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Abstract

Carbonate-hosted base metal deposits are known to contain significant contents of critical
metals such as Ga, Ge, and In. These metals occur mainly as inclusions or incorporated
within the crystal lattice of the main sulfide minerals while they form rarely discrete
minerals. The aim of this Doctor of Philosophy (PhD) study is to determine the
geochemical characteristics of the critical raw metals that are associated with the sulfide
mineralisation of the base metal deposits of the Otavi Mountain Land, with the emphasis
on the Tsumeb, Kombat and Khusib Springs deposits. Tsumeb mine is an over the decades
exploited breccia-pipe like polymetallic deposit, hosted by Neoproterozoic dolomite and
limestones in the Otavi Group of the Damara Orogenic Belt. Exploitation took place
between 1897 and 1996, with a production of about 30 Mt of ore, yielding 1.7 Mt Cu, 2.8
Mt Pb, 0.9 Mt Zn, and 80 t Ge. Mineralisation at this deposit consists of tennantite and
sphalerite as the most abundant ore minerals, associated with galena, pyrite, bornite,
chalcocite, digenite, and minor enargite, renierite, germanite, chalcopyrite, and traces of
various arsenates. Kombat deposit, which is a stratabound, syntectonic Cu-Pb (Ag) sulfide
deposit, is hosted in the dolomite of the Huttenberg Formation, Otavi Group. Mining of
the Kombat deposit is currently ongoing, with a total endowment of approximately 13.6
Mt, of which 12 Mt has been exploited until 2008. The ore mineralisation of the Kombat
deposit is quite variable comprising massive, disseminated, veinlet-controlled, and
brecciated mineralisation styles with abundant bornite, chalcopyrite, galena, covellite, and
chalcocite set into quartz-calcite gangue. Khusib Springs deposit is a high-grade Cu-Pb-
Zn deposit which is classified as a “Tsumeb-type deposit”, hosted by Neoproterozoic
dolomite, limestone and phyllites of the Maieberg Formation, Otavi Group. The main aim
of this study is to show the siting of the most important minor and trace elements in the
diverse sulfide mineral phases and to highlight the relationships between common trace
elements and critical metals within the sulfide mineral phases. Various analytical
techniques, including laser ablation inductively coupled plasma spectrometry (LA-1CP-
MS), electron microprobe analysis (EPMA), inductively coupled plasma mass

spectrometry (ICP-MS), and X-ray fluorescence (XRF), were employed to study the bulk



geochemistry and the siting of the trace elements, for the sole purpose of answering the
above-mentioned objectives. Additionally, portable X-ray fluorescence (pXRF) technique
was utilized with the aim of evaluating the possible usability of a low-cost analytical
technique in exploration for base and critical elements in carbonate-hosted sulfide
mineralisations. The Kombat mineralization comprises three mineral assemblages (1)
bornite-chalcopyrite-covellite, (2) bornite-galena-chalcocite, and (3) bornite-chalcopyrite,
set into dolomite-quartz-calcite gangue, with chalcopyrite identified as the main carrier of
Ga, Ge, and In in this deposit. The profound micro-analysis of Tsumeb ore revealed the
presence of both Ga and Ge, associated with trace elements (Ag, As, Cd, Co, Cu, Fe, Ga,
Ge, In, Ni, Pb, Sb, Zn), in the different sulfides. The most significant carriers of Ge are
renierite (av. 8.21 wt.%) and enargite (0.78 wt.%), while Ga is mainly incorporated into
renierite (av. 0.12 wt.%) and sphalerite (av. 0.11 wt%). Trace element abundance in
sphalerite is characterized by elevated Cd, Ge, and Ga, suggestive of low formation
temperatures, which corroborates with earlier research on the formation of Tsumeb ore.
Reconnaissance Zn isotope data (-0.19 to 0.14%o) delineate Tsumeb ore as typical Zn-rich
massive sulfide ore, with Zn isotope values overlapping with those of the Irish MVT
deposits (-0.17 to 1.33%o), while Cu isotopes are comparable to isotopic data of hypogene
mineralisation. In Khusib Springs ore, tennantite (Fe, Zn, Ag, Sb) and chalcopyrite (Cu,
Pb, Ag) are the most important carriers of trace elements while all other sulfides are
characterized by a surprisingly low trace element content. In contrast, Khusib Springs
massive ore reveals a wealth of Ag-bearing minerals of the pearceite-polybasite mineral
group. Modern portable tools are successfully applied for the analyses of selected
elements in various fields. Portable XRF can be used as well for the analyses of selected
elements (Cu, Fe, Mn, Pb, Zn) in Kombat-type ore, while these instruments fail for the
analyses of elements like Ag, Sr, and, in particular, for the analyses of the target elements
Ga, Ge, and In. Therefore, this study gives a detailed overview about the relationship
between critical elements Ga, Ge, and In and associated elements in sulfide ores in the
carbonate-hosted base metal deposits of the Otavi Mountain Land, while showing at the

same time the limitations when access to modern analytical technologies is limited.
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of Namibia and University of Zambia, which was funded by the BMBF, Germany. The
thesis discusses Three aspects all related to the exploration of the critical raw material in
the sulphide carbonate hosted deposit of the Otavi Mountain Land, focusing on:
1) Portable XRF as a possible tool for the exploration of the carbonate hosted
polymettalic deposit of the Kombat deposit. (Chapter 4)
2) Petrography of the ore minerals of Kombat, Tsumeb and Khusib Springs deposits.
(Chapter 5, 6, and 7)
3) Trace element in sulfide mineralisation of Kombat, Tsumeb and Khusib Springs

deposit. (Chapter 5, 6, and 7)
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1. Introduction

1.1 Background of the study

Using the definition of the United States Geological Survey (USGS), critical raw materials
are those that are vital to economic growth, particularly in terms of technological
advancement, and have significant supply risks (Fortier et al., 2018). Economic
importance and supply risks are the two parameters frequently used to determine how
critical the raw materials are (Graedel et al., 2011). Gallium (Ga), germanium (Ge) and
indium (In) are critical for a variety of high technology applications, such as
semiconductors, robotics, 3D drone printings, flat panel displays, ICT, solar power arrays,
wide angle camera lenses as well as pharmaceutical products (Paradis, 2015; Shanks et
al., 2017, Bobba et al., 2020). These elements are all trace elements with a corresponding
low crustal abundance, but they can occur in elevated concentrations in a variety of
geological materials such as coal, epithermal deposits and sulfide ore deposits (HOll et al.,

2007; Frenzel et al., 2014; Sahlstrom et al., 2017; Benites et al., 2021).

There is still a great potential for Ga, Ge and In in the carbonate rocks in the Otavi
Mountain Land (OML), which are the host rocks of some of the largest base metal deposits
worldwide (Melcher et al., 2006). The OML is situated at the transition between the
Northern Zone and the Northern Platform of the Neoproterozoic Damara Belt and hosts
various polymetallic deposits which carried trace amounts of critical raw metals (Melcher
et al., 2006; Kamona and Giinzel, 2007). The province has clusters of various sulfide

mineralization that are linked to two mineralization episodes (Pirajno and Jourbert, 1993).



Exploration for base metals has been highly cyclical in recent decades, but resurgence of
global exploration targeted on these deposits will likely result in increased Ga, Ge, and In
reserves (Paradis, 2015). This research aims to employ various multidisciplinary
geochemical techniques coupled with a profound petrographic study, to investigate the
association of selected critical metals with the sulfide mineralization of the carbonate
hosted base metal deposit of the OML. This research focuses on the distribution and
geochemical concentration of Ga, Ge and In in Tsumeb, Kombat and Khusib Spring

deposits, which are all hosted in the carbonate rocks of the OML.

1.2 Problem Statement

The OML province has clusters of various ore deposits that are linked to at least two
mineralization episodes, with several genetic models proposed (Pirajno and Joubert, 1993;
Chetty and Frimmel, 2000; Kamona and Gunzel, 2007). The genesis of the mineralization
in the province remains controversial despite the several genetic models that have been
proposed, owing to the intricacy of the deposits. Additionally, the geochemical
concentration of Ga, Ge, and In and their relation to the base metal sulfide mineralization
of the OML is poorly constrained. Therefore, a trace element characterization of the
sulfide ore minerals will provide variable information that will contribute to the

understanding of the deposits, in hindsight the genesis.

1.3 Objectives of the study

This research aims to provide an insight into the geochemical characteristics of the critical
raw materials Ga, Ge, and In, as well as other trace elements associated with the sulfide
mineralization of the Tsumeb, Kombat and Khusib Spring deposits of the OML.
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Understanding the geochemical characteristics of the trace elements in these deposits’ aids
in the better understanding of the genesis of the ore mineralization of the different deposits

in the province. These points are achieved by looking at the following four objectives:

a) Determine the distribution and concentration of Ga, Ge and In in Tsumeb, Kombat,
and Khusib Spring deposits.

b) Determine the relationship between the base metal mineralisation and Ga, Ge, and
In, in Tsumeb, Kombat and Khusib Spring deposits.

¢) Identifying indicator minerals and base metal elements, which can be used as
proxies or indicator elements/minerals for Ga, Ge, and In in Tsumeb, Kombat and
Khusib Spring deposits.

d) Assess whether pXRF can serve as an acceptable low-cost exploration technique

for exploring for Ga, Ge, and In associated with sulphide base metal ores.

1.4 Significance of the study

Understanding the distribution of the critical raw metals such as Ga, Ge, and In in the
sulfide mineralisation and their relation to the base metal within the deposits of the OML
has a great potential to expand exploration and subsequently mining in the province in
future. This study provides a viable data set that supports the development of exploration

of the base metal deposits hosted in the carbonate units of the OML.

1.5 Limitation of the study

Recovery of core materials and access to some deposits requires seeking permission from
the companies that have exploration or mining rights to the sites of interest. Limitation of

access to various geochemical facilities has proven to be of great challenge during this
3



study. Consequently, some of the wanted trace element data are still not available.
Unfortunately, the corona pandemic and the current ongoing conflicts had great influence
on the study as analytical facilities in Africa, Canada and Europe closed and had to cope
later with sample delay for months. Moreover, sample shipment was challenging or even
not possible for months during corona times. Therefore, some of the investigations of this
study have to rely on the available trace element data at time, as some wanted LA-ICP-
MS trace element data (Chinese Academy of Science, Bejing, China) and age data on
carbonate gangue (Karlsruhe Institute of Technology, Karlsruhe, Germany) are still

pending and thus have to remain for ongoing research.

1.6 Delimitation of the study

The study focuses on the sulfide mineralization of Tsumeb, Kombat and Khusib Springs
deposit within the OML, mainly focusing on the petrography and geochemical

components.

1.7 Research Methods

1.7.1 Research Design

The foundation of this study included field work, sample collection, detailed
mineralogical and geochemical analyses, detailed petrographic studies, and data
interpretation. The methodology for this research is summarized in subsection 1.7.2
below, and the detailed methodology used to acquire data are described in detail in the

respective chapters.

Three prepared manuscripts and six (extended) abstracts related to poster and oral

presentations on international conferences (RFG Vancouver, Canada, 2018; SGA,
4



Glasgow, 2019; AIMS, Aachen, 2020 (2x); Unam Faculty of Science annual conference,
Windhoek, 2021; CAG29, Windhoek, 2023) came out so far from this study. The
manuscripts are still under review. Some of the chapters are enlarged versions of the

conference abstracts.

1.7.2 Procedure

The key objectives outlined in section 1.3 are achieved using the following key

procedures:

a) Field work

This research is based on at least three phases of sample collection; the first phase involved
field work that took place in February 2018. For this field trip a total of 30 samples were
collected from outcrops and heap dumps at the Kombat mine, for petrography and
geochemical study. Main purpose of the trip was to collect geological data and
representative samples of the mineralization of the Kombat deposit. Additional samples
of the Kombat mineralization were collected in February 2021 for further geochemical
investigations. The second phase involves the sample collection of the Tsumeb deposit,
whereby 40 samples were collected in February 2021. These samples were collected from
the historical collection by Schneiderhohn housed at the Ministry of Mines and Energy,
Geological Survey of Namibia (GSN), Windhoek, Namibia. The Tsumeb deposit at the
Tsumeb mine has been mined out, making collection of samples from outcrops not
possible anymore. Additionally, investigation of the Tsumeb mineralization was
conducted on polished blocks obtained from the collection housed at Bundesanstalt fur

Geowissenschaften und Rohstoffe/Federal Institute for Geosciences and Natural



Resources (BGR), Hannover, Germany. In November 2022, phase three was completed,

whereby approximately forty samples of the Khusib Springs mineralization and the host

rock were taken from heap dumps, drill cores, and outcrops for petrography and

geochemical analysis of the deposit.

b) Laboratory work

Laboratory work conducted for this research includes petrography, bulk-rock

geochemistry, mineral phases geochemistry and preliminary zinc (Zn) and copper (Cu)

isotope analysis. Preliminary as additional data are still pending. This was done to fulfil

the objectives outlined in section 1.3 above:

For petrography studies, polished sections and double-polished thin sections
were prepared at the Geochemistry division of the GSN and the Technical
University of Clausthal (TUC). Those sections were carefully studied for the
textural characterization of the ore, for ore paragenesis and ore phase
relationships using transmitted and reflected light microscopes at the University
of Namibia, TUC, BGR, and RWTH Aachen University.

For geochemistry studies, a total of 120 representative samples of the
mineralized lithologies and host rocks were analysed for major and trace
elements using inductively coupled plasma mass spectrometry (ICP-MS), X-ray
fluorescence (XRF) and portable XRF (pXRF). These analyses were done at four
different institutions: 1) Central Analytical Facility (CAF), Stellenbosch, South
Africa, 2) Actlabs, Canada, through their subsidiary Actlabs Namibia, 3) SGS

Bulgaria, LTD laboratory in Serbia, and 4) TUC. Data obtained from these



analyses were used for the interpretation of the geochemical data for all three
deposits in the respective chapter(s).

Selected polished sections of the Tsumeb deposit and the Khusib Springs deposit
were analysed using the Electron Microprobe Analysers (EMPA) at TUC and
BGR for the determination of the mineral chemistry of the respective sulfide
mineral phases. For the Kombat deposit, trace elements were analysed in bornite
and chalcopyrite using the LA-ICP-MS device at RWTH Aachen University.
Representative sample powders were selected for Zn and Cu isotopes which was

performed at the laboratory of the Geological Survey of the Czech Republic.



2. Geological Overview

2.1 Regional Geology

Namibian rock units’ range in age from Pre-Cambrian to recent (Fig. 2-1). The oldest
exposed units are dominantly Paleoproterozoic and Mesoproterozoic metamorphic
complexes, although remnants of the Archean age are recognised from magnetic and
gravity signature data (Corner, 2000; Becker et al., 2006). Most of the Paleoproterozoic
rock units exposed in Namibia are dated between +1.8 billion years to 1.7 billion years
(Brandt et al., 2003; Drippel et al., 2007; Miller, 2008a; Kroner et al., 2010; Kleinhanns
et al., 2013; Mapani et al., 2014). Mesoproterozoic units were formed at ~1200 to 1000
Ma, during the Namaqua orogenic event (Becker et al., 2006; Cornell, 2006). The oldest
Neoproterozoic rock units are mainly granitic and syenitic intrusive rocks formed at ~920
Ma (Miller, 1983; 2008b). However, the dominant rock units of the Neoproterozoic are
the units of the Damara Supergroup, consisting of different sedimentary, metamorphic,
and associated intrusive rocks, with the evolution of the Damara Supergroup reported to
have commenced at ~820 Ma (Clifford, 2008; Gray et al., 2008; Miller, 2008b). Late
Proterozoic to Cenozoic rocks in Namibia include units of the Karoo Supergroup
associated with several late Cretaceous igneous complexes (Miller, 2008c; Dauteuil et al.,
2018). The youngest units are those of the Kalahari Group, which mainly consists of
sediments deposited in the Owambo, Omaheke and Aranos Basins, covering the eastern

and southern part of Namibia (Miller, 2008c).
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2.1.1 Paleoproterozoic-Mesoproterozoic Basement rock units

There are several Paleoproterozoic rock units, exposed from southern to northern
Namibia, which are mainly composed of granitic and gneissic rocks (Fig. 2-1; Brandt et
al., 2003; Schliiter, 2006; Miller, 2008a; Mapani et al., 2014). Paleoproterozoic units are
represented by the Epupa, Huab, Grootfontein, Abbabis, Hohewarte and Kangas
Metamorphic Complexes, in association with younger sedimentary and volcanic rock
units (Miller, 2008a). Detailed information of the metamorphic evolution, main rock types
and geochronological data of the Paleoproterozoic metamorphic complexes are discussed,
for example, in Kleinhanns et al. (2013), Kroner et al. (2004; 2010), Miller (2008a) and
Mapani et al. (2014). Rocks of the Mesoproterozoic Era include those of the high-grade
Namaqua Metamorphic Complex located in the south and low-grade metamorphic rock
units of the Sinclair Group (Fig. 2-1; Becker et al., 2006). In the following paragraphs, a

very brief summary of the geology of the complexes is given.

The Epupa Metamorphic Complex (EMC) is exposed in the northwestern part of Namibia
(Fig. 2-1), consisting of remnants of the southwestern margin of the Congo craton,
separating the high-temperature Kaoko Belt from the Damara Orogenic Belt (Miller,
2008a; Kroner et al., 2010; Jelsmaet al., 2018; Brandt et al., 2021). The complex is mainly
composed of migmatites, ultrahigh-temperature granulites and granitoid orthogneisses,
ranging in age from 1861+3 to 1758+3 Ma, intruded by gabbros of the Kunene Anorthosite
Complex (Brandt et al., 2003; Drippel et al., 2007; Kroner et al., 2010). Evolution of the
granitoid gneisses of the Epupa Metamorphic Complex is linked to the Eburnian Orogeny
during which these rocks are derived from a large batholith extending from northwest

Namibia into Southern Angola (Kroner et al., 2010). Furthermore, these granitoid gneisses
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are associated with the 1760 Ma Otjitanda granite rock unit, which has resulted from the
migmatisation of the gneisses (Kroner et al., 2010). According to Brandt et al. (2003), the
EMC is subdivided into two units, defined by the variation in metamorphic grade and
separated by a E-W and NE-SW trending subvertical, ductile shear zone. These are the
Orue Unit which comprises of upper-amphibolite facies ortho- and para-gneisses and the
Epembe Unit which is made up of ultrahigh-temperature granulite rock units (Miller,

1983; Brandt et al., 2003; 2021).

Huab Metamorphic Complex (HMC; Fig. 2-1) covers most parts of the Kamanjab Inliers
and a portion of the Welwitschia and Braklaagte Inliers on the western side of the Khorixas
and on the northern edge of the Summas Mountains, respectively (Tegtmeyer and Kroner,
1985; Miller, 2008b). The complex mainly contains metasedimentary rock units which
underwent a medium grade metamorphic overprint during the intrusion of mafic and felsic
units (Kleinhanns et al., 2013). This complex is subdivided into two sections: the lower
metasedimentary units on the southern part of the Kamanjab Inliers and the uppermost
metavolcanic units in the north, ranging from 183017 to 1801+27 Ma (Miller, 2008a;
Kleinhanns et al., 2013). The lowermost sequence mainly contains high-grade
metavolcanic rocks associated with pegmatites, migmatites and structurally complex
domes and basins, while the uppermost sequence is characterized by an intercalation of
felsic and mafic volcanic rock units with metasediments (Kleinhanns et al., 2013). The
Kamanjab inlier is correlated with the Hohewarte Metamorphic Complex, which is
characterized by various gneisses that date between 1758+ 10 Ma and 1061+ 10 Ma

(Mapani et al., 2014).
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Grootfontein Metamorphic Complex (GMC; Fig. 2-1), also known as Grootfontein Inlier,
is a Paleo-Mesoproterozoic complex which extends from north-northeast Namibia
eastwardly into Botswana (Laukamp, 2006; Schltter, 2006; Miller, 2008b). This complex
is made up of three main units that are characterized by different lithologies: (1) a pack of
well foliated gneisses, amphibolite, and metasedimentary rocks, (2) Grootfontein gabbros,
and (3) Grootfontein granites that essentially intruded the gneisses (Miller, 2008b). The
complex is estimated to be about 2022+15 Ma, with the age information derived from the
Tsumkwe-Tarikora Massif, which is an extension of the GMC and its evolution is
associated with the magmatic differentiation from dioritic to granitic in composition in a

convergent tectonic setting (Hoal et al., 2000; Laukamp, 2006).

Namaqgua Metamorphic Complex (NMC) is part of the ~400 km wide Mesoproterozoic
Namaqua Natal Province (Fig. 2-1), which stretches from southern Namibia to the
northwestern and southeastern coast of South Africa (Miller, 2008b; Bial et al., 2015).
The complex is associated with the formation of the Kalahari Craton and is subdivided
into four terranes, which are the Bushmanland, Kakama, Areachap and Kaaien Terraines
(Thomas et al., 1994; Macey et al., 2017). The NMC consists of sedimentary successions
that were subject to high-temperature, low-pressure metamorphic conditions, as well calc-
silicate rocks and various types of granitoids that are intercalated with metapelites (Becker
et al., 2006; Bial et al., 2015). The NMC is correlated to the highly deformed and
metamorphosed units that underlie the Sinclair Sequence (Hoal, 1993). The Sinclair
Group consists of low-grade to unmetamorphosed units that lie disconformably on the
units of the Kumbis and Kairab Complexes (Hoal, 1993; Becker et al., 2006). The oldest

rock units of this group form up part of the Kumbis and Nagatis Formations as well as the
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Helmeringhausen Gabbro, which are dated at 1374+7 Ma to 1358+5 Ma, 1363+11 and

1372+12, respectively (Harris et al., 2020).

2.1.2 Neoproterozoic rock units

2.1.2.1 Damara Orogenic Belt

Hoffmann (1989) and Gray et al. (2006; 2008) describe the Damara Orogenic Belt (DOB)
as a deep eroded, doubly-vergent structural, well exposed, high collisional orogenic belt
that records the Western Gondwana amalgamation. The belt is part of the triple junction
orogenic system, which is defined by the north trending Gariep Belt, the north-northwest
trending Kaoko Belt and the east-northeast trending Damara Belt (Miller, 1983; 2008b;
Gray et al., 2008; Goscombe et al., 2018). Damara Orogenic Belt formed due to the
collision of the Congo-Séao Francisco and the Rio de la Plata cratons at around 580-550
Ma, forming a suture that is on the northern side of Gondwana, followed by the collision
of the Congo-Séo Francisco and the Rio de la Plata suture with the Kalahari-Antarctic
craton at approximately 530 Ma, forming a suture on the southern side of Gondwana
(Prave, 1996; Gray et al., 2008). Damara Orogenic Belt experienced three notable
deformation events: (1) The first deformation episode is associated with multiple phases
of orogenesis and is estimated to have occurred at ~530-525 Ma; (2) at ~508 Ma the
second deformation event occurred involving shortening of the Damara Belt; (3) and the
last event is recorded at ~505 Ma, which is associated with the formation of the

metamorphic core complex across the Central zone (Goscombe et al., 2017).

Stratigraphically, the DOB is subdivided into various groups based on the depositional

environments, namely the Nosib, Swakop, Otavi, Mulden and Nama Groups, collectively
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known as Damara Supergroup (SG) (Martin and Porada, 1977; Miller, 1983; 2008b).
Nosib group is the oldest group, which is characterised by rift related fluviatile clastic
rocks of the Etusis Formation and quartzite schists and calc-silicates of the Khan
Formation (Miller, 2008b). Deposition of the Nosib Group is linked to the rifting episode
of the Paleoproterozoic basement units (Porada and Behr, 1988). The estimated age of
deposition of the Nosib Group is reported to be between ~861 and ~746 Ma, with the
clastic units of the Etusis Formation dated at ~861 Ma, thereby representing the oldest
units (Hoffmann et al., 1996; Foster et al., 2015; Nascimento et al., 2017; Goscombe et
al., 2018). Swakop Group consists of deep-water facies turbidites, carbonate sequences,
pelitic schist units as well as diamictites of the Chuos and Ghaub Formation (Miller,
1983). Chuos and Ghaub Formation units are evidence of the global glaciogenic events,
that took place at Sturtian (~720-700 Ma) and Marinoan age (~635 Ma), respectively
(Hoffmann et al., 2004; Goscombe et al., 2018). The age of deposition of the units of the
Swakop Group ranges between ~720 and 570 Ma (Foster, 2015; Goscombe et al., 2018).
Otavi Group rock units are deposited, mainly during a spreading event, on the northern
platform and are dominated by carbonate units that are deposited on a rifted passive
margin (Hoffmann and Prave, 1996). Similarly, to the Swakop Group, the Otavi Group
contains rock units belonging to the glaciogenic Chuos and Ghaub Formation (Miller,
1983; 2008). Deposition of the Otavi Group is estimated to have occurred between ~750
Ma and 545 Ma (Melcher, 2003). Mulden Group is dominated by clastic molasse
sediments that are estimated to be deposited between ~710 and 590 Ma (Foster et al.,
2015; Basei et al., 2018). The youngest rock units of the Damara Supergroup belong to

the Fish River Subgroup of the Nama Group, consisting of carbonates and siliciclastic
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rocks that formed as a result of collisions between the Damara Belt and the Gariep Belt

(Germs, 1983; Miller, 1983).

Furthermore, the DOB is subdivided into various tectonostratigraphic zones, that are
characterised by metamorphic grade, structures, stratigraphy, and geochronology as
described in Miller (1983; 2008). These zones are: 1) Southern Margin Zone, which
consists of pre-Damaran basement rock, gneissic basement units, successions of the
Nosib Group as well as traces of diamictites of the Chuos Formation (Miller, 1983; 2008).
2) Southern Zone, which is sandwiched by the Southern Margin Zone in the south and
the Okahandja Lineament in the north, consists of passive margin successions of the
Kuiseb Formation (Miller, 2008). 3) Central Zone which is subdivided into the Northern
Central Zone and the Southern Central Zone, which are delineated by the Omaruru
lineament. Both zones consist of syn- and post-tectonic granitic plutons, rock units of the
Nosib Group and units of the lower Swakop Group (Miller, 2008; Longridge etal., 2017).
The Central Zone is characterized by a northeast trending dome and a basin fold pattern
as well as high-temperature low-pressure metamorphic rocks and comprises various
intrusive rocks (Miller, 1983; 2008). 4) Northern Zone, which is characterised by
northward vergence thrust, consists of rocks of the Nosib and Swakop Groups (Miller,
2008). 6) Northern Margin Zone overlaps with units of the Kaoko Belt, represented by
the rock units of the Otavi and Mulden Group (Miller, 2008; Goscombe et al., 2018). 7)
Northern Platform is mainly represented by the shallow water facies of the Otavi Group
as well as low-grade metamorphosed units of the Nosib and Mulden Groups (Miller,

2008).
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2.2 Local Geology

2.2.1 Otavi Mountain Land

Otavi Mountain Land (OML) province is situated at the transition between the Northern
Zone and the Northern Platform of the Neoproterozoic Damara Orogen, as described in
Martin and Porada (1977) and Miller (1983; 2008b). This province is composed of 1)
Paleoproterozoic basement rock units of the GMC, consisting mainly of granites and
gneisses; 2) Neoproterozoic rock units of the Damara SG which include clastic and
metavolcanic rocks of the Nosib Group, carbonate rock units of the Otavi Group, the
molasse sequence of the Mulden Group, and 3) Tertiary and Quaternary rock units of the
Karoo Supergroup and Kalahari sediments, which are covering the units of the Damara
SG (Fig. 2-2; Frimmel et al., 2004; Boni et al., 2007; Kamona and Ginzel, 2007; Miller,
2008; Schneider et al., 2008). Rock units of the OML underwent low-grade
metamorphism and are structurally characterized by north-verging recumbent folds that
overprint the older east-west folds and north-trending folds (Cairncross, 1997). At least
three deformation phases are recorded in the OML province as summarized in Frimmel et
al. (1996), Goscombe et al. (2004), Melcher et al. (2006), and Miller (2008b). Rocks of
the Nosib Group, exposed in the OML, are those of Nabis and Askevold Formations
(Hoffmann et al., 1996, Kamona and Giinzel, 2007; Miller, 2008b). Nabis Formation is
dominated by siliciclastic rocks with minor quartzite, while the Askevold Formation
consists of metavolcanic rocks, dolomite, and some siliciclastic rocks (Hoffmann et al.,

1996; Kamona and Giinzel, 2007; Miller, 2008; Schneider et al., 2008).
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Fig. 2-2 Geological map of the Otavi Mountain Land, outlining the formations and
mineral deposits in the province. Map simplified after the 1:250,000 geological sheet map
from the Geological Survey of Namibia (modified after Chetty and Frimmel,
2000;Kamona and Giinzel, 2007)

Otavi Group in the OML is subdivided into two subgroups, Tsumeb and Abenab
Subgroups, which are further subdivided into various formations (Miller, 1983; 2008b;
2013; Hoffmann and Prave, 1996; Kamona and Gunzel, 2007; Schneider et al., 2008). The
Otavi Group mainly consists of carbonate platforms that are estimated to be formed
between 720 and 600 Ma (Halverson et al., 2005; Hoffman, 2005; Hoffman et al., 2021).
Diamictites belong to the Chuos and Ghaub Formations and are positioned at the bottom
of the Abenab Subgroup and at the bottom of the Tsumeb Subgroup, respectively (Miller,

1983; 2008, 2013; Hoffmann, 1996; Frimmel et al., 2004; Boni et al., 2007; Kamona and
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Gunzel, 2007; Schneider et al., 2008). The Abenab Subgroup's basement is made up of
the diamictite, ironstone, and pyroclastic rocks of the Chuos Formation (Hoffmann, 1994;
1996; 2004; Hoffmann and Prave, 1996; Kamona and Gunzel, 2007; Miller, 2008,
Schneider et al., 2008). Diamictites of the Chuos Formation are capped off by the cap
carbonate units belonging to the Berg Aukas Formation (Hoffmann et al., 2004; Miller,
2008). Gauss Formation conformably lies on top of rock units of the Berg Aukas
Formation and comprises massive and bedded, shallow water carbonate units and traces
of stromatolites (Frimmel et al., 1996; Kamona and Gunzel, 2007; Miller, 2008). Auros
Formation forms up the uppermost part of the Abenab Subgroup, consisting of oolites,

limestones, dolomite as well as stromatolites (Kamona and Giinzel, 2007; Miller, 2008).

The basement of the Tsumeb Subgroup is made up of the Ghaub Formation, which is
overlain by the Maieberg, Elandshoek and Hittenberg Formations (Miller, 2008b). Ghaub
Formation consists of diamictites, shale and graded dropstones (Hoffmann et al., 1996;
Miller, 2008b), with dolomite and limestone of the Maieberg Formation forming up the
cap carbonate on top of the Ghaub Formation’s glacial deposit (Miller, 2008). Both
Elandshoek and Hittenberg Formations consist of dolomite, chert, breccia, and
stromatolites that are mainly known from the Huttenberg Formation (Kamona and Giinzel,
2007; Miller, 2008). Mulden Group within the OML province is sitting un- to para-
conformably on the carbonate platform of the Otavi Group and consists of phyllite
interbedded with lenses of dolomite, shale, sandstone, and siltstone of the Kombat

Formation (Miller, 1997; Kamona and Giinzel, 2007). Tschudi Formation is represented
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by shale, slate, greywacke, quartzite, sandstone, and conglomerate (Kamona and Giinzel,

2007; Miller, 2008, 2013; Schneider et al., 2008).

2.2.2 Otavi Group

Otavi Group, which was deposited between 750 and 545 Ma, consists of thick folded
Neoproterozoic successions of carbonates exposed within the Otavi foreland fold belt,
overlying the siliciclastic and local volcanic rocks of the Nosib Group (Hoffmann and
Prave, 1996; Melcher, 2003). Lithostratigraphically, the group is subdivided into two
subgroups, the lowermost Abenab Subgroup, and the uppermost Tsumeb Subgroup
(Miller, 1983; Kamona and Gunzel, 2007). Both groups consist of diamictites of the
Neoproterozoic glaciogenic event, with the Abenab Subgroup hosting the Chuos
Formation while the Ghaub Formation is hosted in the younger Tsumeb Subgroup as well

as shallow facies carbonate rocks (Melcher, 2003).

2.3 Mineralisation

The carbonate platform of the Otavi Group in the OML is known for the various types of
mineralization it hosts (Kamona and Gunzel, 2007). Pirajno and Joubert (1993) argued
that there must have been at least two separate events that led to the metal concentration
in the deposits of the OML. They concluded that Berg Aukas type deposits were formed
by the first event, which was associated with compaction and dewatering of sediments of
a northern rift, whereas Tsumeb type deposits were a result of a much later episode that
was associated with devolatilization reactions during regional prograde metamorphism of
the sediments in the northern rift. A number of studies and documentations ranging from
scientific reports to peer-reviewed publications, have been done on the sulfide
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mineralisation of the OML since the early 1900s. Various scientists have looked over the
years at the complexity of the mineralogy of the Tsumeb deposit including S6hnge (1964),
Lombard et al. (1986), Hughes (1987), and the most recent release by Bowell and Mocke
(2019) who studied the mineralogy of the Tsumeb mine in detail. Genesis, enrichment,
and alteration processes linked to the deposits in the OML have been reported in detail by
Allsopp and Ferguson (1970), Kamona (1999), Chetty and Frimmel (2000), and Melcher
(2003). Melcher (2003) reported on the geochemistry and mineralogy of Ge-bearing ore
in the Tsumeb and Khusib Springs deposits and the difference with Ge-bearing ore at the

Kombat and Berg Aukas deposits.

2.3.1 Tsumeb Deposit

Throughout the mining history of the Tsumeb orebody, approximately 30 Mt ore has been
recovered, with ore grades of 10% Pb, 4.3% Cu and 3.5% Zn (Melcher, 2003). The deposit
is hosted within a breccia karst pipe, filled by a mixture of feldspathic sandstone of the
overlying Mulden Group and carbonates of the Hittenberg Formation of the Otavi Group
(Laukamp, 2006; Bowel and Mocke, 2019). Alteration styles in the Tsumeb deposit
include calcitisation and silicification (Chetty and Frimmel, 2000). Major mineralisation
consists of tennantite, galena, sphalerite, pyrite, bornite, chalcopyrite, digenite, and
chalcocite with minor arsenates and other minerals (Bowell and Mocke, 2019). Several
studies have been conducted on the Tsumeb mineralisation, focusing on the complexity
of the mineralogy (e.g., Bowell and Mocke, 2019), the paragenesis of germanite and
renierite (Sclar and Geier, 1957), and the ore genesis (e.g., Pirajno and Jourbert, 1993).
Sulfur isotope investigations on galena revealed that Tsumeb ore is generated from

evaporite sulfate minerals and that the high U/Pb ratios are consistent with the upper
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continental crust, implying that the upper continental crust is the primary source of the
metals. (Hughes, 1987; Pirajno et al., 1992; Kamona et al., 1999). Age of mineralisation
for the Tsumeb deposit is estimated to be between 500 to 600 Ma, deduced from the Pb
isotope data as well as from preliminary Re-Os isotopic data (Pirajno and Joubert, 1993;

Melcher, 2003).

2.3.2  Kombat Deposit

The Kombat deposit, is a stratabound, syntectonic, carbonate-hosted Cu-Pb(-Ag) deposit,
which sits in the Huttenberg Formation (Deane, 1995). The deposit was mined from the
early 1900s until 2007 when it was closed due to flooding and operation resume in 2023.
Indicated remaining reserves comprise 12.22 Mt with average 1.94 wt% Cu, 0.70 wt% Pb
and 13.67 ppm Ag (Kamona and Gilinzel, 2007; Trigon Metals, 2021). Rock units in the
Kombat area have endured metamorphism intensity up to greenschist facies. The exposed
rock units associated with the deposit include carbonate rock and phyllite (Pirajno and
Joubert, 1993; Kamona and Ginzel, 2007). There are at least six distinct ore bodies
identified to date in the Kombat area, which are all associated with the actual Kombat

deposit, having Cu-Pb-Ag and Fe-Mn mineralisations (Nghoongoloka et al., 2020).

2.3.3 Khusib Springs Deposit

Khusib Springs Deposit is a steeply plugging pipe or lens like orebody that is hosted
within the limestones of the Maierberg Formation, Otavi Group (Melcher et al., 2006;
Kamona and Gunzel, 2007). Melcher et al. (2006) investigated the distribution of Ge in
the deposit and interpreted Khusib Springs as a high-grade Cu-Ag sulfide deposit.

Tennantite and enargite are the predominant ore minerals with minor chalcopyrite,
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sphalerite, galena, pyrite and Ge-bearing colusite (Melcher et al., 2003; Melcher, 2003).
In total approximately 300,000 tons of ore, with an average grade of 10% Cu, 1.8% Pb
and 584 ppm Ag have been produced at Khusib Springs between 1995 and 2000 (Melcher

et al., 2006).
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3 Literature Review

3.1 Critical raw Materials/Metals

In response to the challenges surrounding the sustainable supply of natural resources, the
United States (US) and the European Union (EU) embarked on research to identify
alternative raw materials that can support the rapid increase of the green industrial
revolution and the in hindsight global population growth (Perez et al., 2019; Gonzalez-
Alvarez et al., 2021). These necessities led to the identification of several metals that are
deemed essential mainly to the green industrial revolution, which are classified as critical
minerals/metals. Critical metals are those metals or non-metals that are of high economic
importance, that underly a high risk of supply shortage and may be difficult and rare to be
extracted in their pure form (Fig. 3-1; Skirrow et al., 2013; European Commission, 2014;
2017; 2020; Perez et al., 2019; Gonzalez-Alvarez et al., 2021). This includes dispersed
elements such as Ga, Ge, V, In, Tl, and Hf, and the so-called Heavy Rare Earth Elements
(HREEs) as well as the Light Rare Earth Elements (LREES) and the Platinum Group
Elements (PGEs; Liu et al., 2022). Worldwide there are several known deposits from
which critical raw materials are recovered either as primary mined commodity or as by-
product(s), with China being the major producer of critical metals such as Ga and Ge in
the world (Kastanaki and Giannis, 2022). Critical metals enrichment in carbonate-hosted
base metal and sulphide ores has been investigated and documented in detail (e.g., Cook
et al., 2009; Ye et al., 2011; Li et al., 2020; Liu et al., 2022; Luo et al., 2022; Niu et al.,

2023).
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Fig. 3-1 Global distribution and production of critical raw materials. The pie chart
represents the total global production of the critical metal in a specific country (SGU,
2023).

3.1.1 Gallium, Germanium, and Indium

Gallium, Ge and In are minor and trace elements in a variety of mineral deposit types,
with a significant concentration in base metal deposits with the potential to reach
economic viability (HOll et al., 2007; Fig. 3-2). Sphalerite is the major ore mineral of Zn,
and it is known to be one of the most abundant carriers of Ga, Ge and In (Cook et al.,
2009; Shanks et al., 2017; Bauer et al., 2019a; b; Cugerone et al., 2021). In general, Ga,
Ge and In occur either as micro-inclusion(s) or in solid solution via single or coupled

substitutions in different host minerals as described, for example, in Holl et al. (2007),
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Cook et al. (2009), Pfaff et al. (2011), Belissont et al. (2014), Bauer et al. (2019 a; b),

Cugerone et al. (2021), and (Luo et al., 2022).
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Fig. 3-2 A diagram of various elements in mineral resources, which depicts the linkage
between metal associations in mineral resources. The primary metals found in most
deposits are shown by the inner circle (dark green). The gradation colour is attributing

to the decrease in association (modified after Reuter & Verhoef, 2004; Nassar et al.,
2015).

The existence of Ge can be dated back to the 1800s, when chemists J. Newland and D.
Mendeleev independently predicted its existence in 1864 and 1871, respectively, followed

by the subsequent discovery by Clemens Winkler in 1886 (Shanks et al., 2017).
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Germanium is considered as a critical raw material primarily because it is currently in
high demand due to its use in fibre optics (Belissont et al., 2014; Frenzel et al., 2014;
Shanks et al., 2017). Because of the multiple geochemical characteristics of Ge
(siderophile, chalcophile, lithophile and organophile), Ge is present in trace amounts of
most rocks on Earth (Bernstein, 1985). Therefore, Ge occurs in the Earth crust enriched
in coal, sphalerite-rich ores, Cu-Ag-As sulphide rich ores and iron oxides, having a crustal
abundance of approximately 1.4-1.6 ppm (Bernsteins, 1985; Holl et al., 2007; Frenzel et
al., 2014). It is commonly found in association with several base metal (Cu)-Zn-Pb ore
types, in particular Mississippi Valley Type (MVT) deposits, and coal deposits (Bernstein,
1985; Melcher et al., 2006; Frenzel et al., 2014). Bernstein (1985) and Melcher et al.
(2006) suggested that As-bearing sulphides and carbonate-hosted metal sulphide deposits

are one of the major sources of both Ge and Ga.

Gallium is one of the crucial elements used in green energy, as well as in manufacturing
of high technology devises such as optoelectronics devices, high performance computers,
transistors, and semiconductors (Foley et al., 2017). Its existence was first predicted by
Dmitri Mendeleev in 1871, followed by its discovery in sphalerite by P.-E. Lecoq in 1875
(Foley et al., 2017). Gallium occurs as Ga(lll) in nature, and it is a considerable trace
element with a crustal abundance of 17 ppm that is commonly associated with Al-, Zn-,
Pb-, Fe ores and coal, typically found in bauxite, sedimentary Zn-Pb, MVT (Zn-Pb) and
clastic type Zn and Pb deposits (Gao et al., 1988; Bradley and Leach, 2003; Hu and Gao,
2008; Cook et al., 2009; Butcher and Brown, 2014; Redlinger and Eggert, 2016; Frenzel
et al., 2016; Foley et al., 2017). Geochemically Ga is associated with Fe, Al, Zn, Cd, In,

Ge, Si and Sn, with the first three elements being more susceptible to substitution by Ga
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due to similar ionic radii (Foley et al., 2017). To date, there are several minerals discovered
in which Ga has significant concentration ranging between 15wt% < Ga > 60 wt%,
including gallite (CuAgS2), gallobeudantite (PbGas(AsO4)(SO4)(OH)s), sohngeite
(Ga(OH)s) and tsumgallite (GaO(OH) (Frimmel et al., 1996).

Indium can be used as coating in displaying devices, solar collectors, alloys, and
semiconductors among others (Jorgenson and George, 2005; Shanks et al., 2017; Fontana
et al., 2021). Its discovery can be dated back to 1863, when F. Reich and H.T. Ritcher
found it in trace amounts in association with sphalerite, Cu- and Fe-Sn sulphides
(Jorgenson and George, 2005; Shanks et al., 2017). Indium is a highly volatile chalcophile,
with a crustal abundance estimated to be about 0.05-0.072 ppm (Taylor and McLennan,
1985). Indium is directly associated with deposits such as VMS, porphyry, skarns and
sedimentary-hosted base metals, with the dominant In-bearing mineral in (Pb)-Zn ores
and concentrates being sphalerite (Schwarz-Schampera and Herzig, 2002; Ye etal., 2011).
Previous studies indicate that the highest concentration of In coincide with Zn and Cu
sulphides, with In favouring roquesite, sphalerite, chalcopyrite, tennantite, cassiterite and

stannite (Paradis, 2015).

3.2 Methods used

Trace element characterisation of sulfide minerals in selected ore samples for this study
was carried out using Laser Ablation Inductively Coupled Plasma Mass Spectrometry
(LA-ICP-MS) and Electron Probe Micro Analysis (EPMA). The various techniques used
for the analyses of sample in this research, are described in detail in respective chapter.

Paragraphs below gives a summary review of the technique used.
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LA-ICP-MS is a technique that has been used widely over the last three decades for the
determination of elemental concentration(s) in various materials (Sylvester and Jackson,
2016). In geosciences the technique is especially used in the branch of geochemistry, for
trace elements and isotope characterisation as well as in fluid inclusion analysis (Chew et
al., 2014; Breiter et al., 2020; Hartnady et al., 2020; Chew et al., 2021; Laurent et al.,
2021; Yang et al., 2022). Wang et al. (2023), Fan et al. (2023), and Yang et al. (2022)
used LA-ICP-MS to investigate textural and distribution of trace elements in various
sulfide mineralisation. The technique has been used widely in the analysis of trace
elements in carbonate hosted base metal sulfide deposits (Cook et al., 2009; George et al.,
2015; Hu et al., 2021; Wei et al., 2021; Aldis et al., 2022; Zhang et al., 2022; Liu et al.,
2023; Paradis et al., 2023). EPMA is a non-destructive technique with the capability of
determining concentration of elements in solid materials at micron scale (Kearns and
Wade, 2021). In ore deposit geology, EPMA has been widely used in mineral chemistry
as well as elemental distribution in mineral phases (Demir et al., 2013; Sadati et al., 2016;

Mishra et al., 2021; Ye et al., 2023).

