3.2 Stratigraphic column fathe accepted Otavi Mountain Land stratigraphy with mineral
deposits of Kamona and Gunzel (2007).

Smit (1959)mapped the southef@tavi Mountain Landn a regional scale and produced new
information on the stratigraphy and structural framework of the area. He recognized the northwest
and northeast trending faultsith or without noticeable displacements. Furtherm8mait (1959)
described in detail the epidotised basic volcanic unit of the Askevold Formation (Figure 3.2). The
epidotised basic volcanic unit is referred tcaagpidosite in the recent literature. Bifas cited

in Miller, 2008) initially referredto the Askevold Formation as the Kombat Suid Formation.
Adamson (1976nvestigated the geology of the Deblin Copper Mine area and described the local
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petrology and the mineralization. According to Adamsb®76), the stratigraphy of the Deblin
Copper Mine area comprises the older Askevold Formation of the Nosib Group overlain by the

younger Gauss Formation of the AbénSubgroup of the Otavi Group.

The lithologies include the hydrothermally altered, Askdvebrmation schist unit with minor
marble intercalations and the upper dolomite unit of the Abenab Subgroup. Adamson (1976) stated
that the host rock of the Deblin Copper Mine is a sericitized and chloritized basic to acidic volcanic
pyroclastic rock of th Askevold Formation. Latetjedtke (1976)investigated the extent of the
Askevold Formation volcanic rocks further east of the Deblin Copper Mine area to establish a new
general stratigraphy and to assess the mineral potential of the volcanigsetidwgy of the
volcanic rocks of the Askevold Formation in this area has been subsequently studied in detail by
Sohnge (1957)Smit (1959) Adamson (1976)Liedtke (1976)andMiller (2008). The Askevold
Formation is understood to be composed of the greemtegad basic lava (epidosite) and dark
greyish green sericitehlorite schist, tuff (leucitite), schistose pyroclastic rocks and the
agglomeratgSohnge, 1957Smit, 1959 Schaum, 1960Adamson, 1976Miller, 2008). The
schistose rocks contain mainly vargoangular to roundddhic fragments of quartzitas well as
mineralsincluding quartzand dolomite, withminor epidote, chlorite and amphibg@mit, 1959

Miller, 2008).

3.3 Current W ork
This chapter revises and updates the stratigraphy, and the peiblibggy Deblin Copper Mine

area using the most recently collected geological data and data compiled from the lif€hagure.
chapter focuses on the distribution and description of the local stratigraphy and geological features
together with, the relatiohgp between the copper mineralization and the host rocks. In addition,
the chapter presents new petrographic data of the rocks from the study area. The new thin section
petrographic data are used to supplement the lithological logging and geological gnappin
descriptions, and to elucidate the microstructures that are invisible at outcropistdveork was
undertaken in the area around the Deblin Copper Mine and included geological mapping, sample
collection, and drill core lithological logging. Subseqigriaboratory work primarily involving

microscopywas condated on the collected samples.
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Poor rock exposure within the study area made it difficult to delineate the contacts between various
different rock units. The study area comprises 11 mappalfeurats at the scale of 1:2500. In
addition, drilling revealed the existence of rock types that are not exposed in the area. For this
reason, not all the rock types on the geological map (Figure 3.3) appear in the drill cores (Figure
3.4-3.6). The rock typs in the study area correspond to traditional formations of the Otavi
Mountain Land geology and have been documented here in dlainetapktes and metaasalts

from the study arehave experienced greenschist facies metamorpilespite deformatioand
metamorphism, in most places, preserved primary structuresiggxtomposition and alteration

all owed the identification of the carbonate
precede the name of the carbonate rocks, is omitted fotyclln the thin sections, the term

carbonate has been used to representdadtite and dolomite minerals.