Whole rock geochemistry is a fundamental concept that is used in geology to determine
the geochemical properties of the natural solid materials (Go¢mengil et al., 2022). The
geochemical data is obtained using various techniques including Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS), Inductively Coupled Plasma Atomic Absorption
Spectroscopy (ICP-AAS), X-Ray Florescence (XRF) and portable X-Ray Fluorescence
(pXRF). ICP-MS is a well-established analytical technique with high precision that is used
to determine the abundance of chemical elements in geological samples (Jenner et al.,

1990). ICP-AAS is a multi-element analytical technique that is widely used in the field of
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geochemistry for the quantification of element concentration in ores, rocks, and soils
(Ward et al., 1969; Viets and O’Leary, 1992). XRF is widely used in geochemistry for the
characterisation of major and trace elements of ores, soil, rocks and even tailings
(Rollison, 2021). Various scholar has used the above-mentioned techniques to obtain
geochemical dataset, that lead to the deducing of tectonic environment of the ore deposits

(Hammerli et al., 2015; Duran et al., 2016; Conliffe et al., 2018; Cordeiro et al., 2018).

Portable X-Ray Fluorescence is a rapid, cost-effective technique that has been utilised in
geochemical exploration over the past decade (Brand and Brand, 2014; Piercey and
Devine, 2014). The instrument provides a data set that has high precision but low accuracy
for certain elements, hence the technique is not widely used in large-scale mineral
exploration projects (Brand and Brand, 2014; Zhou et al., 2023). The capabilities and
limitation of the instrument application in geology are best described in Hall et al. (2014),
Bourke and Ross (2016), Gallhofer and Lottermoser (2018), Lemiére (2018), and Zhou et

al. (2023).

Copper has two stable isotopes ®3Cu (69.17% relative abundance) and %“Cu (30.83%
relative abundance), and its isotopic ratio is used effectively as a tracer in various
geological processes including mineral deposits (Shields, 1964; 1965; Cooke et al., 2014).
The analytical techniques frequently employed in copper isotope analysis on diverse
geological materials, such as ore, rock, water, and soils, include Multicollector Inductively
Coupled Plasma Mass Spectrometers (MC-ICP-MS) and plasma source mass
spectrometers (Zhang et al., 2020; Mathur and Zhao, 2023). Over years, researchers have
utilized these approaches to trace the oxidation-redox cycle and mass transfer during

mineralization, helping them to understand the genesis of the deposit (Graham et al., 2004;
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Asael et al., 2007; 2009; Mathur, et al., 2012; Brzozowski et al., 2021; Lehmann, et al.,

2022; Mathur and Zhao, 2023).

Zinc has five stable isotopes (¢4Zn, ®2zn, 87Zn, %8zn, and "°Zn), with relative abundance of
48.6%, 27.9%, 4.1%, 18.8% and 0.6% respectively, which are mainly used to decipher
ore formation processes and to characterise ore deposits (Kelley et al., 2009; Bullen, 2014;
Mason et al., 2015; Wilkinson et al., 2015; Moynier, 2018; Wilkinson, 2023).
Additionally, Zn isotopic system has been utilized in mineral exploration of low-
temperature sedimentary-hosted Zn sulfide deposits (Baumgartner et al., 2021). Similar

to Cu isotopes, Zn isotopes are also measured using an MC-ICP-MS (Moynier, 2018).
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Abstract

Otavi Mountain Land province forming up part of the Damara Orogenic Belt, consists of
Neoproterozoic carbonate platform, which are well-known for their sedimentary-hosted
polymetallic mineralized zones, including the Cu-Pb(-Ag) Kombat deposit. The ore
mineralisation of the Kombat deposit occurs in a massively disseminated, veinlet-
controlled, and brecciated mineralisation style and it comprises mainly of bornite,
chalcopyrite, galena, covellite and chalcocite associated with quartz and calcite as gangue
minerals. Mineralized zones are distinctly enriched in chalcophile elements, including Pb,
Cu, As and Ag. For the analysis of such rocks, laboratory-based analytical methods
including inductively coupled plasma mass spectrometry (ICP-MS) and atomic absorption
spectroscopy (AAS), are well established, in contrast to onsite geochemical analytical
methods. This study shows the applicability and limitations of portable X-ray fluorescence
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(pXRF) in the geochemical exploration of sulfide (Ag, Cu, Fe, Mn, Pb, Zn) ores in
carbonate matrix. By using additional ICP-MS/AAS data and certified reference materials,
the applicability of such portable tools can be assessed for Kombat-type ores, resulting in
pXRF data of excellent or very good precision for elements like Cu, Fe, Mn, Pb, and Zn
(RSD <10%), while other elements (Ag, Sr) show poor precision. The trace element
concentrations obtained by pXRF are comparable to ICP-MS results yielding a good
correlation (R? >0.,85) and acceptable accuracy and precision. Portable XRF is identified
as a low-cost tool that can be used successfully in the geochemical exploration for a list

of elements in carbonate-hosted sulfide ores.

Keywords: Portable XRF, sulfide mineralisation, carbonate host rock, Otavi Mountain

Land, Namibia
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4.1 Introduction

Neoproterozoic carbonate rocks in are known to host a variety of base metal deposits that
are important for the world supply of metals such as lead and zinc (Leach et al., 2010;
Haest and Muchez, 2011; Xiong et al., 2019). The Otavi Mountain Land (OML) is a
metallurgical province well known for its sediment-hosted ore deposits rich in base metal
sufides and oxides, which are concentrated in the upper part of the Neoproterozoic
Carbonate Platform of the Damara Orogenic Belt (DOB) (Miller, 1983; Melcher et al.,
2006; Boni et al., 2007; Kamona and Giinzel, 2007). Most of the base metal deposits
including Tsumeb, Kombat, Berg Aukas, Abenab West and Khusib Spring are hosted in
the sedimentary units of the Otavi Group (Melcher et al., 2006; Kamona and Gunzel,
2007; Fig. 4-1-1). This chapter focuses on samples from the Kombat deposit, which is a
stratabound, syntectonic Cu-Pb (Ag) sulfide deposit hosted in the dolomite of the
Huttenberg Formation (Deane, 1995). The mineralisation is mainly related to the contact
between dolomite and phyllite, and its genesis is associated with a magmatic hydrothermal

event (Kamona and Giinzel, 2007).

Exploration and mining in the OML dates back to the 1960s. One of the greatest
challenges in exploration and mining are operational costs, and the costs of sampling and
sample analyses can be considerable. This chapter aims to investigate whether a low-cost
technique such as portable X-ray fluorescence (pXRF) can be applied in exploration of
carbonate-hosted sulphide base metal deposits. Over the past years, pXRF has been
extensively and successfully used in the exploration of base metals, rare earth elements

(REEs) and precious metals linked to magmatic and sedimentary rocks (Simandl et al.,
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2014a; Gazley et al., 20144a; Hall et al., 2014; Quye-Sawyer et al., 2015). However, there
is a distinct lack in knowledge of the applicability of this tool on low-grade hosted in
carbonate rocks. Application of pXRF in geochemical exploration is recognised as a
viable method which can be employed to obtain a reliable dataset during field mapping,
and which assists in sample selection (Young et al., 2016). This instrument has two
advantages: a) it allows direct, on-site measurements of selected elements and thus offers
a dataset, that provides valuable insights in mining and exploration, leading to rapid field
decisions and, b) it is cost-effective (Andrew and Barker, 2017; Lemieére, 2018). However,
in order to optimise results obtained by pXRF, there is a need to recalibrate the instrument
using certified reference materials (CRMs) with the same matrix as the samples of interest
(Simandl et al., 2014b), as it is common practice for conventional laboratory based XRF
devices. Portable XRF results, when compared to known samples such as CRMs, yield a
moderate to high precision but there is usually a high variation when it comes to accuracy
(Piercy and Devine, 2014). Hall et al. (2014) showed that pXRF performance is different
for various elements. Elements such as Cu and Pb are recorded with a very good
performance, whereas performance is moderate for Cr and U, but only poor for Ag and V,
and extremely poor for elements like W and Au. Limitations and capabilities of a pXRF
device, as well as a quality control of the dataset obtained by pXRF are discussed in detail
in Arne and Jeffress (2014), Brand and Brand (2014), Fisher et al. (2014), and Hall et al.

(2014).
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Fig. 4.1-1 Simplified regional geological map of the OML, with outlined deposits
(modified after Chetty and Frimmel, 2000; Kamona and Giinzel, 2007).

This chapter integrates mineralogical, petrological and bulk rock trace element
geochemical analyses of the carbonate-hosted sulphide mineralisation of the Kombat
deposit. The application of pXRF analysis combined with inductively coupled plasma
mass spectrometry (ICP-MS) plus atomic absorption spectroscopy (AAS) for the
geochemical exploration of sulfide mineralisations of Kombat deposit hosted in carbonate
rocks are presented in this chapter. The results from the pXRF device and from the
laboratory-based instruments are compared in order to assess the applicability and the
limitations of the pXRF device for analysis of such rocks. Precision and accuracy of the

pXRF instrument is assessed using pXRF results of CRMs.
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4.2  Geological setting

The Neoproterozoic Damara Orogen forms part of the west Gondwana suture, which
resulted from the collision of the South American Rio de la Plata, Congo, and Kalahari
Cratons in Southern Africa (Miller, 1983; Gray et al., 2008). In Namibia, this orogen is
sub-divided into three-fold belts: the NNW-trending northern coastal Kaoko Belt, the
ENE-trending inland branch DOB and the S-trending southern coastal Gariep Belt (Martin
and Porada, 1977; Miller, 1983, 2008). The Damara Orogenic Belt (DOB) is a 350 km
wide belt (Fig. 4-2), which formed during continuous stages of crustal thickening, rifting,
spreading, subduction of continental arc, upper lithospheric thinning, and continental
collision between the Kalahari and Congo Cratons, ending with the closure of the Khomas
Sea (Porada, 1979; Miller, 1983; Gray et al., 2008; Goscombe et al., 2018). The DOB
consists of basement inliers of Archean-Proterozoic age, early Damaran rift type
sedimentary and volcanic units of the Nosib Group, Neoproterozoic deep and shallow
carbonate rocks of the Otavi and Swakop Groups, and foreland basin deposits of the
Mulden and Nama Groups (Miller, 1983; Gray et al., 2008; Miller, 2008b). Additionally,
the belt is further subdivided into various tectonostratigraphic zones such as the here
relevant Northern Zone and the Northern Platform (Fig. 4-2) that are defined by age,

structure and metamorphic grade (Miller, 2008b).
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Fig. 4.2-1 DOB geological map of Namibia, showing the various tectonostratigraphic
units of the Damara Orogen. The study area, the OML, is shown by the red box (modified
after Hoffman, 2013).

Following the initial rifting during the sediments of the Nosib Group were deposited, the
Otavi Group was deposited during the subsequent opening of the Khomas Sea (Miller,
2008b). In the Northern and Northern Platform tectonostratigraphic zones, the Otavi
Group is dominated by shallow water platform successions of carbonate units that largely
rest on the southern Congo Craton (Chetty and Frimmel, 2000; Hoffman, 2011). The Otavi
Group carbonates is the dominant unit of the base-metal rich OML province, which covers
10,000 km? and is situated at the transition between the Northern Zone and the Northern
Platform of the DOB where portions of the Neoproterozoic Carbonate Platform are well

exposed (Pirajno and Joubert, 1993; Kamona and Gunzel, 2007). This province is
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associated with three Damara deformation episodes: during the first tectonic event D1 the
southern part of the OML was folded and faulted (Miller, 1983). The ultimate collision of
the Congo and Kalahari Cratons led to the D2 and D3 tectonic events, which are attributed
to post-Damara deformation processes (Kroner, 1982; Miller, 1983; Goscombe et al.,

2004; Schneider et al., 2008).

4.3 Local Geological setting

The OML unconformably overlies the Paleoproterozoic basement rocks of the
Grootfontein Metamorphic Complex which is mainly composed of dolomites and calc-
silicate rocks, as well as the Grootfontein Mafic Bodies which are mainly composed of
anorthosites and gabbros (Miller, 1983; Kamona and Giinzel, 2007; Schneider et al.,
2008). This carbonate platform in the OML is known for its various clusters of epigenetic
mineralisation related to two major mineralisation stages: the Tsumeb-type
mineralization, which is characterised by distinct sulfide ores enriched in Ag, As, Cd, Cu,
Ga, Ge, Pb, and Zn, and the Berg Aukas-type mineralization which consists of ore bodies
containing Pb, Zn and V (Pirajno and Joubert, 1993; Cairncross, 1997). The Berg Aukas-
type deposits are confined to the lower Abenab Subgroup (Fig. 4.3-1). They were formed
during the first mineralising event that is associated with compaction and dewatering of
sediments of a northern rift (Pirajno and Joubert, 1993; Cairncross, 2021). Tsumeb type
deposits are mainly found in the Upper Tsumeb Subgroup and were formed as a result of
a later metamorphic episode associated with devolatilization reactions during regional
prograde metamorphism of the sediments in the northern rift (Pirajno and Joubert, 1993).

However, despite these author’s conclusions, there is still debate and controversy
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surrounding the genesis of the mineralizations in the OML, and this can be attributed to

the complexity of the overlapping structural features in the area.

The location of the Kombat deposit within the stratigraphy of the OML is shown on Figs.
4.1-1 and 4.3-1. This deposit is located on the northern limb of the Otavi syncline and is
positioned along the contact between the phyllite of the Mulden Group and the underlying
dolostones of the Otavi Group (Deane, 1995; Kamona and Glnzel, 2007; Minz, 2008).
The uppermost part of the Otavi Group consists of dolomite, chert and breccia of the
Hittenberg Formation, while, in the area of Kombat, the lowermost part of the Mulden
Group consists of phyllite, slate, and sandstones of the Kombat Formation (Kamona and
Gunzel, 2007). The deposit is characterized by base metal sulfides mineralisation in
fracture veins and galena-rich alteration breccias that are spatially associated with a

replacement Fe-Mn oxide/silicate mineralisation (Pirajno and Joubert, 1993).

There are at least seven distinct mineralized zones identified in the Kombat deposit, which
are described either as Cu-Pb-Ag Mississippi valley type (MVT) mineralization or as
stratiform, syn-sedimentary Fe-Mn-type mineralizations (Deane, 1995; Nghoongoloka et
al., 2020). Base metal sulfide mineralisation styles include massive and semi-massive ores
to mineralized vein fractures, which are mostly hosted in the dolomites of the Hiittenberg
Formation. Major ore minerals include chalcopyrite, bornite, galena, chalcocite, pyrite,
and tennantite, which are associated with sedimentary breccia, calcitized dolostone and
lenses of feldspathic sandstone (Deane, 1995). Minor ore minerals include malachite,
sphalerite, with calcite, dolomite, and quartz as gangue. Concentration of base metals in
the deposit is attributed to the conversion of anhydrite in the dolostone to calcite via the

release of SO4 to brines by incorporation of CO2 and CH4 from shale of the Mulden Group
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(Trigon Metals, 2017). Additionally, isotope data from Deane (1995) are alluding to a
magmatic and metamorphic source for the mineralising fluids. Structurally, genesis of this
deposit is related to D2, which is coeval to the sedimentation of the Mulden Group (Deane,
1995). Alteration is widespread to locally pervasive and comprises a heterogeneous
assemblage of calcite-quartz-sericite-pyrite-chalcopyrite and minor chlorite-hematite-

pyrophyllite-kaolinite (Deane, 1995; Minz, 2008).
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4.4 Material and Methods

4.4.1 Sampling and petrography

Samples were taken from outcropping sites and heap dumps that consists of materials from
underground mining activities, stored at the mining site. These samples are representative
of the primary sulfide mineralization of the deposit. The samples were collected for the
purpose of a geochemical, petrographic, and mineralogical study. Polished sections were
prepared from the samples at the Geological Survey of Namibia (GSN). The sections were
examined under a Leica DM 4500p polarization microscope under reflected light for
mineralogic and textural properties at the Institute of Applied Mineralogy and Economic

Geology at RWTH Aachen University (RWTH; Germany).

4.4.2 pXRF analysis

Rock samples were dried, crushed, and pulverised to analytical fineness, and subsequently
homogenised for whole-rock geochemical analysis, using the facilities at the GSN.
Sample cups were conventionally prepared at RWTH for pXRF analysis. All cups are
covered with a 4.0 um thick polypropylene film for comparability of results. Portable XRF
analysis was performed at Clausthal University of Technology (Germany) using a Niton™
XL3t RFA analyser equipped with a silver anode (6 to 50 kV, 0 to max 200 pA). Both
major and trace elements were analysed using the factory standard calibration mining
mode with beam count time set to 100 s. For precision and accuracy of the instrument,
different OREAS CRMs (OREAS 623, 134b, 932) with varying Zn and Cu contents,
reasonably covering the concentration range of the sample suite, were analysed. CRMs

were analysed at the beginning and after every fifth samples measurement. Certified
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values of the CRMs used in this study, were compared to the obtained pXRF values for
these materials, whereby standard deviations, relative standard deviations, and percentage
differences were calculated and, in the following, used to evaluate the precision and the
accuracy of the instrument. A full spectrum of major and trace element concentrations
determined by pXRF is provided in the electronic supplementary material (Appendix 4-

la and b).

4.4.3 ICP-MS/ AAS Analysis

Standard ICP-MS/AAS analyses after near total 4 acid digestion were adapted from the
same samples. Pulps of all samples were analysed for Ag (0.005), As (1.0), Ce (0.05), Cd
(0.01), Co (0.1), Cr (1.0), Cu (0.5), Fe (100), Ga (0.1), In (0.02), La (0.1), Mn (5), Nb
(0.1), Pb (2), and Zn (0.5) [lower detection limits, in ppm, are given in brackets] via ICP-
MS at the conventional run SGS Bulgaria LTD laboratory in Serbia. Analyses of added
internal standards verify ICP-MS results of good quality. Samples with elemental
concentrations above the upper detection limit were re-analysed using AAS at the SGS
Bulgaria LTD laboratory. All ICP-MS and AAS results of major and trace elements are

shown in the electronic supplementary material (Appendix 4-2).

45 Results

4.5.1 Ore mineralogy

The mineralisation is hosted in a medium to coarse-grained dolomitic unit and is largely
defined by the ore paragenesis of bornite, chalcopyrite, galena, covellite, and chalcocite,

mainly associated with quartz and calcite (Fig. 4.5-1). Mineralisation is largely textural-
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controlled, but quite variable leading to an overlap of zones of massive, disseminated, and
veinlet-controlled ore mineralization style as well as brecciated mineralized zones.
Petrographic ore textures include the following: skeletal (Fig. 4.5-1 a), replacement (Fig.
4.5-1 a, b, d & f), subhedral to anhedral (Fig. 4.5-1 ¢ &d), enveloping rims (Fig. 4.5-1 e).
Anhedral, brown coloured bornite is the dominant ore mineral. Bornite is overgrown by
thin rims of chalcocite that are commonly associated with galena and pyrite and by fine
patches of covellite (Fig. 4.5-1c, e & f). Frequently, bornite is replaced by coarse-grained
chalcopyrite that forms massive disseminations (Fig. 4.5-1 f). Pyrite is dominantly
medium to coarse grained, exhibiting subhedral to anhedral form and is mostly associated
with chalcopyrite and galena and occasionally enclosed within anhedral galena grains
(Fig. 4.5-1 b & d). Covellite is minor and probably of supergene origin. It forms at the
outer rims of bornite and is mostly within the bornite-chalcopyrite occurrence. Covellite
Is irregular, fine-grained, showing a patchy occurrence within bornite grains, probably
replacing chalcopyrite (Fig. 4.5-1f). Chalcocite is mostly associated with bornite and

occurs irregularly disseminated in the calcite matrix.
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matrix

Fig. 4.5-1 Reflected light microphotographs showing microtextural features of the sufide
ores at Kombat. a) Emulsion texture of massive chalcopyrite and galena embedded in the
dolomitic matrix. b) Disseminated pyrite grains embedded in galena. ¢) Coarse bornite
grains with rims of covellite and minor chalcocite. d) Coarse-grained chalcopyrite with
subhedral grains of pyrite embedded within galena grains. e) Replacement of galena by
chalcopyrite, with subhedral to euhedral form pyrite. f) Bornite crystals largely replaced
by chalcopyrite. Abbreviation: bn-bornite; cp-chalcopyrite, cv-covellite, cc-chalcocite,
gn-galena, py-pyrite.
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45.2 ICP-MS/ASS vs pXRF

ICP-MS analyses point out quite varying element contents within the sample suite. Non-
metal contents such as S and P vary between <0.01 and <2.5 wt.%. The concentrations of
metalloids such as As and Sb vary between <0.4 and <1,100 ppm, of transitional metals
such as Cu, Zn, Ag, Cd, Cr, Co, Nb, and Mn vary between <0.4 and >10,000 ppm, of post-
transitional metals such as Pb and Ga vary between <0.5 and >10,000 ppm and of rare
earth elements such as Ce and La vary between <1 and <2.5 ppm. The concentrations of
Ag, Cu, Fe, Pb and Zn analysed by pXRF are all within acceptable range in comparison
to ICP-MS data. There is a high positive correlation between pXRF and ICP-MS values
for the abovementioned elements as depicted by the R? values (coefficient of correlation;
R%>0.90) in Table 4.5-1. The non-metal elements have a much lower correlation, ranging
between R? = 0.6-0.8. The analytical concentrations of Cr, Co and Nb were largely below

the lower analytical detection limits of the pXRF analyser.

Table 4.5-1 Correlation coefficients applicable to pXRF data

Element Mean Value Error Error (%) R?
(Wt%)

Ag 0.003 0.001 33 0.99

Cu 0.60 0.008 1.40 0.97

Fe 4.08 0.042 1.03 0.99

Pb 1.79 0.020 1.80 0.96

Zn 144 0.023 1.50 0.96
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Element correlations were studied in all samples using ICP-MS/AAS obtained data (Table
4.5-2). A relatively strong correlation was observed between a number of elements such
as; As with Cd and Zn ( Rasica=0.89; Rasizn=0.98); Cd and Zn (Rcdizn= 0.86); Ce with Ga,
Th and Yb (Rce/ca=0.82, Rces 1v=0.86; Rcery=0.93); Cs with K and Rb (Rcsk=0.91;
Rcsrb=0.91); Fe with Sr, U and W (Rre/sr=0.96; Rreru=0.89; Rrew=0.99); Ga with Th, Y
and Yb (Rewm=0.88; Rcat=0.87; Rcavb=0.86); La with P and Y (RLar=0.82;
RLay=0.86); Lu with Sr, Tb, Y and Yb (RLws=0.86; RrLut=0.94; RLuwy=0.87;
RLuwvb=0.98); Sr with U and W (Rsru=0.91; Rspw=0.97); Tb with Y and Yb (Rtbv=0.95;

R1b/vp=0.95); U and W (Ruw=0.91) and Y and Yb (Rv/v»=0.88).
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Table 4.5-2 Correlation coefficient between various elements of the Kombat sulfide mineralization, all analysed by ICP-MS-AAS

Ag As Cd Ce Co Cr Cs Cu Fe Ga K La Li Lu Mg Mn Mo Ni P Pb Rb Sh Sr Th TI U \Y W Y Yb Zn
Ag 1
As -0.08 1
Cd 0.07 089 1
Ce -0.30 -0.04 0.02 1
Co -0.16 045 050 035 1
Cr -0.30 021 0.12 0.08 0.06 1
Cs -0.15 009 013 051 013 011 1
Cu 0.76 0.10 0.16 -0.32 -0.05 -0.20 -0.29 1
Fe -0.09 -0.03 037 016 -0.13 002 -011 -0.06 1
Ga -0.31 -0.08 0.01 082 031 -009 040 -042 041 1
K -0.22 -0.13 -0.01 063 015 -0.02 091 -0.35 -0.07 061 1
La -0.23 -0.25 -0.27 081 -0.07 017 0.28 -0.34 0.08 064 041 1
Li -0.23 -0.05 0.02 029 -002 010 0.79 -030 -020 019 073 010 1
Lu -0.28 -0.11 0.01 075 0.12 -0.03 0.27 -029 071 084 040 060 005 1
Mg -0.12 -0.24 -0.26 -0.28 -0.22 -0.19 0.14 -0.28 -0.27 -0.25 0.14 -0.21 015 -038 1
Mn 019 019 019 -020 -0.13 -0.17 -0.08 022 -0.19 -0.29 -0.15 -0.23 0.13 -023 -018 1
Mo -0.17 0.06 013 056 025 013 -013 -0.14 071 063 -005 043 -029 079 -0.38 -0.18 1
Ni -0.09 -0.15 -0.28 0.08 0.02 -0.32 0.15 -0.28 -0.77 -0.02 022 019 020 -03 014 026 -051 1
P -0.21 -0.27 -0.22 0.74 -0.08 0.00 0.67 -040 -0.09 061 078 082 049 044 011 -016 006 033 1
Pb -0.09 017 0.27 013 0.78 003 009 -012 -0.05 032 020 -012 -0.04 0.08 -0.12 -0.34 010 -0.04 -0.07 1
Rb -0.20 -0.01 0.09 059 025 004 091 -026 -0.01 057 097 029 073 037 006 -008 -002 008 067 026 1
Sb -0.12 064 055 -0.04 035 023 -013 046 007 -016 -02 -0.23 -0.14 -0.06 -0.31 0.07 0.08 -0.38 -0.31 008 -004 1
Sr -0.11 -0.11 0.03 030 -0.16 -0.05 -0.04 -0.19 096 058 005 023 -015 081 -0.28 -0.19 0.75 -0.60 0.06 -0.06 0.07 -0.11 1
Th -0.27 -0.08 0.02 086 0.16 004 036 -034 054 088 049 075 008 094 -039 -03 070 -018 061 0.15 044 -013 067 1
Tl -0.15 032 042 062 080 001 034 -020 -014 064 047 031 015 032 -0.18 -011 036 0.18 033 067 050 013 -004 042 1
U -0.13 -0.11 0.10 026 0.01 -0.03 0.03 -022 0.89 060 014 017 -0.15 076 -0.25 -0.26 0.64 -058 0.08 026 017 -0.13 091 067 0.08 1
Vv -0.16 020 042 037 060 009 008 -0.16 066 056 013 0.04 -0.11 0.64 -0.30 -0.18 0.71 -055 -0.06 059 024 013 063 056 048 077 1
W -0.09 -0.10 0.19 016 -0.21 001 -0.08 -0.15 099 043 -0.03 012 -0.18 071 -0.21 -0.19 0.68 -0.70 -0.03 -0.08 0.00 -0.08 0.97 057 -017 091 062 1
Y -0.32 -0.13 -0.07 093 0.18 002 035 -0.36 034 087 050 08 012 087 -035 -029 066 002 069 007 042 -0.13 050 095 048 045 039 036 1
Yb -031 -0.13 -0.05 077 013 -005 029 -031 069 086 043 060 008 098 -034 -03 078 -032 046 011 041 -007 079 095 034 076 063 070 088 1
Zn -0.09 098 086 -0.10 038 021 0.05 020 -0.05 -0.15 -0.16 -0.29 -0.05 -0.16 -0.23 0.21 0.00 -0.17 -03 010 -0.03 074 -0.14 -0.14 024 -0.15 012 -0.13 -0.19 -018 1
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4.5.3 Precision and accuracy

Assessment of sample precision and instrument precision was done according to the
studies of Le Vaillant et al. (2014), Piercy and Devine (2014), and Simandl et al. (2014a).
For determination of sample precision, pXRF and ICP-MS/AAS results of four samples
from the OML (KC002: brecciated, sulphide-mineralised zone; KH002: chalcopyrite-rich
dolomite; KENOO4: coarse grained dolomite, rich in galena; and KENO002: massive,
disseminated chalcopyrite and bornite), were examined. The instrument’s precision was
determined by analysing matrix-matched CRMs (OREAS 932, 134b, 623), with a range
of concentration of elements matching the elemental concentration range of the samples.
The instrument’s precision of selected elements is illustrated graphically (Fig. 4.5-2) using
the relative standard deviation (RSD) obtained from pXRF results of samples combined
with the certified values of the CRMs. The RSD was calculated using equation 1; the
accuracy was derived from the percentage difference (%diff) which was obtained using

equation 2.

SD
X(pXRF)

%RSD = 100% [equation 1]

X(pXRF)—x(CV)
x(CV)

%d = *100% [equation 2]

Whereby SD is the standard deviation and X(pxrr) is the mean of the respective pXRF
value. The percentage difference (%diff) represents the deviation of the pXRF analysed
value of a selected element (X(pxrr)) of a CRM from the respective certified value of the

CRM (X(CV)).
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Table 4.5-3 Assessment summary table of sample precision and accuracy. The table
summarizes the relative standard deviations (RSD), mean pXRF values (x(pxrF)), the
standard certified values (CRV), and the percentage differences (%diff) of the samples

KEN002, KEN004, KC002 and KHO002.

KENO002
X(oxzr) CRV sD RSD O%diff
Ag 0.001 0.001 0.001 91.287 186
Ba 0.015 0.001 0.002 14.142 1775
Cu 0.347 0.544 0.002 0.676 -36
Fe 0.627 0.890 0.006 1.013 -30
Mn 0.565 0.618 0.009 1.530 -8.55
Pb 0.725 1.150 0.004 0.572 -37
Sr 0.016 0.003 0.001 2.830 5.33
S 0.389 2.100 0.010 2529 -81
Zn 0.007 0.006 0.001 6.211 19
KEN 004
Ag 186 0.001 0.001 0.001 39.123
Ba 1775 0.029 0.001 0.003 9.118
Cu -36 2.296 2.150 0.020 0.886
Fe -30 3.501 3.930 0.006 0.177
Mn -8.55 0.826 0.784 0.012 1.469
Pb -37 1.626 1.450 0.009 0.573
Sr 5.33 0.020 0.018 0.005 2.259
S -81 2.138 4.300 0.053 2.469
Zn 19 0.046 0.038 0.002 3.606
KC002
Ag 0.001 0.001 0.001 56 31
Ba 0.063 0.051 0.002 2.848 22
Cu 0.652 0.737 0.004 0.546 11
Fe 0.280 0.260 0.004 1.530 7.54
Mn 0.417 0.458 0.005 1.181 -8.86
Pb 0.066 0.095 0.001 1.738 -31
Sr 0.011 0.011 0.000 0.0 3.77
S 0.072 1.300 0.002 2.095 -94
Zn 0.005 0.002 0.001 24 113
KH002
Ag 0.001 0.001 0.001 37 97
Ba 0.009 0.002 0.002 19 462
Cu 4.662 6.910 0.028 0.600 -32
Fe 4.893 5.270 0.013 0.271 -7.15
Mn 0.523 0.488 0.006 1.107 7.19
Pb 0.003 0.002 0.001 21 53
Sr 0.014 0.013 0.001 3.149 5.97
S 2.445 3.500 0.052 2.122 -30
Zn 0.046 0.038 0.002 4.734 22
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A summary of the statistical data for CRMs, including averages, standards deviations as
well as relative standard deviations and percentage differences are presented in Appendix

4-3.

Using the classification criteria adopted from Piercey and Devine (2014), the instrument’s
precision ranges from excellent to very good for Cu, Zn, and Pb with 0.13 <%RSD <7.4
(Fig. 4.5-2). Similarly, the sample results reveal that Cu, Zn, and Pb show an excellent to
very good precision with the exception of one Pb value which is considered as an outlier
(sample KHO002; RSD >10%; Table 4.5-3). Accuracy is deduced from the %diff, noting
that this is representative of the systematic error for each given element. Accuracy for all
elements with %diff value of <10% are considered as excellent, and a value between 10%
and 20% as good. All data within these ranges can be used for interpretation, while %diff
values of >20% are considered to be too poor so that they cannot be used for interpretation
according to Hughes and Barker, (2018). Certified reference materials yielded good
accuracy for Cu, Zn, and Pb (%d <15), however, there is at the samte time a large variation

in sample accuracy for Cu, Zn and Pb (6 < %d >100).

Iron and Mn values are of excellent to very good precision (0.1 < %RSD < 3.6) for both
samples and CRMs. There is a slight variation in accuracy for Fe values in both CRMs
and samples, ranging from very good to poor. Manganese, in contrary to Fe, yields a better
accuracy in both samples and CRMs. Both Ag and Ba have low precision and accuracy in
CRMs and samples. Certified reference materials with an average concentration of Ag of
0.02 wt.% have a fairly good precision with <5.5%, but a relatively poor accuracy of only

<25%.

50



30.00

25.00

20.00

HRSD

Oreas 134b

Oreas 932

Rb 56 P st Al K Ag Ba Cd Mn Cu Ca

%RSD

s I P Fe A S0V P S Pb Ca Z Man T K Zn B A S

Oreas 623

Se P C Ag Fb

T A Mn Zr Ba S5 Ca S K Pb Cu Fe ZIn

Fig. 4.5-2 . Line graphs showing the relative standard deviations (%RSD) of pXRF results
and certified values of selected elements of the OREAS 37, 134b, and 932 CRMs.

4.6

Discussion

The Kombat deposit can be described as a discordant structurally controlled sulphide

mineralization that forms part of the complex mineralogically, and it is classified as

cupriferous Tsumeb-type deposit, as discussed in Frimmel et al. (1996), Melcher (2003),

and Kamona and Giinzel (2007). Chalcopyrite, bornite, pyrite, and galena are the most

abundant sulfide minerals, with minor occurrence of covellite and chalcocite (Fig. 4.5-1).

Chalcopyrite, bornite, pyrite, and galena are mainly fine to medium grained and subhedral.

The minor minerals are either presented as intergrowths or rims surrounding the primary

ore minerals of the deposit (Fig. 4.5-1).
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Out of all the trace elements analysed, at least 12 of these are present in measurable
concentrations and have an arithmetic mean that is above bulk continental crust (bcc)
estimates (Fig. 4.6-1; data for comparison from Rudnick and Gao, 2003). There is a clear
enrichment of Pb, Cu, Ag, As, Cd, S, and Sb, and a less pronounced enrichment of Mn,
Mo, and P. Most major elements show a slight depletion compared to bulk continental
crust or are neither enriched nor depleted. Squares reflect the arithmetic mean; arrows
reflect the concentration range of each element. If elements have values below analytical
detection limit (grey arrow tip) the lower element range was set to half lower detection
limit. All values below analytical detection limit are considered with half detection limit.
Lithophile elements such as Rb, Hf and U are significantly depleted (with mean values
ranging between 0.02 and 0.70 ppm) compared to bcc, with an exception of W and Mn
(mean 1.71-9.41 ppm) which are moderately enriched. Siderophiles such as Fe, Co, and
Ni are largely depleted (mean 0.10-0.55 ppm); however, P shows a somewhat enrichment
with a mean of 7 ppm. Most of the chalcophiles in the samples are enriched in comparison
to bcc. The highest enrichment is observed in Pb, Cu, As, and Ag (mean 115-680 ppm),
which are at least 100 times more than the average bcc, but Bi and Ga are depleted (mean
<0.3 ppm). These elements are all associated with the bornite-chalcopyrite-galena mineral
assemblage. Bowell (2014) and Bowell and Mocke (2019) described a variety of As-
bearing minerals that are typical for the Tsumeb deposit and since the Kombat deposit is
classified as a ‘Tsumeb-type deposit’, the enrichment of As in the Kombat deposit as
shown in Fig. 4.6-1, can be correlated to various arsenic minerals of the main Tsumeb

deposit.
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Fig. 4.6-1 Enrichment of elements of Kombat ore in comparison to bulk continental crust
(data from Rudnick and Gao, 2003) based on ICP-MS data.

The evaluation of the correlation or match of pXRF results and ICP-MS results is done

using the coefficient of determination (R?; Fig. 4.6-2). There is a strong correlation

10000
Enrichment of elements (x times) in comparison to bulk continental crust



between values of samples obtained via pXRF and laboratory-driven ICP-MS/ASS values
for most of the metallic elements of interest, e.g., Ag (R? = 0.99), Cu (R? = 0.97), Fe (R?
=0.99), Pb (R?=0.96), and Zn (R? = 0.96). Most elements including Cu, Pb, and Zn were
measured with an adequate accuracy by pXRF (%diff <10), based on the precision
qualification from Piercey and Devine (2014). However, this is mostly applicable for
samples with concentrations well above the lower detection limit of the instrument. If
elements are low to very low in concentration, there seems to be an underestimation of
values by pXRF. Additionally, elements such as Ag with a low concentration have the

highest analytical error (Table 4.5-1).

PXRF (i)
w

%6 0008 001 O 4 6
AgICP-MS (wt%) CuICP-MS (wt%) Fe ICP-MS (w1%)

§ 8

Pb DXRF (wi%)

Mn pXRF (wt%)
2 H
(w)

g8 2 8 8

1 15
Mn ICP-MS (wt%) Pb ICP-MS (W)

Fig. 4.6-2 Scatter plot diagrams, showing the correlation between the ICP-MS obtained
results (x-axis) and pXRF results (y-axis) for all analyzed samples.

Most of the trace elements detected by ICP-MS such as Ga, Nb, Cr, V and W were not

picked up by the pXRF. This is mostly because they are too low in concentration and well
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below the detection limit and therefore could not be detected by the pXRF instrument. In
cases when the elements cannot be detected by the instrument, either due to low
concentration or factory calibration of the instrument, pathfinder elements can be used to
infer the presence of those trace elements. Pathfinder elements are elements that have a
positive correlation with the selected trace elements and can be analyzed by the pXRF

accurately and precisely.

Based on the data from ICP-MS for the samples analysed, there hardly a positive
correlation observed between the elements detectable by pXRF and the trace elements that
are not detectable by pXRF. There is a positive correlation observed between Y and Yb,
Y and Th, Y and Lu, Yb, and Lu (Fig. 4.6-3); however, all the elements showing positive
correlations cannot be measured using pXRF, therefore they cannot be used as pathfinders
for this purpose. For that reason, it can be argued that pXRF is an effective rapid tool in
geochemical exploration of the analyse of selected elements like Ag, Cu, Fe, Pb, and Zn
of carbonate-hosted sulfide mineralized zones. However, there is still a need for it to be
paired with other traditional geochemical analytical methods to get an overview of the

whole elemental concentration spectrum.
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Fig. 4.6-3 Binary plots showing positive correlations between selected elements. Element
concentrations are plotted in ppm. A) Yvs. Y b) Tbvs. Y, ¢) Luvs. Y, d) Lu vs. Yb.

4.7 Conclusion

Portable XRF obtained results of carbonate-hosted Pb-Zn-Ag ores match adequately well
with ICP-MS obtained results of the same samples. This indicates that pXRF is capable
to detect the concentration of trace elements, with sufficient precision and accuracy, in
carbonate-hosted sulphide mineralized zones; and can thus be used as a successful
geochemical exploration tool for these types of sulphide ore deposits. However, when the
metal concentration is relatively low, there is a quantitative under-estimation of trace
element values by pXRF. Nevertheless, pXRF is an effective low-cost method that can be
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easily used in geochemical exploration to obtain quantitative results of selected metal
concentrations of sulfide mineralized zones. As Kombat sulfide ore comprises beside Cu
other elements of interest as e.g. Pb, Ag, and As, exploration of similar carbonate-hosted
deposits using pXRF tools might be an adequate means in projects with minor access to
expensive laboratory facilities. However, pXRF is not capable of analysing Ga and other

trace elements when present in low concentrations.
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Abstract

The Kombat Cu-Pb-(Ag) deposit, hosted by the carbonate units of the Huttenberg
Formation is classified as a Tsumeb-type deposit. The deposit hosts a sulfide
mineralisation that is dominated by chalcopyrite and bornite. Chalcopyrite and bornite are
major sulfide minerals with crystal structures that can accommaodate significant amounts
of other commodities. The herein presented study focuses on the concentration of Ga and
In and associated metals within chalcopyrite and bornite of the Kombat Cu-Pb-(AQ)
deposit in the Otavi Mountain Land, Namibia. This chapter aims to correlate base metal
element concentrations with Ga and In concentrations in the above-mentioned mineral.
Insitu trace element analyses in bornite and chalcopyrite were determined by LA-ICP-
MS. Both, bornite and chalcopyrite show large concentration variations for minor and
trace elements (e.g. 192 ppm> Ag <257 ppm and 2.78 ppm > Ag < 3.57 ppm respectively).
Gallium concentrations are present in a range greater than 1 ppm in bornite, while
chalcopyrite has significantly higher concentrations of Ga (<14 ppm). Indium
concentrations are below the detection limit in bornite, and they are relatively low in
chalcopyrite grains (<0.10 ppm). Element correlation plots show that high Ga

concentrations correlate with low Ag concentrations in chalcopyrite and correlation
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between Ag and Pb is weak in both bornite and chalcopyrite. Additionally, chalcopyrite
grains with significant amounts of Ga always contain traces of In. Further studies will
investigate the influence of the concentration of base metals on the distribution of the
above. This chapter is an expansion of the extended abstract that was presented at the 15%

Biennial SGA meeting Glasgow, Scotland (August 27-30, 2019).

Keywords: Kombat deposit, Indium, Gallium, LA-ICP-MS- Otavi Mountain Land
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5.1 Introduction

Critical raw materials are essential for economic growth, especially in terms of
technological evolution. Economic importance and supply risks are the two parameters
frequently used to determine how critical the raw materials are (Graedel et al., 2011).
Gallium and In are critical for a variety of high technology applications, such as in
semiconductors, wide angle camera lenses as well as pharmaceutical industries (Paradis,
2015). These elements are mainly recovered as by-products of base metals from Zn and
Cu deposits. The trivalent Ga is considered as a trace element with a crustal abundance of
17 ppm, which is commonly associated with aluminum ores, zinc ores, iron ores, and coal
(Redlinger et al., 2015; Frenzel et al., 2016). Indium is typically associated with minerals
such as Zn, Cu and Fe-Sn sulfides. It dominantly occurs as In-bearing mineral in Pb—Zn
ores as well as concentrates is sphalerite (Cook et al., 2011; USGS, 2019). Indium is a
highly volatile chalcophile, with a crustal abundance estimated to be at about 0.05-0.072
ppm (Taylor and McLennan, 1985). Thus far only China, Belgium, Canada, Japan, and

the Republic of Congo are known for primary production of In (Shanks et al., 2017).

This chapter presents a combined mineralogical and geochemical study of bornite and
chalcopyrite mineralization from the Kombat Cu-Pb(-Ag) deposit hosted in carbonate
rocks of the Otavi Mountain Land, Namibia. This study aims to correlate the relations
between base metal elements and Ga and In concentrations in the chalcopyrite and bornite
mineral phases. Both, bornite and chalcopyrite are stable copper minerals and major
source of copper metal and can be associated with other high value commodities of foreign

elements (Wang, 2005).
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5.2 Geological background

5.2.1 Regional Geology

The Otavi Mountain Land (OML) province is located at the transition between the
Northern Zone and Northern Platform of the Neoproterozoic Damara Orogen. The
Damara Orogenic Belt is best described in Martin and Porada (1977), Miller (1983,
2008b), and Pirajno and Joubert (1993) as a late Proterozoic suture zone between the
Kalahari and Congo Cratons. The OML province consists of various base metal sulfide
deposits, which are hosted within the sedimentary units of the Damara sequence (Kamona
and Gunzel, 2007). To date there are at least two mineralisation episodes that are known
to be responsible for the formation of various deposits in the OML province (Pirajno and
Joubert, 1993). Type one, formed by the first event, is classified as the Berg Aukas-type
deposit, which was associated with the compaction and dewatering of sediments in a
northern rift, and the second type is the Tsumeb-type deposits that were formed as a result
of a much later episode that was associated with devolatilization reactions during regional

prograde metamorphism of the sediments in this northern rift (Pirajno and Joubert, 1993).

5.2.2 Geology of the Kombat deposit

The Kombat mine comprises of the Kombat Cu-Pb-(Ag) mineralisation, which is hosted
in the dolomitic units of the Otavi Group (Kamona and Giinzel, 2007). This mineralisation
is located at the northern limb of the Otavi valley syncline, hosted by the dolostones of
the Hutternberg Formation, which consist of dolostones, oolite, breccia, chert, shale and

stromatolite (Fig. 5.2-1; Kamona and Giinzel, 2007; Trigon Metals Inc, 2017).
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Fig. 5.2-1 Stratigraphic column of the Otavi Mountain Land, Namibia, highlighting the
different groups, subgroup, formations, lithologies as well as deposits hosted within the
Otavi Mountain Land province. Modified after: Kamona and Giinzel, 2007).

There are at least seven mineralized zones that are associated with this deposits, Asis Ost,
E900, Kombat East, Kombat Central, Kombat West, Asis West and Asis Far West
(Changara, 2009; Nghoongoloka et al., 2020). They further stated that mineralisation at
Kombat is categorised into two types: the Missisipi Valley type (MVT) which is

characterised by Cu-Pb-Ag =Zn and the Fe-Mn mineralisation, which is classified as a
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stratiform syn-sedimentary deposit. Formation of the Kombat mineralisation is attributed
to a brine hydrothermal fluid system with temperatures estimated to be at ~183°C

(Nghoongoloka et al., 2020).

5.3 Methodology

Bulk ore geochemical analysis for major and trace elements concentration was conducted
to characterize geochemical variability of the deposit. Thirty-one representative samples
of mineralised and host rock collected from the Kombat central, Kombat hean and Kombat
E900 were pulverised to 75 um at the Geological Survey of Namibia and were sent to
Central analytical Facility, Stellenbosch, and ACTSIlab Canada for whole rock analysis.
Epoxy mount polished sections were prepared at the Geological Survey of Namibia, from
samples collected during a field exclusion at Kombat mine for petrographic study and LA-
ICP-MS analyses. Petrographic analyses were done using a Leica DM 4500p transmitted
and reflected light microscope at RWTH Aachen University, Germany. Laser ablation
inductively coupled plasma-mass spectrometry (LA-ICP-MS) was used to measure trace
element concentrations in bornite and chalcopyrite. Spot analysis of element
concentrations of bornite and chalcopyrite was done on pre-selected sites based on
petrographic study conducted on the samples. The LA-ICP-MS system comprises a
NewWave UP193Fx (ArF-Excimer-Laser) operated at 150 um laser beam diameter and 6
Hz repetition rate connected to a quadrupole ICP-MS system (PerkinElmer Elan DRCe).
Total analysis time was 100 s, approximately 40 s on background and 60 s on signal.
MASS-1 reference material was used as an external calibration standard, and sulfide

stoichiometric concentrations of bornite (25.56% S) and chalcopyrite (34.94% S) were
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used as internal standards. Analytical reproducibility is better than 10% for all trace
elements. Full LA-ICP-MS results and bulk ore geochemistry are presented in appendix

5-1 and 5-2 respectively.

5.4 Result

5.4.1 Petrography

Petrographic examination of polished sections from the Kombat mineralisation reveals
that the primary ores are massive, disseminated, and to a certain extent brecciated. There
are three distinct ore assemblages observed in the samples: (1) bornite-chalcopyrite-
covellite, (2) bornite-galena-chalcocite and (3) bornite-chalcopyrite (Fig. 5.4-1). The
primary sulphide mineralization consists of bornite, galena, and chalcopyrite, while
covellite, and chalcocite are the secondary minerals. The common gangue minerals are
dolomite and calcite. The primary ore textures comprise of subhedral-anhedral grains,
disseminations, intergrowths, and replacement textures. Bornite is characterized
throughout by anhedral coarse-grained texture with grains size in a range up to 1 cmin
diameter, and it is replaced by chalcopyrite and chalcocite in most samples (Fig. 5.4-1a-d
and i). Most of the bornite grains are light orange in color, while some exhibit a light grey

color.
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Fig. 5.4-1 Microphotography in reflected light showing ore mineralogy and textures
observed. a) Bornite replaced by chalcopyrite with intergrowth of covellite; b) Bornite
replaced by chalcopyrite; c¢) dissemination of bornite, chalcocite and galena; d)
Intergrowth of bornite and chalcocite; e) subhedral pyrite grains associated with
chalcopyrite, galena and sphalerite; f) replacement of pyrite by galena; g) chalcopyrite
replacement by galena; h) deformation cleavage in galena that is replacing chalcopyrite;
i) Bornite and chalcocite in carbonate matrix. Abbreviations: Bn-bornite, Cp=
chalcopyrite, Cc=chalcocite, Cv=covellite, Cal=calcite, Sp= sphalerite; Gn=galena.

Galena is fine grained and occurs mainly as inclusions in bornite and exhibit deformation
cleavage (Fig. 5.4-1 c, and h). Galena commonly replaces chalcopyrite and pyrite (Fig
5.4-1 f, g, and h). Chalcopyrite displays a replacement texture and is massively
disseminated within the dolomite. Sphalerite occurs as a minor mineral, exhibiting

anhedral crystal shape with inclusions of chalcopyrite (Fig. 5.4-1 ). Covellite is mainly
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observed in the brecciated zone and occurs as veinlets and intergrowths in bornite that is

replaced by chalcopyrite (Fig. 5.4-12 a).

5.4.2 Bulk ore geochemistry

Major oxides analysis was done on 13 samples of the Kombat deposit from the Kombat
E900 pit. All sample shows a record of high CaO ranging from 29.93 wt% to 45 wt%,
while MgO and Si2O both have a wide range, with content ranging from 1.39 wt% to
21.09 wt% and 0.16 wt% to 17.38 wt% respectively. The Fe203 content is significantly
low in most sample ranging between 0.24 wt% and 4.75 wt%, and this can be due to the
presence of abundant pyrite in the samples, taking up most of the Fe. Other oxides such
as NiO, Al203, MnO, NaO, K20, TiO2, P20s, Cr20s, and V20s all have low content that

are below 2 wt%.

Copper, Pb, and Mn are the dominant metals in the Kombat E900 pit’s samples with
content ranging between 0.035 wt% to 6.9 wt%, 0.0002 wt% to 8.8 wt%, and 0.054 wt%
to 0.997 wt% respectively. The content of other metals such as Zn (0.0014 wt% to 0.2
wit%), Ag (0.029 ppm to 19.6 ppm), Cd (0.01 ppm to 72.9 ppm) and Ga (0.05 ppm to 3.4
ppm) are relatively low. Samples from Kombat central pit has much lower content, with
Cu, Pb, Zn, Ag, Cd and Ga concentrations ranging between 0.008 wt% to 1.4 wt%, 5 ppm
to 2405 ppm, 9.2 ppm to 166 ppm, 0.14 ppm to 6.1 ppm, 0.73 ppm to 11.51 ppm and 0.8
ppm to 2.9 ppm respectively. Kombat central is dominated by Cu (range: 77 ppm to 14700
ppm), Mn (range: 3092 ppm to 7091 ppm), and Pb (5 ppm to 2405 ppm). Other metals

such as Ag (range: 0.14 ppm to 6.1 ppm), As (range: 1.3 ppm to 380 ppm), Cd (0.73 ppm
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to 11.51 ppm), Ga (range: 0.80 ppm to 2.9 ppm), and Zn (range: 9.2 ppm to 166 ppm) are

relatively low in concentration.

5.4.3 Trace element concentration in bornite and chalcopyrite.

Results obtained for trace element concentrations by LA-ICP-MS for bornite and
chalcopyrite element concentrations’ mean, median, max’, and min are listed in Tables
5.4-1 and 5.4-2 respectively. The data obtained consists of 342 spot analyses in bornite
and 184 spot analyses in chalcopyrite. Representative time-resolved LA-ICP-MS depth

profiles are shown in Fig. 5.4-2 & 5.4-3.

5.4.3.1 Trace elements in Bornite

Silver, Bi, Fe, Ga, Pb and V values are well above the detection limit in most of the bornite
grains analysed, whereas Cd, Sh, and W were detectable only in a few grains. Bornite
exhibits significantly high Ag contents in all the samples examined (Table 5.4-1). All
bornite grains contain Ag with a mean concentration ranging between 100 and 290 ppm
(median 194-259 ppm; Fig. 5.4-2). There is a variation in Pb concentration, with most
values typically in the range of >1 ppm, except for some bornites in KH0517 sample and
KHO0515 sample with values as high as 1200 ppm, indicating a possible galena micro-
inclusion in bornite. Spot P7.11 (Fig.5.4-2 b) records the highest Pb concentration (>1200
ppm) and based on the time-resolved signal diagram it is associated with a peak of Ag and
Bi, alluding to a possible galena inclusion in the bornite (Fig. 5.4-2 a & d). All samples
contain measurable Ga concentrations in bornite although there is a relatively low, varying
between 0.8 and 7.6 ppm (median 1.1-1.3 ppm). Vanadium concentration in bornite grains

where detectable varies significantly, ranging between 2.2 ppm (KH0517) and 75 ppm

67



(KHO0516). There are no absolute values for In in bornite. If detectable, Cd, Sh, and W are

all in low concentrations in all the samples (mean 2.4 ppm, 0.3 ppm and 0.9 ppm; median

2.5 ppm, 0.3 ppm and 0.8 ppm, respectively).

Table 5.4-1 Mean concentrations for minor and trace elements in Bornite (ppm) by LA-

ICP-MS.

\ Ga Ag Cd Sb w Pb
KHO0517
Mean 4.6 1.5 257 24 0.3 0.9 93
Median 3.8 1.1 259 2.5 0.3 0.8 5.9
Min 2.2 0.7 207 1.9 0.2 0.4 1.4
Max 12. 7.6 281 2.7 0.4 2.3 1270
KH0516
Mean 133 15 242 - - - 1.1
Median 5.3 1.3 244 - - 1.1
Min 2.3 0.9 213 - - - 0.7
Max 75 2.9 292 - - - 1.8
KHO0515 \% Ga Ag Cd Sb W Pb
Mean - 1.3 191 - - - 74
Median - 1.3 195 - - - 12.6
Min - 0.8 100 - - - 2.6
Max 359 3.1 239 1.9 - - 656
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Fig. 5.4-2 Representative time-resolved LA-ICP-MS depth profiles for analysed bornite.

Pearson’s matrix correlation (Table 5.4-2) indicates that there are positive correlations
between Fe and Bi (0.70), and Fe and Cd (0.45), suggesting a possible incorporation of
Cd and Bi in the bornite crystal lattices. Cook et al. (2011b) reported Bi inclusion in
bornite via a solid solution, which resulted in micro inclusion. There is a strong positive
correlation between V and Ga (0.90), suggesting that the two elements coexist and can

possibly substitute in the bornite mineral lattice.
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Table 5.4-2 The Pearson matrix correlation coefficient of Bornite trace element
concentration. Green blocks reflect a significant link between the elements, pink blocks
represent a moderate correlation, and cream blocks represent no correlation.

4 Fe Ga Ag Cd Sb w Pb Bi
Vv 1.00
Fe 0.16 1.00
Ga 0.90 0.11 1.00
Ag -0.05 -0.26 -0.11 1.00
cd -0.60 0.15 0.28 0.31 1.00
Sb -0.03 0.45 0.08 0.28 1.00 1.00
w 0.29 -0.06 -0.27 -0.11 0.42 -0.11 1.00
Pb -0.09 0.05 -0.09 0.08 -0.19 0.28 -0.24 1.00
Bi 0.29 0.70 -0.02 -0.11 -0.61 0.23 0.26 -0.19 & 1.00

5.4.3.2 Trace elements in chalcopyrite

There is a detectable amount of Ag, V, Ga, In, Pb, and W in the chalcopyrite grains of the
Kombat deposit. Elemental concentrations in chalcopyrite is summarised in Table 5.4-3.
Gallium has a significantly higher concentration in chalcopyrite compared to bornite in
all the samples studied. KH0517 has a high concentration of Ga (mean: 13.22 ppm) and
moderate concentration of Ag and Pb (mean: 3.57 ppm; mean: 6.10 ppm, respectively).
Vanadium concentration is low (mean: 1.94 ppm), while In is low in concentration with a
single spot in sample KHO0517. Indium is detectable in some of the chalcopyrite grains in
the other two samples with relatively low concentration varying between 0.1 ppm and 0.4
ppm. Germanium is detectable in limited grains of chalcopyrite, with relative low

concentrations (<4 ppm).
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Table 5.4-3 LA-ICP-MS Mean concentrations for minor and trace elements in
chalcopyrite (ppm). Owing to restrictions of the MASS1 standard, In is given as

information values.

\Y Ga Ge Ag In W Pb
KHO0517
Mean 1.9 13.2 - 3.6 - 09 6.1
Median 1.3 12.9 2.1 - 09 49
Min 0.8 11.6 - 0.9 - 0.5 33
Max 5.0 166 29 146 09 14 110
KHO0516
Mean 30.5 12.5 - 2.8 04 - 1.6
Median 30.6 13.2 - 23 04 - 1.6
Min 23.4 10.5 - 1.2 03 - 0.8
Max 37.4 13.9 - 5.1 04 - 23
KHO0515
Mean - 14.1 3.7 3.1 02 - 8.5
Median - 14.3 3.7 1.5 02 - 3.6
Min - 10.8 3.6 0.5 0.1 - 0.6
Max 166 3.9 192 02 53 433

7



"
0516P19 27-Chalcopyrite | 0516P22 72-Chalcopyrite L
10004 -
1

Time, sec.

0,
@ 0516P24 74-Chalcopyrite 0515P33 45-Chalcopyrite

Time, sec.

Figure 5.4-3 Representative time-resolved LA-ICP-MS depth profiles for analysed

chalcopyrite.

Pearson’s matrix correlation summarised in Table 5.4-4, shows that Fe and V, and Fe and
In have a positive correlation, with values of 0.80 and 0.89 respectively. This suggests a
possible incorporation of the mentioned elements in the chalcopyrite crystal structure.
Silver and Pb (0.66) .and Pb and Sb (0.69) yield a positive corelation, suggesting possible

galena micro-inclusions within the chalcopyrite grains.

Table 5.4-4 Pearson’s correlation matrix for the analysed trace elements in
chalcopyrite.

v Fe Ga Ag In Sb w Pb

Pb - -0.05 -0.13 0.66 -0.17 0.69 -0.24
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5.5 Discussion

The main ore minerals in the Kombat deposit are bornite, chalcopyrite, pyrite, galena,
chalcocite, and sphalerite. Mineralisation is hosted within carbonate rock units, with

mineralisation styles classified as massive, disseminated, and brecciated.

The incorporation of trace elements in sulfide mineralisation can occur as micro-
inclusions or via stoichiometric substitution of major elements with respect to a particular
mineral phase (Huston et al., 1995). Concentration of the trace elements analysed in
chalcopyrite and bornite phases of the Kombat mineralisation are presented in the box and
whisker plots in Figure 5. The variation in elemental concentration and lack of correlation
between various trace elements in both bornite and chalcopyrite is a clear indication of
micro-inclusion in both mineral phases. Bornite is considerably one of the good mineral
phases that is receptive to precipitate silver (Palmer, 1915). In this study Ag is present in
high concentration, appearing as a solid solution in the bornite phase. However, based on
the Pearson matrix correlation, there is a lack of correlation between Ag and all the
analysed trace element in bornite. Additionally, there is no apparent correlation between
the other trace elements that are analysed within the bornite phases in our study (Fig.5.5-

2).
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Fig. 5.5-1 Box and Whisker diagrams representing trace element concentration in a)
bornite phases, b) chalcopyrite phases of the Kombat deposit. * Fe concentration is in
wit%.

Chalcopyrite is known to be poor in hosting various trace elements especially when there
is a presence of other sulphide minerals such as galena and sphalerite (Cook et al, 2011b;
George et al, 2016; 2018). However, chalcopyrite is considered to be one of the main
primary hosts of Ga and In in recrystallised mineralisation (George et al, 2016). In the
samples analysed in this study chalcopyrite accommodates higher concentrations of Ga
and In compared to bornite. Furthermore, the higher Ga concentrations in chalcopyrite
correlate with In concentrations above the detection limit. Ag is more accommodated in
bornite than in chalcopyrite, indicating that substitution for Ag may explain the limited
accommodation of Ga in bornite. However, neither within bornite, nor within chalcopyrite

a conclusive correlation of Ga with Ag was observed.

4



Bi (ppm)

Fig. 5.5-2 Binary plots showing trace elements correlation in bornite phases a) Bi Vs Ag;

T = T i v 8 T T T T T
)
125 a ® - b
° o %
® 9
e ®
10 . sk i
75F 41 =
£}
o E
% g0
s5h oo 'o.° ® i % °
°
2F ° 1
° L4 °
25F -
3 P B®, o ° o © @0
e o0 © oo ) ° ® °®
e o oo © °
e © o ag®e
0 1 " 1 " 1 0 1 1 L L 1
100 150 200 250 300 9.8 10 10.2 10.4 10.6 10.8 11
Ag (ppm) Fe (wt%)
8 T r r 11 T T T
° ©
°
10.8 & 2 -
% o°
° °
sk A °
10.6 s -
°
°
e o
8 @ 10.4 0 e® o, o ° -
= E
Sar 1e ° e °
< [ °
S = 102F ° o g
4 *® o
°
10 -
2+ ¢ ° o ®
°® e - °
°
oo L2 ° ? e
s.. :. [} ..z... 98- LY * -
o %op o o ° o
°
0 L L A 1 1 -.
100 130 2 20 =0 100 150 200 250 300
Ag (ppm) Ag (ppm)

b) Ga vs Fe; Ga Vs Ag; d) Fe Vs Ag.

75



T T T 17 T T T T T
° ° °
04F o -1 °
° 16 - -
° °
b 15 = LY -
o o
°
03F - ° °
- ~ lF ° -
) g oo
) g }
S = °
| S ° °
13F -
° e °
° A °
02F ° - 2k ° 4
°
° ® e
®e
® 1k Z e -
.
° °
0.1 1 1 1 3 10 1 1 1 1 1
0 5 10 15 20 26 27 28 29 30 31 32
Ag (ppm) Fe (Wt%)
T T 20 T T T T T
°
. °
L] -
10f ¢ ° R
°
) ® ° z
=5
g o » . S 0} E
£ L ° Z
e °
°
° ° °
° 5 5 °
° ° ¢ . .
e o
° ° °® °
L . )
: £ 2o ° = °
° 00 0% ® . e ®e
1 - s L 0 1 1 ' 1 hd 1
1 10 26 27 28 29 30 31 32
Ag (ppm) Fe (Wt%)

Fig. 5.5-3 Comparison of Pb-In, Ag-In, Ag-Ga and Pb-Ga by LA-ICP-MS analysis for
chalcopyrite.

5.6 Conclusion

e Both bornite and chalcopyrite host a significant amount of other trace elements,

with bornite enriched in Ag and chalcopyrite enriched in Ga.
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The trace elements are either in solid solution with the respective minerals phase
or as micro inclusion, with the latter being the most favourable scenario as it can
be deduced form the lack of apparent correlation between the elements.

Lastly, In order to fully study the association of the selected critical metals with
base metals, significantly more trace elements need to be sought after, and

extension of analysis to other sulphide minerals that are present.
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Abstract

The polymetallic Tsumeb deposit in the Otavi Mountain Land of the Damara Belt in
Namibia is well-known for its large mineralogical variety and complexity. Sulfide
mineralization over a depth range of about 1500 m (mining Levels 16, 17, 18, 19, 20, 29,
30, 32, and 46) displays mineral assemblages that are typically Cu-rich (pyrite-galena-
tennantite-renierite, carbonate-galena-pyrite-sphalerite, renierite-galena-chalcopyrite-
chalcocite-digenite-renierite). We describe the distribution of Ga, Ge, and associated trace

elements (Ag, As, Cd, Co, Cu, Fe, Ga, Ge, In, Ni, Pb, Sb, Zn) in the sulfide ore from
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historical deep underground mining. Electron microprobe analysis reveals that renierite
and enargite are significant carriers of Ge, with averages of 8.21 wt% and 0.78 wit%,
respectively, while Ga is mainly incorporated into renierite and sphalerite (av. 0.12 wt%,
0.11 wt%). Sphalerite trace element abundance is characterized by elevated Cd, Ge, and
Ga, suggestive of low formation temperatures. The bulk-ore Zn isotopic composition of
the Tsumeb deposit (8%Zn = -0.0133 to 0.125%o) is within the range of typical Zn-rich
massive sulfide deposits, while the range of §*°*Cu varies from 0.80%o to 1.32%o, which is
consistent with mineralization within a hypogene environment. This is an extension of an
abstract submitted and presented at CAG29 conference in Windhoek, September 2023.
The chapter is to be submitted to the special to CAG29 special edition in Journal of

African Geology.

Keywords: Tsumeb deposit, sulfide mineralization, trace element geochemistry, copper

isotopes, zinc isotopes.
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6.1 Introduction

The polymetallic, carbonate-hosted, replacement-type Tsumeb deposit, with the famous
De Wet shaft as main mine adit, is located directly north of the mining town of Tsumeb
in Namibia’s Oshikoto Region, about 435 km north of the capital city of Windhoek (Fig.
6.1-1). Mineralization at Tsumeb was first discovered by missionaries in 1857 and
exploitation took place between 1897 and 1996 (Melcher, 2003; Bowell and Mocke,
2019). The mine produced about 30 Mt of ore yielding 1.7 Mt Cu, 2.8 Mt Pb, 0.9 Mt Zn,
as well as 80 t Ge. The average ore grade was 10% Pb, 4.3% Cu, 3.5% Zn, 100 ppm Ag,
and 50 ppm Ge (Lombaard et al., 1986). The deposit is world-renowned for its unique and
complex mineralogy, comprising approximately 337 minerals for which Tsumeb is the
type locality for at least 72 of these minerals (Bowell and Mocke, 2019). The
mineralization is hosted in dolomite of the Neoproterozoic carbonaceous units of the Otavi
Group. The main ore body is a breccia pipe filled with massive sulfide ore of locally
manto-style, disseminated, and stringer type (Kamona and Giinzel, 2007; Miller, 2008 b).
The primary sulfidic ore underwent extensive post-depositional oxidative overprint,
promoted by permeable faults, and deep surficial weathering (Bowell and Mocke, 2019).
The Tsumeb deposit is famous in particular for its diverse arsenic minerals, but also for
enrichment of other trace elements, such as Ge, Ga, and In which are of interest for modern
(green) industry (Bowell, 2014; USGS, 2018). These critical metals in this deposit are
mainly associated with the sulfide mineralization and less with the oxide mineralization

(Kamona et al., 1999; Melcher, 2003; Bowel, 2014).
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Fig. 6.1-1 Simplified geological map of Namibia showing the Mesoproterozoic to Tertiary
pre-Damara, Damaran and post-Damara geological units. The location of the study area
is marked by the red box.

Germanium is usually recovered only as a by-product of global mining, and there are
historically only two primary Ge ore producers: Tsumeb in Namibia and Kipushi in D.R.
Congo, formerly Zaire (Bernstein, 1985; Butterman and Jorgenson, 2005). Germanium in
these two deposits is directly associated with the high-grade Cu zones, and forms discrete
sulfide minerals, such as renierite ((Cu,Zn)11Fes(Ge,As)2S16), germanite (CuisFe2GezSis),
and briartite (Cuz(Fe,Zn)GeSas) (Frondel and Ito, 1957; Bernstein, 1985). Previous studies

of the Tsumeb deposit mainly focused on the geochemistry of Ge, the paragenetic relation
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of Ge in renierite and the general complexity of the mineralogy of the deposit (Frondel
and Ito, 1957; Sclar and Geier, 1957). Sclar and Geier (1957) discussed the distribution of
Ge in the hypogene sulfide ores, while the details of Ge geochemistry within the oxidized
mineralization of the deposit are discussed in Frondel and Ito (1957).

This chapter reports on Ga and Ge and associated trace element abundance in selected
sulfide minerals of the Tsumeb deposit, using electron microprobe analysis (EMPA).
Additionally, first reconnaissance data on Cu and Zn isotopes are provided. The data is
used to gain insight into the geochemical distribution of trace elements in the Tsumeb ore

system with an outlook at the ore formation processes of this deposit.

6.2 Regional Geology

The Tsumeb Cu-Pb-Zn-Ag deposit is a breccia pipe-like structure, sitting in the upper part
of the Neoproterozoic carbonate rocks of the Otavi Group within the Otavi Mountain Land
(OML) of the Damara Orogenic Belt (Melcher, 2003; Kamona and Giinzel, 2007; Miller,
2008Db). The formation of the Damara Belt took place between 900 Ma and 460 Ma and is
linked to rifting, spreading, subduction and collision of the Kalahari, Congo, and Rio de
la Plata Cratons (Martin and Porada, 1977; Gray et al., 2008; Miller, 2008b). The belt is
subdivided into various tectonostratigraphic zones, defined by structural features,
lithology, and degree of metamorphism (Miller, 2008b). The Damara Supergroup is
composed of five subgroups which formed as a result of tectonic activities over a span of
approximately 150 Ma (Gray et al., 2006; 2008; Miller, 2008b). The Damara sequence
was initiated by rifting, with the deposition of the siliciclastic rock units of the Nosib

Group, ranging in age between 757 Ma and 745 Ma (Hoffman et al., 1994; 1998; Gray et
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al., 2008). This was followed by more intracontinental rifting, with crustal stretching and
spreading which resulted in the deposition of carbonate and siliciclastic rocks of the
Swakop Group and carbonate-shelf rock units of the Otavi Group which were deposited
on a stable platform (Miller, 2008b). Both the Otavi and the Swakop Group contain
glaciogenic deposits and cap-carbonate units, deposited as a result of two glacial episodes
related to the Neoproterozoic “Snowball Earth” (Hoffman et al., 1998; Miller, 2008b).
The molasse sequence of the overlying Mulden Group is linked to two deformation
episodes of the Damara Orogen (D1and D2) (Miller, 1997; 2008; Halverson et al., 2002).
The youngest unit of the Damara sequence is the Nama Group consisting of Ediacaran
fossil-rich carbonate rocks of the Kuibis and Schwarzrand Subgroup at the bottom, and
the upper sediments of the Fish River Subgroup (Germs et al., 1986; Saylor et al., 1995;

Bowyer et al., 2020).

6.3 Local Geology

The OML is a metallogenic province rich in sulfide and non-sulfide mineral occurrences,
which are aligned along the transition of the Northern Zone and the Northern Platform of
the Damara Orogenic Belt (Kamona and Gunzel, 2007). The OML comprises two main
units: (1) the Paleoproterozoic basement units of the Grootfontein Metamorphic Complex
and the Grootfontein Mafic Body, and (2) the Neoproterozoic rift sedimentary rock units
of the Nosib Group, carbonate platforms of the Otavi Group and low-grade metamorphic
units of the Mulden Group (Fig. 6.3-1; Melcher, 2003; Kamona and Giinzel, 2007; Miller,

2008h).
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Fig. 6.3-1 Stratigraphy of the Otavi Mountain Land, highlighting the ore deposits in their
respective lithostratigraphic setting (modified after Hoffman et al., 1996, 2004; Frimmel,
2004; Kamona and Gunzel, 2007; Miller, 2008).

These units experienced a complex geological evolution providing favourable conditions

that resulted in the formation of various kinds of deposits within the province (Melcher,
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2003; Laukamp, 2006; Kamona and Guinzel, 2007). The Otavi Group, hosting most of the
orebodies of the OML, is carbonate dominated and is subdivided into two subgroups: the
older Abenab and the younger Tsumeb Subgroup, with the Abenab Subgroup further
subdivided into the Varianto, Chuos, Berg-Aukas, Gauss, Auros, and Ghaub Formations
and the Tsumeb Subgroup subdivided into the Ghaub, Maieberg, Elandshoek, and
Huttenberg Formations (Melcher, 2003; Kamona and Guinzel, 2007). The lowest unit, the
Huttenberg Formation mainly consists of a carbonate breccia which hosts the Tsumeb
deposit, while the uppermost part is made up of dolostones which host the Kombat deposit

(Kamona and Gunzel, 2007).

6.4 Deposit Characteristics

The Tsumeb deposit sits in the dolomite of the Hiittenberg Formation and is characterized
by structurally controlled features including folding, fracturing and shearing of ore in
discordant pipes with dolomite breccia and feldspathic sandstone filling (Fig. 6.4-1;
Melcher, 2003; Kamona and Giinzel, 2007). Ore mineralization is largely represented by
tennantite and sphalerite as the most abundant ore minerals, associated with galena, pyrite,
bornite, chalcocite, digenite, and minor enargite, renierite, germanite, chalcopyrite, and
traces of various arsenates and other minerals as described in Bowell et al. (2014) and
Bowell and Mocke (2019). Calcite, dolomite, and quartz are the dominant gangue

minerals (Bowell and Mocke, 2019).

Uranium/lead isotope data of the Tsumeb deposit indicate a high U/Pb ratio, which is
alluding to an upper crustal metal source (Kamona, 1999). The 534S values of the deposit

range between -18.1 and 20.5%o suggesting the involvement of evaporitic sulfate in ore
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formation (Kamona, 1999). The mineralizing fluids were likely released as a result of
regional metamorphism during the second deformation episode of the Damara Belt,

including syntectonic granite magmatism (Laukamp, 2006).

The ore experienced extensive oxidation of the massive peripheral sulfide ores, manto-
style ore, disseminations, and stringer ores (Bowell, 2014; Bowell and Mocke, 2019).
Three zones of oxidation over a vertical distance of approximately 1200 m are recognized
in the mineralized pipe structure, based mainly on secondary mineral assemblages linked
to supergene alteration of primary sulfides (Fig. 6.4-1; Melcher, 2003; Bowell and
Mocke, 2019). The oxidation zones are a result of interaction between groundwater and
the primary sulfide mineralisation (Bowell and Mocke, 2019). The first oxidation zone is
between the surface and Level 12 (500 m mining depth) and represents the vadose zone,
influenced by fluctuations of the water table. This zone largely consists of sulfide,
carbonate minerals such as galena, tennantite, sphalerite, chalcocite, bornite, chalcopyrite,
enargite, smithsonite, and wulfenite among others (Bowell and Mocke, 2019; Southwood,
2019). Bowel and Mocke (2019) further state that level 12 to 24 is characterised mainly
by unaltered sulfide minerals including galena, sphalerite, tennantite and pyrite. The
second oxidation zone is observed from Level 24 down to Level 34 which is characterized
by minerals such as sphalerite, galena, chalcopyrite, chalcocite, smithsonite, and pyrite,
associated with rare minerals such as leiteite, legrandite, reinerite, tscumicorite, stottite,
stranskiite, and zincroselite (Geier and Ottemann, 1970; Cairncross, 2017). The third
oxidation zone is observed from Level 42 downwards (below 1500 m mining depth) and

is largely composed of diverse primary and secondary minerals as such as tennantite,
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chalcopyrite, leiteite, renierite, schneiderhohnite, and authurite among others as described

in Cairncross (2017) and Bowell and Mocke (2019).

Open Pit

Elandshoek Fm
T5
T4 38L

44L

Fig. 6.4-1 Cross section showing the geological profile of the Tsumeb mine with the
orebody hosted in the collapsed breccia pipe (modified after Laukamp, 2006; Bowel,
2019).
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6.5 Samples and analytical methods

6.5.1 Samples and sample preparation

Forty historical samples, collected by Hans Schneiderhéhn at the then active Tsumeb
mine, are investigated. These samples belong to the Tsumeb collection of the ‘Museum of

the Geological Survey of Namibia’ in Windhoek (Fig. 6.5-1).

Fig. 6.5-1 Representative photographs of the samples from the historical collection of the
Geological Museum at the Geological Survey of Namibia. A) Sample showing
disseminated galena and sphalerite in carbonate matrix; B) sample showing quartz vein
in carbonate rock with sphalerite, galena, and pyrite; C) sample with disseminated
tennantite, sphalerite, and galena with clasts of pyrite; D) sample of massive chalcocite,
sphalerite, galena, and tennantite in carbonate matrix.

88



These samples are from different mining levels and are representative of the Tsumeb
sulfidic ore assemblages, the list of samples Appendix 6-1. Polished sections were
prepared of all samples at Clausthal University of Technology (TUC). Ore petrography at
TUC revealed tennantite, chalcopyrite, pyrite, galena, sphalerite, enargite, renierite,
bornite, covellite, and digenite as the most abundant mineral phases, which were
subsequently studied by electron microprobe analysis (EMP) at Bundesanstalt fur

Geowissenschaften und Rohstoffe (BGR) in Hannover.

6.5.2 Bulk Ore Geochemistry

Rock samples were submitted to Activation Laboratories LTD (ACTS LAB), Namibia,
for sample preparation (crushing and pulverizing) while bulk rock trace element analysis
was subsequently conducted by Activation Laboratories Ltd, Ontario, Canada. Trace
elements were analysed by inductively coupled mass spectrometry (ICP-MS). Copper, Zn,
Pb, As and Ag results were obtained using the 8-pre-oxide ICP assay method. The batch
of samples was analysed including blanks, duplicates, and standards, complying with the
quality control procedures of ACTS LAB. The complete analytical results are provided in

Appendix 6-2.

6.5.3 EPM on sulfides

Galena, sphalerite, chalcopyrite, digenite, tennantite, and renierite were analysed for their
trace element concentrations using a JEOL-JXA 8530F electron microprobe at BGR. Al
polished sections were carbon coated before analysis and sulfide minerals were
preselected before EMP analysis (Fig. 6.5-2). All sulfides were analysed at 25 kV, 80 nA,
with a 1-um beam diameter, using the following X-ray lines, spectrometer crystals and
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reference materials (in parentheses): Ag La, PETH (pure metal); As La, TAP (synthetic
GaAs); Cd La, PETH (synthetic CdS); Co Ka, LIFL (cobaltite); Cu Ka, LIFL
(chalcopyrite); Fe Ka, LIFL (pyrite); Ga Ka, LIFL (synthetic GaAs); Ge Ka, LIFL (pure
metal); In La, PETH (pure metal); Ni Ko, LIFL (pentlandite); Pb Ma, PETH (galena); S
Ka, PETH (pyrite); Sb La, PETH (stibnite); Zn Ka, LIFL (sphalerite). Measurement time
was 10 s for Fe, Zn, Cu, S, 20 s for Co and Ni, 40 s for Pb, 50 s for Sb and Cd, 60 s for
Ag and Ge, 70 s for Ga, 120 s for As, and 200 s for In. The mean atomic number (MAN)
background intensity data was calibrated, and continuum absorption corrected for all

elements, as described in Donovan and Tingle (1996) and Donovan et al. (2016).
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Fig. 6.5-2 Photographs showing hand specimens, polished section, and microphotographs
illustrating the point selection for EMP analysis for a specific sample. A) Disseminated
sulfide ore; B) polished section of the same sample with delineated points for EMP
analysis; C) & D) microphotographs of the sulfide mineralization indicating points of
EMP analysis.

6.5.4 Reconnaissance Cu and Zn Isotopes

Bulk Cu and Zn isotope compositions were obtained on six composite sulfide samples.
Selected samples are from massive ore at levels 17 and 18, and from manto-style ore at
levels 30, 32, and 34. Sample preparation, including crushing and milling, was done at
TUC. The isotope measurements were performed at the Czech Geological Survey, using

a Neptune (Thermo) double focusing multi-collector inductively coupled plasma mass
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spectrometer (MC-ICP-MS), equipped with nine Faraday detectors. The detailed
procedure for sample digestion and instrument analysis is described in Lehmann et al.
(2022). Copper isotope data are reported in standard & notation in per mil relative to
standard reference material (SRM) AE633, while Zn isotope data are recorded against the
NIST 683 standard as expressed by equation 6-1 and 6-2. Error for the analysis was
determined from monitoring the variation of the NIST 976, with standard varying at +0.16

%o, and since all measurements fall within this error margin, it is assumed for all sample.

8%°Cu = [(*°Cu/®® Cu)sample/ (°Cu/®3Cu)aes33 -1] x 1000 Equation 6-1
8%Zn = [(®®Zn/%Zn)sample / (56ZNn/**Zn)nisTse3 -1] x 1000 Equation 6-2
6.6  Results

6.6.1 Mineralogy and ore texture

The principal sulfide minerals tennantite, galena, sphalerite, bornite, enargite, renierite,
covellite, pyrite, and chalcopyrite can be traced in the samples studied (Figs 6.6-1, 6.6-2),

with at least three main sulfides present at every mine level in the ore assemblage.

Galena is the most abundant sulfide mineral, and is closely associated with pyrite,
tennantite, and sphalerite, thereby frequently surrounding sphalerite. Four different
growth habits were identified for galena, with anhedral grains exhibiting a polycrystalline
texture (Fig. 6.6-1 a), massive and irregular grains having triangular cleavage pits of
different sizes (Fig. 6.6-1 b), galena replacement textures with pyrite (Fig. 6.6-1 c¢), and
anhedral galena grains enclosed in sphalerite that are not affected by any deformation
stage (Fig. 6.6-1 d). There are at least three deformation episodes reflected by deformed

galena grains, defined by cleavage pits (Fig. 6.6-1 b).

92



Fig. 6.6-1 Photomicrographs showing different galena mineral assemblages and textures
from the Tsumeb deposit. a) Assemblage of sphalerite and polycrystalline galena.
Sphalerite with microfractures filled by chalcocite and micro-inclusions of renierite.
Bornite replaces tennantite; b) Assemblage of massive galena with deformation cleavage
pits, sphalerite, tennantite, and minor enargite. At least three deformation episodes are
reflected in the galena crystals (deformation indicated by the red dashed lines in galena);
c) Galena replaced by pyrite with minor sphalerite and renierite; d) fractured massive
sphalerite associated with tennantite, enclosing galena and disseminated inclusions of
bornite. Fractures are filled with host matrix. Renierite occurs as inclusion in galena e)
assemblage of tennantite and pyrite with minor galena and renierite. Fracture is filled
with gangue minerals; f) enargite replacement of tennantite with microfractures filled
with gangue minerals in tennantite. Abbreviations: Bn-bornite, En-enargite, Gn-galena,
Py-pyrite, Rn-renierite, Sp-sphalerite, Tnt-tennantite,

93



Tennantite is the second most abundant sulfide mineral phase. The medium- to coarse-
grained (approximately 50 to > 500 pm) tennantite crystals are characterized by a striking
greenish color. They are associated with galena, pyrite, sphalerite, and enargite (Fig. 6.6-
1 a-f) and are locally replaced by enargite (Fig. 6.6-1 f). At places, tennantite is truncated
by fractures filled with gangue minerals (Fig. 6.6-1 e).

Sphalerite is generally semi-massive to massive and occurs dominantly in association with
tennantite, galena, and pyrite (Fig. 6.6-1 a-d). Occasionally, sphalerite is replaced either
by tennantite, and chalcocite (Figs 6.6-1 a, b), or occurs as vein infill with gangue minerals
and rare covellite (not shown).

Pyrite in Tsumeb shows two distinct morphologies, which includes the coarse grained
subhedral pyrite categorised as pyrite-1 and the fine-grained pyrite, which is categorised
as pyrite-2. Pyrite occurs in massive, semi-massive, and disseminated mineralization
styles (Fig. 6.6-2 a-d), often associated with galena and sphalerite. Pyrite-1 grains have
dominantly subhedral shape (Fig. 6.6-2 a), but anhedral and euhedral grains with
inclusions of galena and rare renierite are also present (not shown). Texturally, pyrite-1
exhibits sometimes a pseudomorphic replacement texture, which is defined by galena after
pyrite (Fig. 6.6-2 b), can occur as cataclastic grains replaced by galena, and as fracture
infill with chalcocite (not shown).

Renierite is typically observed in two forms, as minor greyish-purplish crystals that are
associated with chalcocite, sphalerite, chalcopyrite, and galena (Fig. 6.6-2 d) and as
abundant brown, orange renierite, which is associated with fractured pyrite-1, tennantite,

galena, and sphalerite (Fig. 6.6-2 g, h).
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Fig. 6.6-2 Photomicrographs showing textural features of Tsumeb sulfidic ore. A)
Subhedral to euhedral pyrite-1 crystals and tennantite in galena and sphalerite; B & C)
pseudomorphic replacement of pyrite by galena, with chalcocite and borninte inclusions
in tennantite; D) coarse-grained pyrite-1 with microfractures filled by tennantite,
associated with renierite that replacing tennantite. Tennantite has fractures that are filled
by matrix; E) replacement of bornite by galena, with carbonate matrix infill along
fractures; F) chalcocite rims surrounding sphalerite, in an assemblage with pyrite, galena
and bornite; G) massive sphalerite with inclusions of renierite, associated with tennantite
and bornite with exsolution of chalcopyrite; H) massive galena with deformation cleavage
pits and inclusions of reinierite, tennantite, bornite, and covellite. Abbreviations: Bn-
bornite, Cer- cerusite, Cct- chalcocite, Ccp-chalcopyrite, Cv-covellite, En-enargite, Gn-
galena, Py-pyrite, Sp-sphalerite, Tnt-tennantite.
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Chalcopyrite is distinctly less abundant than sphalerite, galena, and pyrite, and occurs
mostly as small inclusions in bornite (Fig. 6.6-2 g). In addition, chalcopyrite is locally part
of a chalcopyrite-sphalerite-galena-renierite-chalcocite assemblage (Fig. 6.6-2 g). Bornite
is associated with sphalerite, galena, tennantite, chalcocite and occasionally renierite in
disseminated and massive mineralization styles (Figs 6.6-2 a, d; 6.6-2 b, f-h). Locally,
bornite is replaced by galena, that is associated with fractures that are filled with cerussite
(Fig. 6.6-2 e). Digenite, chalcocite, and covellite (Fig. 6.6-2 h) are only minor constituents
in the ore. Covellite occurs as a replacement of sphalerite and bornite, and is directly

associated with brittle deformed pyrite, renierite, bornite, sphalerite, and galena.

6.6.2 Bulk Ore geochemistry

A correlation matrix was generated using bulk ore Geochemical data, in order to
determine the correlations between Ga, Ge and In with other elements which is
summarised in Table 6.6-1. The highest correlation coefficient is observed between Mo
and Co (r=0.99), Nb and V (r =0.99), Ba and V (r =0.98), Ba and Nb (r =0.95), Sb and
Se (r =0.95), Gaand Sb (r = 0.97), Ga and Se (r = 0.97), As and Ga (r =0.90), Mo and
W (r=0.90), Coand Tl (r = 0.89), Co and Ni (r = 0.88), Cu and Ag (r = 0.88), As and
Sb (r =0.87), As and W (r = 0.87), Cr and Nb (r =0.86), Cr and V (r = 0.85), Cd and Zn

(r=0.84),and Gaand W (r = 0.82).
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Table 6.6-1 correlation matrix between selected elements from the Tsumeb ore. Green
colour scheme is assigned to 1 (positive correlation), yellow is assigned to 0 (no
correlation), and red is assigned to -1 (negative correlation).

Ag As Ba Bi Cd Co Cr Cu Fe Ga Ge In Mo Mn Nb Ni Pb Sh Se Tl W \ Zn
Ag 1.00
As -0.27 1.00
Ba -0.16  -0.32 1.00
Bi 0.06 -0.24 0.00 1.00
Cd -0.15 -013 -0.34 0.21 1.00
Co 0.08 -0.02 -0.17 0.40 0.47 1.00
Cr 0.12 -0.33 0.82 0.00 -0.20 -0.30 1.00
Cu 0.88 015 -029 -021 -033 -015 0.04 1.00
Fe 011 -004 -010 -0.20 026 -0.16 0.00 0.18 1.00
Ga -0.21 090 -034 -034 -0.07 018 -0.34 0.17 0.04 1.00
Ge -0.32 065 -029 -0.44 0.08 -0.12 -0.27 0.05 0.60 0.76 1.00
In -0.07 045 -0.18 0.06 0.26 079 -0.22 -0.03 -0.23 0.68 0.27 1.00
Mo 012 -0.03 -0.18 0.50 0.45 099 -027 -013 -0.23 013  -0.20 0.76 1.00
Mn -0.31  -0.54 0.19 0.30 0.16 -0.03 0.14  -0.51 005  -048 -023 -0.27 -0.05 1.00
Nb -0.05 -0.25 095 -012 -026 -0.08 086 -014 -002 -020 -018 -001 -0.11 0.16 1.00
Ni -0.07 028 -0.20 0.24 0.51 088 -040 -0.17 0.04 0.37 0.14 0.73 083 -014 -011 1.00
Pb -0.18 0.67 -0.38 0.21 0.29 032 -038 -004 -0.31 0.58 0.23 0.54 034 -055 -0.37 0.45 1.00
Sh -0.24 087 -043 -0.21 0.08 032 -0.48 0.09 0.10 0.97 0.77 0.73 027 -044 -031 0.51 0.64 1.00
Se -0.05 084 -039 -023 -0.12 032 -0.39 028 -0.04 0.97 0.64 0.76 029 -051 -0.24 0.43 0.56 0.95 1.00
Tl 0.05 -0.16 0.24 0.50 0.39 0.89 011 -024 -023 -001 -0.30 0.67 0.90 0.00 0.29 0.74 0.24 0.09 0.10 1.00
w -0.19 087 -025 -042 -027 -0.03 -0.40 0.20 0.13 0.82 0.65 033 -009 -042 -0.17 0.34 0.37 0.78 0.76  -0.22 1.00
\% -0.10 -0.29 098 -001 -027 -0.08 085 -022 -007 -026 -024 -0.06 -0.10 0.20 099 -011 -035 -036 -0.31 032 -021 1.00
Zn -024 -010 -0.33 -0.08 0.84 010 -020 -0.29 0.59 0.01 0.43 0.01 0.03 0.19 -0.26 0.20 0.12 012 -012 -0.02 -017 -0.28 | 1.00

6.6.3 Trace elements in sulfide mineralization

A total of 48 EMP spot analyses was performed on enargite, sphalerite, renierite,
chalcopyrite, pyrite, galena, and covellite grains. Trace element contents vary significantly
from mineral to mineral; they are summarized in Table 6.6-2 and illustrated in Fig. 6.6-3.
Calculation of average, median and standard deviation was done with the assumption that

concentration was zero for spot analyses below the analytical detection limit (LOD).