Hydrothermal alteration is the most common characteristic feature in all the rock types from the
study area. Carbonatization is the leadingratien type and is distinguished by late carbonate
growths that overprint the primary mineral®epictions in this chapter are later supplemented by
mineralogical studies, whole rock geochemical and sulphur isotope analyses, and geophysical
interpretationsn the subsequent chapters to interpret the mineralizationo$tiyle Deblin Copper

Mine area.

3.3.1 Methodology

a) Geological Mapping
Surface geological mapping was conducted awveairea of about 1800 m 200 mduring the first
phasg27 May 2015 to 15 Juriz015)of field geological data collection. Mapping was limited to
outcropsand these covero more than approximately 30% of the study a@=logical mapping
was conducted to acquire all data exposed on the surface, including all petrological features,
structural features and their orientations, and copper occurreftoese basic data were later
integrated with magnetic data to establish the structural framework of thisGeebogical
mapping was conducted via traverses perpendicular to the strike obcks. In addition, rock

samples were collected during mapping.
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b) Drill Core Lithological Logging
Drill core lithological logging was undertaken during the first field session in the core yard of

Sabre Resources Namibia. A total of three drill coreeevlogged for detailed description of the
intersected lithologies including their mineralogy and other macroscopic petrographic features. In
addition, lithological logging was undertaken to determine the location of the copper sulphide
mineralization in e stratigraphy and ultimately guide the sampling process for geochemical
analysis and petrographic studies. The logging techniques include the description of the
lithological variations relative to depthhydrothermal alterations, degree of weathering,
mineralization and structuse The names of the boreholes are: DBDD0001, DBDDO0002 and
DBDDO0003. The names are given by Sabre Resources Namibia and the abbreviation DBDD stands
for Deblin Diamond Drillhole. It should be noted that, however, the first two hiotes,
DBDDO0001 and DBDDO0002, are collared in the same place but drilled at different angles.
DBDDO0001 was drilled at aimclination of-72°with 0° azimuthanda maximum depth 0£70.50

m, whereas DBDDO0002 was drilled ah inclination of-60° with 0° azmuth and a maximum
depth 0f120.00m. DBDDO0003, locate®47m weg from the first two boreholesas driled atan
inclination of-55°with 354.5 azimuth and a maximum depth of 90.60 m

c) Petrography
A total of 75 fresh andeastweatheredepresentativeampleswere collectedrom theoutcrops
(12 sampleskynd drill coreg63 samplesduring field work These samples were selectedtfor
petrographic studieSubsequently, 15 polished thin sections were prepared and examined using
petrologicalmicroscope with both reflected and transmitted light at the Petrology Laboratory in

the School of Geosciences, University of the Witwatersrand

3.3.2 Local Stratigraphy
The stratigraphic succession of the study area is located close to the transition zone from Otavi

Group faciesto Swakop Groupdcies(Figure 3.). Thesefacies are underlain byolcanicrocks
and clastic sediments of tiNosib Group(Figure 33). The local stratigraphy of the study area is
subdivided into the older Askevold Formation of the Nosib Graog the younger Chuos
Formation of the Otavi Group based on the petrological features (Figg)reTBe Askevold
Formation consists largely of schistose mafic and fef@tavolcanic rocksvhereas the Chuos

Formation (Abenab Subgroup) is characterizgdpyritic dolomite, grey limestone, banded
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limestone, phyllite, silicified dolomite, dolomite breccia and diamictte intercalations in
associatior{fFigure 33). Therevisedstratigraphy of the area around the DellopperMine area

was constructethroudh geologicalmapping lithological loggingand petrographic descriptians

The local stratigraphy from the new local geological map (Figure 3.3used to modifythe
regional geological map (Figure 3ih)the area around the Deblin Copper Mine. On #ggonal
geological map, the carbonates in the area around the Deblin Manweredescribedas part of
the Devon CarbonateMember of the Askevold Formation. Howeveetailed local geological
mapping fromthis study identifiedmore units such as th#olomite, limestone, phylliteand
diamictite of the Chuos Formatiofbasal Otavi Group)which werepreviously collectively
described as dolomite of the Devon Carbonagriderplaced under the Askevold Formatioh
the Nosib Group