Renierite

Renierite has from 38.7 to 49.9 wt% Cu (av. 44.2 wt%), 5.07 to 12.7 wt% Ge (av. 8.21
wt%), and 1.39 to 4.84 wt% As (av. 2.72 wt%). Iron and Zn concentrations are erratic,
ranging between 4.31 wt% and 13.9 wt% (av. 12.1 wt%), and 0.12 wt% and 9.34 wt%

(av. 2.04 wt%), respectively. There are traces of Ag, Cd, Sb, and Pb in some grains,
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however, they are relatively low with values <0.5 wt% (av. <0.05 wt%). Only two out of
38 spots had detectable concentrations of Co, with 0.004 and 0.005 wt%.

Sphalerite

Zinc concentrations range from 63.4 to 66.6 wt%, with an average of 65.2 wt%. Sphalerite
is known to be one of few sulfide minerals having a great potential to host Ge and Ga
(Frenzel et al., 2016). Concentrations of Ga in sphalerite range from 0.014 to 0.58 wt%
(av. 0.11 wt%); however, no Ge was detected in any of the sphalerite grains analysed. A
few grains have measurable Ag, In, Sb, and Pb, with concentrations of <0.040 wt%,
<0.013 wt%, <0.19 wt%, and <0.1 wt%, respectively. Iron is a common minor substituent
for Zn in sphalerite (Frenzel et al., 2016) however, Fe concentrations vary only between
0.01 and 0.16 wt% (av. 0.04 wt%).

Enargite

Copper and As, the main constituents of enargite, have quite narrow concentration ranges
from 49.3 to 49.7 wt%, and 17.0 to 18.0 wt%, with averages of 49.6 wt% and 17.7 wt%,
thereby slightly deviating from the stoichiometric Cu and As concentrations of 48.4 wt%
and 19.0 wt%. Concentration of Ga is generally <0.0036 wt%. Zinc and Ge concentrations
vary distinctly, having maximum concentrations of 0.5 wt% (av. 0.19 wt%) and 0.78 wt%
(av. 0.36 wt%), respectively, including concentrations <LOD. Cadmium and Sb
concentrations are mostly <LOD and give maximum values of 0.13 wt% and 0.12 wt%,
respectively. Concentrations of Ag and Pb are generally low, with at maximum 0.05 wt%.
Chalcopyrite

Copper and Fe concentrations range from 34.7 to 36.8 wt% (av. 35.8 wt%) and 28.1 to
29.3 wt% (av. 28.8 wt%), which is within the range of normative chalcopyrite which

generally has Fe 30.5 wt% and Cu 34.5 wt% (Haldar and Tisljar, 2014). Gallium
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concentrations are generally low in chalcopyrite, with an average of 0.05 wt% and a
maximum concentration of 0.26 wt%. Arsenic, Ag, Cd, and Pb concentrations are mostly

<<0.05 wt%.
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Table 6.6-2 Basic statistics for EMP trace element data of the different sulfide minerals in wt%. N = number, * below detection limit.
Full EMP results are in Appendix 6-3.

Elements S Fe Co Ni Cu Zn Ga Ge As Ag Cd In Sh Pb
Detection
limit (ppm) 68 53 26 41 68 76 36 54 63 98 120 27 64 92
Renierite Nanalysis= 38 Min 31.43 431 * * 38.73 0.12 0.00 5.07 1.39 0.00 0.00 0.00 0.00
Max 3294  13.87 * * 49.87 9.34 029 1271 4.84 0.12 0.22 0.18 0.05
Nsample = 8 Mean 3223 1211 * * 44.18 2.04 0.12 8.21 2.72 0.04 0.05 0.04 0.01
Median 3217 1342 * * 43.49 1.90 0.14 8.32 2.27 0.03 0.04 0.04 0.00
SD 0.41 2.97 * * 2.26 1.44 0.10 1.66 1.08 0.03 0.04 0.04 0.02
Sphalerite Nanalysis= 57  Min 32.15 0.00 * * 0.01  63.40 0.00 0.00 0.02 0.00 0.40 * 0.00
Nsample =10  Max 33.38 0.20 * * 219  66.55 0.58 0.08 0.07 0.04 2.81 * 0.11
Mean 32.74 0.04 * * 0.28  65.27 0.11 0.00 0.03 0.01 1.53 * 0.02
Median 32.73 0.01 * * 0.07 6524 0.04 0.00 0.03 0.00 1.46 * 0.00
SD 0.35 0.05 * * 0.48 0.77 0.14 0.01 0.01 0.01 0.89 * 0.03
Enargite Nanatysis = 8 Min 32.02 * * * 49.30 0.00 * 0.00 17.04 0.00 0.00 0.00 0.00
Nsample = 2 Max 32.48 * * * 49.73 0.50 * 0.78  18.00 0.03 0.13 0.12 0.02
Mean 32.23 * * * 49.61 0.19 * 0.36 17.66 0.01 0.07 0.06 0.00
Median 32.21 * * * 49.63 0.12 * 030 17.84 0.00 0.07 0.06 0.00
SD 0.13 * * * 0.13 0.18 * 0.30 0.37 0.01 0.05 0.04 0.01
Chalcopyrite Nanalysis= 18 ~ Min 3417  28.13 * * 34.71 0.00 0.00 * 0.00 0.00 0.00 * 0.00
Nsample = 4 Max 3465  29.32 * * 36.81 1.76 0.26 * 0.04 0.09 0.03 * 0.04
Mean 3440  28.83 * * 35.81 0.43 0.05 * 0.01 0.04 0.01 * 0.01
Median 34.40  29.03 * * 35.81 0.19 0.01 * 0.00 0.04 0.02 * 0.00
SD 0.14 0.37 * * 0.55 0.56 0.08 * 0.01 0.02 0.01 * 0.01
Pyrite Nanalysis= 24~ Min 5297 4557 0.00 0.00 0.00 0.00 0.00 0.00 * 0.00 0.00 0.00 0.00
Nsample = 6 Max 55.00  46.77 0.10 0.30 0.74 0.40 0.02 0.05 * 0.04 0.06 0.02 0.30
Mean 5356  46.32 0.01 0.03 0.17 0.06 0.01 0.01 * 0.01 0.02 0.00 0.02
Median 5339  46.35 0.00 0.00 0.05 0.00 0.01 0.01 * 0.00 0.02 0.00 0.01
SD 0.49 0.26 0.03 0.07 0.23 0.12 0.00 0.01 * 0.01 0.02 0.01 0.06
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Table 6-6.2 continues... ...

Elements S Fe Co Ni Cu Zn Ga Ge As Ag Cd In Sh Pb
Detection

limit (ppm) 68 53 26 41 68 76 36 54 63 98 120 27 64 92

Tennantite Nanalysis= 61 Min 24.81 0.00 0.00 * 40.15 0.00 0.00 0.00 8.73 0.00 0.00 * 0.00 0.00

Nsample = 13 Max 32.22 2.18 0.03 * 49.64 9.27 0.07 0.08  20.72 0.58 1.66 * 3.78 0.13

Mean 27.60 0.52 0.01 * 43.89 8.10 0.02 001 17.72 0.06 0.42 * 0.85 0.01

Median 27.66 0.08 0.01 * 43.95 8.49 0.01 0.00 1841 0.03 0.27 * 0.65 0.00

SD 0.86 0.67 0.00 * 1.55 1.27 0.02 0.01 2.33 0.10 0.36 * 0.85 0.03

Galena Nanalysis= 94  Min 14.25 0.00 * * 0.00 0.00 0.00 * * 0.00 0.00 * 0.00 8395

Nsample = 14 Max 15.00 0.04 * * 1.02 0.44 0.02 * * 0.12 0.11 * 0.07 87.25

Mean 14.50 0.00 * * 0.07 0.04 0.01 * * 0.01 0.01 * 0.00 85.77

Median 14.48 0.00 * * 0.02 0.00 0.01 * * 0.00 0.00 * 0.00 86.00

SD 0.13 0.01 * * 0.15 0.09 0.01 * * 0.02 0.02 * 0.01 0.91

Chalcocite Nanalysis = 76~ Min 18.73 0.00 * * 71.55 0.00 0.00 0.00 0.00 0.00 0.00 * 0.00 0.00

Nsample = 10 Max 24.44 5.55 * * 79.95 0.54 0.74 0.04 0.09 0.65 0.16 * 0.08 0.17

Mean 21.98 0.39 * * 77.27 0.05 0.01 0.00 0.04 0.16 0.02 * 0.01 0.02

Median 21.99 0.06 * * 77.34 0.00 0.00 0.00 0.03 0.17 0.00 * 0.00 0.01

SD 0.72 0.74 * * 1.16 0.11 0.09 0.01 0.01 0.11 0.03 * 0.01 0.03

Bornite Nanalysis =56~ Min 22.02 0.02 * * 67.71 0.00 * * 0.00 0.06 0.00 0.00 0.00 0.00

Nsample = 5 Max 25.46 7.81 * * 77.88 0.71 * * 0.05 1.04 0.07 0.02 0.03 0.08

Mean 23.99 5.19 * * 72.08 0.10 * * 0.04 0.44 0.04 0.01 0.01 0.01

Median 24.07 5.49 * * 71.71 0.00 * * 0.04 0.44 0.05 0.01 0.02 0.00

SD 0.64 1.25 * * 1.67 0.18 * * 0.01 0.26 0.02 0.00 0.01 0.02
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Pyrite

Sulfur and Fe concentrations in pyrite range from 53.0 to 55.0 wt% (av. 53.6 wt%) and
45.6 to 46.7 wt% (av. 53.6 wt%), respectively. Gallium and Ge concentrations are
generally low, ranging from <0.0036 to 0.02 wt% (av. 0.01 wt%) and <0.0054 to 0.05
wit% (av. 0.01 wt%), respectively. The Cu, Zn, and Pb contents range from <0.0068 to
0.74 wt%, <0.0076 to 0.04 wt%, and <0.0092 to 0.30 wt%, with averages of 0.17 wt%,
0.06 wt%, and 0.02 wt%, respectively. Silver and Cd contents range from <0.0098 to 0.04
wit% (av. 0.01 wt%) and <0.012 to 0.06 wt% (av. 0.02 wt%), respectively.

Tennantite

Tennantite was analysed in 13 samples, with Cu and S contents ranging from 40.2 to 49.6
wt% and 24.8 wt% to 32.2 wt%, and corresponding averages of 43.9 and 27.6 wt%,
respectively. There is a great variation in As contents in tennantite, with concentrations
ranging from 8.73 to 20.7 wt% (av. 17.7 wt%). Other elements detected in tennantite are
Fe (<0.0053 - 2.18 wt%,; av. 0.52 wt%), Co (<0.0026 - 0.03 wt%; av. 0.01 wt%), Zn
(<0.0076 - 9.27 wt%); av. 8.10 wt%), Ga (<0.0036 - 0.07 wt%:; av. 0.02 wt%), Ge (<0.0054
- 0.08 wt%; av. 0.01 wt%), Ag (<0.0098 - 0.58 wt%; av. 0.07 wt%), Cd (<0.012 - 0.13
wt%; av. 0.07 wt%), Sb (<0.0064 - 3.78 wt%; av. 0.85 wt%), and Pb (<0.0092 — 0.13
wit%; av. 0.01 wt%).

Galena

Galena was analysed in 14 samples with Pb and S contents ranging from 84.0 to 87.3 wt%
(av. 85.8 wt%) and 14.2 to 15.0 wt% (av.14.5 wt%), respectively. Copper, Zn, and Pb
contents range from <0.0068 wt% to 1.02 wt%, <0.0076 wt% to 0.44 wt%, and <0.0092
wit% to 0.17 wt%, with corresponding averages of 0.07 wt%, 0.04 wt%, and 0.02 wt%,

respectively. Gallium, Ag, Cd, and Sb concentrations are generally low and range from
102



<0.0036 wt% to 0.02 wt%, <0.0098 wt% to 0.12 wt%, <0.012 wt% to 0.11 wt%, and

<0.0064 wt% to 0.08 wt%, respectively, with all elements having averages of 0.01 wt%.
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Fig. 6.6-3 Trace element content in sulfides of the Tsumeb deposit. Abbreviations: Bn-
bornite, Cct-chalcocite, Ccp-chalcopyrite, En-enargite, Gn-galena, Py-pyrite, Rn-
renierite, Sp-sphalerite, Tnt-tennantite.
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Chalcocite

Copper and S contents in chalcocite range from 71.6 to 80.0 wt%, and 18.7 to 24.4 wt%,
respectively, with averages of 72.1 wt% and 22.0 wt%, respectively. The difference to the
stoichiometric Cu value of 79.9 is mostly filled by Fe having a maximum value of
5.6 wt%. Gallium is detected in chalcocite in only one sample, with concentrations
ranging between 0.01 and 0.74 wt%. Silver, Zn, and Pb concentrations range between
<0.0098 wt% and 0.65 wt%, <0.0076 wt% and 0.54 wt%, and <0.0092 wt% and 0.17
wit%, with averages of 0.16 wt%, 0.05 wt% and 0.02 wt%, respectively. Arsenic, Cd, and
Sb concentrations are relatively low with maximum contents of 0.04 wt%, 0.16 wt%, and
0.08 wit%, respectively.

Bornite

Sulfur and Cu concentrations range from 22.0 to 25.5 wt%, and 67.7 to 77.9 wt%, with
average values of 24.0 and 72.1 wt%, respectively. Iron, Ag, Pb, and Zn contents range
from 0.02 to 7.81 wt%, 0.06 to 1.04 wt%, <0.0092 wt% to 0.08 wt%, and <0.0076 wt%
to 0.71 wt%, with average values of 5.19 wt%, 0.44 wt%, 0.01 wt%, and 0.10 wt%,
respectively. Arsenic, Cd and Sb contents are low with <0.07 wt%. Bornite has traces of

In with concentrations ranging from <0.0027 to 0.07 wt% (av. 0.04 wt%).

6.6.4 Reconnaissance Cu and Zn Isotopes

Copper and Zn isotopic compositions of the sulfide phases are presented in Table 6.6-3.
The §%Cu values of bulk ore samples from massive ore range from 0.80 to 1.18%o, while
samples from oxide ore display a 8%°Cu range of 1.13 to 1.35%o. Four of these samples

give 8% Zn ratios ranging from -0.01 to +0.13%o.

104



Table 6.6-3 Copper and Zn isotopic data of sulfide samples from the Tsumeb deposit,
Namibia. Abbreviations: Cal-calcite. Cc-chalcocite, Ccp-chalcopyrite, Dg-digenite, Gr-
germanite, Gn-galena, Ren-renierite, Sph-sphalerite, Tent-tennantite, Sd-siderite.

Sample ID  Level Ore 3%°Cu SE 3%6Zn SE Cu Zn
assemblage (%o) (%o) (mg/kg)  (mg/kg)

04546 17 Gn, Sph, Tenn,  1.319 0.016 -0.013 0.009 66825 35344
Py, Dg

04618 17 Gn, Sph, Ccp, 1.132 0.001 358625
Tenn, Ren, Cc

04635 18 Gn, Sph, Py, 1.353 0.022 0.126 0.021 18794 24762
Tenn

08277 30 Py, Ren, Sph, 1.175 0.010 0.070 0.004 35632 135273
Tenn, Py, Gn,
Bn

08298 32 Tenn, Py, Sph,  0.919 0.016 342485
Gn, Cc

08299 34 Tenn, Cc, Gn, 0.800 0.013 -0.110 0.002 72402 31792
Ren, Py, Sph,
Ger, Sd

6.7 Discussion

6.7.1 Paragenetic sequence

Based on ore textures, cross-cutting relations, and ore mineral assemblages, a paragenetic

sequence is established alluding to at least three stages of mineralization (Fig. 6.7-1). The

early stage is defined by the assemblage of pyrite (defined as pyrite 1), galena, tennantite,

and renierite (brown). This stage is dominated by medium- to coarse-grained pyrite

crystals of mainly subhedral to anhedral shape (Fig. 6.6-2 a). Additionally, these pyrite

grains also occur as inclusions in galena. Galena grains exhibit multiple phases of
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triangular deformation cleavage (Figs 6.6-1 b & 6.6-2 h). Tennantite and renierite crystals
of this stage are fine- to medium-grained and are included in galena (Fig. 6.6-2 a). The
second stage is defined by the assemblage carbonate-galena-pyrite-sphalerite. This stage
is dominated by galena and sphalerite and only minor pyrite (defined as pyrite-2). The late
stage is characterized by renierite and galena replacing pyrite and chalcopyrite, and minor
bornite (Fig. 6.6-2 b, ¢). This late stage passes over into the alteration stage, which is

defined by secondary minerals such as chalcocite (Fig. 6.6-2 f).

Minerals Early-stage Late stage
Pyrite e ——
Tennantite
Sphalerite
Galena
Chalcopyrite
Bornite
Chalcocite
Covelite
Enargite
Renierite
digenite

0

*.’M

d

Fig. 6.7-1 Paragenetic sequence of sulfide minerals in the Tsumeb deposit samples from
Levell6, 17, 18, 19, 20, 29, 30, 32, and 46

6.7.2 Bulk ore geochemistry

The geochemical data of the Tsumeb ore in this study shows that the ore is dominated by
concentration high of Pb (mean: 29.4 wt%), Cu (mean: 11.5 wt%), Zn (mean: 8.9 wt%)
and as (mean: 1.17 wt%). Gallium (mean: 293 ppm), Ge (mean: 331 ppm), In (mean: 1.33

ppm), Cd (mean: 0.74 wt%), Fe (1.84 wt%), are all recorded in moderate concentrations.
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There is a positive correlation among elements such as Ga and Sbh, As, and W, which is

suggestive of the relationship between Ga and the sulfide mineralisation.

6.7.3 Distribution of trace elements in sulfide minerals

Pyrite, galena, and sphalerite contain various trace elements in varying concentrations,
either as inclusions or as solid solution. Concentrations of these elements can be used as
a tool for mineral exploration, and they can provide useful information regarding the ore

formation (e.g., Melekestseva et al. 2020; Qi et al., 2022).

Sphalerite has a high capability of incorporating minor and trace elements including
critical metals such as Ga, Ge, and In (Alfantanzi and Moskalyk, 2003; Moskalyk, 2003;
Hollel et al., 2007; Cook et al., 2009; Danyushevskiy, 2011; Belissont et al., 2016; Frenzel
et al., 2016). Cations can be integrated in the crystal lattice by means of substitution for
Zn or as microscale inclusions of other minerals (Cook et al., 2009). Fe?*, Mn?*, Co?*, and
Cd?* have a similar ionic radius and the same oxidation state as Zn?* (Cook et al., 2009;
Bellissont et al., 2014; George et al., 2016). Their substitution within the crystal lattice of
sphalerite can either be as a direct substitution for Zn?* (Cook et al., 2009) and/or as a
coupled substitution which is mainly defined by 2Zn?* «<» Cu* + In®" (Ye et al., 2011).
Generally, Cd is the third most abundant trace element in solid solution of sphalerite (Wei
et al., 2019) and its concentration can be high such that it can be extracted as a by-product
(Achternbosch et al., 2009). Our data on sphalerite of the Tsumeb deposit (av. 1.53 wt%
Cd) is slightly higher than the range of the average Cd concentration in sphalerite of 0.2
to 1.0 wt%, as defined by Cook et al. (2009). There is a slight correlation between Zn and

Cd expressed by the coefficient of determination (R?) at 0.63 (Fig. 6.7-2 b), suggesting
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that Cd is integrated in sphalerite as solid solution defined by Cd?* «<» Zn?*. Our data shows
a clear non-correlation between Fe?* and Zn?* ruling out possible Zn?*and Fe?* substitution
and suggesting that Fe could be incorporated as micro-inclusion of Fe-bearing minerals
(Fig. 6.7-2 a). Gallium incorporation in sphalerite is principally possible via a coupled
substitution defined by 2Zn?* < Cu* + Ga®" (Cook et al., 2009). Gallium concentration in
our sphalerite samples ranges from few hundreds to thousand ppm, which is similar to
concentrations reported in Melcher et al. (2006). There is no notable correlation between
Ga and Zn, however, there is a slight positive correlation between Cu and Ga (Fig. 6.7-2
d; Fig. 6.7-2 e), suggesting a possible coupled substitution for Ga in sphalerite as defined
in Cook et al. (2009). Correlation between Zn and In as defined by R?= 0.5499 is better
in comparison to other trace elements such as Fe, Cu, and Ga (Fig. 6.7-2 c, a), suggesting
a possible coupled substitution by Cu*In®* <« Zn?'Fe?*. Arsenic trace element
concentrations above 100 ppm in Tsumeb sphalerite might indicate low temperatures
during formation as proposed by Clark (1970), coupled with low Fe concentrations.
Additionally, high Ga and Cd concentrations in sphalerite are also suggestive of low

formation temperatures (Cook et al., 2009).
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Fig. 6.7-2 Binary plots of trace elements in sphalerite of the Tsumeb deposit. A) Zn vs Fe;
B) Zn vs Cd; C) Cuvs Zn; D) Ga vs Zn; E) Ga vs Cu; F) Invs Cu.

Substitution of cations such as Ag, Tl, Bi, and Sb for Pb in the crystal lattice of galena is
quite common and occurs at various concentration ranges, and is mainly defined by the
coupled substitutions of Ag* + (Bi,Sh)** < 2Pb?* as well as (Ag,Cu,TI)* + (Bi,Sb)*" <
2Pb?* (George et al., 2015). Traces of Cd, Cu, Fe, Mn, Ni, and Sn are mainly attributed to
inclusions of other minerals in galena (Blackburn and Schwendeman, 1977). Silver

concentration in Tsumeb galena ranges between hundreds to thousands ppm, which is in
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accordance with general Ag concentrations in galena, as reported in Li et al. (2020).
Additionally, Sh concentration in Tsumeb galena is very variable, ranging from <64 ppm
to a significant concentration of about 1000 ppm. Owing to the fact, that Bi and TI, that
are typically involved in the substitution within the galena crystal, are not analysed by
EMP, it is hard to determine the type of substitution involved in this case. However, Qi et
al. (2022) stated that, despite the potential low concentrations of Bi and TI, the general
substitution reaction Ag* + Sb3" « 2Pb?" is still the most acceptable theory for the
incorporation of Ag in galena, and this is also considered for Tsumeb galena. However,
Cu is the most abundant trace element in galena and occurs likely as solid solution in the
galena structure.

Pyrite has the capability to incorporate various trace and minor elements in its crystal
lattice either by substitution or inclusion of other mineral phases, enabling pyrite to be
used over the years as a geochemical pathfinder in exploration of ore deposits (Steadman
et al., 2015; 2021; Xie et al., 2020). It is noted that Tsumeb pyrite contains Cu, Zn, Ni,
Cd, Pb, Ga, and Ge concentrations, with concentrations ranging from hundreds to
thousands ppm. However, there is no difference in trace element abundance between the
different mineral assemblages/mineral stages.

In comparison to other sulfides, such as sphalerite, galena, chalcocite and bornite, trace
element incorporation in chalcopyrite is complex and rare (Cook et al., 2009; 2011,
George et al., 2015, 2018). Our data shows that there is a variable Cd:Zn ratio between
0.006 and 0.04, implying that there is a variation in the physiochemical conditions during
which the chalcopyrite grains crystallized, following the argumentation of George et al.
(2018). This is also shown by applying the binary Zn-Cd classification proposed by Marfin

et al. (2020) for discrimination of chalcopyrite environments, where the Tsumeb data are
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very scattered. However, most Tsumeb chalcopyrite data plots in the high temperature

field (Fig. 6.7-3).
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Fig. 6.7-3 Binary discrimination diagram based on Cd and Zn concentrations in
chalcopyrite for Tsumeb chalcopyrite, showing formation temperature ranges for
different ore types. Modified after Marfin et al. (2020).

6.7.4 Copper and zinc isotopes

Copper isotopes have been used to trace the ore forming processes especially in porphyry
and epithermal environments (Mathur et al., 2012; Wu et al., 2017). The Tsumeb samples
analysed for both bulk Cu and Zn isotopes consist of a mix of various sulfide minerals as
summarized in Table 6.6-3. The Zn content is primarily from sphalerite, however, also

renierite and tennantite contain notable amounts of Zn.

The range of bulk-ore Cu isotopes is positive and varies from 0.80 to 1.32%o 5°°Cu, which

is much greater than average continental crust (0.08 + 0.17%o 5°°Cu; Moynier et al., 2017).
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The elevated §%°Cu values likely indicate remobilization of Cu by supergene processes
where reprecipitation of Cu'* leads to enrichment of isotopically heavy Cu (Mathur et al.,
2005). The Tsumeb Cu isotope values are also comparable to isotopic data of hypogene
mineralization of porphyry deposits as described in Mathur et al. (2012) where Rayleigh

fractionation leads to enrichment of isotopically heavy Cu during fluid evolution.

There is no apparent correlation between the Zn concentration and the Zn isotope
composition (Fig. 6.7-4 b). The bulk-ore isotopic compositions of the Tsumeb deposit
(8%Zn =-0.11 to 0.13%o) is below average continental crust (0.30 + 0.07%08%Zn; Moynier
et al., 2017), but within the range of Zn-rich massive sulfide deposits as reported in Liao
et al. (2019) with a range of -0.19 to 0.14%o, or within the range of sphalerite from the
Irish MVT deposits with -0.17 to 1.33%o 5%¢Zn (Wilkinson et al., 2005). This variability

is likely due to Rayleigh fractionation on precipitation of ZnS from the ore fluid.
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Fig. 6.7-4 Binary plots of the analysed samples (a) Cu isotopic composition vs Cu
concentrations; and (b) Zinc isotopic composition vs Zn concentrations.
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6.8 Conclusion

e The Tsumeb mineralization is related to at least three different stages, defined by the
mineral assemblages: (1) pyrite-1-galena-tennantite-renierite (brown), (2) carbonate-
galena-pyrite-2-sphalerite,  (3)  renierite-galena-chalcopyrite-chalcocite-digenite-
renierite.

e Ga is mainly concentrated in renierite, sphalerite, and chalcopyrite, and is contained,
to a lesser extent, in galena, tennantite, and chalcopyrite, while Ge is mainly
concentrated in renierite and enargite with notable concentrations in tennantite and
pyrite.

e Tsumeb Cu isotope values are also comparable to isotopic data of hypogene
mineralization of porphyry deposits.

e Bulk-ore isotopic compositions of the Tsumeb deposit (6 66Zn = -0.11 to 0.13 %o) is
below average continental crust but falls within the range of the massive sulfide or

MVT deposits.
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7 Textural and trace element geochemical analysis of sulfide

mineralisation of the Khusib Springs deposit, Namibia

Abstract

The Khusib Springs deposit, which is located in the limestone of the Maiberg Formation
of the Tsumeb Subgroup, is a Cu-Zn-Pb-Ag polymetallic deposit. This chapter focuses on
the sulfide mineralisation of the Khusib Springs deposit with emphasis on the
concentration of trace elements in the different sulfide minerals by electron microprobe
analyses (EPMA). The different sulfides show a wide range of textural features and
chemical compositions. Petrographic results show that mineralisation can be categorized
into two types: massive Cu-Pb-Zn sulfide mineralisation and massive to disseminated Cu-
As-Ag sulfide mineralisation. Fractures, cataclastic texture and triple junction texture of
pyrite crystals are suggestive of shear movement along fracture zones, while alteration of
pyrite is due to metamorphism. Bulk rock composition of the analysed samples shows that
the deposit is enriched in Cu, Zn, and Pb, with significant amounts of Mn, Ag, As, and
Sh, and trace amounts of Cd, Cr, Co, Ga, Ge, Ni, V, and W. However, trace element
concentrations of Co, Cd, Ga and Ge is below detection limit in the sulfide minerals,
suggesting that trace elements are either not incorporated in the major sulfide crystals and
instead occur in separate mineral phases, or the limit of detection (LOD) of the instrument
is simply too high for these particular minerals, with detection limits of; Ag (LOD= 1039-
1659 ppm), As (622-987 ppm), Cu (LOD=2537-3874 ppm), Fe (LOD=1155-2231 ppm),
Ga (LOD= 950-2353 ppm), Ge (LOD= 1846-2506 ppm), In (LOD= 323-463 ppm), Mn

(LOD= 610-973ppm), Pb (LOD= 2334-4372 ppm), S (LOD= 332-525 ppm), Sh (322-476
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ppm), Zn (LOD= 3098-5192 ppm) . The negative Eu anomaly and a slight positive Gd
anomaly observed from REE chondrite normalised plots are an indication of the

involvement of ore formation fluids of low temperature.

Keywords: Khusib Springs, critical metals, sulfide mineralisation, EPMA, bulk rock

geochemistry
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7.1 Introduction

Trace elements incorporated in sulfide ore minerals have the potential of boasting the
value of a deposit and can be used in aiding the understanding of the geological processes
involved in the formation of a particular deposit, determining the type of deposit, and
revealing mineral exploration potentiality of the deposit (e.g., Cook et al., 2009; Revan et
al., 2014; George et al., 2015; Frenzel et al., 2016; Hu et al., 2020; Chu et al., 2022). Over
the last decades trace element distribution within various sulfide mineralisations has been
well studied (e.g., Cook et al., 2009, 2013; George et al., 2015; 2016; 2017; 2018; Li et
al., 2019). The green industrial revolution depends on critical metals like Ga, Ge, In, and
Cd, but because of their low crustal abundance, these are only found in association with
other minerals particularly in deposits that are rich in zinc sulfide (Frenzel et al., 2014;

Rudnick and Gao, 2014; Werner et al., 2017).

Neoproterozoic carbonate rock units of the Otavi Mountain Land (OML) host numerous
sulfide mineralisations that have significant concentrations of the critical metals Ga, Ge
and In, including the Khusib Springs deposit (Melcher et al., 2006). The Khusib Springs
deposit was discovered in the early 1990s, and production took place between 1995 and
2003 (Melcher, 2003; Golden Deeps, 2020). Historically, the Khusib Springs mine had a
total production of ~50 Kt of ore at grades of up to 10 wt% Cu, 1.9 wt% Zn, 1.8 wt% Pb
and 584 g/t Ag (Melcher et al., 2006; Kamona and Giinzel, 2007; Golden Deeps, 2020).
There is a great potential for the discovery of more ores that are economically viable in

the area, and exploration activities is still on going to date.
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This chapter aims to characterise trace element distribution in the major sulfide ore
minerals, chalcopyrite, galena, pyrite, digenite, tennantite and Ag-rich sulfides, while
correlating this to ore textures. This is achieved by combining petrographic data for
textural characteristics and mineralogy, with whole rock geochemical data obtained via
ICP-MS, for geochemical characterisation and possible identification of the indicator
elements, and EPMA analyses of the sulfide minerals for the distribution and
concentration of the trace elements. Samples for this chapter were collected from the
Khusib Springs' old, abandoned mine dump, as well as from two drill cores, a shallow
hole KHDO1 which is 50 m deep and KHDO6 which is approximately 500 m deep (Fig.

7.1-1).
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Fig. 7.1-1 Cross section outlining the two drill cores where samples were taken from for
this chapter (Golden Deeps, 2022).

7.2 Geological Background

7.2.1 Regional Geology

Otavi Mountain Land is one of the most important mineral provinces in Namibia, which
makes up part of the Damara Orogenic Belt (DOB) (Misiewicz, 1988). The province hosts
various base metal deposits, including the Khusib Springs Cu-Zn-Pb-Ag sulfide deposit,
which is hosted in the limestone of the Maiberg Formation in the Tsumeb Subgroup of the

Otavi Group (Melcher et al., 2006). Tsumeb subgroup is subdivided into at least eight
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lithozones namely T1 to T8 (Hedberg, 1979). Additionally, based on lithology, the
Tsumeb subgroup is subdivided into four formations: the Ghaub Formation, forming up
the basement of the subgroup, followed by the Maieberg and the Elandshoek Formations
and the youngest, the Hittenberg Formation (Lombaard et al., 1986; Kamona and Giinzel,
2007). The Ghaub Formation is dominated by the Neoproterozoic Marinoan glaciogenic
deposition as well as platform sedimentary units (Hoffmann et al., 2004; Domack and
Hoffman, 2011; Bechstédt et al., 2018). The Maieberg Formation is deposited between
720 and 635 Ma and is widely distributed within the OML,; it is dominated by thinly
laminated limestone, associated with dolomite and cap carbonates (Hoffman et al., 1988;
Kamona and Gunzel, 2007). Deposition of the Maieberg Formation represents a change
in environmental conditions from a glacial to a marine environment as depicted by the
lithologies present in the formation (Hoffman et al., 1998; Melcher, 2003). Elandshoek
Formation is made up of breccia, dolomite and sandstone (Hoffman et al., 2021). Units of
this formation have been thrusted together with the Maieberg and Huttenberg formation
forming up the Mooilaagte thrust, over the Mulden Group phyllite as deduced from fold
structures in the units (Miller, 2021). Hittenberg Formation is made up of shale,
limestones, dolomites and oolitic carbonate rocks that were deposited during the marine
transgression on the margin of the Congo Craton (Kamona and Giinzel, 2007; Delpomdor

etal., 2018).

7.2.2 Deposit Geology

The at Khusib Springs exposed strata are primarily Neoproterozoic in age, which includes
the limestones, various types of breccias as well as dolomite of the Maiberg Formation

(Fig. 7.3-1). The deposit which is classified as a “Tsumeb-type” deposit is a small, high-
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grade Cu-Zn-Pb deposit with a steeply plugging pipe-like lens structure, which is located
at the contact between the T2 and T3 lithozones of the Maieberg Formation (Melcher,
2003; Melcher et al., 2006). Based on personal observations of recent KHD01 and KHDO06
drill cores from Husab Energy Resources that are placed roughly about 400 meters apart
(Fig. 7.1-1). The lithology in the Khusib Springs deposit is represented by meter-scale
intervals of light grey dolomite, dark grey dolomite, laminated dolomite, a dolomite
breccia unit, calcrete as well as calcite (Fig. 7.2-1). The uppermost part of the drill core is
made up of calcareous materials that is followed by the alternation of the light and dark
dolomite. The dark dolomite unit is a largely barren unit in terms of sulfide mineralization
and is distinguished by fine grain texture with patches of light dolomite and calcite. The
laminated dolomite layer is defined by fine grained dark dolomite bands that are
embedded in a light dolomite matrix. Mineralisation is mainly found in the massive light
dolomite that is characterised by brecciation (Fig. 7.2-1 c, d, g, f). The breccia is
characterised by white dolomite that is replacing a grey dolomite matrix (Fig. 7.2-1 c, d).
The light dolomite is characterised by a thin lamination texture that is defined by
alternating light and dark layers in the millimetre to centimetre scale (Fig. 7.2-1 f). There
are also sections that is characterised by the pull apart like character that is defined by
dark dolomite clast that are brecciated zone of the light dolomite, associated with argillic
alterations (Fig. 7.2-1 d, f).The Melcher et al. (2006) recognised at least two stages of
mineralisation at the Khusib Springs deposit: a) the early stage mineralisation which is
associated with the first deformation episodes of the DOB, which is characterised by
sulfide minerals such as chalcopyrite, bornite, sphalerite, pyrite, tennantite, enargite,
digenite, galena and Ge-colusite; and b) the later stage mineralisation, which is

characterised by digenite, tennantite, pearceite-polybasite, which is linked to the 3"
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Damara Orogenic deformation episode (Melcher et al., 2006). Ore mineral textures are

mainly of massive and disseminated mineralisation styles (Fig. 7.2-1 a-c).

+—52.26 mm -

——76.07 mm —i

Fig. 7.2-1 Photographs showing host rock and ore textures from the Khusib Springs
deposit. a) disseminated chalcopyrite and pyrite in carbonate host rock. b) massive galena
associated with sphalerite in carbonate host rock. ¢) disseminated sulfides embedded in a
brecciated zone. d) brecciated zone from one of the drill cores. e) intercalation of light
and dark dolomite. f) laminated light dolomite. g) brecciated zone with patches of sulfide
mineralization. h) pull apart clasts of dark dolomite embedded in the light dolomite with
argillic alterations. 1) brecciated zone from the footwall with veins filled with calcite.
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7.3 Samples and methodology

7.3.1 Samples

About fifty-five representative samples collected for textural

and chemical

characterisation of the main ore minerals were taken at the Kuiseb Springs deposit.

Twenty of these samples are grab samples from the historical mine dump and thirty-five

were collected from recent drill cores, which were provided by Husab Energy Resources

from EPL-3543 (Fig. 7.3-1). From the grab samples, twelve samples represent massive

sulfide mineralisation, and from the drill core samples about twenty represent

disseminated to semi-massive mineralisation. The list of samples collected is found in

Appendix 7-1.
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Fig. 7.3-1 Extract of the geological map of the Otavi Mountain Land showing the
location of the Khusib Springs deposit and other deposits within the same vicinity
(Golddeep, 2020).
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7.3.2 Bulk ore geochemistry

Rock samples were submitted to Activation Laboratories LTD (ACTS LAB), Namibia,
for sample preparation (crushing and pulverizing) while bulk rock trace element analysis
was subsequently conducted by Activation Laboratories Ltd, Ontario, Canada. Trace
elements were analysed by inductively coupled mass spectrometry (ICP-MS). Copper, Zn,
Pb, As and Ag results were obtained using the 8-pre-oxide ICP assay method. The batch
of samples was analysed including blanks, duplicates and standards, complying with the
quality control procedures of ACTS LAB. The complete analytical results are provided in
Appendix 7-2. Statistical parameters of the elemental concentrations of the bulk rock
samples, as well as the correlation coefficients were determined for the samples analysed
and are summarised in Table 7-4-1. The dataset with less than 25% of data that are below
the lower analytical detection limit (LOD), were corrected using the methos adapted from
Wood et al. (2011). This method stipulates that the data set below LOD are substituted by
values of half the detection limit for the individual elements. However, it should be noted
that this may lead to either an overestimation or underestimation of some of the statistical

parameters.

7.3.3 Elemental analysis of sulfide minerals

Polished thin sections were prepared for petrographic analyses of all samples, whereby
detailed textural and ore and host rock mineralogical analyses were carried out using a
Zeiss Polarisations reflected and transmitted Axio A.1 microscope and favourable areas
were chosen for compositional quantification by EPMA at the department of Mineral

Resources, Clausthal University of Technology, Germany. Mineral phases quantitative

123



composition data were obtained using a Cameca SX Five FE electron probe
microanalyser, running the Cameca own software for data capturing and processing.
Quantitative analyses were performed with a beam current of 50 nA and an accelerating
voltage of 15 kV. About seven trace elements were analysed: S, Mn, Fe, Cu, Zn, Ga, Pb,

Ag, Sh, As, In and Ge. Full data set is presented in Appendix 7-3 a.

7.4 Results

Mineralogy and the textural characterisation of the ore mineralisation types at the Khusib
Springs deposit, based on hand specimen and polished thin sections, are illustrated in
Figure (7.5-1-3) whereas whole rock and trace element data of different sulfide minerals
are presented in Tables 7.4-1 and 7.4-3). Sulfide minerals show a wide range of textures

and chemical composition (see below).

7.4.1 Petrography

7.4.1.1 Host rock petrography

Matrix of the host rock consists of calcite, dolomite, quartz, muscovite, plagioclase,
siderite, and sericite. While the most abundant minerals, dolomite and calcite, mostly do
not express any specific texture, characteristic textures are observed for minor minerals.
However, locally, dolomite grains occur as infill between quartz grains in the mineralized
zones along with muscovite and plagioclase and exhibit a clear set of twin lamellae with
high order interference colours along the twin lamellae (Fig. 7.4-1 ¢). Muscovite grains
are frequently aligned along bedding planes and bend sometimes around quartz and
feldspar grains as well as sulfide ore minerals (Fig. 7.4-1 a, €). Most of the muscovite

grains show 2" and 3 order interference colours. Quartz grains are of fine to medium
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grain size. They have subhedral to anhedral shape and exhibit an undulous extinction and

a characteristic mosaic texture (Fig. 7.4-1 d, c, f). Minor plagioclase and microcline can

have twin lamellae that are parallel or cross-cutting, respectively (Fig. 7.4-1 c, d).

Fig. 7.4-1 Microphotographs showing various minerals and textures of the host rocks. a
& b) Fine grained muscovite aligned along foliation between ore minerals and quartz
grains.; c) calcite grains associated with quartz, plagioclase and sulfide minerals. d)
Microcline exhibiting a tartan twinning pattern. e) Muscovite grains surrounding the
opague sulfide minerals. f) Mosaic texture defined by fine quartz grains.
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7.4.1.2 Ore petrography

Pyrite grains can be fine to coarse grained and have either euhedral or subhedral shape
(Fig. 7.4- 2 a-f). In some samples, pyrite has inclusions of galena, chalcopyrite, bornite
and sphalerite. Disseminated pyrite crystals occur mainly within the fracture zones or in
carbonate matrix (Fig. 7.4-2 b). Some of these pyrite crystals are truncated by fractures
filled with tennantite and galena. Locally, a replacement texture is observed, defined by
the replacement of pyrite by chalcopyrite which is then replaced by galena (Fig. 7.4-2 b)
or by the replacement of pyrite by tennantite (Fig. 7.4-2a). In some samples, there are
euhedral to subhedral pyrite grains embedded in a brittle deformed carbonate matrix (Fig.
7.4-2 b). There is recrystallisation of pyrite crystals that is defined by the triple-junction
form texture (Fig. 7.4-2 d), which is indicative of alteration of pyrite grains due to
metamorphism (Vokes and Craig, 1993). Additionally, there is an intergrowth between
pyrite and sphalerite, chalcopyrite and galena and later tennantite grains (Fig. 7.4-2 c).
Sphalerite is mainly a minor mineral occurring in association with tennantite, galena,

pyrite and chalcopyrite (Fig. 7.4 3 b, c and h).

Galena is medium to coarse grained, having mainly subhedral to anhedral shape (Fig. 7.4-
2). It occurs in assemblage with of tennantite, intergrown with pyrite, chalcopyrite,
sphalerite and gangue minerals (Fig. 7.4 2 a, b, d, e - h). Most galena grains show a distinct
deformation pit cleavage (Fig. 7.4 2 g). Chalcopyrite is a minor mineral phase which is
typically associated with galena, pyrite, tennantite, sphalerite, and chalcocite (Fig. 7.4-2
c, e, ). It exhibits replacement texture, defined by chalcopyrite replaced galena and pyrite
and as interstitial filling in microfractures of tennantite (Fig. 7.4 2 ¢, b and f). Bornite is a

minor mineral in this, and it occurs to be replaced by pyrite, (Fig. 7.4-2i).
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Fig. 7.4-2 Photomicrographs in reflected light of ore textures of the sulfide mineralization
of the Khusib Springs deposit. A) Pyrite crystals recrystallized into subhedral grains in a
galena and tennantite matrix.B) euhedral and subhedral grains of pyrite embedded in a
fracture zone. C) Chalcopyrite, sphalerite and galena as inclusions in tennantite. D) triple
junction boundaries between pyrite grains, in an assemblage with galena, chalcopyrite
occurring as micro-inclusions in tennantite, and sphalerite being replaced by chalcocite.
E) replacement texture defined by pyrite being replaced by chalcopyrite which is then
replaced by galena. The assemblage sits in tennantite. F) chalcopyrite being replaced by
chalcocite, and massive grains of pyrite associated with galena and tennantite. G)
triangular cleavage pits in galena grains with subhedral grains of pyrite and replacement
of sphalerite by chalcocite. H) tennantite with interstitial fractures filled with host rock,
galena, sphalerite and chalcopyrite. 1) Anhedral grains of bornite replaced by pyrite.
Abbreviations: Cct- Chalcocite, Ccp-Chalcopyrite, Gn-Galena, Py-Pyrite, Sp-Sphalerite,
Tnt-Tennantite.
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7.4.2 Bulk rock geochemistry

Thirteen samples were chosen for whole rock geochemical analysis, of which the basic
statistical parameters of selected elements are reported in Table 7.4-1. The full dataset is
in Appendix 7-2. Copper is the dominant base metal element with a concentration mainly
over 15 wt%, and in some instances even greater than 35 wt%, with an arithmetic mean
(a.m.) of 11.8 wt% and sd 11.7%. The other known major base metal commodities at the
Kuiseb Springs deposit are Zn, Pb and Ag, which have concentrations ranging between
~47 ppm and ~6.8 wt%, ~14 ppm and ~9.4 wt%, and ~1 ppm and 2000 ppm, with a.m.s
of 1.7 wt%, 1.9 wt% and 655 ppm, respectively. Arsenic and Sb both have a wide range
of concentrations ranging between 90 ppm and 13.7 wt% (a.m. 4.3 wt%) and 4 ppm and
1.7 wt% (a.m. 0.5 wt%), respectively. Manganese concentrations are between 220 ppm
and 5110 ppm, with an a.m. of 2039 ppm and a SD of 1224 ppm. There are very strong
positive correlations between Cr and Ni (r =0.94), Cu and Sb (r = 0.92), and Zn and Bi (r
= 0.91), and strong positive correlations between Ag and As (r = 0.88), Ag and Cu (r =
0.83), Ag and Cd (r = 0.83), Ag and Sb (r = 0.81), Ag and Zn (r = 0.85), Cuand Cd (r =
0.89), and Zn and Pb (r = 0.76). Additionally, there are further positive correlations
between several elements as shown by the summarised correlation coefficients in Table

7.4-2.