Deblin Copper Mine Area

Group Formation Lithology Deposit
Diamictite
g- Dolomite Breccia
=]
- Silicified Dolomite Deblin Cu
= 2
-~ =
o "g Banded Limestone
=
g Grey Limestone
< - .
Pyritic Dolomite
Felsic Volcanic-Breccia
Agglomerate
NOSIB Askevold Mafic Metavolcanic
Chlorite-Schist
Tuff

Figure 3.3 Stratigraphiccolumn for the studyarea and comparison with the acceptedvD
MountainLandstratigraphy with mineral deposits of Kamona and Guinzel (2007).
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3.3.3 Petrographic Description of theLocal Stratigraphy
The newgeological magFigure 34; Appendix B of this areas dominated by carbonate roakfs

the Abenab SubgrougChuos Formationwith minor metavolcanic rock®f the Askevold
Formation In addition to the lithologiedisplayedon the geological maghe lithologies that are

not exposed in the study ara@ revealed by the drill holed={gure 35) and their descriptions are

given in Table 3.43.3. Thedolomite inDBDDO0001is brecciatedt different levels with deptand

thusit appears to have more dolomite breccia zonesM&IDD0002.This explains why the two

closely collaredrill holes showdifferent rocktypes atthe samedepths(Figure 3.6) Drill core

data were then combined with geological mapping data to determine the general geology and local
stratigraphy of the study areehe sample localities are@inon the drill cores in Figure. 3 The

detailed descriptions of all the samples are given in Appendix A.
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Figure3.4 Detailedgeological map of the area around the Deblin Copper Mine constructed at the scal00f it 2ddition, the map
shows thdocation ofthetwelve hand samples arttiree boreholes drilled in the study ar€his geological map was construcfeoim
the outcrop geology.
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Figure 3.5 Lithological logs of the three boreholes from the Deblin Copper Mine areBBSD0001 lithologi@l log showing the
succession of both the Nosib Groupetavolcanic rocksaand Otavi Group dolomites, and the location of the copper sulphide
mineralization in the stratigraphy. Grid reference: 758547 mE, 7814738)BDD0002 lithological log showing th&uccession of

both the Nosib Groumetavolcanic rockend Otavi Group dolomites, and the location of the copper sulphide mineralization in the

stratigraphy. Grid reference: 758547 mE, 7814735 @NDBDDO0002 lithological log. This borehole intersected otbe Nosib
Groupmetavolcanic rockdNote the lack of a mineralized unit. Grid reference: 757600 mE, 7814885 mN.
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South DBDD0003 Location: 758547 mE, 7814734 mN North
Elevation: 1527 m
Location: 757600 mE, 7814885 mN DBDD0001 DBDD0002
Elevation: 1499 m Azimuth: 0° Azimuth: 0°
Azimuth: 354.5° Inclination: -72° Inclination: -60°

Inclination:-55° Maximum Depth: 170.50 m
Maximum Depth: 90.60 m

Maximum Depth: 120.00 m

LEGEND
A Borehole Collar
Rock Type

I Cu Sulphides

|:| Quartz-Carbonate Vein

Dolomite Breccia

B silicified Dolomite
- Mafic Metavolcanic

|:| Agglomerate

[ | Cnlorite Schist

B Tutf

Figure 3.6Crosssection of thehree boreholes from the Deblin Copper Mine afe@awving their orientations. The drill holes were
plottedwith Leapfrog Ge®.1 and digitized in Arcip10.2.2.
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Table3.1 Lithological log sheet oDBDDO0001 with the detailed description of all the intersected units.

I(:nrgm ;rrﬁ) Lithology Lithological Description Colour | Texture Weathering | Alteration Type | Sulphides Structures
Dolomite breccia with deformel
stromatolites, oxidized calcite ar|
0.00 3.30 Dolomlte qgartz veins. In ?dd't'(.)n’ the un'.t hag Light Flng- Fresh Carbonatization | Pyrite (2%) | Fractures
breccia thick quartzcalcite vein with minor| grey grained
disseminations of pyrite grain
between 3.14m and 3.21m depth.
Silicified dolomite with moderate thii
3.30 4.60 S'“C'f'?d q_uartz_ aqd calcne_ veins. Ral Light Fm? Fresh Silicification Pyrite (3%) | Fractures
dolomite disseminations of pyrite are presg grey grained
throughout the unit.
Dolomite Dolomite breccia with rare, thil Light Fine- g
4.60 6.70 breccia quartzcalcite veins. grey grained Fresh Silicification Fractures
Silicified dolomite with minor calcite
6.70| s.o3| Sllicified — jveins and fractures with oxidize| Light | Fine- Fresh Silicification Pyrite (3%) | Fractures
dolomite surfaces. Minor malachite and pyri grey grained
occur within the rocks matrix.
Dolomite breccia with clasts siz
ranging from 0.5 cm to 4 ¢nfrequent
quartzcalcite veins. The unit consis
8.03| 27.70| Dolomite | of stromatolites. Ubiquitous crog Light | Fine Fresh silicification Pyrite (2%) | Fractures
breccia cutting carbonate veins occur betwe grey grained
14 m to 15 m depth. The fractures &
filled with calcite linings. The uni
records minor amounts of pyrite.
Silicified dolomite with various
calcite veins and fractures filled wit
27.70| 41.47 S'“C'f'?d cal_cne. A.4 cm thick calcite vein wit} Light F'n? Fresh Silicification Pyrite (3%) | Fractures
dolomite pyrite grains occurs at 31.91 m dep| grey grained
In addition, there areninor grains of
pyrite within the matrix.
41.47| 45.00 Dolorr_nte Dolomite _brecglg with  variouy Light Fm? Fresh Silicification Fradures
breccia fractures with oxidized surfaces. grey grained
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Frequent chalcopyrite and subordin: Light Fine Chalcopyrite
45.00| 47.00| Cu Sulphides| pyrite hosted in quartz and quart 9 . Fresh Silicification (10%) Fractures
. ) grey grained ]
calcite veins. Pyrite (2%)
47.00| 53,00|Dolomite | Dolomite breccia with ~various| Light | Fine- Fresh Silicification Fractures
breccia fractures with oxidized surfaces. grey grained
Silicified Silicified dolomite with patches o Light Fine
53.00| 59.32 ; fresh and oxidized, brown pyrit 9 ) Fresh Silicification Pyrite (4%) | Fractures
dolomite grains grey grained
Dolomite Dolomite brecciawith disseminationg Liaht Fine
59.32| 82.00 . of pyrite between 64.50 m and 67.! 9 ) Fresh Silicification Pyrite (3%) | Fractures
breccia grey grained
m depths.
Silicified Silicified dolomite with greenish Liaht Fine
82.00| 91.08 : chloritized thin (<cm thick) layers an| 9 ) Fresh Chloritization Pyrite (2%) | Fractures
dolomite : ; grey grained
pyrite grains.
91.08| 100.50| Dolomite | Dolomite ~ breccia ~ with rare| Light | Fine Fredh Silicification Pyrite (2%) | Fractures
breccia disseminations of pyrite. grey grained
Silicified dolomite with frequent
stromatolites and ubiquitous thic
Silicified calcite veins (4 cm thick) betweg Light Fine- g e . 0
100.50| 135.93 dolomite 100.50 m and 103.50m depths. Cald grey grained Fresh Silicification Pyrite (2%) | Fractures
vugs occur within the fractures. Ra
pyrite grains occur at 133.50 m dept
Quartz Thick quartzcdcite vein. The vein Coarse
135.93| 136.58 . . has both calcite and dolomif White : Fresh Silicification Pyrite (4%) | Fractures
CalciteVein . grained
carbonate minerals.
Numerous vein type mineralizatior Fine Chalcopvrite
136.58| 137.73| Cu Sulphides| with chalcopyrite in the silicified Brown ; Fresh Py
X grained (5%)
dolomite.
Deformed agglomerate rich in chlori Chloritization
with weakly developed foliation, stk (70%) . o | Foliation
137.73| 138.71| Agglomerate rounded pebbles and patches Green Fresh Carbonatization Pyrite (10%) and Veins
euhedral pyrite grains. (30%)
Mafic Greenish, fine grained layer of tf Fine g(])l;r;tlzatlon
138.71| 139.30 .| metavolanic enriched in micas an Green . Fresh 0 o Foliation
Metavolcanic grained Carbonatization