Critical elements such as Ga and Ge, as well as the rare earth elements (REES) occur only
in low concentrations in all bulk rock samples. Gallium is above detection limit in all
samples analysed, with concentrations ranging between 0.9 ppm and 14.2 ppm (a.m. 5.8

ppm; SD 3.3 ppm). Germanium is detected in 77% of the sample population, with a
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concentration up to 30 ppm (a.m. 7.9 ppm; SD 11.2 ppm). Concentrations of REEs are
relatively low, ranging between 0.05 and 6.2 ppm, with Th, Tm, and Lu concentrations
<LOD in 75% of the analysis. Total REE concentrations in the samples range from 4.5
ppm to 31.7 ppm. Normalizing REEs to chondrite (Fig. 7.5-3), while using the
normalization values from Boynton (1984), the patterns are characterised by low
enrichment of all light rare earth elements (LREES), and heavy rare earth elements
(HREEs), with a notable negative Eu anomaly and a slight positive Gd anomaly in some
samples. According to Karakaya (2012), a negative Eu anomaly in sulfide mineralisations

can be an indication of an involvement of fluids that are of low temperature (<200°C).

Spider plot — REE chondrite (Boynton 1984)
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01

Fig. 7.4-3 Chondrite-normalised REE plots showing variations in the REE composition
of Kuiseb Springs samples (normalising values used are from Boynton (1984)). All the
samples shows a clear negative Eu anomaly. Some samples show in addition a slight
positive Gd anomaly.
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Table 7.4-1 Basic statistic parameters of trace and RE elements (in ppm; Fe in wt%) in
the bulk rock samples of the Khusib Springs deposit. Number of samples analysed:13.

Elements | Min Max Arithmetic | Geometric | Median Standard
mean mean deviation
Ag 1.02 2000 655 168 176 748
As 97.8 137000 43341 10568 20000 45220
Ba 5 94 46.5 35.2 44 29.1
Bi <0.02 2.02 0.7 0.5 0.3 0.7
Cd 0.3 188 56.8 25.1 31.6 53.6
Co 0.2 31.1 14.9 7.5 10.3 12.2
Cr 5 54 195 145 14 16.2
Cu 193 373000 118489 31862 166000 112874
Fe 0.08 941 2.6 1.5 18 2.4
Ga 0.9 14.2 5.8 4.6 5.4 3.4
Ge <0.1 30.9 7.9 2.6 3.3 11.2
Hf <0.1 0.8 0.4 0.3 0.3 0.2
Mn 220 5110 2039 1632 1870 1224.2
Mo 0.5 94.5 9.4 25 3 24.6
Nb <0.1 2.8 0.96 0.6 0.6 0.9
Ni 1.6 13.9 6.515 5.3 55 3.9
Pb 13.9 94200 19411 3156 1480 29797
Rb 5.4 41.9 20.8 17.8 24.6 10.4
Sh 4.8 17400 5546.9 798 5400 5931
Sr 39.6 908 163 108 110 218
Th 0.5 3 1.4 1.2 1.2 0.8
U 0.5 7.2 2.1 1.6 15 1.7
\ 5 28 145 125 17 7.3
w 0.4 28.7 4.323 1.9 2.3 7.4
Zn 47.2 67800 17438 6474 10300 18569
Zr 2 32 12.8 8.9 8 10.6
La 0.8 6.2 3.2 2.6 2.7 1.9
Ce 2.1 13.7 7.5 6.3 7 3.9
Pr 0.2 1.6 0.9 0.7 0.8 0.4
Nd 1.1 6.4 3.6 3.1 3.2 1.7
Eu 0.05 0.18 0.1 0.1 0.1 0.04
Sm 0.2 1.2 0.7 0.6 0.7 0.3
Gd 0.2 13 0.7 0.6 0.7 0.3
Th <0.1 0.2 0.1 0.1 0.1 0.04
Dy 0.2 13 0.6 0.5 0.6 0.3
Er 0.1 0.7 0.4 0.3 0.3 0.2
Yb 0.1 0.7 0.3 0.3 0.3 0.2
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Table 7.4-2 Pearson’s correlation coefficients of selected elements for bulk rock samples of the Khusib Springs deposit. Note: Pearson’s correlation coefficient is based on 13 analysed samples, values with dark blue
colour: r = 1; white: r = 0; red: r = -1. All other colours indicate the gradations inbetween. Correlation coefficients are interpreted as follows: r <0.5 = very weak correlation; r = 0.5-0.7 weak correlation; r = 0.7-
0.9 strong correlation; r > 0.9 very strong correlation.

Ag As Ba Bi Ccd Co Cr Cu Fe Ga Ge Hf Mn Mo Nb Ni Pb Rb Sb Sr Th U vV w Zn
Ag
As
Ba -0.66 | -0.65
Bi -0.55
Cd -0.46
Co -0.42
Cr -0.31 -0.35 -0.16 -0.15 -0.16
Cu -0.51 -0.13
Fe -0.19 0.16 0.10 0.25 0.34
Ga 0.39 0.32 0.12 0.39 0.44 0.22 0.40 0.21
Ge -0.48 0.35 0.12 0.40 | -0.36 0.31 0.10
Hf -0.24 -0.29 -0.03 -0.13 -0.23 -0.07 0.35 0.01 -0.31
Mn -0.49 | -0.54 0.26 | -049 | -0.44 | -0.45 0.16 | -046 | -0.21 | -0.08 | -0.20 0.10
Mo -0.14 | -0.10 028 | -0.10 | -0.09 | -0.06 0.13 | -0.17 | -0.05 -0.06 | -0.19 0.21
Nb -0.44 | -0.48 -0.26 | -0.38 | -0.45 -0.28 032 | -0.24 | -0.28 0.28 | -0.22
Ni -0.30 | -0.28 -0.19 | -0.06 0.01 -0.06 0.17 034 | -037 0.12 0.24
Pb -0.42 0.34 -0.28 0.47 0.05 0.44 -0.14 -0.43 -0.14 -0.26 -0.17
Rb -0.40 | -0.29 -0.27 | -0.22 | -0.12 046 | -0.27 | -0.11 0.28 | -0.37 0.02 0.33 0.18 -0.11
Sb -0.48 -0.20 0.25 0.32 0.33 -0.12 -0.43 -0.17 -0.31 -0.09 -0.24
Sr -040 | -044| -005| -039| -043| -048 | -009| -043| -035| -048 | -0.27| -0.26 | -0.29 | -0.10 0.08 | -0.21| -030| -0.25| -0.39
Th -041 | -0.44 -0.22 | -0.23 | -0.29 -0.23 0.04 0.22 | -043 0.11 0.20 -0.29 -0.25 | -0.16

-0.39 | -0.34 -0.25 | -0.30 | -0.26 -0.32 0.00 -0.23 0.26 0.18 0.12 -0.26 -0.32 | -0.03
v -0.69 | -0.57 -0.55 | -0.51 | -0.40 042 | -0.50 | -0.24 0.03 | -0.45 0.41 0.31 0.32 -0.25 -042 | -0.17
W 0.37 -0.26 -0.06 -0.02 -0.13 0.12 0.20 -0.05 -0.18 0.22 -0.08 -0.17 -0.09 0.09 -0.23 -0.14 0.14 -0.17
Zn -0.55 -0.19 0.25 -0.06 | -047 | -0.15]| -0.20 | -0.19 -0.28 -0.41 | -0.33 -0.31 -0.54
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7.2.1 Trace elements in sulfide minerals

A total of 296 spots were analysed by EPMA and the results of the EPMA analyses of
sulfide minerals are presented in Appendix 7-3, while in Table 7.4-3 summarised basic
statistical parameters of the analysed trace elements in the different sulfide mineral
phases are presented. Trace elements can be incorporated in pyrite phases either as
micro-inclusions or via substitution within the crystal lattices (Thomas et al., 2011;
Ciobanu et al., 2012; Cook et al., 2016). Chemical composition of pyrite is
characterised by Fe and S contents ranging from 52.96 wt% to 53.92 wt%, and 44.62
wt% to 46.77 wt% with means of 53.42 wt% and 45.54 wt%, respectively (Fig. 7.4-
5). Copper and Pb contents are recorded above LOD (2537-3874 ppm and 2334-4372
ppm, respectively) in 55% of the pyrite grains analysed, with concentrations ranging
from 0.29 wt% to 1.36 wt% (mean: 0.74 wt%) and 0.25 wt% to 0.41 wt% (mean: 0.32
wt%), respectively. Zinc and As are generally <LOD limit of 5192 ppm and 987 ppm

respectively in the analysed grains.

Lead, Ag, Sb and As are the only incorporated trace elements in chalcopyrite. Sulfur,
Fe and Cu range from 30.13 wt% to 34.97 wt% (mean = 34.36 wt%; SD = 0.99), 22.41
wit% to 31.07 wt% (mean = 29.7 wt%; SD = 1.96), and 31.7 wt% to 37.47 wt% (mean
= 34.13 wt%; SD = 1.02), respectively. Silver and Pb range from 0.13 wt% to 1.3 wt%
(mean = 0.3 wt%; SD = 0.27) and 0.28 wt% to 7.67 wt% (mean = 2.04 wt%; SD =
2.5), respectively. Arsenic and Sb are below 987 ppm and 476 ppm respectively in
most of the chalcopyrite grains. The rare detected As and Sb values range between
0.08 wt% to 6.26 wt% (mean = 0.85 wt%; SD =0.11), and 0.06 wt% and 0.32 wt%
(mean = 0.18 wt%; SD = 0.11), respectively. Cupropeacite (CusAs2S7AgeCuSs) has

significant traces of Fe and Sb. Silver values range between 36.9 wt% and 51.66 wt%
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(mean = 44.7 wt%; SD = 4.88). Copper and S range from 23.12 wt% to 35.26 wt%
(mean =28.2 wt%; SD = 4.39) and 17.87 wt% to 18.87 wt% (mean = 18.42 wt%; SD
= 0.27), respectively. Arsenic, Fe and Sb range from 5.95 wt% to 7.81 wt% (mean =
7.2 Wt%:; SD = 0.56), 0.57 wt% to 1.43 wt% (mean = 0.91 wt%; SD = 0.27), and 0.21

wit% to 0.64 wt% (mean = 0.40 wt%; SD = 0.13), respectively.

Table 7.4-3 Summarization of element concentrations in sulfide minerals from the
Khusib Springs deposit. All elements are reported in wt%.

Mineral S Fe Cu Zn Pb Ag Sh As
Pyrite Min 52.96 44.62 0.29 0.39 0.25 - - -
Max 53.92  46.77 1.36 0.48 0.41 - - -

Mean 53.42 4556 0.74 0.43 0.32 - - -

Galena Min 13.34 0.22 0.37 0.47 84.76 - - -
Max 13.93 0.58 1.73 0.69 86.82 - - -
Mean 13.63 0.39 0.94 0.56 86.00 - - -

Sphalerite Min 32.46 0.14 0.33  65.23 0.31 0.14 - -
Max 33.19 0.87 119  68.05 0.38 0.15 - -
Mean 32.80 0.34 0.63 66.64 0.35 0.14 - -

Tennantite mean 28.03 2.17 43.65 6.24 0.33 0.64 1.73 18.12

min 27.23 0.18  40.67 5.32 0.26 0.12 117 16.65
Max 31.90 330 4853 7.68 0.52 2.73 441 19.49

Chalcopyrite  Mean 3437 29.73 3413 2.24 2.04 0.32 0.18 0.85

Min 30.13 2241  31.70 2.24 0.28 0.13 0.06 0.08
Max 3497 3107 3747 2.24 7.67 1.30 032 6.26
Cupropeacite mean 18.42 092 2821 - - 4474 040 7.20
min 17.87 057 2312 - - 36.90 021 595
max 18.87 143  35.26 - - 51.66 064 781
Digenite min 21.53 0.16 7445 0.43 0.27 0.14 - 0.94
max 23.75 1.78  78.00 1.83 0.31 0.66 - 0.96
mean 21.97 090 76.55 1.41 0.29 0.38 - 0.95
Peacite Min 16.00 0.26 4.22 0.65 - 57.10 0.11 583
Max 19.07 0.86  14.48 4.14 - 71.78 161 722
Mean 16.77 0.43 9.71 1.52 - 65.59 082 6.51

- Throughout below the lower analytical detection limit
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Fig. 7.4-4 Box and whisker plots of detected trace element compositions in selected
ore minerals from the Khusib Springs deposit. Abbreviations: Ccp-Chalcopyrite;
Cuper- Cupropeacite; Ag-Tnt- Silver-rich Tennantite; Dg-Digenite; Gn-Galena;Py-
pyrite; Sp- Sphalerite; Tnt- Tennantite.

7.5 Discussion

The ore forming process of the Khusib Springs deposit involved fluids distinctly
enriched in Cu, Zn and Pb, percolating and precipitating the sulfide mineralisation.
The mineralisation is hosted mainly in the brecciated zone unit, that is characterised
by white dolomite that is replacing the grey dolomite matrix. This can be correlated to
a typical Mississippi Valley Type (MVT) deposit, which is often associated with
paleokarst features in carbonate rocks, whereby, during the formation process, sulfide
minerals replace carbonate minerals or occur as infills between the angular clasts, as
outlined in Sangster (1988). The pull apart clasts observed in this brecciated zone may
give proof of solution collapse structures, which is linked to the early mineralization
stage described by Melcher et al. (2006). Sulfide mineralisation shows a wide range of
textures and chemical compositions. The dominant sulfide minerals are galena,

tennantite, pyrite, chalcopyrite, and pyrite, associated with dolomite, and minor
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muscovite and quartz. The fracture and cataclastic texture in pyrite can be an indication
of shear movement along the fracture zones bearing the ore. Mineralogical results
show that mineralisation can be categorized into two types: the massive Cu, Pb, Zn
sulfide mineralisation, and the massive to disseminated Cu-As-Ag sulfide

mineralisation.

There is a significant amount of trace element concentrations in bulk rock; however,
EPMA results show that the trace element concentrations in individual mineral phases
is largely <LOD. Trace element geochemistry in sulfide mineral phases has played a
major role in the understanding of ore genesis, the evolution of ore-forming fluids, the
timing of mineralisation, and trace elements serve as geochemical pathfinders in the
exploration of ore deposits (Cook et al., 2016; Steadman et al., 2021; Raic et al., 2022).
Trace elements such as Cu and Pb are incorporated in pyrite mainly as micro-
inclusions and limited via substitution (Steadman et al., 2021). Frequently, pyrite has
inclusions of chalcopyrite and galena, indicating that the Cu and Pb concentrations in
the pyrite is due to the inclusion of the above-mentioned minerals as micro-particles.
Trace elements such as Ga, Ge and Cd in the sulfide minerals in this study are mainly
<LOD. However, from the bulk rock geochemistry there is a significant amount of up
to 188 ppm Cd, 30.9 ppm Ge, and 14.2 ppm Ga. Based on previous studies of sulfide
ores, enrichment of Ga, Ge and Cd are good indications of ore which is formed from
low temperature hydrothermal fluids (Cook et al., 2009; Ye et al., 2011; Frenzel et al.,
2016). Additionally, the negative Eu anomaly and a slight positive Gd anomaly
observed from the REE chondrite normalised plots (Fig. 7.4-3) from the bulk rock
composition is also an indication of ore formation fluids that are of low temperature

(<200°C) (Karakaya 2012; Zeng et al., 2015). However, this somewhat contradicts the
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conclusion by Melcher et al. (2006), that mineralisation at the Khusib Springs deposit

is attributed to precipitation from hot saline fluids.

7.6 Conclusion

e Light dolomite, grey dolomite, laminated dolomite and brecciated dolomite are the
main lithological units that are associated with the Kuiseb Springs deposit.

e Mineralisation is mainly hosted in the brecciated dolomite unit, suggesting that this
is an MVT-type deposit, which corroborate the suggestion from Melcher et al.
(2006).

e At least two types of mineralisation are observed: massive Cu-Pb-Zn sulfide
mineralisation and massive to disseminated Cu-As-Ag sulfide mineralisation.

e Ga, Ge and Cd concentrations from the bulk rock geochemistry suggest that
mineralisation of the Khusib Springs deposit formed as a result of low-temperature
hydrothermal fluids.

¢ Negative Eu anomaly and positive Gd anomaly are suggestive of low-temperature
hydrothermal fluids.

e Lack of trace element detection in sulfide minerals can be due to the too high
detection limits of the EPMA device for the respective elements. The re-analysis of
the sulfide minerals using a LA-ICP-MS device is currently ongoing. However,

results are not expected before mid of next year.
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8 Discussion

This chapter is a summary of the discussions of various main aspects covered in the

preceding chapters.

8.1 Sulfide mineralisation

Petrography is an essential tool in ore deposit characterization and mineral exploration
as it helps to constrain the ore paragenesis and the mineralisation texture(s) as well as
potential deformation events (Berrezueta et al., 2016). Textural observations between
the ore minerals and the host rock mineral assemblage can be used to provide useful
information to elucidate how ore minerals and rock-forming minerals are related.
Kombat deposit's primary mineralisation is dominated by sulfide minerals such as
chalcopyrite, bornite, covellite, galena, with minor tennantite, chalcocite, and
sphalerite (Deane, 1995; Kamona and Giinzel, 2007; Nghoongoloka et al., 2020).
These findings are consistent with the observations made here, whereby chalcopyrite,
bornite, pyrite, and galena being the dominant ore minerals (Fig. 4.5-1 and 5.4-1).
Macroscopic sample observations and microscopic petrographic observations reveal
three different mineralization styles: massive, disseminated, and brecciated. In detail,
most sulfide minerals have anhedral shape, although few have euhedral to subhedral
shape. Crystals with euhedral shape and those with almost well-developed euhedral
shape such as pyrite (Fig. 5.4-1 e) are interpreted to represent the early mineralisation
stage at Kombat. Later mineralisation stage is characterised by replacement and
overgrown textures observed in minerals such as bornite by chalcocite and covellite

(Fig. 4.5-1 c, e and f), and galena by chalcopyrite (Fig. 5.4-1 h).
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The Tsumeb ore paragenesis in this study is characterised largely by bornite,
chalcopyrite, chalcocite, covellite, enargite, galena, pyrite, renierite, sphalerite, and
tennantite (Fig. 6.6-1b, e; Fig. 6.6-2 d). These findings are consistent with the
interpretations of the ore minerals of the deposit by Lombard et al. (1986), Kamona et
al. (1999), and Kamona and Giinzel (2007), who reported the same mineral assemblage
for the deposit. Various ore textures are observed ranging from intergrowth and
replacement textures to polycrystalline (Fig. 6.6-1a) and deformation textures (Fig.
6.6-1 b). In addition, interstitial fractures filled with gangue and other sulfide minerals

are detected (Fig. 6.6-1 b; e; Fig. 6.6-2 d).

Mineralisation at the Khusib Springs deposit is defined by sulfide minerals only that
are embedded in dolomite, calcite, quartz, muscovite, and siderite (Fig. 7.5-1). Melcher
et al. (2006) showed that the Khusib Springs mineralization is largely characterized by
chalcopyrite, bornite, pyrite, enargite, digenite, Ge-colusite, and pearcite-polybasite.
This confirms the observations in this study, whereby the sulfide mineralization is
defined by tennantite, pyrite, galena, chalcopyrite, bornite, chalcocite, covellite, and

Ag-tennantite (Fig. 7.4-4 and 5).

8.2 Bulk ore Geochemistry

Various geochemical methods (XRF, ICP-MS, ICP-AAS) were used to obtain bulk
ore geochemical data from 52 samples from the Tsumeb, Kombat, and Khusib Springs
deposits. This dataset contains over 50 major, minor and trace elements found in all
three deposits. Several trace elements are present in significant concentrations in all
three deposits (Fig. 8-1). This includes elements such as Co, Cr, Ga, Ge, and V, which
are classified as critical raw material by the European Commission based on current

supply and demand risks as well as their need for technological advancement
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capabilities (European Commission, 2014, 2017, 2020). In general, critical
commodities such as Ga and Ge occur only in low concentrations in most ore deposits
due to their generally low crustal abundance, so that they are mostly only recovered as
by-products (Moss et al., 2011). Provided data reveal that the Tsumeb deposit still
bears a high content of these critical elements in relict ore samples and that the contents
of these elements are high in comparison to those at the Khusib Springs and Kombat
deposits. Tsumeb deposit contains a high content of As (n = 11; mean = 11787 ppm),
Cd (n =11; mean =880 ppm), Cu (n = 11; mean = 115019 ppm), Ga (n = 11; mean =
293 ppm), Pb (n = 11; mean = 293607 ppm), and Zn (n = 11; mean = 89826 ppm), as
well as significant contents of Ag (n = 11; mean = 136 ppm), Mn (n = 11; mean = 489
ppm), Mo (n = 11; mean = 2261 ppm), and Sb (n = 11; mean = 460 ppm). The Khusib
Springs deposit is characterized by high contents of As (n = 13; mean = 43341 ppm),
Cu (n =13; mean = 118489 ppm), Mn (n = 13; mean = 2039 ppm), Pb (n = 13; mean
= 19411 ppm), Sb (n = 13; mean = 5546 ppm), and Zn (n = 13; mean = 17438 ppm),
with notable contents of Ga (n = 13; mean = 5.8 ppm) and Ge (n = 13; mean = 6.15
ppm), which verify the earlier work by Melcher et al. (2006). While Kombat deposit
is characterized by high concentrations of As (n = 31; mean = 366 ppm), Cu (n = 31,
mean = 17800 ppm), Mn (n = 31; mean = 5298 ppm), Pb (n = 31; mean = 6890 ppm),
and Zn (n = 31; mean = 204 ppm), all three deposits show a depletion in Bi (Kombat:
n =19; mean = 0.033 ppm; Khusib Springs: n = 13; mean = 0.60 ppm; Tsumeb: n =
11; mean = 0.046 ppm), Nb (Kombat: n = 31; mean = 0.21 ppm; Khusib Springs: n =
13; mean = 0.75 ppm; Tsumeb: n = 11; mean = 1.06 ppm) and W (Kombat: n = 11;
mean = 1.23 ppm; Khusib Springs: n = 13; mean = 4.3 ppm; Tsumeb: n = 11; mean =

177 ppm) in comparison to all the other trace elements (Fig. 8-1).
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Fig. 8-1 Comparison of mean values of selected trace element contents of bulk ore
samples from Khusib Springs, Tsumeb and Kombat deposit.

Bulk ore correlation diagrams indicate that there is a positive correlation between
various elements (Fig. 8-2 a-c), suggesting that there is some sort of association
between the respective elements and that they can be used as proxies for one another.
The trace element distribution in bulk ore in the Khusib Springs deposit reveals some
positive correlations, as deduced from R?. These include As vs. Zn (R?=0.81), Cu vs.
Cd (R?=0.80), Ag vs. As (R =0.77), Ag vs. Zn (R? = 0.72), Ag vs. Cu (R? = 0.69),
and Cd vs. Ag (R? = 0.68). There seems to be a positive correlation between Zn and
Cd in Kombat ore (R? = 0.69). Positive correlations are noticed for Ga vs. As (R? =

0.83) and Cu vs. Ag (R? = 0.77) in Tsumeb deposit ore.
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Fig. 8-2 Bivariant plots of selected trace elements (ppm) in bulk ore samples of the
Tsumeb, Khusib Springs and Kombat deposits. a) Zn vs. Cd, b) Ag vs. Cd, c) Ag vs.
Zn, d) Ag vs. Ga, e) Ag vs. Ge, f) Cd vs. Ga, g) Ga vs. Zn, h) Ga vs. Cu, and i) Ga vs.

Pb.

This research focuses on critical raw materials with a particular emphasis on Ga, Ge,

and In. All three elements are quite essential for technological advancements

(Jorgenson and George, 2004; Bellisont et al., 2014; Frenzel et al., 2014; 2016; 2017,

Foley et al., 2017; Shanks et al., 2017; Fontana et al., 2021). These elements are rarely

found in notable amounts in nature due to their generally low crustal abundance

(Taylor and McLennan, 1985; Butcher and Brown, 2014; Schwarz-Schampera, 2014).
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They are commonly incorporated in ore minerals within various ore deposit types such
as skarn, volcanogenic massive sulfide, Mississippi-valley type (MVT), epithermal
polymetallic, and porphyry-Cu (e.g., Schwarz-Schampera and Herzig 2002; Ishihara
et al., 2006; HOll et al., 2007; Cook et al., 2009; Jovic et al., 2011; Li et al., 2015;
Frenzel et al., 2016a, 2019; Mondillo et al., 2018; Bauer et al., 2019a, b; Horn et al.,
2019; Cugerone et al., 2021; Xu et al., 2021; Luo et al., 2022; Kumar et al., 2023).
Pathfinder elements are frequently used to assess the potential of the sought element(s)
in a deposit due to the rarity of the sought element(s) in nature. Pathfinder elements
are those elements that occur in close association to the sought-after element(s) and
are usually more abundant and easily detectable (Balaram and Sawant, 2022).
However, there is little to no correlation between the more common elements in the
three deposits studied and the three wanted critical elements; this means that no other

element can be used as pathfinder element based on this study (Fig. 8-2 d-i).

8.3 Trace elements in Sulfide mineralization

The concentration of trace elements in similar sulfide mineralization types varies
depending on the geological setting in which they formed, as shown by, for example,
Ren et al. (2021), Andersson et al. (2022), Chu et al. (2022), Yang et al. 2022, Wu et
al. (2023), and Xu et al. (2023). The trace element composition in sulfides can help to
constrain the physiochemical conditions during which the ores formed (Bellisont et
al., 2014; Frenzel et al., 2016). The incorporation of trace elements in different
minerals can occur either as micro-inclusions or via element substitution into the
crystal lattices (Cook et al., 2009; Ye et al., 2011; Frenzel et al., 2016). However,
elements present in sulfide minerals in a solid solution are a far more useful tool for

determining the deposit's genesis as shown by Xing et al. (2021). For the three deposits
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in this study, trace element concentrations in the sulfide quantification were obtained

via LA-ICP-MS and EPMA, whenever access was available.

Bornite can host elements such as Ag and Bi, but bornite is a poor host for other
elements such as Co, Ga, and Ge (Cook et al., 2011). Bornite crystals from the Kombat
deposit have a significant content of Ag and Bi, as well as of Ga, Pb, and V, with minor
occurrences of Cd, Sb, and W, as detected in a few bornite grains (Fig. 8-2). In general,
due to the geochemical affinity of various trace elements, positive correlations can be
expected among selected elements (Ciobanu et al., 2009; Cook et al., 2011). However,
in the case of Kombat mineralization, there is no notable element-element correlation
(Fig. 5.5-2), suggesting that the trace elements detected are due to micro-inclusion of
other sulfides in bornite phases. Bornite of the Tsumeb deposit is enriched in Ag, Pb,

and Zn with minor contents of As, Cd, In, and Sb (Table 6.6-1; Fig. 8-3).
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Fig. 8-3 Simple box plot of different trace element concentrations in bornite of the
Tsumeb and Kombat deposits.
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Because of its crystal structure, sphalerite is known to be a main carrier for various
trace elements which are incorporated in the crystal lattices via substitution with Zn
(Yangetal., 2022). These trace elements are incorporated in sphalerite either as micro-
sulfide inclusions or via ion substitution (Cook et al., 2009; Pfaff et al., 2011; Ye et
al., 2011; Belissont et al., 2014; Frenzel et al., 2016). The trace element concentrations
in sphalerite have been used widely to deduce the ore-forming temperature, whereby
high concentrations of Ga, Ge, and Cd paired with low concentrations of Fe and Mn
are indicative of low formation temperatures while high Fe, Mn, Sn, and In
concentrations combined with low Ga and Ge concentrations are indicative of high
formation temperatures (Kelley et al., 2004; Ye et al., 2011; Frenzel et al., 2016; Li et
al., 2020). Furthermore, trace elements such as Cd, Co, Fe, Ga, Ge, In, and Mn have
been used widely to determine the type of ore deposit (e.g., Schwartz, 2000; Cook et
al., 2009; Ye et al., 2011; Wen et al., 2016; Zhuang et al., 2019; Hu et al., 2020; Li et
al., 2020). There is a lack of sphalerite in the samples of the Kombat deposit analyzed.
Sphalerite in the Khusib Springs deposit has generally a very low abundance of trace
elements, however, sphalerite at Khusib Springs is characterized by a low Fe content
(Fig. 8-4 a). The Tsumeb deposit is characterized by a depletion in Fe and a relative
enrichment in Ga and Cd, which is suggestive of a low formation temperature of the

sulfide ore paragenesis (Fig. 8-4 b).
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Fig. 8-4 Various plots of trace elements in sphalerite at Tsumeb and Khusib Springs,
whereby a-b are box plots of the trace elements in sphalerite, and c-f are binary plots
of various elements of the Tsumeb deposit. a) Simple box plot of element
concentrations in sphalerite of the Khusib Springs deposit, b) simple box plot of
element concentrations in sphalerite of the Tsumeb deposit. Binary plots of ¢) Cd vs.
Zn, d) Cu+Agvs. Ga, e) Znvs. Fe, and f) Cu vs. In, in sphalerite of the Tsumeb deposit.
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Elements that are incorporated in sphalerite such as Co?*, Cd?*, and Fe?* have ionic
radii and oxidation states comparable to Zn?*, hence in general they can occur in
sphalerite via a single substitution (George et al., 2016; Xing et al., 2021). The
provided data reveals that there is no significant correlation between Fe and Zn, ruling
out the possibility of incorporation of Fe via a single substitution in both deposits (Fig.
8-4 c). Therefore, Fe in sphalerite of Tsumeb and Khusib Springs is likely due to
micro-inclusions of other sulfides such as pyrite, bornite, and chalcopyrite (Fig. 6.6-
1d; Fig. 6.6-2 g). There is a slight positive correlation between Zn and Cd, and Cu and
Ga, suggesting a possible substitution mechanism in the crystal lattices of Cd™ < Zn*
and 2 Zn** < Cu* + Ga" as defined in Cook et al. (2009) (Fig. 8-4 d & €). The
composition of trace elements in sphalerite of the Tsumeb deposit is consistent with
the trace element spectrum of MVT deposits as defined by other authors (Cook et al.,
2009; Yeetal., 2011; Zhuang et al, 2019; Li et al., 2020). There is an expected positive
correlation between Cu and In in Tsumeb sphalerite, indicating that In is present in
sphalerite in solid solution via a couple substitution mechanism defined by 2 Zn?* Cu*
+ In** (Cook et al., 2009; Murakami and Ishihara, 2013; Bellisont et al., 2016; Trigub
et al., 2022). However, In in the sphalerite of the Tsumeb deposit, when occurring in
detectable ranges between 42 and 125 ppm, displays no correlation with Cu,
suggesting that In is possible incorporated in sphalerite due to an inclusion of a sulfide

mineral that has significant amount of In (Fig. 8-4 f).

In the absence of other co-crystallizing sulfides such as sphalerite and galena,
chalcopyrite is often the main carrier of other trace elements (George et al., 2018;
Andersson et al., 2022). Trace elements such as Se and Co in chalcopyrite can be used
to deduce the temperature of the mineralizing hydrothermal fluid in a deposit (Ren et

al., 2021). In comparison to the other two deposits, the chalcopyrite from Khusib
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Springs has the lowest trace element abundance, while Tsumeb chalcopyrite has the
highest trace element contents (Fig. 8-5 a-c). The data reveal that chalcopyrite of the
Khusib Springs and the Tsumeb deposits display only a small compositional variation

with an enrichment in Pb and Ag (Fig. 8-5 d-e).
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Fig. 8-5 Simple box plots and Cu-Fe-S ternary diagrams of trace elements in
chalcopyrite. a) Box plot of trace elements hosted in chalcopyrite of Khusib Springs.
B) Box plot of trace elements hosted in chalcopyrite of Tsumeb. ¢) Box plot of trace
elements hosted in chalcopyrite of Kombat. Cu-Fe-S ternary plot showing the small
compositional variation in chalcopyrite of d) Khusib Springs and e) Tsumeb.

Pyrite is found in a wide range of ore systems and has a simple formula that allows for
the incorporation of a wide range of trace elements into its crystal structure (Huston et
al., 1995; Barrie et al., 2007; Deditius et al., 2011; Reich et al., 2013; Real et al., 2020).
When As is incorporated into the crystal structure of pyrite, it can cause distortion,
which increases the ability of pyrite even more to incorporate other trace elements

(Griffin et al., 1991; Abraitis et al., 2004). Cobalt, Ni, As, Te, and Tl are the primary
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elements found in pyrite solid solutions via simple and coupled substitutions defined
by Fe?* « (Co?*, Ni?*) and 2 Fe?* « (TI*+ Cu* + Ag") + As®* (Reich et al., 2013;
Grant et al., 2018; Yang et al., 2022). These elements can be used to determine the
depositional environment and to constrain the genesis of the ore deposit. Moreover,
they can also be used as pathfinders in ore deposit exploration (Reich et al., 2013;
Gregory et al., 2015; Cook et al., 2016; Del Real et al., 2020; Steadman et al., 2021).
Furthermore, the Co/Ni ratio has been widely used to constrain the evolution of the
mineralizing hydrothermal fluids in different ore deposit types (e.g., Braliaetal., 1979;
Clark et al., 2004; Large et al., 2009; Koglin et al., 2010; Meng et al., 2019; Mukherjee
et al., 2019; Ding et al., 2021). Pyrite of the Tsumeb deposit is characterized by an
enrichment of Ag, Cd, Co, Cu, Ga, Ge, Ni, and Pb when detectable (Fig. 8-6 a). Most
of the pyrite grains of the Tsumeb deposit with detectable Co and Ni have Co/Ni ratios
of up to 0.3, which is <1, and which is typical of pyrite of sedimentary origin as
stipulated in Bralia et al. (1979). Aside from Cu and Pb, pyrite grains from the Khusib

Springs deposit are deficient in other trace elements (Fig. 8-6 b).
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Fig. 8-6 Simple box plots of the trace element concentrations in pyrite of a) Khusib
Spring deposit b) Tsumeb deposit.
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Various studies have demonstrated that Ag, Bi, Cd, Se, and Sb occur in galena
typically as solid solutions (George et al., 2015, 2016; Ye et al., 2020; Hu et al., 2021).
Silver, Bi and Sb are typically incorporated into the galena lattice via a coupled
substitution defined by Ag* + (Bi, Sb)*" < 2 Pb?" (Sharp and Buseck et al., 1993;
Renock and Becker, 2011; Li et al., 2020). Other incorporations via coupled
substitution include Tl and Cu which are defined by the reaction of (Ag, Cu, TI) * +
(Bi, Sh)*" <> 2 Pb (George, 2013). Additionally, Ag can also be incorporated in the
galena lattice via a single substitution which is defined by 2 Ag* «<» Pb?* (Renock and
Becker, 2011). The analytical results show that majority of the galena phases in the
Tsumeb deposit have a significant concentration of Cu and Ga, while Ag, Cd, and Zn
are only found in a few galena crystals (Fig. 8-7 a). Khusib Springs’s galena grains
that were analyzed did not yield any promising result, as trace element contents are

largely below the lower analytical detection limit (Fig. 8-7 b).
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Fig. 8-7 Simple box plot of trace element concentrations in galena of a) Tsumeb ore
b) Khusib Springs ore.
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Tennantite is a member of the fahlore series, which has a complete solid solution
extending between tetrahedrite and tennantite that is commonly found in various base
metal ore deposits worldwide (Wuensch, 1964; Staude et al., 2010; George et al.,
2017). In case of a co-crystallising sulfide assemblage, tennantite is a considerable to
good host for Ag, As, Cu, Fe, Sb, and Zn, and rather a poor host for Ga, In, and Sn
(George et al., 2017; Choi et al., 2023). Tennantite from Khusib Springs ore contains
Cu (mean: 34.13 wt%), As (mean: 18.12 wt%), Zn (mean: 6.24 wt%), Fe (mean: 2.17
wt%), Sb (mean: 1.73 wt%), Ag (mean: 0.64 wt%), and Pb (mean: 0.33 wt%).
Tennantite in Tsumeb ore contains Cu (mean: 43.9 wt%), As (mean: 17.7 wt%), Zn
(mean: 8.10 wt%), Fe (mean: 0.52 wt%), Sb (mean: 0.85 wt%), Ag (mean: 0.07 wt%),
Ga (mean: 0.02 wt%), Cd (mean: 0.07 wt%), Co (mean: 0.01 wt%), Ge (mean: 0.01
wit%), and Pb (mean: 0.01 wt%). The results show that tennantite from both Khusib
Springs and Tsumeb ore is a great host for various trace elements. However, the
incorporation of trace elements in tennantite is poorly studied, therefore the distinction
whether the elements are in solid solution or as micro-inclusion in tennantite is not

outlined here.

Other sulfide minerals that were analysed for trace elements include digenite, enargite,
renierite, and chalcocite. Digenite is a supergene mineral that has the capability to
incorporate Ag, As, and Fe mainly at low temperature (Reich et al., 2010). Digenite
data from the Khusib Springs deposit reveals that Cu and S, have concentrations
ranging between 74.45 wt% to 78 wt%, and 21.53 wt% to 23.75 wt%, respectively.
Iron and Ag are recorded in more than 80% of the digenite crystals analysed with
contents ranging between 0.16 wt% and 1.78 wt%, and 0.14 wt% and 0.66 wt%
respectively. Other elements such as As, Pb, Sh, and Zn are all recorded only in a few

grains analysed with concentrations of up to 1.83 wt%. Studies done on enargite
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indicate that enargite can host Ag, Au, Cd, Bi, Fe, Ga, Ge, In, Pb, W, and Zn (Delley
and Hedenquist, 2011; Liu et al., 2019). There are various substitutions in the enargite
crystal structure that are known to date which include a simple substitution between
As®* and Sb°*, and other complex ones that are defined by
(As,Sh)*" < (Sn,Ge)* +Cu*  and  (As,Sb)>"+ Cu* < (Sn,Ge)** + (Fe,Zn,Cu)?*
(Springer, 1969; Spry et al., 1994; Frank-Kamenetskaya et al., 2002; Liu et al., 2019).
Enargite in the Tsumeb ore is dominated by As and Cu, but also has measurable

amounts of other elements such as Ag, Cd, Ge, Pb, Sb, and Zn.

8.4 Copper and Zinc isotopes

Zinc has five stable isotopes: ®4Zn, %€Zn, 57Zn, %zn, and "°Zn, which can be used in
the study of ore deposits, particularly in understanding the ore forming processes of
deposits rich in Zn metal (Rosman, 1972; Albaréde, 2004; Wilkson, 2023). The usage
of Zn isotopes in the constraining of mineralisation processes is favourable in
comparison to traditional stable isotopes because of the simple fractionation
mechanism of Zn isotopes (Kavner et al., 2008; Liao et al., 2019). Several studies have
been conducted to investigate the variation in Zn isotopes in various deposits (Zhou et
al., 2004 a, b; Mason et al., 2005; Wilkson et al., 2005; Kelley et al., 2009; Gagnevin
etal., 2012; Pasava et al., 2014; Gao et al., 2018; Wang et al. 2018; Zhang et al., 2020;
Mathur and Zhao, 2023). Copper has two stable isotopes *Cu and %°Cu which are used
in the study of ore deposits to understand the ore genesis with emphasis on
geochemical reactions involved in the formation of the ore minerals (Mathur and Zhao,
2023). Several studies have utilized copper isotopes for the identification of the type
of Cu deposit, for interpretation of hydrothermal processes, evaluation, and
exploitation of copper deposits (Larson et al., 2003; Graham et al., 2004; Mason et al.,

2005; Markl et al., 2006; Mathur et al., 2009; Wang et al., 2021; Sarjoughian et al.,
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2024). Zinc isotopes of the Tsumeb ore ranges between 0.11%o and 0.13%o, which is
comparable to zinc sulfide deposits in general and Irish MVT deposits in particular
(Liao et al., 2019; Wilkson et al., 2005). The huge variation in the zinc isotopes
analysed can be attributed to the Rayleigh fractionation during the precipitation of ZnS
from the ore fluid (cf., Zhou et al., 2014b; Liao et al., 2019). Copper isotopes of the
Tsumeb ore vary between 0.80%o and 1.32%o, which indicates a positive fractionation
of copper isotopes (Mathur et al., 2012; Moyier et al., 2017). These values fall within
a range of isotopic data of hypogene mineralisation of porphyry deposits, whereby
Rayleigh fractionation led to enrichment of isotopically heavy Cu during fluid

evolution (Mathur et al., 2012).
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9. Conclusions and recommendations

This is a final chapter that presents the research’s closing arguments and
recommendation for future work, highlighting how the different objectives were
attained. Throughout the research, the primary aim has been to provide insights in the
characteristic geochemical relationships between critical metals, with emphasis on Ga,
Ge and In, with other trace elements in the sulfide mineralisation of Tsumeb, Kombat
and Khusib Springs deposits. Four objectives that were carefully formulated to
contribute to the existing knowledge and fill in the existing gaps serve as a guide
towards understanding the research topic of this dissertation. Chapters 4, 5, 6, and 7
present results that assisted in addressing the objectives, and they are discussed in
chapter 8. The subsection (9.1) below gives an account of how these objectives were

attained.

9.1 Conclusions

A comprehensive study of the ore mineralisation which includes mineralogical
investigations coupled with geochemical analyses was instrumental in the
identification of mineral phases that are enriched in critical metals of interest. Tsumeb
ore paragenesis in this study is characterised largely by bornite, chalcopyrite,
chalcocite, covellite, enargite, galena, pyrite, renierite, sphalerite, and tennantite, and
it is characterised by various ore textures observed ranging from intergrowth and
replacement textures to polycrystalline, interstitial fractures filled with gangue and
other sulfide minerals. Kombat ore in this study is dominated by sulfide minerals such
as chalcopyrite, bornite, covellite, and galena, with minor tennantite, chalcocite, and
sphalerite. Texturally, Kombat ore is characterised by massive, disseminated, and

brecciated ore mineralisation styles. Khusib Springs mineralisation in this study is
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defined by sulfide mineralization that includes tennantite, pyrite, galena, chalcopyrite,
bornite, chalcocite, covellite, and Ag-tennantite. There are various textures that are

observed including replacement, deformation, and triple junction between ore phases.

The research set out to determine the distributions and concentrations of Ga, Ge, and
In in Tsumeb, Kombat, and Khusib Spring deposits, with the goal to enhance the
knowledge of understanding the behaviour of these critical elements in similar
geological settings. Bulk ore geochemistry data in this study reveal that the Tsumeb
deposit bears a high content of Ga, Ge, and In in comparison to those at the Khusib
Springs and Kombat deposits. There is little to no correlation between the minor and
major elements in the three deposits studied and the critical elements of interest; this
means that no other element can be used as a pathfinder element based on this study.
Furthermore, the research was set out to determine the element relationships in the
base metal mineralisation and to identify indicator minerals and base metal elements,
which can be used as proxies or indicator elements/minerals for Ga, Ge, and In in
Tsumeb, Kombat and Khusib Spring deposits. The chemistry study of individual
minerals was utilised to achieve this objective, whereby EPMA results of the Tsumeb
ore in this study reveal that Ga is mainly concentrated in renierite, sphalerite, and
chalcopyrite, and is contained, to a lesser extent, in galena, tennantite, and
chalcopyrite, while Ge is mainly concentrated in renierite and enargite with notable
contents also in tennantite and pyrite. Sphalerite is the main carrier for most of the
trace elements in the Tsumeb ores. Observed correlations, such as Zn-Cd and Cu-Ga,
suggest a possible substitution mechanism in the crystal lattices of Cd* <> Zn* and 2
Zn** « Cu* + Ga'. Additionally, the As contents that are above 100 ppm in sphalerite
paired with low Fe contents, and high Ga and Cd contents are suggestive of low

formation temperatures. EPMA trace element data of the Khusib Springs deposit in
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this study, indicate that chalcopyrite and tennantite are the main hosts for most of the
trace elements in comparison to the other sulfide minerals. Trace elements such as Ga,
Ge, and Cd in the sulfide minerals in the Khusib Springs ore in this study are mainly
below detection limit. However, from the bulk rock geochemistry data there is a
significant amount of up to 188 ppm Cd, 30.9 ppm Ge, and 14.2 ppm Ga known. For
Kombat ore the LA-ICP-MS study of bornite and chalcopyrite reveals that Ga sits in
both bornite and chalcopyrite, while Ge is only in chalcopyrite. In comparison to
bornite, chalcopyrite is the main carrier for most of the trace elements analysed. The
lack of apparent correlations between the different trace elements in both bornite and

chalcopyrite suggest that trace elements are present likely via micro-inclusions.