chlorite.

(40%)
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139.30

157.50

Agglomerate

Deformed agglomerate rich in chlori
with weakly developed foliation, suk
rounded pebble.

Green

Fine-
grained

Fresh

Chiloritization
(70%)
Carbonatization
(30%)

Foliation
and Veins

157.50

157.62

Cu Sulphides

Minor amounts of chalcopyrite hostg
in quartzcalcite veins.

Green

Fine-
grained

Fresh

Chalcopyrite
(2%)

157.62

170.50

Agglomerate

Deformed agglomerate ith sub to
rounded elongated volcanic clas
The unit in enriched in chlorite ric
and have ubiquitous quartalcite
veins. Pebbles range from <1 cm t(
cm in the elongated direction.

Green

Fine-
grained

Fresh

Chloritization
(70%)
Carbonatization
(30%)

Foliation
and Veins

End of
Hole

Table3.2 Lithological log sheet of DBDDO@with the detailed desimtion of allthe intersected units.

From

(m)

To
(m)

Lithology

Lithological Description

Colour

Texture

Weathering

Alteration Type

Sulphides

Structures

0.00

35.00

Dolomite
breccia

Dolomite breccia with deforme
stromatolites, frequent calcite ai
minor quartz veins consisting (
minor pyrite gains. Manganese oxid
stainingoccus on the surface of th
fractures.

Light
grey

Fine-
grainal

Fresh

Carbonatization

Pyrite (2%)

Fractures

35.00

59.34

Silicified
dolomite

Silicified dolomite consisting o
various calcite veins and freque
deformed stromatolites. The unit h
minor zones affected by brecciatiq
and fractured along the quaitalite
veins. Cross cutting quartalcite
veins contairpyrite at37.89 m depth
Frequent pyrite disseminations ocq
in the rock matrixbetween 42.88n
and 45.12 m depths, and also frq
45.12 m to 55.85 m depths.

Light
Grey

Fine-
grained

Fresh

Silicification

Pyrite (3%)

Fractures
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Frequent chalcopyrite and min Light Fine Chalcopyrite Fractures
59.34| 60.68 | Cu Sulphides| amounts pfpynte“||_r1_quartzca!0|te 9 ined Fresh Silicification (25%) dVei
veins within the silicified dolomite. | Grey graine Pyrite (20%) | 2" veins
Deformed silicified dolomite
60.68| 75.47 | Shicified dominated by calcite veins arn o | Fine Silicification Pyrite (5%) | Fractures
dolomite disseminations of pyrite in the rodg grained
matrix.
Quartz Thick quartzcdcite vein. The vein Coarse
75.47| 75.75 . . has both calcite and dolomil White X Fresh Veins
Cdcite Vein . grained
carbonate minerals.
Deformed silicified dolomite with
o pyrite hosted in calcite veins aligng _
75.75| 96.18 | Sihcified along the drill coreand cutacross| grey Fine Fresh Silicification Pyrite (10%)
dolomite beddingin some places. grained
A small layer of chalcopyrite an - Chalcopyrite
96.18| 96.71 | Cu Sulphides| Pyrite disseminationsit the bottom of Brown ine 4 | Fresh (20%) and
the silicified dolomite. graine Pyrite (10%)
Deformed agglomerate with freque
quartzcalcite veinsand subrounded e
. . o Chloritization
mafic clasts hosted in a chlorite ric| Fine (70%) Fractures
96.71| 120.00 | Agglomerate | highly foliated matrix. Most quartz] Green : Fresh o Pyrite (5%) | Foliation
. ; grained Carbonatization .
calcite veins cross cut each oth and Veins
. . L (30%)
Coarse grains of pyrite are evidémt
the top part of this unit.
End
of
Hole
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Table3.3 Lithological log sheet of DBDD0003 with the detailed descriptioallthe intersected units.

From

(m)

To
(m)

Lithology

Lithological Description

Colour

Texture

Weathering

Alteration Type

Sulphides

Structures

0.00

34.12

Chlorite
Schist

Fine-grained chlorite schist
dominated by chlorite with minor
micas and quart2n addition, the
unit has frequent quarizalcite veins
and a strong foliation. Some quartz
calcite veins are parallel to the
foliation, whereas some cross cut t
foliation. Malachite linings occur
along foliation planes between 2.70
m and 3.73 m depttn addition, rare
fine-grained pyrite grains occur in
quartzcalcite veins between 12.70 1
and 13.30 m depth. In places, pyritg
grains are oxidized to brown.

Green

Fine-
grained

Saprock

Chloritization

Pyrite (2%)

Fractures
and
Foliation

34.12

40.80

Tuff

Fine-grained tuff composed of mica
chlorite and calcite. The unit has a
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Tuff with thin mafic foliated layers
frequentcalcite veins and

82.75| 90.60 | Tuff subordinate quartz veins. The quar{ Grey F'r.]ed Fresh Carbonatization Foliation
and calcite veins gives the unit a graine
white spotty appearance
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Figure3.7 Lithological logs of the three borehol@3BDD0001, DBDD0002 and DBDDO000&)om the Deblin Copper Mine area
showing sample localities.
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Nosib Group

Askevold Formation

The Askevold Formationis a set of unexposed tuffpoorly exposedchlorite schist,mafic
metavolcani¢c agglomerateand felsic volcanic brecciaThe descriptionsof the Askevold

Formation units are based the well exposedalbeit limited outcropsand drill cors.

Tuff
The tuff is not exposed in the study area and thus it does not appear on the detailed geological map.

However, it was intersected in DBDDO0003 at different intervals, atemp with the chlorite
schist.These intervals are at the following deptfis34.12 m to 40.8m, (ii) 44.15 m to 76.45 m
and (iii) 82.75 m to 90®m depths. Based on drill core observations, the tudaiggrey, very
fine-grained and highly foliated. This rock has frequent queateite veins (Figur8.8). The tuff
is fresh in hand specimen. The minerahgmosition is characterized by -3®% sericite, 15-20%
plagioclase, 5% biotite, ~D% chlorite,15-20% carbonate(mainly calcite) ~7% quartzand ~
3% microcline. The opaque grains that are present as accessory snarergrimarily pyrite.
Generally, different mineral grains of this rock vary in size and stageré 39a-d). For instance,
the grains of plagioclase are anhedral and are ventdifi@e-grained (0.088.25 mm) and in
some samples the plagioclase gsaare fineto mediumgrained (0.35L.167 mm). The anhedral
qguartz grains areery fine-to fine-grained (0.08®.162 mm) and mediwgrained (0.11:0.35
mm) in someplaces. In additiongalciteis fine-to mediumgrained (0.1170.35 mm), although
present avery fine-grairs in places. Chlorite and the micas are very fine gra{®e@41+0.098

mm).