Objective four aimed to assess whether pXRF can serve as an acceptable low-cost
exploration technique for exploring for Ga, Ge, and In associated with sulfide base
metal ores. This objective was attained, by comparing ICP-MS data with pXRF data
for the effectiveness, accuracy and practicality evaluation of pXRF in detecting the
above-mentioned critical metals and associated trace elements. Results of samples
obtained from Kombat deposit reveal that pXRF data of certain trace elements (such
as Ag, Cu, Fe, Pb and Zn) match adequately well with ICP-MS obtained results of the
same samples. This indicates that pXRF is capable to detect the concentration of
certain trace elements, with sufficient precision and accuracy, in carbonate-hosted
sulphide mineralized zones; and can thus be used as a successful geochemical
exploration tool for these types of sulphide ore deposits. However, pXRF has a distinct
limitation in detecting the trace elements Ga, Ge, and In, mainly because they are very
low in concentration (few ppm). Additionally, with low metal concentrations, there is

a quantitative under-estimation of trace element values by pXRF.
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9.2 Recommendation and future work

The studied deposits within the Otavi Mountain Land have been of great interest since
the early 1900s, and consequently a lot of scientific works have been done, focusing
on them, over the years. Despite that, because of the geological complexity of the
whole province, there are still significant questions that are not yet answered pertaining
to the genesis as well as the trace element distributions within the sulfide minerals.
These includes aspects that might be answered in ongoing studies based on the
outcomes of the research work done in this study. The key opportunities for future

work related directly to this study are outlined below:

Additional studies on the trace element contents and the trace element distributions in
the sulfide minerals are still needed to cover a bigger spectrum of elements. For Khusib
Springs, main sulfide minerals are currently analysed for a huge variety of trace
elements using LA-ICP-MS; results are expected to be received between February and
March 2024 (results are distinctly delayed due to problems at the analytical facility).
For the Tsumeb deposit, more Cu and Zn isotopic analyses are currently performed
that would supplement the reconnaissance data obtained in this study. Results are still

outstanding.
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Appendix

Appendix 4-1a Portable XRF result of OREAS Certified reference material.

Index Zn Cu Ni Co Fe Mn Cr \Y Ti Ca K Al P Si Cl S Mg MgO Al203 Sio2 P205 S03 K20 CaO TiO2 MnO Fe203

Oreas 134b 15.94 0.12 0.00 0.00 10.74 0.32 0.03 0.00 0.04 4.23 0.68 2.81 0.08 8.51 0.06 12.23 5.88 9.75 5.31 18.21 0.19 30.56 0.83 5.92 0.06 0.41 15.36
16.20 0.13 0.00 0.00 10.81 0.35 0.01 0.00 0.03 4.18 0.65 2.98 0.07 8.61 0.06 12.41 0.00 0.00 5.64 18.42 0.16 31.01 0.78 5.85 0.05 0.46 15.46
16.11 0.12 0.01 0.00 10.85 0.33 0.02 0.00 0.04 4.29 0.68 2.50 0.06 8.57 0.06 12.38 0.00 0.00 4.72 18.34 0.13 30.96 0.82 6.01 0.07 0.43 15.51
15.99 0.12 0.00 0.00 10.77 0.33 0.03 0.00 0.00 4.14 0.74 3.26 0.07 8.44 0.06 12.10 8.34 13.84 6.17 18.07 0.17 30.25 0.90 5.80 0.00 0.43 15.41
15.92 0.12 0.02 0.00 10.74 0.34 0.03 0.00 0.03 4.22 0.67 2.93 0.09 8.58 0.06 12.14 5.79 9.62 5.54 18.37 0.20 30.35 0.81 5.91 0.05 0.44 15.36

OREAS 932 0.07 5.35 0.01 0.00 14.62 0.10 0.01 0.01 0.29 0.46 2.18 11.60 0.08 29.77 0.01 3.32 1.84 3.06 21.93 63.71 0.18 8.31 2.63 0.64 0.48 0.13 20.91

0.07 5.36 0.01 0.00 14.64 0.09 0.02 0.02 0.29 0.48 2.14 11.81 0.06 29.43 0.01 3.29 2.77 4.60 22.33 62.97 0.14 8.23 2.59 0.67 0.48 0.12 20.93

0.07 5.37 0.01 0.00 14.69 0.10 0.02 0.02 0.29 0.47 2.30 11.48 0.08 29.40 0.01 3.28 1.84 3.06 21.70 62.92 0.18 8.20 2.78 0.66 0.49 0.13 21.00

0.07 5.35 0.01 0.00 14.63 0.10 0.01 0.02 0.31 0.49 2.27 11.73 0.07 29.47 0.01 3.28 2.15 3.56 22.17 63.07 0.17 8.20 2.75 0.68 0.52 0.13 20.93

0.06 537 | 0.01 | 0.00 1467 | 010 | 0.02 | 0.01 | 029 | 051 2.17 1194 | 0.08 | 29.76 | 0.01 3.30 | 3.73 6.20 22.57 63.69 0.19 8.25 2.63 0.72 0.48 0.12 20.97

OREAS 623 1.00 154 | 0.01 | 0.00 1316 | 0.06 | 0.02 | 0.01 | 0.15 1.40 1.38 719 | 0.05 | 27.06 | 0.01 5.76 2.48 4.11 13.58 57.91 0.11 14.39 1.67 1.96 0.25 0.08 18.82

1.00 153 | 0.01 | 0.00 1305 | 005 0.01 | 0.00 | 0.13 1.35 1.36 719 | 0.08 | 26.65 | 0.01 5.59 1.61 2.67 13.59 57.03 0.19 13.96 1.65 1.88 0.22 0.07 18.67

0.99 1.52 0.00 0.00 13.05 0.06 0.01 0.00 0.14 1.38 1.36 6.62 0.08 26.71 0.01 5.68 0.00 0.00 12.52 57.15 0.18 14.21 1.65 1.93 0.24 0.08 18.67

0.99 1.55 0.01 0.00 13.13 0.06 0.02 0.00 0.16 1.41 1.39 7.89 0.07 27.35 0.01 5.77 3.82 6.34 14.91 58.53 0.16 14.43 1.68 1.97 0.27 0.07 18.78

0.99 1.54 0.01 0.00 13.08 0.06 0.02 0.01 0.15 1.35 1.42 7.69 0.06 27.99 0.02 5.98 2.30 3.82 14.53 59.90 0.15 14.94 1.72 1.89 0.24 0.07 18.70

OREAS132b 5.29 0.05 0.00 0.00 7.57 0.24 0.01 0.00 0.17 5.11 3.23 7.53 0.07 23.23 0.02 5.12 6.48 10.76 14.23 49.71 0.15 12.80 3.91 7.15 0.28 0.31 10.83

5.29 0.05 0.00 0.00 7.61 0.23 0.02 0.01 0.17 5.04 3.12 6.93 0.08 22.87 0.02 5.09 4.67 7.75 13.10 48.95 0.19 12.73 3.77 7.06 0.28 0.29 10.89

5.36 0.05 0.01 0.00 7.72 0.22 0.01 0.01 0.17 5.25 3.24 8.27 0.10 23.80 0.02 5.26 7.00 11.63 15.63 50.93 0.23 13.15 3.92 7.35 0.29 0.28 11.04

5.28 0.04 | 0.01 0.00 7.58 0.22 0.02 0.01 0.17 5.28 3.19 8.08 0.08 23.67 0.02 5.30 6.31 10.47 15.26 50.65 0.18 13.25 3.86 7.40 0.28 0.29 10.84

534 | 0.05 0.00 | 0.00 7.66 024 | 0.01 0.00 0.16 5.18 3.22 7.30 0.04 23.04 | 0.02 5.10 5.17 8.58 13.79 49.31 0.09 12.74 3.89 7.25 0.27 0.31 10.95

OREAS36 3.72 0.01 0.01 0.00 18.48 1.14 0.03 0.02 0.21 0.56 1.14 5.56 0.12 23.86 0.02 10.06 0.00 0.00 10.51 51.07 0.28 25.16 1.38 0.78 0.36 1.48 26.43

370 | 0.02 | 001 | 0.00 18.51 118 | 0.03 | 0.01 | 0.22 | 0.63 111 6.15 | 0.11 24.34 | 0.02 10.29 | 3.05 5.06 11.62 52.10 0.25 | 25.73 1.34 0.88 0.37 1.52 26.47

369 | 002 | 001 | 0.00 18.41 115 | 0.02 | 0.00 | 0.20 | 0.58 1.14 6.40 | 0.11 24.23 | 0.02 10.15 | 3.10 5.15 12.10 51.85 0.25 | 25.38 1.38 0.82 0.34 1.48 26.32

370 | 0.02 | 001 | 0.00 18.48 114 | 003 | 0.00 | 024 | 064 | 115 6.26 | 0.14 | 2446 | 0.02 10.27 | 3.77 6.26 11.83 52.33 0.33 | 25.68 1.40 0.89 0.40 147 26.43

3.67 0.01 0.01 0.00 18.41 1.13 0.02 0.01 0.22 0.61 1.09 5.85 0.16 24.42 0.02 10.19 0.00 0.00 11.06 52.26 0.37 25.47 1.32 0.86 0.37 1.46 26.32

OREAS37 5.45 0.02 0.01 0.00 19.74 0.64 0.03 0.01 0.21 0.25 1.18 5.95 0.09 19.35 0.02 14.13 0.00 0.00 11.24 41.41 0.21 35.31 1.42 0.36 0.34 0.82 28.22

5.37 0.02 0.01 0.00 19.54 0.65 0.02 0.01 0.20 0.27 1.19 5.83 0.06 19.73 0.01 14.38 0.00 0.00 11.01 42.22 0.14 35.94 1.44 0.37 0.33 0.84 27.94

539 | 0.02 | 0.01 | 0.00 1962 | 065 | 003 | 0.01 | 019 | 0.25 1.16 584 | 0.10 19.20 | 0.02 1415 | 0.00 0.00 11.04 41.09 0.23 | 3537 141 0.35 0.31 0.83 28.06

5.40 0.02 0.01 0.00 19.59 0.64 | 0.03 0.00 0.20 0.28 1.18 5.95 0.05 19.43 0.02 14.17 0.00 0.00 11.24 41.58 0.12 35.42 1.42 0.39 0.33 0.82 28.01

5.35 0.02 0.02 0.00 19.46 0.62 0.03 0.01 0.19 0.27 1.16 6.09 0.09 19.12 0.02 13.93 0.00 0.00 11.51 40.91 0.21 34.81 1.40 0.37 0.32 0.81 27.82

OREAS131B 318 | 0.02 | 0.01 | 0.00 579 | 018 | 001 | 001 | 019 | 558 | 3.85 742 | 0.06 | 26.06 | 0.01 3.05 | 440 7.30 14.03 55.76 0.14 7.62 4.66 7.81 0.31 0.24 8.29
314 | 0.02 | 0.00 | 0.00 578 | 019 | 001 | 001 | 020 | 555 | 3.77 8.05 | 0.08 | 26.43 | 0.01 3.08 7.21 11.96 15.22 56.55 0.18 7.70 4.56 7.77 0.33 0.24 8.26
318 | 0.02 | 0.00 | 0.00 581 | 019 | 001 | 001 | 020 | 555 | 3.76 758 | 0.08 | 26.00 | 0.01 3.01 5.32 8.83 14.32 55.63 0.18 7.53 4.55 7.76 0.33 0.24 8.31
314 | 002 | 001 | 0.00 576 | 018 | 002 | 001 | 018 | 554 | 3.79 8.01 | 0.07 26.52 | 0.01 3.10 7.89 13.10 15.14 56.76 0.15 7.76 4.59 7.76 0.30 0.23 8.23
313 | 0.02 | 001 | 0.00 576 | 018 | 001 | 001 | 020 | 548 | 3.82 839 | 0.09 | 26.79 | 0.01 3.11 7.59 12.59 15.85 57.34 0.21 .77 4.62 7.68 0.33 0.23 8.24
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Appendix 4-1 b Portable XRF results of Kombat deposit samples.

Index Ba Sh Sn Cd Pd Ag Bal Mo Nb Zr Sr Rb Bi | As Se | Au Pb W Zn Cu Ni Co | Fe Mn Cr \Y Ti Ca K Al P Si Cl S Mg
KENO002 0.018 0 | 0.001 0 0 0 | 52.064 0 0 0 | 0.016 0 0 0 0 0 | 0.724 | 0.009 | 0.008 | 0.345 0 0 0.634 | 0.566 0 0 | 0.016 | 35.344 0 | 0.537 0 3.968 | 0.005 | 0.386 5.359
0.016 0 0 0 0 | 0.001 | 53.233 0 0 0 | 0.016 | 0.001 0 0 0 0 | 0.729 0.01 | 0.007 | 0.349 0 0 0.627 | 0.571 0 0 | 0.017 | 35.564 0 0.26 | 0.028 4.094 0.01 | 0.378 4.09
0.013 0 0 0 0 0 [ 53.097 0 0 0 | 0.015 0 0 0 0 0 | 0.719 0 | 0.007 | 0.346 0 0 0.617 0.55 0 0 | 0.016 | 35.128 0 0 | 0.016 4.088 | 0.008 | 0.382 4.995
0.015 0 0 0 0 | 0.001 | 49.122 0 0 0 | 0.016 0 0 0 0 0 | 0.729 | 0.009 | 0.007 | 0.345 0 0 0.625 | 0.566 0 0 | 0.022 | 35.506 0 0.36 0 4.053 | 0.006 | 0.401 8.217
0.013 0 0 0 0 | 0.001 | 50.277 0 0 0 | 0.016 | 0.001 0 0 0 0 | 0.725 0 | 0.007 0.35 0 0 0.63 | 0.571 0 0 0.02 | 35.546 0 | 0.498 0 4.062 | 0.009 | 0.397 6.875
KEN003 | 0.014 0 0 0 0 | 0.001 | 51.299 0 0 0| 0.03 0] 0]0026 | O 0] 0211 0 | 0.018 | 1.087 0 0| 1178 | 0.584 0 0 | 0.017 | 34.552 00278 | 0.02 7.1 | 0.005 | 0.773 | 2.808
0.016 0 0 0 0 | 0.001 | 49.802 0 0 0| 0.03 0] 0] 003 | O 0 | 0.205 0] 0.017 | 1.084 0 0| 1.162 | 0.577 | 0.007 0 | 0.024 | 34.377 0 0 | 0026 | 7.146 | 0.005 | 0.783 | 4.709
0.012 0 0 0 0 | 0.001 | 54.348 0 0 0] 0.031 0] 0]0027| O 0 | 0.209 0] 0.019 | 1.093 0 0| 1.165 | 0.588 0 0 | 0.026 344 00213 | 0.028 | 7.063 | 0.006 | 0.77 0
0.011 0 0 0 0 0 | 49.792 0 0 0| 0.03 0| 0]002 | 0O 0] 0.212 0| 0.018 | 1.093 0 0| 1.181 | 0.585 0 0 ] 0.028 | 33.994 | 0.024 | 0.436 | 0.023 | 7.312 | 0.003 | 0.789 | 4.442
0.01 0 0 0 0 0| 50.38 0 0 0| 0.03 0| 0]002 | 0O 0 | 0.208 0| 0.018 | 1.083 0 0| 1172 | 0576 0 0] 0018 | 34.38 0 0 0.029 | 7.305 | 0.005 | 0.802 | 3.959
KEN004 | 0.027 0 0 0 0| 0.001 | 47.774 | 0.001 | 0.001 0] 002 |0001| 0[0079]| O 0| 1.617 | 0.021 | 0.045 | 2.295 0 0| 3497 | 0.823 | 0.01 0]0031 | 3855 | 0.038 | 0434 | 0.09 | 2536 | 0.018 | 2.091 0
0.033 0 0 | 0.001 0 | 0.002 | 44.172 | 0.001 | 0.001 0 0.02 | 0.001 0 | 0.064 0 0 | 1.626 | 0.022 | 0.047 | 2.279 0 0 3.5 ] 0.819 | 0.008 | 0.007 | 0.035 | 38.461 0 0 | 0.068 2.694 | 0.018 | 2.109 4.012
0.027 | 0.003 0 | 0.001 0 | 0.002 | 47.666 | 0.001 | 0.001 0 0.02 | 0.002 0 | 0.072 0 0 | 1.639 | 0.017 | 0.046 | 2.316 0 0 3.504 | 0.847 | 0.009 | 0.007 0.05 | 38.969 0 0 | 0.063 2.618 | 0.022 2.1 0
0.029 | 0.004 0 | 0.001 0 | 0.001 | 47.394 | 0.001 | 0.001 0 | 0.019 | 0.001 0 | 0.071 0 0 | 1.617 | 0.018 | 0.049 | 2.274 0 0 3.493 | 0.823 | 0.007 0 | 0.032 | 39.203 | 0.028 0 | 0.063 2.643 | 0.021 | 2.206 0
0.027 0 0 [ 0.001 | 0.001 | 0.001 | 47.672 | 0.001 | 0.001 0 0.02 | 0.001 0 | 0.077 0 0 1.63 | 0.023 | 0.045 | 2.318 0 0 3.509 | 0.817 | 0.013 | 0.005 | 0.031 | 39.002 0 0 | 0.061 2.542 | 0.019 | 2.183 0
KENO006 0.044 0 0 0 0 | 0.002 | 42.012 | 0.001 | 0.001 0 | 0.019 | 0.002 0 0 0 0 | 3.733 | 0.046 | 0.026 | 0.546 0 0 1.317 | 1.066 | 0.014 0 0.06 | 41.961 | 0.206 | 1.054 | 0.309 2.703 | 0.023 | 1.155 3.7
0.046 0 0 | 0.002 0 | 0.002 | 46.416 0 | 0.001 0 | 0.019 | 0.002 0 0 0 0 | 3.717 | 0.042 | 0.021 | 0.546 | 0.007 0 1.324 | 1.075 | 0.011 0 | 0.057 | 41.301 | 0.242 | 0.836 | 0.336 2.795 | 0.026 | 1.175 0
0.045 0 0 0 | 0.001 | 0.001 | 42.647 0 | 0.001 0]0019 | 0001 | O 0| O 0 | 3.733 | 0.037 | 0.024 | 0.538 0 0| 1.295 | 1.077 | 0.009 0 | 0.052 | 42.043 | 0.201 | 1.299 | 0.347 | 2.756 | 0.023 | 1.144 | 2.706
0.05 0 0 | 0.001 | 0.001 | 0.002 | 44.912 | 0.001 | 0.001 0] 0020.001]| O 0| O 0 | 3.774 | 0.041 | 0.023 | 0.546 | 0.007 0| 1.334 | 1.079 | 0.012 0| 0.06 | 42.318 | 0.227 | 1.125 | 0.302 | 2.949 | 0.022 | 1.193 0
0.038 0 0 0 0 | 0.001 | 38.753 0 | 0.001 010019 | 0.002 | O 0| O 0 | 3.773 | 0.037 | 0.027 | 0.545 | 0.007 0 13 ] 1074 | 0.01 0 | 0.059 | 41.831 | 0.211 | 0988 | 0.34 | 2.789 | 0.025 | 115 | 7.021
KEN007 | 0.014 0 0 0 0 0 | 46.388 | 0.001 0 0] 0.021 0] 0]0021| O 0 | 0.046 0] 0021 | 1.777 0 0| 2077 | 1.047 | 0.01 0 | 0.045 | 41.456 0| 0403 | 0.035 | 1.391 | 0.016 | 0.975 | 4.257
0.016 0 0 0 0 | 0.001 | 45.049 | 0.001 0 0] 0.021 0] 0]0023| 0 0 | 0.045 0] 0.018 | 1.796 0 0| 2114 | 1.051 | 0.007 0 | 0.053 | 41.875 0 0| 0.028 | 1404 | 0.018 | 0.955 | 5.526
0.016 0 0 0 0 | 0.001 | 50.646 0 0 0] 0.021 0] 0]0021| O 0 | 0.047 0] 0.018 | 1.789 0 0| 2116 | 1.052 | 0.009 0 | 0.045 | 41.826 | 0.048 0 0| 1372 | 0.015 | 0.957 0
0.015 0 0 0 0 | 0.001 | 44.499 | 0.001 0 0 | 0.021 0 0 | 0.022 0 0 | 0.046 0 | 0.019 | 1.799 0 0 2.106 | 1.066 0.01 0 | 0.055 | 41.765 0 | 0.442 | 0.037 1.378 | 0.019 | 0.958 5.742
0.015 0 | 0.001 0 0 | 0.001 | 44.856 0 0 0 | 0.021 0 0 | 0.021 0 0 | 0.045 0 | 0.018 1.79 0 0 2.075 | 1.052 | 0.007 0 | 0.045 | 41.802 0 | 0.613 | 0.034 1.344 | 0.019 | 0.974 5.266
KENO008 0.033 0 0 | 0.001 0 | 0.001 43.24 0 | 0.001 0 0.02 | 0.001 0 0 0 0 | 3.731 | 0.045 | 0.052 0.28 0 0 1.488 | 1.094 0 0 | 0.055 | 43.471 | 0.141 | 0.826 | 0.266 1.425 0.02 1.21 2.599
0.032 0 | 0.002 | 0.001 | 0.001 | 0.001 | 46.113 0 | 0.001 0] 002 0.002| 0O 0| O 0| 3.728 | 0.039 | 0.051 | 0.281 0 0| 1.482 | 1.099 | 0.013 0] 0.05| 43389 | 0.138 | 0.518 | 0.285 | 1514 | 0.02 | 1.22 0
0.035 0 0 0 | 0.001 | 0.002 | 45.575 0 | 0.001 0] 002 0.002| 0O 0| O 0 | 3.758 | 0.042 | 0.054 | 0.281 0 0| 1.483 | 1.101 | 0.009 0 | 0.047 | 43.666 | 0.158 | 0.853 | 0.277 | 1.392 | 0.019 | 1.225 0
0.034 0 | 0.002 | 0.001 0 | 0.001 | 45.582 0 | 0.001 0] 0021 | 0.001]| O 0| O 0 | 3.766 | 0.036 | 0.054 | 0.282 | 0.005 0| 1488 | 1.103 | 0.01 0| 0.06 | 43.777 | 0.12 | 0.616 | 0.288 1.46 | 0.018 | 1.273 0
0.039 0 0 | 0.002 0 | 0.001 | 45.174 | 0.001 | 0.001 0] 0021 |0.001]| O 0| O 0| 3787 | 0.043 | 0.05 | 0.285 | 0.007 0| 1499 | 112 | 0.014 0 | 0.058 | 43.896 | 0.134 | 0.827 | 0.312 | 1.472 | 0.019 | 1.238 0
0.037 0 0 | 0.002 0 | 0.002 | 42.717 0 | 0.001 0 0.02 | 0.002 0 0 0 0 3.7 | 0.032 | 0.052 | 0.276 0 0 1.46 | 1.124 | 0.011 0 | 0.044 | 43.061 | 0.141 | 0.846 | 0.279 1.504 | 0.024 | 1.219 3.447
KEN009 | 0.016 0 0 0 0 0 | 49.546 0 0 0] 0.018 0] 0]o0012| O 0 | 0.001 0 | 0.009 | 0.457 0 0 0.68 | 0.656 | 0.009 0 | 0.056 | 42.405 0| 0714 0| 0593 | 001 | 0.293 | 4.523
0.013 0 0 0 0 | 0.001 | 50.494 0 0 0] 0.018 0| 0]0012 | 0| 0.001 | 0.001 0| 001 045 0 0| 0.676 | 0.664 | 0.008 0 | 0.056 | 42.529 | 0.024 00029 | 0561 | 0.01 | 0291 | 4.151
0.017 0 0 0 0 0 | 49.665 0 0 0] 0.018 0| 0]0012 | 0| 0.001 | 0.001 0| 001 | 0457 0 0| 0.674 | 0.676 0 0] 0.054 | 4214 0 | 0.487 0 0.54 | 0.008 | 0.278 | 4.963
0.016 0 0 0 0 0 | 54.849 0 0 0] 0.019 0] 0]o0012| O 0 | 0.001 0| 001 | 0.456 0 0| 0.681 | 0.673 0 0 | 0.056 | 42.303 0 0| 0.064 | 0574 | 0.011 | 0.274 0
0.013 0 0 0 0 0 | 50.131 0 0 0 | 0.019 0 0 | 0.012 0 0 | 0.001 0 | 0.009 | 0.457 0 0 0.679 | 0.656 | 0.013 0 0.06 | 42.522 0 | 0.295 | 0.034 0.576 | 0.007 | 0.267 4.248
KENO010 0.013 0 0 0 0 | 0.001 | 51.066 0 0 0 | 0.019 0 0 | 0.012 0 0 | 0.001 0 0.01 | 0.456 0 0 0.671 | 0.665 | 0.007 0 | 0.052 | 42.139 0 | 0.408 0.04 0.559 | 0.007 | 0.272 3.603
0.013 0 0 | 0.002 0 | 0.001 | 49.971 0 0 0 | 0.018 0 0 | 0.228 0 0 | 0.008 0 | 0.094 | 1.364 0 0 1.049 | 0.645 0 0 | 0.032 | 36.335 | 0.044 | 0.422 | 0.114 5.468 | 0.012 | 0.584 3.598
0.014 | 0.002 0 | 0.002 0 | 0.002 | 49.765 0 0 0] 0.018 0] 0]0227| 0 0 | 0.008 0 | 0.095 | 1.354 0 0| 1.028 | 0.666 | 0.007 0 | 0.022 | 36.272 | 0.045 00104 | 5583 | 0.011 | 0.601 | 4.174
0.017 | 0.002 0 | 0.002 0| 0.001 | 5347 0 0 0] 0.018 0] 0]0228 | 0 0 | 0.008 0 | 0.094 | 1.353 0 0| 1.044 | 0.647 0 0] 003 | 36.24 | 0.031 | 0.327 | 0.112 | 5.758 | 0.009 | 0.606 0
0.016 0 0 | 0.003 0 | 0.001 | 49.778 0 0 0] 0.018 0] 0]0225| 0 0 | 0.008 0 ] 0.093 | 1.345 0 0| 1.037 | 0.643 | 0.008 0 ] 0.034 | 36.206 | 0.058 | 0.638 | 0.125 | 5.698 | 0.014 | 0.611 | 3.441
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Appendix 4-1 b continues

Index Ba Sh Sn Cd Pd Ag Bal Mo Nb Zr Sr Rb | Bi As | Se Au Pb W Zn Cu Ni | Co Fe Mn Cr V Ti Ca K Al P Si Cl S Mg
KENO11 | 0.017 0 0 0 0| 0.002 | 53.02 0 | 0.001 0] 0.019 0] 0 0| 0] 0.001 | 0.004 0 | 0.007 | 1.738 0 0| 0.667 | 0.933 0 0] 0046 | 41938 | 0.03 | 0412 | 013 | 0.725 | 0.011 | 0.298 0
0.019 0 0 0 0 | 0.003 | 45.573 0 0 0 | 0.019 0 0 0 0 0 | 0.005 0 | 0.007 | 1.731 0 0 0.665 | 0.941 | 0.008 0 | 0.046 | 41.085 0 | 0.629 | 0.131 0.662 | 0.012 0.3 8.164

0.018 0 0 0 0 | 0.002 | 49.628 0 0 0 | 0.019 0 0 | 0.001 0 | 0.001 | 0.004 0 | 0.008 | 1.746 0 0 0.667 | 0.938 0 0 0.04 | 41.553 | 0.029 | 0.601 | 0.135 0.781 | 0.013 | 0.321 3.495

0.016 0 0 0 0 | 0.003 | 47.978 0 0 0 | 0.019 0 0 0 0 | 0.001 | 0.005 0 | 0.007 | 1.733 0 0 0.663 | 0.945 | 0.007 0 | 0.049 41.5 | 0.024 0.33 | 0.162 0.866 | 0.011 | 0.321 5.361

0.016 0 0 0 0 | 0.003 | 47.506 0 0 | 0.001 | 0.018 0 0 0 0 0 | 0.005 0 | 0.007 | 1.732 0 0 0.667 | 0.954 0 0 | 0.048 | 41.856 | 0.031 | 0.692 | 0.135 0.833 0.01 | 0.311 5.175

KC001 0.014 0 0 0 0 0 | 57.419 0 0 0 | 0.009 0 0 0 0 0 0 0 | 0.003 | 0.029 0 0 0.098 | 0.028 | 0.004 0 | 0.031 | 25.365 | 0.025 | 0.524 | 0.175 1.488 0.01 | 0.064 | 14.715
0.012 0 0 0 0 | 0.001 | 57.307 0 0 0 | 0.009 0] 0 0| O 0 0 0 | 0.003 | 0.026 0 0| 0.101 | 0.029 | 0.004 0 ] 0.026 | 25.285 | 0.017 | 0.409 | 0.183 | 1.612 | 0.011 | 0.062 | 14.903

0.015 0 0 0 0 0 | 58.916 0 0 0 | 0.009 0] 0]0001| O 0 0 0 | 0.005 | 0.027 0 0 | 0.097 | 0.026 0 0 | 0.026 | 25.325 0 0| 019 | 1548 | 0.012 | 0.053 | 13.749

0.014 0 0 0 0 0 | 59.447 0 0 0 | 0.009 0] 0 0| O 0 0 0 | 0.005 | 0.029 0 0| 0.095 | 0.029 | 0.007 0 ] 0.028 | 25525 | 0.016 | 0.261 | 0.169 | 1.506 | 0.012 | 0.057 | 12.79

0.013 0 0 0 0 0| 5844 0 0 0 | 0.009 0] 0 0] O 0 0 0 | 0.004 | 0.027 0 0| 0.095 | 0.024 | 0.005 0 ] 0.029 | 25.486 | 0.024 | 0.286 | 0.158 | 1.411 | 0.01 | 0.058 | 13.919

KC002 0.063 0 0 0 0 | 0.001 | 52.252 0 0 0] 0011 0] 0 0] O 0 | 0.067 0 | 0.006 | 0.654 0 0| 0.278 | 0412 0 0 ] 0.055 | 40.003 | 0.05 | 0.735 | 1.13 | 0.799 | 0.003 | 0.073 | 3.408
0.061 0 0 0 0 0 | 51.577 0 | 0.001 0] 0011 0] 0 0| 0 0 | 0.066 0 | 0.006 | 0.647 0 0| 0.273 | 0.415 | 0.008 0] 0044 | 39561 | 0.07 | 0.589 | 1.204 | 0.847 | 0.006 | 0.074 | 4.542

0.065 0 0 0 0 | 0.001 | 50.706 0 0 0 | 0.011 0 0 0 0 0 | 0.066 0 | 0.003 0.65 0 0 0.284 | 0.416 0 0 | 0.049 | 40.156 | 0.078 | 0.522 | 1.193 0.849 | 0.007 | 0.072 4.871

0.061 0 0 0 0 | 0.001 | 51.059 0 | 0.001 0 | 0.011 0 0 0 0 0 | 0.064 0 | 0.005 | 0.655 0 0 0.281 | 0.425 | 0.008 0 | 0.046 | 40.238 | 0.077 | 0.777 1.15 0.833 | 0.004 0.07 4.234

0.064 0 0 0 0 | 0.001 | 52.287 0 0 0 | 0.011 0 0 0 0 0 | 0.065 0 | 0.005 | 0.655 0 0 0.282 | 0.419 | 0.008 0 | 0.051 | 40.284 | 0.077 | 0.735 | 1.157 0.816 | 0.005 | 0.073 3.004

KC005 0 0 0 | 0.001 0 | 0.001 | 55.879 0 0 0 | 0.006 0 0 0 0 0 | 0.013 0 | 0.007 | 0.126 0 0 0.14 | 0.189 0 0 | 0.014 17.97 0 0 0.11 | 18.179 0.01 | 0.085 7.271
0.005 0 | 0.001 | 0.001 0 | 0.001 | 54.907 0 0 0 | 0.006 0 0 0 0 0 | 0.012 0 | 0.008 | 0.128 0 0 0.143 | 0.189 | 0.003 0 | 0.018 17.97 0 | 0.277 | 0.105 | 18.643 | 0.009 | 0.087 7.484

0 0 0 | 0.001 0 0 | 53.921 0 0 0 | 0.006 0 0 0 0 0 | 0.013 0 | 0.008 | 0.127 0 0 0.134 | 0.191 | 0.004 0 | 0.015 | 18.108 0 | 0.173 | 0.089 | 18.461 | 0.011 | 0.081 8.657

0 0 0 | 0.001 0 0 | 55.621 0 0 0 | 0.006 0] 0 0| O 0 | 0.012 0 | 0.007 | 0.126 0 0| 0.142 | 0.189 | 0.004 0 | 0.018 | 17.982 0| 0.346 | 0.11 | 19.028 | 0.007 | 0.084 | 6.316

0.006 0 | 0.002 | 0.001 0 | 0.001 | 54.549 0 0 0 | 0.007 0] 0 0| O 0 | 0.012 0 | 0.007 | 0.125 0 0 0.14 | 0.19 | 0.005 0 | 0.021 | 18.066 0| 0.249 | 0.086 | 18.472 | 0.01 | 0.085 | 7.967

KCO006 0.038 0 0 0 0 0 | 53.006 0 0 0] 0.019 0] 0 0| O 0 | 0.002 0 | 0.004 | 0.008 0 0| 0557 | 0.558 | 0.007 0 | 0.057 | 37.291 | 0.082 | 0.477 | 0.619 141 | 0.012 | 0.124 | 5.728
0.038 0 0 | 0.001 0 0 | 50.922 0 0 0] 0.018 0| 0]0001| O 0 | 0.002 0 | 0.004 | 0.007 0 0| 0559 | 0.547 | 0.009 0| 0.05| 36.618 | 0.113 | 0.813 | 0.618 | 1506 | 0.01 | 0.123 8.04

0.041 0 0 | 0.001 0 0 | 51.437 0 0 0] 0.019 0] 0 0| O 0 | 0.003 0 | 0.004 | 0.008 0 0 0.56 | 0.546 | 0.007 0 | 0.051 | 37.203 0.1 | 0.836 | 0.587 | 1.324 | 0.011 | 0.114 | 7.145

0.036 0 0 0 0 0 | 52.862 0 0 0] 0.018 0| 0]0001| O] 0.001 | 0.002 0 | 0.005 | 0.007 0 0| 0567 | 0.543 | 0.007 0] 0.054 | 37.04 | 0.116 0.6 | 0.677 1.34 | 0.009 | 0.127 | 5.987

0.07 0 0 0 0 0 | 48.712 0 0 | 0.001 0.02 | 0.001 0 | 0.002 0 | 0.001 | 0.001 0 | 0.004 | 0.051 0 0 0.394 | 0.438 | 0.006 0 | 0.072 | 35.791 | 0.388 | 1.095 | 1.039 2.503 | 0.009 | 0.107 9.294

KC008 0.075 0 0 0 0 0 [ 53.758 0 0 | 0.001 | 0.021 | 0.001 0 | 0.001 0 0 | 0.001 0 | 0.003 | 0.052 0 0 0.394 | 0.448 | 0.006 0 | 0.068 | 36.228 | 0.411 | 0.857 1.03 2.642 | 0.004 | 0.113 3.885
0.073 0 0 | 0.001 0 0 | 48.265 0 0 | 0.001 0.02 | 0.001 0 | 0.001 0 0 | 0.002 0 | 0.005 | 0.047 0 0 0.382 | 0.447 | 0.005 0 0.08 | 36.568 | 0.383 | 1.279 | 1.036 2.636 | 0.008 | 0.106 8.653

0.072 0 | 0.001 0 0 0 | 53.561 0] 0.001 | 0.001 | 0.021 | 0.001 | 0| 0.001 | O 0 | 0.001 0 | 0.004 | 0.051 0 0| 0.394 | 0436 | 0.007 0 | 0.062 | 36.256 | 0.393 | 0.925 | 1.101 | 2.628 | 0.006 | 0.101 | 3.975

0.069 0 0 0 0 0 | 53.389 0 0]0001 | 002]0001]| 0[0001]| O 0 | 0.002 0] 0.003 | 0.05 0 0| 0.387 | 0.438 0 0 ] 0.069 | 35.846 | 0.369 | 0.99 | 1.048 | 2.667 | 0.007 | 0.118 | 4.524

0.071 0 0 0 0 0 | 46.342 0 00001 | 002 0001| 0]0001| 0] 0.001 | 0.001 0 | 0.003 | 0.05 0 0 | 0.405 | 0.443 0 0 ] 0.079 | 36.303 | 0.378 | 0.951 | 1.052 | 2.626 | 0.008 | 0.099 | 11.165

KC009 0.144 0 0 0 0 0.001 | 51.88 | 0.001 0 0 | 0.034 0] 0]0004 | 0] 0.001 | 0.002 0 | 0.005 | 0.457 0 0| 0.656 0.3 | 0.006 0 | 0.058 | 43.845 | 0.082 | 0.321 | 0.996 | 0.932 | 0.009 | 0.264 0
0.136 0 0 0 0 | 0.001 | 50.746 | 0.001 0 | 0.001 | 0.033 0] 0]0004 | O 0 | 0.002 0 | 0.006 | 0.459 0 0| 0.643 | 0.307 | 0.007 0 ]| 0.059 | 44.668 | 0.064 | 0.672 | 0.998 | 0.918 | 0.006 | 0.268 0

0.137 0 0 0 0 0 | 51.144 | 0.001 | 0.001 0] 0.033 0| 0]0004| O 0 | 0.002 0 | 0.005 | 0.451 0 0| 0.646 | 0.306 | 0.011 0| 0.07 | 44.457 | 0.077 | 0.398 | 1.006 0.99 | 0.007 | 0.254 0

0.138 0 0 0 0 | 0.001 | 44.727 | 0.001 0 | 0.001 | 0.033 0| 0]0004| O 0 | 0.002 0 | 0.006 | 0.454 0 0| 0.651 | 0.303 | 0.006 0 | 0.061 | 44.254 | 0.092 | 0.399 | 1.005 | 1.008 | 0.01 | 0.256 | 6.587

0.137 0 0 0 0 | 0.001 | 48.966 | 0.001 | 0.001 0 | 0.034 0| 0]0004 | 0] 0.001 | 0.003 0| 0.005 | 0.46 0 0| 0.639 | 0.295 | 0.009 0 ] 0.061 | 44078 | 0.091 | 0.54 | 1.019 | 1.024 | 0.009 | 0.267 | 2.358

KC010 0.005 0 0 0 0 | 0.001 | 52.133 0 0 0] 0.012 0] 0 0| 0 0 | 0.001 0 | 0.003 | 0.141 0 0| 0.143 | 0.269 | 0.004 0 | 0.023 | 24.877 | 0.022 | 0.315 | 0.467 | 18.913 | 0.009 | 0.061 | 2.601
0.005 0 0 0 0 | 0.001 | 52.622 0 0 0 | 0.012 0 0 0 0 0 | 0.001 0 | 0.003 | 0.139 0 0 0.146 | 0.278 0 0 | 0.025 25.18 0 | 0.282 | 0.461 | 18.817 | 0.005 | 0.062 1.96

0.006 0 0 0 0 | 0.001 | 52.777 0 0 0 | 0.012 0 0 | 0.001 0 0 | 0.001 0 | 0.002 | 0.141 0 0 0.15 | 0.278 0 0 | 0.018 25.21 0 | 0.189 | 0.465 | 18.752 | 0.007 | 0.064 1.925

0.004 0 0 0 0 | 0.001 | 52.365 0 0 0 | 0.012 0 0 0 0 0 | 0.001 0 | 0.003 | 0.137 0 0 0.145 | 0.276 0 0 | 0.029 | 25.142 | 0.032 | 0.185 | 0.475 | 19.007 0.01 | 0.061 2.115

0.006 0 0 0 0 0 | 54.122 0 0 0] 0.012 0] 0 0] O 0 | 0.001 0 | 0.002 | 0.142 0 0] 0.143 ] 0.279 0 0 ] 0.031 | 25.264 | 0.029 | 0.192 | 0.475 | 19.225 | 0.007 | 0.069 0




Appendix 4-1 b Continues

Index Ba Sh Sn Cd Pd Ag Bal Mo Nb Zr Sr Rb | Bi As | Se Au Pb W Zn Cu Ni | Co Fe Mn Cr V Ti Ca K Al P Si Cl S Mg
KCO011 0.019 0 0 0 0 | 0.003 | 46.482 | 0.001 0 0 | 0.016 0] 0]0001| O 0 | 0.003 0 | 0.003 | 2.905 0 0| 0.624 | 0.632 0 0] 0081 | 38174 | 0.03 | 051 | 0074 | 1756 | 0.007 | 0.144 | 8.536
0.019 0 0 0 0 | 0.003 | 48.362 | 0.001 0 0 | 0.016 0 0 | 0.001 0 | 0.001 | 0.003 0 | 0.008 | 2.905 0 0 0.627 0.63 | 0.006 0 | 0.078 | 38.876 0 | 0.334 | 0.048 1.649 | 0.008 | 0.148 6.278

0.017 0 0 0 0 | 0.003 48.97 | 0.001 0 0 | 0.016 0 0 0 0 | 0.001 | 0.003 0 | 0.004 | 2.909 0 0 0.622 | 0.629 0 0 | 0.087 | 38.402 | 0.029 | 0.387 | 0.044 1.694 | 0.007 | 0.149 6.026

0.014 0 0 0 0 | 0.003 50.11 | 0.001 0 0 | 0.016 0 0 0 0 0 | 0.003 0 | 0.003 | 2.913 0 0 0.62 | 0.613 0 0 | 0.083 | 39.101 0 | 0.323 | 0.051 1.652 | 0.006 0.15 4.339

0.014 0 0 0 0 | 0.003 | 50.835 | 0.001 0 0 | 0.016 0 0 0 0 0 | 0.003 0 | 0.004 | 2.922 0 0 0.639 | 0.637 0 0 | 0.084 | 38.396 | 0.025 0.3 | 0.059 1.736 | 0.006 | 0.157 4.164

KC012 0.024 0 0 0 0 0 | 51.963 0 0 0 | 0.019 0 0 | 0.001 0 0 | 0.008 0 | 0.005 | 0.113 0 0 0.328 | 0.438 0.01 0 | 0.101 | 43.455 | 0.029 | 0.426 | 0.096 0.69 | 0.007 0.12 2.167
0.027 0 0 0 0 0 | 49.134 0 0 0] 0.019 0] 0 0| O 0 | 0.008 0 | 0.005 | 0.113 0 0| 0.327 | 0.448 | 0.008 0] 0107 | 4355 | 0.034 | 0.449 | 0.135 | 0.733 | 0.012 | 0.121 | 4.769

0.027 0 0 0 0 0 | 50.136 0 0 0] 0.019 0] 0 0| O 0 | 0.008 0 | 0.005 | 0.115 0 0| 0.323 | 0.446 | 0.009 0 | 0.091 | 43.409 | 0.037 | 0.326 | 0.114 | 0.727 | 0.011 | 0.131 | 4.063

0.032 0 0 0 0 0 | 51.708 0 0 0] 0.019 0] 0 0| O 0 | 0.009 0 | 0.005 | 0.111 0 0| 0322 | 045 0 0 | 0.094 | 42.945 | 0.029 | 0.405 | 0.111 | 0.693 | 0.012 | 0.129 | 2.927

0.033 0 0 | 0.001 0| 0.001 | 5349 0 0 0] 0.019 0| 0]0001| O 0 | 0.008 0 | 0.005 | 0.117 0 0 0.33 | 0.459 0 0] 0099 | 43792 | 0.041 | 0.63 | 0.124 | 0.715 | 0.011 | 0.124 0

KH002 | 0.009 | 0.005 | 0.001 | 0.001 0 | 0.002 | 44.594 | 0.001 | 0.001 0 | 0.015 0| 0]0052| 0] 0.001 | 0.002 0 | 0.047 | 4.699 0 0| 4901 | 0.523 0 0] 0.071 | 32.174 | 0.027 | 0.472 0| 6761 | 0.011 | 2.443 | 3.186
0.008 | 0.003 0 0 0 | 0.001 | 44.696 | 0.001 0 0 | 0.014 0] 0]0051| O 0 | 0.002 0 | 0.045 | 4.622 0 0 4.87 | 0514 0 0 | 0.067 | 32.226 | 0.031 | 0.36 | 0.048 | 6.833 | 0.011 | 2.464 | 3.134

0.008 | 0.004 0 0 0 | 0.001 47.81 | 0.001 0 0 | 0.014 0 0 | 0.051 0 0 | 0.003 0 | 0.044 | 4.657 0 0 4.902 0.53 0.01 0 | 0.073 | 32.415 0.03 0 0 6.922 | 0.009 | 2.516 0

0.008 | 0.003 0 | 0.001 0 | 0.001 | 45.695 | 0.001 0 0 | 0.014 0 0 0.05 0 0 | 0.003 0 | 0.044 | 4.658 0 0 4.897 | 0.525 0 0 | 0.076 | 31.868 0 | 0.301 | 0.033 6.669 0.01 | 2.374 2.767

0.012 | 0.006 | 0.001 0 | 0.001 | 0.001 | 47.892 0 | 0.001 0 | 0.014 0 0 | 0.052 0 | 0.002 | 0.003 0 | 0.049 | 4.673 0 0 4.897 | 0.523 0 0 | 0.061 32.11 | 0.026 | 0.419 0 6.821 | 0.009 | 2.427 0

KHO010 0.018 0 | 0.002 0 0 | 0.015 | 45.848 | 0.001 | 0.001 0 | 0.017 0 0 | 0.007 0 0 | 0.005 0 | 0.005 | 5.164 0 0 1.183 | 0.595 | 0.007 0 | 0.096 41.61 | 0.051 0 | 0.059 1.143 | 0.006 | 0.645 3.521
0.023 0 | 0.002 0 0 | 0.017 | 45.408 | 0.001 0 0 | 0.017 0 0 | 0.007 0 | 0.001 | 0.005 | 0.006 0 | 5.185 0 0 1.173 | 0.596 | 0.007 0 | 0.104 | 42.129 0 | 0.358 0.04 1.133 | 0.009 | 0.612 3.166

0.024 0 | 0.002 0 0 | 0.016 | 46.408 | 0.001 0 0 | 0.017 0 0 | 0.006 0 0 | 0.006 | 0.005 0 | 5.129 0 0 1.163 | 0.584 | 0.008 0 | 0.095 | 41.507 0 0 | 0.053 1.136 | 0.007 | 0.648 3.185

0.031 0 | 0.004 0 0 | 0.016 | 48.064 0 0 0 | 0.017 0] 0] 0006 | O 0 | 0.005 0 0 | 5.154 0 0| 1172 | 0.593 0 0 | 0.105 | 42.303 0| 0596 | 0.022 | 1.252 | 0.011 | 0.647 0

0.023 0 | 0.001 0 0 | 0.016 | 48.243 0 | 0.001 0 | 0.017 0] 0] 0006 | O 0 | 0.006 0 0 | 5.224 0 0| 1.196 | 0.603 | 0.006 0 | 0.082 | 42.09 0 | 0.642 | 0.037 | 1.143 | 0.009 | 0.652 0

KMO005 | 11.794 0 0 0 0 0| 2586 | 0.002 | 0.001 0 | 0412 0] 0]0011| O 0 ] 0.035 0] 0.012 | 0.191 | 0.041 0 | 47.957 | 0.351 | 0.059 | 0.052 | 0.209 | 6.685 | 0.045 | 1.473 | 0.539 | 1.884 0| 239 0
12.118 0 0 0 0 0 | 24.637 | 0.002 | 0.001 0 | 0.428 0| 0]0013| O 0 | 0.035 0] 0.012 | 0.191 | 0.046 0 | 48.925 | 0.361 | 0.056 0] 0328 | 6.728 01359 | 0571 | 1.818 0] 2371 0

11.929 0 0 0 0 0 | 26.384 | 0.002 | 0.001 0 | 0414 0| 0]0014| O 0 | 0.034 0] 0.012 | 0.184 | 0.053 0 | 48.133 | 0.357 | 0.044 0 0 6.45 01438 | 0548 | 1.742 0| 226 0

12.059 0 0 0 0 0 | 25.861 | 0.002 | 0.001 0]0419 | 0001 | 0] 0.013]| O 0 | 0.034 0 | 0.009 | 0.179 | 0.039 0 | 48.307 | 0.367 | 0.046 0] 0193 | 6.623 01339 | 0526 | 1.712 0| 227 0

12.095 0 0 0 0 0 24.66 | 0.002 | 0.001 0 | 0.423 0 0 | 0.013 0 | 0.004 | 0.039 0 | 0.011 0.19 | 0.055 0 | 48.716 | 0.381 | 0.068 0 | 0.204 6.751 0 1.48 | 0.554 1.931 0 | 2421 0
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Appendix 4-2 ICP-MS and AAS results of major and trace elements of the Kombat ore.

Ag Al As Ba Cd Ce Co Cr Cs Cu Fe Ga K La Li Lu Mg Mn Mo Na Nb Ni P Pb Rb S Sh Sr Th TI U \Y W Y Yb Zn Zr

ppm % ppm ppm ppm ppm | ppm | ppm | ppm ppm % ppm | % ppm ppm ppm | % ppm ppm | % ppm | ppm | % ppm ppm | % ppm | ppm ppm | ppm | ppm | ppm | ppm ppm ppm ppm ppm
KC011 30 | 600 2.2 31| 175 13 1.9 | 13.1 | 0.23 | 37300 6400 1| 500 5.2 2.8 | 0.07 | 32700 | 6434 | 5.29 | 100 0.3 | 19.7 500 19 1.5 | 16000 | 0.32 156 | 0.32 | 0.12 05 | 13.2 0.4 12 06| 211 | 08
KC012 0.56 | 500 6.7 | 138 | 139 | 7.54 2.6 | 159 | 0.26 | 1775 3800 1.1 | 500 4.2 3.7 1 0.07 | 17300 | 4996 | 1.34 | 200 0.4 | 28.2 | 1100 63 1.2 | 17000 | 0.49 180 | 0.21 | 0.07 0.6 8.7 02| 104 0.5 182 | 0.6
KC008 0.14 | 5000 | 12.6 | 650 | 2.16 | 28.3 31193 | 0.83 636 4400 2.9 | 3700 | 138 | 123 0.1 | 44700 | 4805 | 1.35 | 200 0.4 | 24.4 | 17100 12 | 16.2 | 15000 | 0.24 | 219 | 0.52 | 0.61 0.8 | 155 03| 19.6 0.9 163 | 65
KC010 1.17 | 500 1.3 34| 073 12 1.1 53 | 0.22 1590 1800 0.8 | 400 | 12.8 3.6 | 0.04 7200 | 3092 | 3.69 | 100 0.2 | 17.1 | 4000 10 1.5 | 14000 | 0.17 114 | 0.27 | 0.03 0.3 6.8 0.3 | 10.6 0.3 9.2 | 06
KC006 0.17 | 1700 76 | 278 | 1151 | 147 23 | 176 | 0.29 77 6700 1.4 | 1400 7 7.5 | 0.07 | 46100 | 6010 | 1.07 | 200 0.3 | 24.6 | 6900 22 4.4 | 16000 | 0.33 187 | 0.29 | 0.37 0.6 7.4 03 | 129 05| 214 | 24
KENOO
3 35 | 300 | 380 6 | 382 | 641 1.8 | 204 | 0.22 | 14700 | 13700 1.1 | 300 2.3 9.1 | 0.03 | 12600 | 6176 | 1.29 | 100 0.2 | 19.9 300 | 2405 1.2 | 25000 | 2.61 155 | 0.14 | 0.05 0.2 5.8 0.2 6.2 0.3 166 | -0.5
KENOO
4 5 | 300 | 1100 11 | 13.09 | 22.1 | 10.7 | 25.6 | 0.21 | 21500 | 39300 1.7 | 300 6.3 3.5 | 0.08 8800 | 7839 | 11.4 | 200 0.2 | 16.8 500 | 14500 2.9 | 43000 | 144 | 177 | 0.32 | 0.91 04 | 679 05| 142 0.6 377 1
KENOQO
6 4.6 | 3100 | 580 | 190 | 11.01 | 16.2 | 10.7 | 20.5 | 0.33 | 7201 | 15300 2.7 | 1600 4.5 3.5 | 0.08 | 11600 413 | 300 0.6 20 | 3300 | 62200 7.1 | 26000 | 5.21 191 | 045 | 1.13 3709 0.3 14 0.7 183 | 4.6
KENO1
0 9.58 | 500 | 2420 11 | 239 | 881 3.9 | 252 | 0.34 | 17000 | 11800 1.1 | 500 2.4 3.4 | 0.04 | 15200 | 6924 | 2.19 | 200 0.2 | 20.4 | 1000 147 2.6 | 23000 | 15.7 165 | 0.24 | 0.43 03 | 12.7 0.3 7.6 0.3 900 | 0.6
KENO1
1 23 | 400 5.4 71 294 | 6.72 1.9 | 13.1 | 0.11 | 26500 7100 1.4 | 400 2.4 2.7 | 0.04 | 24500 | 9975 | 0.66 [ 200 0.3 | 25.2 | 1400 43 2.3 | 21000 | 0.52 187 | 0.19 | 0.12 15| 15.2 0.4 6.9 03| 645 | 0.8
KMO002 0.4 | 2100 | 59.3 | 1528 17.8 0.7 | 19.8 | 0.18 | 2050 | 335000 3 | 600 9.9 1.8 | 0.18 700 | 2652 | 16.1 | 1200 0.2 2.9 | 2900 340 2.9 | -5000 | 1.53 | 1149 | 0.75 | 0.03 71 | 825 | 294 | 212 15 14 | 0.7
KH002 6.1 | 500 | 568 16 | 721 | 761 25| 257 | 0.12 | 69100 | 52700 0.7 | 300 3.1 2.8 | 0.05 6400 | 4879 | 2.31 | -100 0.2 | 115 100 17 2.5 | 35000 | 29.7 134 | 0.15 | 0.06 0.4 9 0.6 6.6 0.4 375 1
KHO010 155 | -100 | 62.9 6.97 | 3.57 14 9.8 | 0.15 | 85900 | 11600 0.5 | 100 14 1.6 | 0.02 | 13300 | 5819 | 0.78 | -100 | -0.1 18 100 51 0.4 | 22000 0.4 | 147 | 0.08 | 0.09 0.2 4.1 0.3 3.1 01| 333 ] -05
KENOO
7 3.6 0| 301 5 41| 161 | 4.6 | 152 | 0.12 | 27900 | 25200 14 | 200 5.5 1.7 | 0.06 | 10900 33| 200 | -0.1 | 20.8 100 612 0.6 | 28000 | 7.93 198 | 0.33 0.1 0.1 7.5 02 | 144 0.6 140 | -0.5
KENOO
2 21 | 200 | 147 8 | 253 | 5.08 2.8 | 13.3 | 0.07 | 5443 8900 1] 300 15 2.3 | 0.02 | 46300 | 6176 | 2.35 | 100 0.1 | 223 100 | 11500 1.6 | 21000 | 1.56 150 0.1 | 0.36 03 | 127 0.3 4.7 0.3 | 607 | -05
KC009 3.6 | 1200 | 36.7 | 1272 | 1.49 | 285 3163 | 015 | 6318 8200 3.4 | 1000 | 25.1 1.7 | 012 6500 | 3159 | 11.7 | 200 0.2 | 27.9 | 12400 30 2.2 | 20000 | 1.561 | 342 | 0.63 0.9 0.9 7.8 05| 277 1 19| 19
KC002 6.1 | 1400 16 | 513 | 1.14 | 188 19 | 144 | 027 | 7368 2600 14 | 800 | 184 3.3 | 0.07 | 32600 | 4580 | 0.85 | 200 0.2 | 25.6 | 13100 952 2.3 | 13000 | 0.24 | 106 | 0.47 | 0.06 1] 101 03| 172 06| 235]| 19
KENOO
9 114 0| 138 1.38 | 6.65 2.2 | 148 | 0.08 | 6213 7100 1.1 | 200 24 2.2 | 0.04 | 22800 | 7091 | 0.74 | 100 | -0.1 | 27.6 100 5 0.4 | 20000 | 1.87 174 | 0.11 | 0.03 0.2 34 0.2 5.4 0.2 | 645 ]| -05
KC001 0.37 | 400 17 57 | 0.24 2.2 14 | 191 0.2 345 1900 0.7 | 400 1 2.9 | 0.01 | 133500 | 536 | 0.78 | 100 0.3 | 17.7 | 2200 2 0.8 | 16000 | 0.05 | 96.4 | 0.05 | 0.02 0.2 34 0.2 2 01 ] 287 ] 19
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Appendix 4-3 Assessment summary table of CRMS (OREAS, 932, 134b and 623).

Index Ba Ag Sr Pb Zn Cu Fe Mn Cr Ti S

Oreas

134b Mean 0.235 0.025 0.004 11.298 16.030 0.118 10.781 | 0.335 0.023 0.027 12.251
SD 0.009 0.001 0.000 0.054 0.120 0.004 0.047 | 0.012 0.006 0.016 0.138
RSD 3.920 5.174 10.648 0.482 0.748 3.442 0.434 | 3.674 27.498 58.969 1.130
% diff 57.584 | 23.529 57.303 -14.409 -9.435 | -11.743 | -11.992 | -2.588 | 1337.500 | -38.497 | -36.555

OREAS

932 Mean 0.063 0.003 0.005 0.015 0.067 5.359 14.649 | 0.096 0.015 0.293 3.295
SD 0.005 0.000 0.001 0.001 0.002 0.007 0.027 | 0.003 0.003 0.009 0.018
RSD 7.943 | 13.975 10.143 7.404 2.728 0.132 0.184 | 3.409 18.708 3.119 0.548
% diff 1376.636 | 42.793 | 182.723 -15.385 11.185 | -12.285 -0.755 9.545 190.566 | 396.610 | -44.061

OREAS

623 Mean 0.170 0.003 0.016 0.229 0.994 1.535 13.095 | 0.057 0.014 0.146 5.754
SD 0.005 0.000 0.001 0.003 0.003 0.012 0.049 | 0.003 0.003 0.010 0.144
RSD 2.837 | 15.972 3.340 1.293 0.279 0.794 0.372 5.445 18.228 6.984 2.509
% diff 37.255 -8.240 -3.515 | -11.272 -36.556
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Appendix 5-1a LA-ICP-MS results of trace elements in bornite of the Kombat ore.

int. Std (S) S34 (%) E:J?)::-n) Fe57 (%) Gab9 (ppm) Ag107 (ppm) Cd111 (ppm) Sn118 (ppm) Sbh121 (ppm) W184 (ppm) Pb208 (ppm) Bi209 (ppm)
KHO0517 P13 25.560 25.560 2.256 10.271 1.008 267.849 2.705 2.108 0.459
KHO0517 P2 4 25.560 25.560 2.800 9.981 0.788 281.360 0.272 21.779 0.469
KHO0517 P35 25.560 25.560 6.048 9.613 1.249 252.297 2.539 0.456
KHO0517 P4 6 25.560 25.560 3.812 10.146 1.056 272.238 9.920 0.477
KHO0517 P57 25.560 25.560 4.638 9.927 1.087 262.019 2.244 0.953 10.698 0.455
KHO0517 P6 8 25.560 25.560 6.118 10.237 1.351 279.596 2.248 0.766 38.981 0.499
KHO0517 P7 11 25.560 25.560 4.665 10.400 1.051 273.536 0.292 0.588 1270.306 0.474
KHO0517 P8 12 25.560 25.560 3.483 9.969 1.094 252.650 0.434 298.702 0.453
KHO0517 P9 13 25.560 25.560 3.576 9.852 1.115 252.185 3.806 0.429
KHO0517 P10 14 25.560 25.560 12.292 9.830 1.544 274.953 0.317 1.129 30.527 0.470
KHO0517 P11 15 25.560 25.560 6.020 9.648 1.090 256.159 1.991 0.208 0.548 5.138 0.454
KHO0517 P12 16 25.560 25.560 3.736 9.770 1.075 264.197 0.687 5.088 0.458
KHO0517 P13 19 25.560 25.560 4.150 9.867 0.797 250.656 2.329 3.206 0.469
KHO0517 P14 20 25.560 25.560 3.340 9.608 1.104 217.703 0.211 0.792 4.160 0.447
KH0517 P15 21 25.560 25.560 7.327 9.797 1.245 254.858 2.465 0.218 1.991 8.107 0.452
KHO0517 P16 22 25.560 25.560 2.238 9.843 1.473 261.961 2.524 0.541 6.738 0.450
KHO0517 P17 23 25.560 25.560 2.339 9.714 1.082 249.953 0.391 133.112 0.385
KHO0517 P18 24 25.560 25.560 9.808 1.385 250.549 2.468 2.490 0.403
KHO0517 P19 27 25.560 25.560 9.859 1.965 267.210 1.865 0.378
KH0517 P20 28 25.560 25.560 10.422 7.661 207.612 2.539 1.422 0.386
KH0516 P1 45 25.560 25.560 2.275 10.592 1.067 232.782 1.012 11.044
KHO0516 P2 46 25.560 25.560 9.132 10.585 1.241 240.064 0.843 11.452
KHO0516 P3 47 25.560 25.560 75.128 10.373 2.978 232.504 1.067 11.050
KHO0516 P4 48 25.560 25.560 4.779 10.545 0.957 213.495 0.975 11.483
KH0516 P5 49 25.560 25.560 44.583 10.274 2.173 243.802 5.716 1.020 11.265
KHO0516 P6 50 25.560 25.560 10.449 10.171 1.399 221.847 1.040 10.817
KH0516 P7 53 25.560 25.560 6.629 10.156 1.349 252.794 0.917 11.154
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Appendix 5-1 a continues

V51 Agl07 Cd111 [ Sn118 Sb121 w184 Pb208 Bi209

int. Std (S) S34 (%) (ppm) Fe57 (%) | Gab9 (ppm) (ppm) (ppm) | (ppm) (ppm) (ppm) (ppm) (ppm)
KHO0516 P8 54 25.560 25.560 3.682 10.171 1.282 258.479 0.713 11.382
KH0516 P9 55 25.560 25.560 11.427 10.158 1.305 220.866 1.089 10.796
KH0516 P10 56 25.560 25.560 8.112 10.500 1.338 256.874 1.004 11.604
KH0516 P11 57 25.560 25.560 2.748 10.374 1.304 229.166 0.943 11.411
KH0516 P12 58 25.560 25.560 4.058 10.289 1.217 244.346 1.259 11.624
KH0516 P13 61 25.560 25.560 3.675 10.731 1.301 255.543 1.328 13.086
KH0516 P14 62 25.560 25.560 5.799 10.761 1.350 249.073 1.146 12.563
KH0516 P15 63 25.560 25.560 4.378 10.921 1.499 220.511 1.810 12.240
KH0516 P16 64 25.560 25.560 33.963 10.871 1.948 292.778 1.097 12.760
KH0516 P17 65 25.560 25.560 4.288 10.653 250.588 1.139 12.350
KH0516 P18 66 25.560 25.560 3.695 10.717 249.322 1.106 12.415
KH0515 P13 25.560 25.560 10.358 1.332 188.657 3.215 5.290
KH0515 P2 4 25.560 25.560 10.326 1.350 159.571 2.562 5.179
KH0515 P3 5 25.560 25.560 10.434 1.346 183.620 28.072 5.387
KH0515 P4 6 25.560 25.560 10.407 1.684 100.236 14.647 5.039
KH0515 P5 7 25.560 25.560 10.689 1.284 133.170 22.117 5.263
KH0515 P6 8 25.560 25.560 10.459 1.008 164.376 245.222 5.109
KH0515 P7 11 25.560 25.560 10.384 3.140 197.174 3.995 4.766
KHO515 P8 12 25.560 25.560 10.211 1.741 214.965 41.189 4.971
KH0515 P9 13 25.560 25.560 10.251 1.267 179.631 6.637 5.445
KH0515 P10 14 25.560 25.560 10.199 1.216 191.143 10.482 5.118
KH0515 P11 15 25.560 25.560 10.287 1.298 193.887 1.016 3.430 5.383
KH0515 P12 16 25.560 25.560 10.350 1.254 212.988 656.522 5.742
KH0515 P13 19 25.560 25.560 10.098 0.808 202.701 40.216 5.241
KH0515 P14 20 25.560 25.560 10.754 0.798 234.980 20.628 6.066
KH0515 P15 21 25.560 25.560 10.462 0.920 209.080 8.825 5.637
KH0515 P16 22 25.560 25.560 3.591 10.720 1.692 238.847 215.801 6.297
KH0515 P17 23 25.560 25.560 10.684 0.850 210.780 6.132 5.867
KH0515 P18 24 25.560 25.560 10.595 0.766 237.801 4.814 5.893
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Appendix 5-1b LA-ICP-MS results of trace elements in chalcopyrite of the Kombat ore.

int. Std (S) S34 (%) V51 (ppm) | Fe57 (ppm) | Ga69 (ppm) | Zn70 (ppm) | Ge73 (ppm) | Agl07 (ppm) | In115 (ppm) | Sh121(ppm) | W184 (ppm) | Pb208 (ppm) | Bi209 (ppm)
KHO0517 P21 29 34.940 34.940 5.078 27.926 11.661 2.237 0.378 1.364 3.969
KHO0517 P22 30 34.940 34.940 28.241 12.163 1.923 0.526 4.791
KHO0517 P23 31 34.940 34.940 0.834 28.457 13.095 1.309 0.460 1.384 3.469
KHO0517 P24 32 34.940 34.940 28.219 11.574 0.953 0.367 0.596 3.253
KHO0517 P25 35 34.940 34.940 1.347 28.886 12.786 6.807 1.508 0.736 10.230
KHO0517 P26 36 34.940 34.940 2.010 28.006 14.995 2.937 1.328 0.398 1.330 4.148
KHO0517 P27 37 34.940 34.940 27.975 16.612 1.337 0.578 0.799 11.106
KHO0517 P28 38 34.940 34.940 26.431 12.423 14.575 0.553 4.983
KHO0517 P29 39 34.940 34.940 1.064 27.644 13.069 2.246 0.988 0.484 6.189
KHO0517 P30 40 34.940 34.940 1.299 28.013 13.848 2.936 0.093 0.927 0.977 8.870
KH0516 P19 69 34.940 34.940 23.392 28.969 13.713 5.099 0.385 1.104
KHO0516 P20 70 34.940 34.940 27.778 29.006 13.801 2.868 0.395 2.043
KHO0516 P21 71 34.940 34.940 29.117 12.733 1.162 0.412 1.587
KH0516 P22 72 34.940 34.940 37.357 29.015 13.912 1.740 0.434 1.611
KHO0516 P23 73 34.940 34.940 29.988 10.448 4.301 0.343 0.800
KHO0516 P24 74 34.940 34.940 33.402 29.554 10.650 1.366 0.315 2.282
KH0515 P19 27 34.940 34.940 27.434 10.837 19.237 0.217 43.270
KHO0515 P20 28 34.940 34.940 27.615 12.534 0.235 2.271
KHO0515 P21 29 34.940 34.940 27.690 15.078 4.715 0.173 10.661
KHO0515 P22 30 34.940 34.940 28.045 14.613 1.279 1.855
KHO0515 P23 31 34.940 34.940 28.595 14.789 2.350 5.314 5.077
KH0515 P24 32 34.940 34.940 27.841 13.856 0.114 0.621
KHO0515 P25 35 34.940 34.940 29.825 15.756 0.762 0.197 1.388
KHO0515 P26 36 34.940 34.940 30.311 15.724 0.058 2.026 6.376 0.161
KH0515 P27 37 34.940 34.940 30.246 13.917 3.860 1.143 0.161 1.635
KHO0515 P28 38 34.940 34.940 31.599 16.307 3.580 0.826 0.998
KHO0515 P29 39 34.940 34.940 30.798 16.628 1.699 0.159 4.059
KHO0515 P30 40 34.940 34.940 31.307 14.365 1.031 0.138 1.394
KHO0515 P31 43 34.940 34.940 27.968 10.863 0.480 0.183 0.641
KH0515 P32 44 34.940 34.940 29.138 12.724 1.348 1.748
KHO0515 P33 45 34.940 34.940 30.155 12.778 6.185 27.545
KHO0515 P34 46 34.940 34.940 30.518 14.264 3.101 29.026
KH0515 P35 47 34.940 34.940 30.497 13.417 2.894 10.006
KHO0515 P36 48 34.940 34.940 30.075 14.817 0.924 4.061

212




Appendix 5-2 Whole ore geochemistry of the Kombat ore deposit.

Analyte
Symbol Li Na Mg | Al K Ca Cd \Y Cr Mn Fe Hf Ni Er Be Ho Ag Cs Co Eu Bi Se Zn Ga As
pp pp pp pp PP
Unit Symbol m % % % % % ppm | m m ppm | % ppm | m ppm | ppm | ppm | m ppm ppm | ppm ppm ppm | ppm | ppm | ppm
Detection 0.0 0.0 0.0 0.0
Limit 0.5 0.01 1 0.01 0.01 1 0.1 1 1 1 1 0.1 0.5 0.1 0.1 0.1 5 0.05 0.1 0.05 0.02 0.1 0.2 0.1 0.1
10. 25. 276 01| < < 0.0 <
KENO026 2.1 0.02 5 0.28 0.15 1 0.1 8 6 0 5101 1.6 03|01 0.1 6 0.15 0.2 0.07 | 0.02 0.2 | 133 1.1 ] 105
< 58 | < < 34, | < 636 01| < < 00 | < < <
KEN29 0.7 | 0.01 7 10.01 0.01 4101 5 8 0 4101 1.7 04 |01 0.2 7 ] 0.05 0.2 0.09 | 0.02 0.1 10.5 0.3 | 142
17 31. 755 1.6 18. < 31. < <
KEN31 3.8 0.01 4 0.42 0.27 2 | 585 31 17 0 4 0.2 1 12 |01 0.5 2 0.43 | 329 0.5 | 0.02 0.2 345 | 0.1 73.6
< 09 | < 28. 872 < < 4.7
KEN32 0.9 | 0.01 9 | 0.01 0.04 2 9.4 14 12 0 59101 2.5 08 ] 0.1 0.3 1 0.07 9.5 0.19 0.03 0.3 | 463 2 712
< 0.7 32. 889 18 | < < 4.7 <
KEN33 0.7 | 0.01 1 0.07 0.04 1] 113 16 3 0 9101 8.1 22 |1 01 0.8 1 0.08 | 494 0.44 0.05 ] 0.1 148 05 | 438
< 38 | < < 35. 612 02 | < < < 19. | < < < <
KEN34 0.8 | 0.01 41001 0.01 2 1.8 4 2 0 4101 1.3 02 |01 0.1 6 | 0.05 0.1 0.1 | 0.02 0.1 17.7 0.2 | 285
< 50 | < < 612 < < < < <
KEN35 0.6 | 0.01 21001 0.01 34 0.3 6 3 0 02|01 25 03[ 01 0.1 0.2 | 0.05 0.1 0.1 | 0.02 01 | 174 0.3 | 40.6
< 38 | < < 34. 623 02 | < < < 15. < < <
KEN36 1] 0.01 41001 0.01 7 2.1 4 6 0 1101 1.7 02 |01 0.1 1 0.07 | 0.1 0.1 | 0.02 0.1 13.9 02 | 214
13. | < 23. 228 02 | < < < < 06 | < < <
KEN023 2.3 0.01 2 | 0.01 0.01 2 1.2 83 4 0 1]01 1.7 | 01 0.1 0.1 5 | 0.05 7.6 | 0.05 0.02 0.2 | 373 0.4 102
< 51| < 25. 267 33| < 02 | < < < 223 208
KEN025 14 | 0.01 7 | 0.01 0.02 6 | 729 7 27 0 2101 5.6 0.4 0.5 0.2 9 | 0.05 7.3 0.09 | 0.02 0.1 0 0.9 0
13 | < 29. 883 72 | < < 6.2 < < 182
KENO027 0.9 0.01 3] 0.01 0.01 7 7.8 29 31 0 8101 9.3 0.7 ] 01 0.3 8 0.06 | 37.1 0.28 | 0.02 0.4 322 | 0.1 0
< 6.3 | < < 457 14 | < < < 21 | < < <
KEN30 0.5 | 0.01 6 | 0.01 0.01 31 5.6 4 5 0 2101 1.4 02 ] 01 0.1 1] 0.05 0.3 0.06 | 0.02 0.1 174 0.4 172
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Appendix 6-1 List of samples collected from the Schneiderhéhn collection housed at the Geological

Survey of Namibia.

Sample Number Level/tray description

04029 Al12 Dolomite with clasts of sulfide
mineralsiation

04050 Al12 Massive sulfide mineralisatiom

04044 Al12 Massive sulfide mineralisation

04236 Al12 Bands of chalcopyrite, embended in
dolomite

04261 Al12 Brecciated zone, with primary sulfide
minerals

04416 B2 Sphalerite and galena rich

04399 B2 Sphalerite and galena rich

04769 B2 Silica rich veins, with bornite and
chalcopyrite in the vein

04767 B2 Veinlets filled with chalcopyrite and
bornite in the silica rich vein

08277 Level 30 stope E9 Smithsonite, galena, sphalerite, dolomite
and chalcopyrite

08280 Level 30 stope E10 Smithsonite, cobaltian, galena, sphalerite
and pyrite

08269 Level 32, st W50 Smithsonite, mimekite, cerrusite,
tennantite, galena and sphalerite

08205 Level 32 Stw40 Smithsonite, galena, sphalerite, pyrite,
chalcocite, tennantite

08241 Level 32 north stope Smithsonite, sphalerite, galena, pyrite,
chalcocite, dolomite, goethite

08298 Level 32, St w30 Tennantite, galena, pyrite, renierite,
germanite, calcite, siderite cement with
vugs

08239 Level 32crown sublevel 96 Smithsonite, Tsumicorite, willemite

08299 Level 34. St w40 Tennantite, pyrite, galena, renierite,
germanite, calcite, siderite

08107 Level 46 crown pillar Smithsonite, tennantite, pyrite, galena

08111 Level 29 Smithsonite replacing galena in a
sphalerite matrix

04236 Level XIV A12 Chalcopyrite rich

04196 Level XIV 0.7 Carbonate rock

04306 Level XV Carbonate primary sulfide rich

04546 XVII Chalcopyrite, galena, sphalerite

04495 Level 17 Massive sulfide ore

04618 A20 Massive sulfide ore

04612 Drawer 6 Massive

04635 XVIII A20

04807 Level 18 Quartz veins (~1cm) with clusts of
malachite

04847 Level 18

04803 XIX

04884 XIX

04898 XIX

05143 XXL

05104 XIX

05254 XXL

05246 XXL

05263 XX
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Appendix 6-2, bulk ore geochemistry of the Tsumeb ore.

Analyte Symbol Li Na Mg Al K Ca Cd V Cr Mn Fe Hf Ni Er Be Ho Ag Cs Co Eu Bi Se Zn Ga As Rb Y
Unit Symbol ppm % % % % % ppm ppm ppm ppm % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 0.5 0.01 0.01 0.01 0.01 0.01 0.1 1 1 1 0.01 0.1 0.5 0.1 0.1 0.1 0.05 0.05 0.1 0.05 0.02 0.1 0.2 0.1 0.1 0.2 0.1
04502 3 | <0.01 0.03 0.13 0.08 0.13 | >1000 7 34 433 0.37 | <0.1 116 | <01 <0.1 <0.1 39.2 0.11 8.6 | <0.05 0.07 5.1 | 145000 143 | 20000 3.4 0.2
04884 14 | <0.01 0.14 0.64 0.42 2.72 330 27 23 256 0.37 0.4 7.3 03 | <01 0.1 83.8 0.47 10.7 | <0.05 0.09 4.3 9460 29 9070 16.8 2.6
04618 <0.5 <0.01 0.01 0.01 | <0.01 0.05 34.3 1 31 177 31| <01 15| <0.1 <0.1 <0.1 914 | <0.05 0.4 | <0.05 0.04 31 1070 52.7 268 0.3 <0.1
04196 7.8 | <0.01 6.22 | <0.01 0.03 12.1 4.6 11 21 1340 0.27 | <0.1 1.9 | <01 <0.1 <0.1 8.83 0.14 0.8 | <0.05 0.08 3.6 173 0.8 178 1.9 0.3
04236 38.3 | <0.01 6.37 0.14 0.16 10.1 2.9 8 18 393 0.29 | <0.1 2 | <01 <0.1 <0.1 5.09 0.79 0.6 | <0.05 <0.02 0.4 137 2.2 64.1 10.8 0.8
04898 0.8 | <0.01 <0.01 <0.01 <0.01 0.02 425 1 6 135 3.02 | <0.1 26.4 | <0.1 <0.1 <0.1 20.8 | <0.05 28.5 | <0.05 <0.02 164 24700 1000 | 47800 <0.2 <0.1
04807 2.8 | <0.01 0.04 0.22 0.03 0.07 | >1000 8 12 471 0.4 0.2 431 | <0.1 <0.1 <0.1 239 0.11 262 | <0.05 0.09 108 | 101000 441 8500 1.7 0.5
05254 87.7 0.03 4.03 5.61 1.95 5.6 327 112 67 668 1.82 3 7.6 1.1 1.6 0.3 93.1 3.47 15 0.13 0.03 6.7 3850 121 686 106 7.3
08107 <0.5 0.01 0.04 0.03 | <0.01 0.03 | >1000 1 15 608 143 | <0.1 113 | <0.1 <0.1 <0.1 55.4 | <0.05 30.3 | <0.05 <0.02 27.1 | 289000 275 4050 0.4 <0.1
08298 3.3 | <0.01 0.02 0.07 | <0.01 0.1 | >1000 6 23 744 8.34 | <0.1 126 | <0.1 <0.1 <0.1 16.4 | <0.05 15.3 | <0.05 0.05 8.9 | 350000 168 3250 2 0.3
08299 0.6 | <0.01 <0.01 <0.01 <0.01 0.12 558 | <1 26 157 0.87 | <0.1 15 | <0.1 <0.1 <0.1 22.1 | <0.05 25 | <0.05 0.03 175 63700 1000 | 36400 <0.2 <0.1
Appendix 6-2 continues.
Sr Zr Nb Mo In Sn Sh Te Ba La Ce Pr Nd Sm Gd Tb Dy Cu Ge Tm Yb Lu Ta W Re Tl Pb Sc Th U Ti p S
ppm | ppm | ppm | ppm Ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm | ppm PPm | ppm | ppm | ppm | ppm | ppm | ppm ppm | ppm ppm | ppm | ppm | % % %
0.2 1 0.1 0.05 0.1 1 0.1 0.1 1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 | 0.001 | 0.05 0.5 1 0.1 0.1 | 0.0005 | 0.001 | 0.01
< < < < < < < < <
04502 1.3 2 0.1 1950 0.7 | <1 77.8 0.1 8 0.2 04 | 0.1 0.1 0.1 0.1 0.1 0.1 50200 16 | 0.1 0.1 0.1 0.1 0.5 1.3 | 1.61 | 547000 | <1 0.3 1.9 | 0.0104 | 0.022 | 19.9
< < < < < <
04884 | 23.4 14 1 1210 | 0.1 <1 700 | 0.1 26 1.5 3.1 0.4 1.7 0.5 05 ] 0.1 0.5 26100 | 12,5 | 0.1 03] 0.1 0.1 0.8 1.68 | 1.77 | 549000 1 14 5.8 | 0.0524 | 0.063 11
< < < < < < < < < < < <
04618 0.2 3 0.2 245 0.1 1 114 | 0.1 2 0.1 03] 0.1 0.1 0.1 0.1 0.1 0.1 627000 1.3 | 0.1 0.1 0.1 0.1 1.8 | 0.447 | 0.16 96600 | <1 0.1 ] 0.1 0.0034 0.17 | 21.6
< < < < < < < < < < <
04196 | 57.9 2 0.2 216 | 0.1 <1 19.4 | 0.1 11 0.5 1 0.1 03 | 0.1 0.1 0.1 0.1 497 | 0.1 0.1 0.1 0.1 0.1 0.8 | 0.035 | 0.07 3380 | <1 0.1 2.6 | 0.0036 | 0.048 | 0.15
< < < < < < <
04236 | 87.5 4 0.3 6.72 | 0.1 1 55| 0.1 16 0.7 1.5 0.2 0.6 0.1 0.1 ] 0.1 0.1 3520 0.1 ] 0.1 0.1 0.1 0.1 0.6 | 0.008 | 0.24 1500 | <1 0.2 1 | 0.0081 | 0.008 0.3
< < < < < < < > < < < < <
04898 15 | <1 0.1 483 2.3 49 478 2.7 3 0.1 0.2 | 0.1 0.1 0.1 0.1 0.1 0.1 209000 | 500 0.1 0.1 0.1 0.1 1390 0.04 | 0.18 | 497000 | <1 0.1 0.1 | 0.0007 0.06 | 21.4
< < < < < < <
04807 1 5 0.3 | 20000 5.2 9 | 3000 2.3 4 0.2 0.6 | 0.1 04 | 0.1 0.1 ] 0.1 0.1 49200 | 81.7 | 0.1 0.1 0.1 0.1 57.3 | >100 7.4 | 502000 | <1 0.6 0.7 | 0.0206 0.04 | 19.2
05254 | 36.7 108 9.2 45.4 1.4 3 13.2 0.1 67 2.3 6.9 1 4.5 1.2 1.3 0.2 1.4 45800 148 0.2 1.3 0.2 0.6 6.7 | 0.299 | 3.29 3780 10 8.3 5.6 0.347 | 0.132 | 3.67
< < < < < < < < < < < <
08107 14 | <1 0.1 198 1.5 3 151 0.7 2 0.1 0.2 | 0.1 0.1 0.1 0.1 0.1 0.1 28400 397 | 0.1 0.1 0.1 0.1 28.9 2.01 | 0.54 | 413000 | <1 0.1 21.6 | 0.0026 0.01 | 23.3
< < < < < > < < < <
08298 1.3 2 0.2 182 | 0.1 <1 157 | 0.1 8 0.9 1.7 0.2 0.6 0.1 ] 0.1 0.1 0.1 23500 | 500 0.1 0.1 0.1 0.1 35.6 1.81 | 0.63 72200 | <1 0.2 0.4 | 0.0052 | 0.018 | 32.2
< < < < < < < > < < < < <
08299 19 | <1 0.1 530 3.3 28 450 1.4 3 0.2 04 | 0.1 0.1 0.1 0.1 0.1 0.1 202000 | 500 0.1 0.1 0.1 0.1 430 | 0.113 | 0.24 | 548000 | <1 0.1 0.1 | 0.0053 | 0.057 | 20.3
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Appendix 6-3 Full EPMA results of the sulfide mineralisation of Tsumeb deposit.

SAMPLE Mineral SWT% Fe WT% Co WT% Ni WT% CuWT% Zn WT% Ga WT% Ge WT% As WT% Ag WT% Cd WT% In WT% Sb WT% Pb WT% TOTAL
MS496_04495_BSE1_1 galena 14.997 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.034 0.040 0.000 0.000 85.319 100.399
MS496_04495_BSE1_2 tennantite 27.835 0.064 0.004 0.000 43.106 8.063 0.045 0.000 18.227 0.023 1.014 0.000 1.311 0.093 99.784
MS496_04495_BSE1_3 reniérite 32.503 13.631 0.000 0.000 43.135 1.766 0.252 8.237 2.259 0.000 0.076 0.000 0.046 0.049 101.954
MS496_04495_BSE2_2 reniérite 32.545 13.563 0.000 0.000 43.318 1.530 0.288 7.920 2.519 0.016 0.072 0.000 0.043 0.000 101.813
MS496_04495_BSE2_3 galena 14.473 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 84.836 99.330
MS496_04495_BSE2_4 reniérite 32.371 13.545 0.000 0.000 43.167 1.613 0.279 8.155 2.361 0.017 0.058 0.000 0.034 0.017 101.618
MS496_04495_BSE2_5 reniérite 32.546 13.501 0.000 0.000 43.382 1.586 0.279 8.051 2.458 0.000 0.063 0.000 0.043 0.000 101.910
MS496_04495_BSE2_6 galena 14.685 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 85.402 100.095
MS496_04495_BSE3_1 tennantite 25.665 0.066 0.004 0.000 43.185 9.273 0.048 0.000 16.539 0.000 0.722 0.000 1.147 0.000 96.649
MS496_04495_BSE3_2 tennantite 27.271 0.106 0.005 0.000 42.892 8.663 0.051 0.015 18.267 0.000 0.669 0.000 1.250 0.000 99.190
MS496_04495_BSE3_3 reniérite 32.431 13.457 0.000 0.000 43.364 1.816 0.000 8.458 2.212 0.000 0.069 0.000 0.039 0.020 101.867
MS496_04495_BSE3_4 reniérite 32.531 13.521 0.000 0.000 43.198 1.764 0.294 8.481 2.180 0.024 0.070 0.000 0.029 0.054 102.146
MS496_04495_BSE3_5 galena 14.539 0.000 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 85.023 99.579
MS496_04495_BSE3_6 galena 14.592 0.000 0.000 0.000 0.017 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 85.968 100.592
MS496_04546_BSEla_001 galena 14.400 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 86.474 100.885
MS496_04546_BSEla_002 galena 14.445 0.000 0.000 0.000 0.015 0.000 0.016 0.000 0.000 0.000 0.000 0.000 0.000 87.017 101.494
MS496_04546_BSEla_003 galena 14.367 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000 86.481 100.859
MS496_04546_BSEla_004 galena 14.415 0.000 0.000 0.000 0.014 0.000 0.016 0.000 0.000 0.000 0.000 0.000 0.000 86.675 101.120
MS496_04546_BSE1b_005 tennantite 27.195 0.053 0.005 0.000 41.013 8.945 0.008 0.000 19.275 0.000 0.729 0.000 0.313 0.000 97.536
MS496_04546_BSE1lb_10 sphalerite 32.350 0.000 0.000 0.000 0.039 64.718 0.039 0.000 0.024 0.000 2.597 0.010 0.000 0.043 99.820
MS496_04546_BSE1lb_11 sphalerite 32.437 0.000 0.000 0.000 0.033 64.555 0.038 0.000 0.030 0.000 2.633 0.010 0.000 0.023 99.759
MS496_04546_BSE1lb_6 tennantite 27.943 0.046 0.000 0.000 40.426 8.520 0.000 0.000 20.724 0.000 0.814 0.000 0.278 0.027 98.779
MS496_04546_BSE1lb_8 sphalerite 32.586 0.000 0.000 0.000 0.052 64.702 0.038 0.000 0.026 0.000 2.630 0.010 0.000 0.024 100.068
MS496_04546_BSE1lb_9 sphalerite 32.257 0.000 0.000 0.000 0.043 64.417 0.038 0.000 0.026 0.000 2.631 0.011 0.000 0.054 99.477
MS496_04546_BSElc_12 tennantite 27.539 0.050 0.000 0.008 41.163 8.656 0.006 0.000 18.643 0.000 0.692 0.000 0.553 0.000 97.309
MS496_04546_BSElc_13 sphalerite 32.368 0.000 0.000 0.000 1.516 63.397 0.032 0.000 0.035 0.000 2.581 0.010 0.000 0.000 99.940
MS496_04546_BSElc_14 tennantite 27.920 0.059 0.004 0.000 40.149 8.571 0.000 0.000 19.393 0.000 0.788 0.000 0.657 0.000 97.541
MS496_04546_BSElc_15 enargite 32.124 0.000 0.000 0.000 49.584 0.000 0.000 0.000 17.999 0.000 0.000 0.000 0.104 0.000 99.811
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Appendix 6-3 continues......