In thin section, the tuff exhibits a wealeveloped widely spaced, sinuous foliation wathorly
developed £C fabricsdefined bytwo foliations, labeled S and Eigure 310a-b), both of which
developed during a single deformatidine S-foliation is continuous and defined knica foliation

that curves towards an orientation parallel to thl@tion. The Gfoliation, in turnis a set of
shear lands in the rock #t develogparallel to the shear zone boundaridsis SC fabric appear
similar toextensionatrenulation cleavage$he bedding (§ is not observed in this unit for it is
completely obliterated by the primary foliation\SThe cleavage domains areaeaup chiefly of
sericite (Figure 3.0). The microlithons are composed of quartz, carbonates and plagioclase

(Figure 310c-d) as well as late biotite and chlorite stacks. Notably, cegnaeed biotite is not
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always parallel to the foliation. This obsetiea suggests the presence of late cograged

biotite growth, which overprinted the sericitic alteration (e.g. Figuréd3.

Quartz-Calcite ens

Figure3.8 Photographs of the tuff. A) Half drill core of the tuff with frequent quastirite veins.
DBDDO0003: 39.20 m 39.40 mi DB3S10.B) Half drill core of the tuff with quartzalcite veins
and numerous calcite vugs. DBDD0003: 67.4D 6Y.60 mi DB3S14.Magnetic pen for scale

The micaceous cleavage domains display a range of volume percentage between 60% and 70%
(zonal foliation) defining a disjunctive foliation type. The spatial relation between cleavage
domains is mainly anastomosing and there is a gradational transition between cleavage domains
and microlithonsAbout 55% & the quartz and chonate mineralpopulation displays undulose
extinction. Notably, some plagioclase grains are not deformed nor foljadi@tiel indicating that

they postdate the deformation responsible for the observed foliation. However, in other cases,
plagioclase grains are slighthefhrmed and cut by the micas. The reason for the occurrence of the

two scenarios of plagioclase is not well understood.
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The tuff exhibits multiple types of alteration including carbonatization, chloritization and
sericitization (Figure 3.1-3.12). The nost prominent feature in this unit is the ubiquitous calcite
grains that overgrow the foliation and all other mineral phases (Figlite332). Moreover,

calcite grains and the micas replaced plagioclase (Figliie-3.12a-b), whereas calcite grains
areovergrown by coarsgrained biotite and microcline in places. Chlorite occurs as overgrowths
superimposed on other minerals such as the plagioclase and the micas although biotite hosted by
calcite grains are protected from alteration (Figure2&d). The tuff records subordinate
chloritization (5%) second after carbomzation (10%).

Figure3.9 The tuff mineralogy, grain size and textural relationships. A) Randomly oriented fine
grained plagioclase, very firgrained quartz and mediugrainedcalcite (XPL). DBDDO0003:
39.20 mi 39.40 mi DB3S106D17a. B) Finegrained microcline overgrown by biotite and fine
grained ckeite graing XPL). DBDD0003: 47.28 nit 47.48 mi DB3S13D18d.C) Coarsegrained
plagioclase replaced by fingrained ckite and sericiteThe biotite grain is replaced bylcite
(XPL). DBDD0003:75.04 mi 75.24 mi DB3S15D141d. D) Frequent very fingo fine-grained
plagioclase overgrown byafcite(XPL). DBDD0003: 34.20 it 34.40 mi DB3S9D131b. (XPL=
crosseepolarized light; PPL= planpolarized light).
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Figure3.10 Spaced foliation in the tuff. A$-C fabricwith C-shear band foliatiotranseadng the
sericite dominatedhain foliation(S-foliation) during shearingXPL) and B) same image shown

in planelight (PPL). DBD0003: 39.20 ni 39.40 m- DB3S10D17c. C) Cabonatesand
plagioclase constitute the microlithons of the sericite cleavage domain (XPL). DBD0003: 39.20 m
1 39.40 m DB3S106D17e. D) Sinuous ehvage made up of sericitaoBte overgrowtlon sericite
(XPL). Conspicuousdcite overgrowths over the foliation. DBDD0003: 75.041n75.24 mi
DB3S15D140c.The white lins defineS and C surface$XPL= crosseepolarized light; PPL=
planepolarized light).
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