MS496_04546_BSE2a_1 galena 14.453 0.000 0.000 0.000 0.015 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 86.521 101.003
MS496_04546_BSE2a_2 galena 14.437 0.000 0.000 0.000 0.026 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 86.571 101.047
MS496_04546_BSE2a_3 galena 14.460 0.000 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 87.253 101.724
MS496_04546_BSE2a_4 galena 14.501 0.000 0.000 0.000 0.026 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 86.619 101.161
MS496_04546_BSE2a_5 enargite 32.481 0.000 0.000 0.000 49.301 0.350 0.000 0.705 17.563 0.000 0.126 0.000 0.000 0.000 100.527
MS496_04546_BSE2a_6 tennantite 27.947 0.058 0.005 0.000 41.312 8.472 0.000 0.000 19.682 0.000 0.796 0.000 0.357 0.000 98.628
MS496_04546_BSE2a_7 enargite 32.328 0.000 0.000 0.000 49.731 0.181 0.000 0.421 17.755 0.000 0.095 0.000 0.024 0.000 100.535
MS496_04546_BSE2b_10 tennantite 26.400 0.065 0.000 0.000 43.126 9.014 0.000 0.000 17.118 0.000 0.666 0.000 0.074 0.000 96.465
MS496_04546_BSE2b_11 enargite 32.179 0.000 0.000 0.000 49.727 0.000 0.000 0.000 17.975 0.000 0.000 0.000 0.118 0.000 99.998
MS496_04546_BSE2b_12 sphalerite 32.484 0.000 0.000 0.000 0.086 64.663 0.000 0.000 0.030 0.000 2.736 0.011 0.000 0.000 100.010
MS496_04546_BSE2b_13 enargite 32.287 0.000 0.000 0.000 49.568 0.062 0.000 0.174 17.918 0.000 0.042 0.000 0.044 0.000 100.095
MS496_04546_BSE2b_8 tennantite 26.537 0.057 0.007 0.000 41.646 9.089 0.000 0.000 18.397 0.000 0.691 0.000 0.091 0.000 96.514
MS496_04546_BSE2b_9 tennantite 32.221 0.000 0.000 0.000 49.638 0.000 0.000 0.000 18.025 0.000 0.000 0.000 0.135 0.000 100.019
MS496_04546_BSE3a_1 galena 14.466 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 87.014 101.495
MS496_04546_BSE3a_2 sphalerite 32.338 0.000 0.000 0.000 0.030 64.253 0.036 0.000 0.026 0.000 2.788 0.013 0.000 0.036 99.520
MS496_04546_BSE3a_3 sphalerite 32.366 0.000 0.000 0.000 0.082 64.475 0.037 0.000 0.033 0.000 2.812 0.009 0.000 0.032 99.847
MS496_04546_BSE3a_4 tennantite 28.037 0.035 0.000 0.000 40.673 8.560 0.000 0.000 20.212 0.025 0.939 0.000 0.643 0.000 99.124
MS496_04546_BSE3a_5 galena 14.411 0.000 0.000 0.000 0.020 0.029 0.000 0.000 0.000 0.000 0.000 0.000 0.000 85.924 100.383
MS496_04546_BSE3b_10 sphalerite 32.436 0.000 0.000 0.000 0.028 64.104 0.040 0.000 0.028 0.000 2.790 0.012 0.000 0.046 99.483
MS496_04546_BSE3b_11 galena 14.518 0.000 0.000 0.000 0.041 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 86.471 101.041
MS496_04546_BSE3b_6 sphalerite 32.399 0.000 0.000 0.000 0.070 64.421 0.034 0.000 0.024 0.000 2.789 0.013 0.000 0.024 99.773
MS496_04546_BSE3b_7 tennantite 28.093 0.030 0.000 0.000 41.150 8.998 0.006 0.000 19.723 0.023 0.870 0.000 0.378 0.033 99.304
MS496_04546_BSE3b_8 tennantite 27.655 0.023 0.000 0.000 41.354 8.589 0.000 0.000 19.351 0.000 0.852 0.000 1.206 0.030 99.058
MS496_04546_BSE3b_9 enargite 32.247 0.000 0.000 0.000 49.691 0.055 0.000 0.161 17.948 0.000 0.044 0.000 0.060 0.019 100.224
MS496_04612_BSEla_10 galena 14.427 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 85.892 100.319
MS496_04612_BSEla_7 galena 14.524 0.000 0.000 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 86.237 100.775
MS496_04612_BSEla_8 galena 14.464 0.000 0.000 0.000 0.015 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000 86.544 101.035
MS496_04612_BSEla_9 galena 14.507 0.000 0.000 0.000 0.000 0.000 0.018 0.000 0.000 0.000 0.000 0.000 0.000 86.557 101.082
MS496_04612_BSElb_1 tennantite 27.488 1.438 0.007 0.008 43.599 7.418 0.000 0.000 18.660 0.042 0.270 0.000 0.654 0.000 99.583
MS496_04612_BSElb_2 tennantite 27.688 1.418 0.000 0.000 43.542 7.341 0.000 0.080 19.269 0.067 0.305 0.000 0.630 0.000 100.340
MS496_04612_BSElb_3 tennantite 27.161 1.454 0.007 0.011 43.637 7.527 0.006 0.055 18.509 0.038 0.270 0.000 0.647 0.000 99.321
MS496_04612_BSElb_4 sphalerite 32.736 0.153 0.000 0.000 0.301 65.138 0.014 0.080 0.067 0.000 1.426 0.000 0.013 0.000 99.929
MS496_04612_BSElb_5 sphalerite 32.670 0.110 0.000 0.000 0.021 65.526 0.000 0.000 0.025 0.000 1.483 0.006 0.000 0.000 99.841
MS496_04612_BSElb_6 sphalerite 32.852 0.129 0.005 0.000 0.024 65.521 0.027 0.000 0.026 0.000 1.463 0.004 0.000 0.000 100.050
MS496_04612_BSE2a_1 galena 14.643 0.000 0.000 0.000 0.000 0.048 0.023 0.000 0.000 0.000 0.000 0.000 0.000 86.474 101.188
MS496_04612_BSE2a_2 galena 14.464 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000 86.303 100.779
MS496_04612_BSE2a_3 sphalerite 32.721 0.108 0.000 0.000 0.022 65.467 0.016 0.000 0.026 0.017 1.480 0.007 0.000 0.000 99.864
MS496_04612_BSE2a_4 tennantite 27.995 1.554 0.000 0.007 43.782 7.150 0.000 0.035 18.781 0.075 0.306 0.000 0.692 0.000 100.375
MS496_04612_BSE2a_5 sphalerite 32.855 0.150 0.000 0.000 0.017 65.631 0.016 0.000 0.030 0.000 1.474 0.000 0.000 0.000 100.173
MS496_04612_BSE2a_6 galena 14.524 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 86.647 101.181
MS496_04612_BSE2b_10 sphalerite 33.046 0.113 0.000 0.000 0.127 65.382 0.019 0.000 0.023 0.017 1.443 0.006 0.000 0.000 100.175
MS496_04612_BSE2b_11 tennantite 27.660 1.571 0.004 0.000 43.490 7.435 0.000 0.000 19.102 0.061 0.267 0.000 0.694 0.000 100.283
MS496_04612_BSE2b_12 galena 14.470 0.000 0.000 0.000 0.000 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000 86.869 101.351
MS496_04612_BSE2b_13 tennantite 27.561 1.573 0.000 0.008 43.237 8.181 0.000 0.000 18.843 0.044 0.276 0.000 0.693 0.000 100.415
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MS496_04612_BSE2b_7 sphalerite 32.721 0.128 0.000 0.000 0.012 65.535 0.018 0.000 0.031 0.000 1.474 0.006 0.000 0.000 99.926
MS496_04612_BSE2b_8 galena 14.452 0.000 0.000 0.000 0.016 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 86.779 101.260
MS496_04612_BSE2b_9 tennantite 27.280 1.833 0.005 0.008 43.770 7.645 0.006 0.012 16.847 0.000 0.248 0.000 0.622 0.000 98.277
MS496_04612_BSE3a_1 galena 14.465 0.000 0.000 0.000 0.000 0.026 0.012 0.000 0.000 0.000 0.000 0.000 0.000 86.313 100.815
MS496_04612_BSE3a_2 galena 14.471 0.000 0.000 0.000 0.172 0.188 0.017 0.000 0.000 0.000 0.000 0.000 0.000 86.541 101.390
MS496_04612_BSE3a_3 galena 14.542 0.000 0.000 0.000 0.000 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 86.569 101.125
MS496_04612_BSE3a_4 galena 14.523 0.000 0.000 0.000 0.056 0.306 0.015 0.000 0.000 0.000 0.000 0.000 0.000 86.305 101.204
MS496_04612_BSE3b_10 sphalerite 32.729 0.114 0.000 0.000 0.019 65.256 0.022 0.000 0.023 0.000 1.509 0.000 0.000 0.018 99.689
MS496_04612_BSE3b_5 tennantite 27.781 2.180 0.000 0.000 43.064 7.131 0.000 0.000 18.949 0.050 0.234 0.000 0.709 0.000 100.097
MS496_04612_BSE3b_6 tennantite 28.137 1.398 0.000 0.007 43.462 7.189 0.000 0.000 19.274 0.100 0.365 0.000 0.760 0.000 100.691
MS496_04612_BSE3b_7 tennantite 27.684 1.449 0.004 0.008 43.417 7.327 0.000 0.000 19.283 0.062 0.292 0.000 0.696 0.000 100.221
MS496_04612_BSE3b_8 sphalerite 32.760 0.120 0.000 0.000 0.024 65.171 0.024 0.000 0.039 0.000 1.501 0.005 0.000 0.000 99.642
MS496_04612_BSE3b_9 sphalerite 32.726 0.117 0.000 0.000 0.020 65.395 0.024 0.000 0.026 0.000 1.491 0.005 0.000 0.000 99.804
MS496_04618_areal_1 Cu-Fe-sulfide 23.982 5.570 0.000 0.000 72.117 0.000 0.000 0.000 0.014 0.688 0.000 0.000 0.000 0.000 102.371
MS496_04618_areal 2 galena 14.456 0.000 0.000 0.000 0.089 0.000 0.010 0.000 0.000 0.044 0.000 0.000 0.000 85.987 100.586
MS496_04618_areal_3 Cu-sulfide 22.473 1.021 0.004 0.000 76.714 0.000 0.000 0.000 0.030 0.156 0.000 0.004 0.000 0.000 100.402
MS496_04618_areal_4 Cu-sulfide 21.543 0.000 0.000 0.000 76.809 0.000 0.000 0.000 0.074 0.363 0.000 0.000 0.000 0.000 98.788
MS496_04618_arealO_1 reniérite 32.125 13.870 0.000 0.000 44.887 0.285 0.087 5.743 4.036 0.097 0.031 0.000 0.173 0.000 101.333
MS496_04618_areal0_2 Cu-Fe-sulfide 24.345 5.681 0.004 0.000 71.567 0.000 0.000 0.000 0.026 0.737 0.027 0.006 0.000 0.000 102.394
MS496_04618_areal0_3 Cu-sulfide 22.423 1.007 0.005 0.000 76.605 0.000 0.000 0.000 0.028 0.178 0.000 0.007 0.000 0.000 100.253
MS496_04618_areall_1 Cu-sulfide 22.090 1.035 0.004 0.000 76.470 0.000 0.000 0.000 0.036 0.176 0.000 0.000 0.000 0.000 99.811
MS496_04618_areall 2 chalcopyrite 34.444 29.186 0.000 0.000 36.045 0.000 0.045 0.000 0.000 0.072 0.022 0.000 0.000 0.000 99.814
MS496_04618_areall_3 galena 14.522 0.039 0.000 0.000 0.037 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000 85.960 100.570
MS496_04618_areall_4 Cu-Fe-sulfide 24.090 5.483 0.000 0.000 71.647 0.000 0.000 0.000 0.033 1.006 0.047 0.013 0.015 0.000 102.334
MS496_04618_areall_6 Cu-sulfide 22.152 0.013 0.000 0.010 77.742 0.000 0.000 0.000 0.027 0.265 0.026 0.004 0.000 0.000 100.240
MS496_04618_areall_7 pyrite 53.382 46.108 0.006 0.000 0.211 0.000 0.007 0.011 0.000 0.015 0.026 0.000 0.000 0.014 99.779
MS496_04618_areall_8 galena 14.373 0.000 0.000 0.000 0.217 0.000 0.012 0.000 0.000 0.028 0.000 0.000 0.000 86.124 100.755
MS496_04618_areal2_1 chalcopyrite 34.649 29.055 0.000 0.000 36.491 0.000 0.069 0.000 0.000 0.057 0.000 0.000 0.000 0.000 100.321
MS496_04618_areal2 2 Cu-Fe-sulfide 24.054 5.491 0.000 0.000 71.513 0.000 0.000 0.000 0.031 1.035 0.057 0.014 0.016 0.000 102.211
MS496_04618_areal3_1 pyrite 53.404 46.272 0.000 0.000 0.423 0.000 0.008 0.000 0.000 0.018 0.026 0.000 0.000 0.000 100.152
MS496_04618_areal3_2 galena 14.456 0.041 0.000 0.000 0.349 0.000 0.016 0.000 0.000 0.116 0.000 0.000 0.000 85.969 100.946
MS496_04618_areal3_3 reniérite 32.115 13.863 0.000 0.000 44.666 0.303 0.083 5.776 3.943 0.124 0.021 0.000 0.183 0.000 101.078
MS496_04618_areal3_4 Cu-Fe-sulfide 24.032 5.810 0.007 0.008 71.182 0.000 0.000 0.000 0.000 0.559 0.000 0.000 0.000 0.000 101.597
MS496_04618_areal3_5 chalcopyrite 34.549 29.182 0.000 0.000 35.976 0.000 0.006 0.000 0.000 0.044 0.018 0.000 0.000 0.000 99.775
MS496_04618_areal5_1 Cu-Fe-sulfide 24.160 5.409 0.000 0.000 71.844 0.000 0.000 0.000 0.038 0.882 0.063 0.016 0.029 0.000 102.440
MS496_04618_areal5_2 chalcopyrite 34.557 29.322 0.000 0.000 35.987 0.000 0.000 0.000 0.000 0.089 0.019 0.000 0.000 0.000 99.975
MS496_04618_areal5_3 Cu-sulfide 22.446 1.168 0.000 0.009 76.329 0.000 0.000 0.000 0.034 0.175 0.021 0.007 0.000 0.020 100.209
MS496_04618_areal5_4 Cu-Fe-sulfide 24.530 5.685 0.000 0.000 71.464 0.000 0.000 0.000 0.034 0.667 0.051 0.015 0.028 0.000 102.474
MS496_04618_areal5_5 Cu-sulfide 22.470 1.006 0.004 0.000 76.586 0.000 0.000 0.000 0.025 0.166 0.019 0.006 0.000 0.000 100.282
MS496_04618_areal6_1 Cu-Fe-sulfide 22.096 0.023 0.000 0.000 77.824 0.000 0.000 0.000 0.027 0.219 0.032 0.005 0.011 0.000 100.238
MS496_04618_areal6_2 Cu-sulfide 24.442 5.550 0.000 0.000 71.551 0.000 0.000 0.000 0.037 0.649 0.068 0.015 0.025 0.000 102.337
MS496_04618_areal6_3 chalcopyrite 34.432 28.598 0.000 0.000 36.702 0.000 0.008 0.000 0.000 0.069 0.024 0.000 0.000 0.018 99.851
MS496_04618_areal6_4 Cu-sulfide 22.483 1.023 0.000 0.007 76.415 0.000 0.000 0.000 0.034 0.186 0.031 0.007 0.000 0.000 100.185
MS496_04618_areal7_1 Cu-Fe-sulfide 24.804 5.819 0.000 0.000 71.554 0.000 0.000 0.000 0.029 0.556 0.054 0.015 0.025 0.000 102.855
MS496_04618_areal7_2 Cu-sulfide 22.615 1.076 0.000 0.000 76.466 0.000 0.000 0.000 0.027 0.186 0.029 0.005 0.012 0.000 100.415
MS496_04618_areal7_3 Cu-sulfide 21.991 0.000 0.000 0.000 77.742 0.000 0.000 0.000 0.039 0.215 0.032 0.011 0.013 0.000 100.045
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MS496_04618_areal7_3 Cu-sulfide 22.170 0.000 0.003 0.010 77.676 0.000 0.000 0.000 0.037 0.217 0.039 0.010 0.012 0.000 100.176
MS496_04618_area2_1 Cu-Fe-sulfide 24.387 5.737 0.000 0.000 71.626 0.000 0.000 0.000 0.031 0.651 0.039 0.016 0.011 0.000 102.499
MS496_04618_area2_2 chalcopyrite 34.241 29.012 0.000 0.000 36.180 0.000 0.046 0.000 0.000 0.060 0.000 0.000 0.000 0.000 99.539
MS496_04618_area2_3 Cu-Fe-sulfide 24.323 5.817 0.000 0.000 71.196 0.000 0.000 0.000 0.040 0.758 0.042 0.013 0.000 0.000 102.188
MS496_04618_area2_4 Cu-sulfide 22.340 1.017 0.000 0.009 76.432 0.000 0.000 0.000 0.029 0.175 0.000 0.000 0.000 0.000 100.003
MS496_04618_area2_5 Cu-sulfide 21.861 0.000 0.000 0.000 77.875 0.000 0.000 0.000 0.024 0.161 0.000 0.000 0.000 0.000 99.921
MS496_04618_area2_6 Cu-sulfide 22.339 0.983 0.000 0.000 76.333 0.000 0.000 0.000 0.031 0.148 0.000 0.000 0.000 0.000 99.835
MS496_04618_area3_1 pyrite 52.972 46.242 0.000 0.000 0.221 0.000 0.010 0.009 0.000 0.000 0.000 0.000 0.000 0.000 99.453
MS496_04618_area3_2 Cu-Fe-sulfide 23.755 5.328 0.000 0.000 72.029 0.000 0.000 0.000 0.037 0.731 0.030 0.012 0.000 0.000 101.921
MS496_04618_area3_3 Cu-sulfide 22.298 0.995 0.004 0.000 76.424 0.000 0.000 0.000 0.037 0.168 0.000 0.004 0.000 0.000 99.932
MS496_04618_area3_4 Cu-sulfide 22.368 0.987 0.000 0.000 76.680 0.000 0.000 0.000 0.031 0.159 0.000 0.000 0.000 0.000 100.225
MS496_04618_area3_5 Cu-Fe-sulfide 24.290 5.822 0.000 0.000 71.476 0.000 0.000 0.000 0.037 0.540 0.022 0.012 0.000 0.000 102.199
MS496_04618_area3_6 pyrite 53.243 46.459 0.000 0.000 0.000 0.000 0.010 0.009 0.000 0.000 0.000 0.000 0.000 0.017 99.737
MS496_04618_area3_7 pyrite 53.083 46.276 0.000 0.000 0.000 0.000 0.008 0.009 0.000 0.000 0.019 0.000 0.000 0.000 99.395
MS496_04618_aread_1 pyrite 53.157 46.558 0.000 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.024 0.000 0.000 0.000 99.747
MS496_04618_aread_2 Cu-sulfide 22.388 1.000 0.000 0.000 76.526 0.000 0.000 0.000 0.032 0.208 0.000 0.005 0.000 0.032 100.190
MS496_04618_aread_3 Cu-sulfide 21.605 0.016 0.000 0.000 77.587 0.000 0.000 0.000 0.042 0.207 0.000 0.000 0.000 0.029 99.486
MS496_04618_aread_4 Cu-sulfide 22.421 1.014 0.004 0.009 76.659 0.000 0.000 0.000 0.043 0.210 0.000 0.008 0.000 0.024 100.391
MS496_04618_aread_5 Cu-sulfide 22.221 0.017 0.005 0.000 77.065 0.000 0.000 0.000 0.049 0.390 0.034 0.016 0.000 0.098 99.895
MS496_04618_aread_6 galena 14.550 0.028 0.000 0.000 0.171 0.000 0.023 0.000 0.000 0.000 0.000 0.000 0.000 86.124 100.896
MS496_04618_aread_7 galena 14.485 0.000 0.000 0.000 0.074 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 86.010 100.583
MS496_04618_aread_8 pyrite 53.111 46.404 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.025 0.000 0.000 0.016 99.566
MS496_04618_area5_1 Cu-sulfide 22.457 1.027 0.004 0.000 76.582 0.000 0.000 0.000 0.038 0.218 0.000 0.006 0.000 0.000 100.331
MS496_04618_area5_2 pyrite 53.218 46.534 0.000 0.000 0.096 0.000 0.000 0.010 0.000 0.000 0.017 0.000 0.000 0.000 99.876
MS496_04618_area5_3 pyrite 53.062 46.249 0.000 0.000 0.320 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000 0.015 99.657
MS496_04618_area5_4 pyrite 53.171 46.659 0.000 0.000 0.000 0.000 0.007 0.008 0.000 0.000 0.017 0.000 0.000 0.018 99.880
MS496_04618_area5_5 pyrite 53.222 46.496 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 0.020 99.748
MS496_04618_areab_1 Cu-sulfide 22.297 0.999 0.000 0.008 76.542 0.000 0.000 0.000 0.028 0.161 0.000 0.006 0.000 0.000 100.041
MS496_04618_area6_2 Cu-Fe-sulfide 23.844 5.808 0.000 0.000 71.419 0.000 0.007 0.000 0.026 0.515 0.000 0.000 0.000 0.000 101.619
MS496_04618_area6_3 chalcopyrite 34.454 29.198 0.000 0.000 36.205 0.000 0.013 0.000 0.000 0.034 0.000 0.000 0.000 0.000 99.904
MS496_04618_area8_1 Cu-Fe-sulfide 24.463 5.651 0.000 0.000 71.551 0.000 0.000 0.000 0.036 0.670 0.055 0.010 0.014 0.000 102.450
MS496_04618_area8_2 galena 14.504 0.000 0.000 0.000 0.116 0.000 0.012 0.000 0.000 0.085 0.000 0.000 0.000 85.923 100.640
MS496_04618_area8_3 Cu-sulfide 21.798 0.010 0.005 0.011 78.196 0.000 0.000 0.000 0.015 0.246 0.000 0.000 0.000 0.000 100.280
MS496_04618_area8_4 Cu-sulfide 22.432 1.074 0.000 0.000 76.416 0.000 0.000 0.000 0.038 0.205 0.000 0.000 0.000 0.000 100.165
MS496_05143_areal_1 tennantite 27.560 1.161 0.005 0.000 44.145 7.667 0.016 0.000 19.293 0.015 0.160 0.000 0.126 0.000 100.148
MS496_05143_areal_2 chalcopyrite 34.169 28.909 0.000 0.000 35.661 0.246 0.117 0.000 0.035 0.023 0.022 0.000 0.000 0.000 99.182
MS496_05143_areal_3 Cu-sulfide 24.139 0.030 0.000 0.000 75.313 0.029 0.000 0.000 0.070 0.255 0.024 0.000 0.000 0.105 99.965
MS496_05143_areal_4 galena 14.247 0.000 0.000 0.000 0.232 0.036 0.011 0.000 0.000 0.000 0.000 0.000 0.000 84.871 99.396
MS496_05143_areal_5 galena 14.308 0.000 0.000 0.000 0.311 0.046 0.000 0.000 0.000 0.000 0.000 0.000 0.000 84.405 99.070
MS496_05143_area2_1 tennantite 27.814 1.113 0.004 0.000 44.502 7.588 0.016 0.000 19.541 0.022 0.199 0.000 0.139 0.000 100.938
MS496_05143_area2_2 tennantite 27.360 1.114 0.006 0.000 44.464 7.798 0.020 0.010 17.975 0.021 0.165 0.000 0.122 0.000 99.056
MS496_05143_area2_3 sphalerite 32.500 0.077 0.000 0.000 2.190 64.473 0.118 0.000 0.055 0.016 0.688 0.000 0.000 0.000 100.117
MS496_05143_area2_4 Cu-sulfide 22.307 0.188 0.004 0.000 75.611 0.249 0.743 0.041 0.088 0.171 0.023 0.000 0.000 0.018 99.441
MS496_05143_area2_5 galena 14.330 0.000 0.000 0.000 0.872 0.163 0.000 0.000 0.000 0.000 0.000 0.000 0.000 84.669 100.034
MS496_05143_aread_1 tennantite 27.716 1.222 0.006 0.000 44.026 7.482 0.015 0.000 19.327 0.027 0.200 0.000 0.142 0.000 100.162
MS496_05143_aread_2 chalcopyrite 34.245 29.074 0.000 0.000 35.780 0.096 0.086 0.000 0.027 0.018 0.017 0.000 0.000 0.000 99.344
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MS496_05143_aread_3 galena 14.355 0.000 0.000 0.000 0.571 0.104 0.012 0.000 0.000 0.032 0.032 0.000 0.000 85.247 100.354
MS496_05143_aread_4 Cu-sulfide 22.147 0.149 0.005 0.000 77.142 0.529 0.034 0.000 0.061 0.155 0.019 0.000 0.000 0.000 100.240
MS496_05143_area5_1 tennantite 27.590 1.174 0.006 0.000 44.397 7.609 0.017 0.000 18.936 0.000 0.181 0.000 0.112 0.000 100.022
MS496_05143_area5_2 chalcopyrite 34.261 28.280 0.000 0.000 35.612 0.333 0.263 0.010 0.037 0.014 0.000 0.000 0.000 0.021 98.832
MS496_05143_area5_3 Cu-sulfide 21.758 0.031 0.000 0.000 73.918 0.067 0.000 0.000 0.063 0.133 0.000 0.000 0.000 0.029 95.999
MS496_05143_area7_1 tennantite 27.817 1.145 0.007 0.000 44.345 7.529 0.015 0.000 19.264 0.032 0.183 0.000 0.128 0.000 100.467
MS496_05143_area7_2 chalcopyrite 34.249 28.293 0.000 0.000 35.833 0.322 0.211 0.000 0.030 0.000 0.000 0.000 0.000 0.015 98.953
MS496_05143_area7_3 Cu-sulfide 22.112 0.102 0.000 0.000 76.885 0.398 0.010 0.000 0.067 0.126 0.026 0.000 0.000 0.000 99.727
MS496_05143_area7_4 sphalerite 32.256 0.040 0.000 0.000 1.322 65.146 0.146 0.000 0.061 0.021 0.610 0.000 0.000 0.000 99.603
MS496_05143_area7_5 Cu-sulfide 21.985 0.043 0.000 0.000 76.936 0.246 0.187 0.000 0.062 0.172 0.000 0.000 0.000 0.000 99.631
MS496_05143_area7_6 tennantite 27.814 1.148 0.007 0.000 44.367 7.518 0.017 0.000 19.231 0.028 0.169 0.000 0.121 0.000 100.420
MS496_05143_area8_1 tennantite 27.764 1.296 0.000 0.000 44.098 7.341 0.011 0.000 19.708 0.071 0.214 0.000 0.111 0.000 100.616
MS496_05164_areal 1 tennantite 27.678 0.039 0.000 0.000 43.780 8.544 0.000 0.000 18.080 0.000 0.609 0.000 1.623 0.000 100.352
MS496_05164_areal_2 galena 14.394 0.000 0.000 0.000 0.000 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000 84.897 99.299
MS496_05164_areal0_1 Cu-Fe-sulfide 23.739 5.059 0.000 0.000 72.445 0.423 0.000 0.000 0.035 0.350 0.074 0.007 0.031 0.000 102.162
MS496_05164_areal0_2 reniérite 32.095 13.638 0.000 0.000 44.312 0.857 0.039 6.332 3.524 0.079 0.032 0.000 0.068 0.017 100.993
MS496_05164_areal0_3 chalcopyrite 34.383 29.134 0.000 0.000 35.345 1.175 0.000 0.000 0.000 0.037 0.018 0.000 0.000 0.015 100.107
MS496_05164_areal0_4 Cu-sulfide 21.350 0.199 0.000 0.000 77.582 0.215 0.000 0.000 0.047 0.075 0.000 0.000 0.000 0.037 99.505
MS496_05164_areal0_5 Cu-Fe-sulfide 23.494 4.929 0.000 0.000 72.697 0.141 0.000 0.000 0.036 0.592 0.055 0.006 0.027 0.000 101.977
MS496_05164_areal0_6 galena 14.414 0.000 0.000 0.000 0.028 0.325 0.011 0.000 0.000 0.031 0.034 0.000 0.000 84.977 99.819
MS496_05164_areall_1 Cu-Fe-sulfide 23.648 5.030 0.000 0.000 72.489 0.000 0.000 0.000 0.032 0.266 0.039 0.000 0.022 0.032 101.558
MS496_05164_areall_2 reniérite 32.143 11.736 0.000 0.000 38.735 9.344 0.000 5.067 4.052 0.022 0.223 0.000 0.053 0.025 101.398
MS496_05164_areall 3 reniérite 2 31.547 4.308 0.000 0.000 49.785 0.929 0.000 9.777 4.681 0.031 0.044 0.000 0.048 0.031 101.180
MS496_05164_areall 4 Cu-Fe-sulfide 23.675 5.081 0.000 0.000 72.831 0.089 0.000 0.000 0.038 0.363 0.057 0.006 0.024 0.000 102.165
MS496_05164_areall 5 Cu-Fe-sulfide 23.344 4.797 0.000 0.000 73.031 0.089 0.000 0.000 0.043 0.472 0.044 0.005 0.028 0.000 101.852
MS496_05164_areall_6 Cu-sulfide 21.524 0.038 0.005 0.000 78.101 0.022 0.000 0.000 0.038 0.115 0.035 0.000 0.000 0.063 99.941
MS496_05164_areall_7 galena 14.581 0.000 0.000 0.000 0.033 0.000 0.009 0.000 0.000 0.029 0.043 0.000 0.025 84.652 99.372
MS496_05164_areal2_1 enargite 32.169 0.000 0.000 0.000 49.598 0.501 0.000 0.778 17.035 0.027 0.126 0.000 0.069 0.000 100.304
MS496_05164_areal2_2 enargite 32.015 0.011 0.000 0.000 49.668 0.340 0.000 0.624 17.068 0.033 0.098 0.000 0.052 0.000 99.910
MS496_05164_areal2_3 galena 14.497 0.000 0.000 0.000 0.016 0.000 0.012 0.000 0.000 0.029 0.061 0.000 0.000 84.322 98.937
MS496_05164_areal3_1 galena 14.487 0.000 0.000 0.000 0.033 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 84.511 99.030
MS496_05164_areal3_2 Cu-Fe-sulfide 23.168 4.791 0.000 0.000 73.173 0.015 0.000 0.000 0.030 0.477 0.032 0.000 0.010 0.000 101.698
MS496_05164_areal3_3 Cu-sulfide 21.396 0.021 0.000 0.000 78.029 0.020 0.000 0.000 0.048 0.115 0.051 0.004 0.027 0.030 99.740
MS496_05164_areal3_4 Cu-Fe-sulfide 23.440 4.826 0.000 0.000 72.757 0.097 0.000 0.000 0.049 0.572 0.063 0.006 0.025 0.000 101.833
MS496_05164_areal3_5 reniérite 32.067 13.606 0.005 0.000 44.506 0.958 0.040 5.824 3.809 0.070 0.025 0.000 0.062 0.000 100.971
MS496_05164_areal3_6 reniérite 2 31.553 4.477 0.000 0.000 49.871 1.227 0.000 9.755 4.724 0.109 0.038 0.000 0.050 0.000 101.805
MS496_05164_areald_1 Cu-sulfide 22.297 0.011 0.000 0.000 77.680 0.140 0.000 0.000 0.035 0.160 0.063 0.004 0.030 0.025 100.446
MS496_05164_areald_2 Cu-Fe-sulfide 24.581 5.709 0.000 0.000 71.664 0.225 0.000 0.000 0.032 0.261 0.054 0.004 0.025 0.000 102.555
MS496_05164_areald_3 Cu-sulfide 22.317 0.015 0.003 0.000 77.804 0.047 0.000 0.000 0.026 0.138 0.049 0.000 0.022 0.043 100.464
MS496_05164_areald_4 Cu-sulfide 22.137 0.012 0.000 0.000 77.943 0.022 0.000 0.000 0.032 0.101 0.042 0.000 0.018 0.042 100.350
MS496_05164_areald_5 galena 14.475 0.000 0.000 0.000 0.032 0.000 0.019 0.000 0.000 0.032 0.000 0.000 0.000 84.641 99.199
MS496_05164_areal5_1 galena 14.554 0.000 0.000 0.000 0.015 0.000 0.000 0.000 0.000 0.033 0.045 0.000 0.000 83.952 98.600
MS496_05164_areal5_2 Cu-sulfide 21.688 0.115 0.000 0.000 77.496 0.120 0.000 0.000 0.041 0.085 0.000 0.000 0.000 0.056 99.601
MS496_05164_areal5_3 Cu-Fe-sulfide 24.028 5.336 0.000 0.000 72.072 0.172 0.000 0.000 0.036 0.354 0.059 0.004 0.025 0.000 102.087
MS496_05164_areal5_4 Cu-sulfide 22.365 0.017 0.000 0.000 76.881 0.020 0.000 0.000 0.029 0.271 0.159 0.005 0.085 0.024 99.857
MS496_05164_areal5_5 galena 14.431 0.000 0.000 0.000 0.026 0.017 0.010 0.000 0.000 0.000 0.000 0.000 0.000 84.811 99.295
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MS496_05164_areal6_1 galena 14.599 0.000 0.000 0.000 0.051 0.444 0.009 0.000 0.000 0.028 0.034 0.000 0.000 84.864 100.029
MS496_05164_areal6_2 Cu-sulfide 22.506 0.034 0.000 0.000 76.741 0.085 0.000 0.000 0.030 0.224 0.073 0.000 0.027 0.045 99.765
MS496_05164_areal6_3 Cu-Fe-sulfide 24.376 5.613 0.000 0.000 71.484 0.093 0.000 0.000 0.037 0.281 0.061 0.005 0.025 0.000 101.976
MS496_05164_areal6_4 ? Cu-Fe-sulfide 25.456 7.814 0.000 0.000 67.712 0.704 0.000 0.000 0.038 0.170 0.055 0.000 0.029 0.000 101.977
MS496_05164_areal6_5 galena 14.482 0.000 0.000 0.000 0.000 0.104 0.009 0.000 0.000 0.000 0.034 0.000 0.000 84.238 98.867
MS496_05164_areal6_6 galena 14.477 0.000 0.000 0.000 0.000 0.036 0.007 0.000 0.000 0.000 0.000 0.000 0.000 85.130 99.649
MS496_05164_areal6_7 Cu-Fe-sulfide 24.599 5.886 0.000 0.000 70.746 0.393 0.000 0.000 0.041 0.174 0.056 0.000 0.030 0.000 101.924
MS496_05164_areal6_8 Cu-Fe-sulfide 24.682 6.111 0.000 0.000 70.573 0.459 0.000 0.000 0.039 0.214 0.052 0.000 0.023 0.000 102.152
MS496_05164_area2_1 Cu-sulfide 22.087 0.124 0.000 0.000 76.691 0.540 0.000 0.000 0.035 0.090 0.000 0.000 0.000 0.016 99.583
MS496_05164_area2_2 galena 14.405 0.000 0.000 0.000 0.000 0.068 0.000 0.000 0.000 0.000 0.031 0.000 0.000 84.551 99.054
MS496_05164_area2_3 Cu-Fe-sulfide 24.564 6.110 0.000 0.000 69.912 0.706 0.000 0.000 0.038 0.181 0.050 0.000 0.020 0.000 101.582
MS496_05164_area2_4 chalcopyrite 34.378 28.457 0.000 0.000 34.714 1.762 0.000 0.000 0.000 0.036 0.026 0.000 0.000 0.000 99.373
MS496_05164_area2_5 galena 14.446 0.000 0.000 0.000 0.152 0.165 0.010 0.000 0.000 0.000 0.000 0.000 0.000 84.459 99.232
MS496_05164_area3_1 galena 14.437 0.000 0.000 0.000 0.000 0.022 0.000 0.000 0.000 0.028 0.000 0.000 0.000 84.448 98.936
MS496_05164_area3_2 Cu-sulfide 21.467 0.012 0.000 0.000 77.579 0.062 0.000 0.000 0.034 0.078 0.000 0.000 0.000 0.000 99.232
MS496_05164_area3_3 Cu-Fe-sulfide 23.570 5.029 0.000 0.000 72.144 0.063 0.000 0.000 0.040 0.390 0.054 0.004 0.029 0.000 101.325
MS496_05164_aread_1 galena 14.374 0.000 0.000 0.000 0.017 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 84.380 98.782
MS496_05164_aread_2 Cu-Fe-sulfide 23.637 4.985 0.000 0.000 72.580 0.172 0.000 0.000 0.044 0.488 0.064 0.005 0.021 0.000 101.995
MS496_05164_aread_3 reniérite 31.490 4.374 0.000 0.000 49.606 2.086 0.000 9.655 4.840 0.097 0.043 0.000 0.070 0.000 102.261
MS496_05164_aread_4 Cu-Fe-sulfide 22.021 0.034 0.004 0.000 77.885 0.047 0.000 0.000 0.026 0.131 0.048 0.000 0.024 0.078 100.299
MS496_05164_aread_5 chalcopyrite 34.235 28.130 0.000 0.000 36.811 0.131 0.000 0.000 0.012 0.040 0.027 0.000 0.000 0.000 99.386
MS496_05164_area5_1 galena 14.512 0.000 0.000 0.000 0.000 0.401 0.008 0.000 0.000 0.044 0.053 0.000 0.020 84.265 99.303
MS496_05164_area5_2 reniérite 32.227 13.410 0.000 0.000 43.904 1.715 0.037 7.226 3.023 0.018 0.043 0.000 0.047 0.000 101.648
MS496_05164_area5_3 galena 14.477 0.000 0.000 0.000 0.016 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.000 84.237 98.740
MS496_05164_area6_1 Cu-Fe-sulfide 24.038 5.617 0.000 0.000 71.511 0.080 0.000 0.000 0.034 0.219 0.053 0.000 0.024 0.000 101.575
MS496_05164_areab_2 chalcopyrite 34.417 28.552 0.000 0.000 35.318 1.055 0.000 0.000 0.000 0.021 0.019 0.000 0.000 0.000 99.382
MS496_05164_areab_3 reniérite 31.591 4.335 0.000 0.000 49.704 1.510 0.000 9.892 4.631 0.029 0.043 0.000 0.045 0.000 101.780
MS496_05164_area6_4 galena 14.408 0.000 0.000 0.000 0.048 0.186 0.000 0.000 0.000 0.000 0.038 0.000 0.000 83.979 98.658
MS496_05164_area6_5 Cu-sulfide 21.373 0.026 0.000 0.000 77.301 0.134 0.000 0.000 0.038 0.103 0.000 0.000 0.000 0.039 99.014
MS496_05164_area6_6 Cu-Fe-sulfide 23.883 5.273 0.000 0.000 72.071 0.046 0.000 0.000 0.037 0.314 0.055 0.006 0.027 0.000 101.712
MS496_05164_area6_7 galena 14.387 0.000 0.000 0.000 0.000 0.217 0.000 0.000 0.000 0.000 0.000 0.000 0.000 84.147 98.751
MS496_05164_area6_8 chalcopyrite 34.616 29.060 0.000 0.000 35.432 0.267 0.000 0.000 0.000 0.019 0.018 0.000 0.000 0.000 99.412
MS496_05164_area6_9 sphalerite 32.631 0.000 0.000 0.000 0.050 64.611 0.028 0.000 0.032 0.015 1.794 0.000 0.000 0.000 99.163
MS496_05164_area8_1 Cu-Fe-sulfide 24.233 5.545 0.000 0.000 71.241 0.395 0.000 0.000 0.033 0.305 0.063 0.007 0.030 0.000 101.853
MS496_05164_area8_2 Cu-sulfide 21.663 0.061 0.000 0.000 77.162 0.197 0.000 0.000 0.041 0.102 0.000 0.000 0.000 0.000 99.226
MS496_05164_area8_3 Cu-Fe-sulfide 24.150 5.522 0.000 0.000 71.477 0.210 0.000 0.000 0.034 0.206 0.049 0.000 0.019 0.000 101.667
MS496_05164_area8_4 galena 14.458 0.000 0.000 0.000 0.018 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 84.131 98.616
MS496_05164_area8_5 sphalerite 32.528 0.000 0.000 0.000 0.038 64.750 0.028 0.000 0.029 0.017 1.812 0.000 0.000 0.000 99.201
MS496_05164_aread_1 galena 14.357 0.000 0.000 0.000 0.000 0.103 0.000 0.000 0.000 0.000 0.000 0.000 0.000 83.958 98.418
MS496_05164_area9_2 reniérite 31.915 13.344 0.000 0.000 43.496 1.993 0.039 6.524 3.315 0.069 0.034 0.000 0.060 0.000 100.789
MS496_05164_area9_3 Cu-sulfide 21.615 0.014 0.000 0.000 77.383 0.363 0.000 0.000 0.041 0.099 0.020 0.000 0.000 0.017 99.552
MS496_05164_area9_4 chalcopyrite 34.513 28.507 0.000 0.000 34.932 1.570 0.000 0.000 0.000 0.030 0.018 0.000 0.000 0.020 99.590
MS496_05164_area9_5 Cu-sulfide 21.878 0.124 0.000 0.000 77.205 0.526 0.000 0.009 0.034 0.122 0.044 0.000 0.017 0.022 99.981
MS496_05164_area9_6 Cu-Fe-sulfide 24.105 5.458 0.000 0.007 71.686 0.382 0.000 0.000 0.041 0.320 0.053 0.005 0.027 0.000 102.085
MS496_05246_BSE1_1 sphalerite 32.152 0.011 0.000 0.000 0.036 64.610 0.014 0.000 0.026 0.000 2.663 0.009 0.000 0.105 99.626
MS496_05246_BSE1_2 Cu-sulfide 22.155 0.943 0.000 0.000 76.534 0.000 0.000 0.000 0.035 0.271 0.000 0.000 0.000 0.066 100.003
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MS496_05246_BSE1_3 galena 14.293 0.000 0.000 0.000 0.017 0.000 0.012 0.000 0.000 0.000 0.000 0.000 0.000 85.969 100.291
MS496_05246_BSE1_4 tennantite 27.389 0.033 0.010 0.000 43.935 8.223 0.000 0.000 17.157 0.088 0.827 0.000 2.171 0.110 99.942
MS496_05246_BSE1_5 Cu-Fe-sulfide 24.539 5.783 0.000 0.000 71.087 0.000 0.000 0.000 0.030 0.996 0.000 0.006 0.000 0.042 102.482
MS496_05246_BSE2_2 sphalerite 32.245 0.011 0.004 0.000 0.035 64.793 0.014 0.000 0.032 0.000 2.722 0.009 0.000 0.048 99.912
MS496_05246_BSE2_4 Cu-Fe-sulfide 24.428 5.838 0.000 0.000 71.045 0.197 0.006 0.000 0.034 0.521 0.018 0.011 0.000 0.030 102.128
MS496_05246_BSE3_1 sphalerite 32.298 0.000 0.006 0.000 0.079 64.803 0.000 0.000 0.028 0.000 2.655 0.008 0.000 0.037 99.913
MS496_05246_BSE3_2 galena 14.400 0.000 0.000 0.000 0.066 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 86.331 100.811
MS496_05246_BSE3_3 tennantite 27.521 0.032 0.008 0.000 43.839 8.198 0.000 0.000 18.329 0.073 0.845 0.000 2.244 0.031 101.121
MS496_05246_BSE3_4 Cu-sulfide 22.041 0.008 0.004 0.000 77.267 0.000 0.000 0.000 0.031 0.302 0.000 0.000 0.000 0.052 99.704
MS496_05246_BSE3_5 Cu-Fe-sulfide 24.788 5.841 0.000 0.000 70.822 0.000 0.000 0.000 0.040 1.031 0.043 0.013 0.010 0.023 102.611
MS496_05246_BSE4_1 galena 14.422 0.000 0.000 0.000 0.019 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 86.081 100.536
MS496_05246_BSE4_2 Cu-sulfide 22.234 0.918 0.000 0.000 76.753 0.000 0.000 0.000 0.037 0.266 0.000 0.000 0.000 0.066 100.275
MS496_05246_BSE4_3 Cu-Fe-sulfide 24.483 5.603 0.000 0.000 71.543 0.000 0.000 0.000 0.042 0.506 0.038 0.009 0.000 0.050 102.275
MS496_05246_BSE4_4 sphalerite 32.331 0.000 0.000 0.000 0.071 64.642 0.015 0.000 0.033 0.000 2.693 0.007 0.000 0.068 99.862
MS496_05246_BSE4_5 tennantite 27.483 0.033 0.009 0.000 43.938 8.108 0.000 0.000 17.838 0.041 0.853 0.000 2.172 0.123 100.598
MS496_05246_BSE4_6 Cu-sulfide 22.184 0.821 0.000 0.000 76.227 0.000 0.000 0.000 0.038 0.295 0.000 0.000 0.000 0.173 99.740
MS496_05246_BSE4_7 Cu-Fe-sulfide 24.731 5.669 0.000 0.000 71.472 0.000 0.000 0.000 0.042 0.640 0.037 0.012 0.000 0.061 102.664
MS496_05263_BSE1_1 sphalerite 32.333 0.000 0.000 0.000 0.027 64.663 0.018 0.000 0.030 0.000 2.659 0.007 0.000 0.043 99.780
MS496_05263_BSE1_2 Cu-sulfide 21.847 0.000 0.000 0.008 77.636 0.000 0.000 0.000 0.033 0.216 0.000 0.000 0.000 0.040 99.781
MS496_05263_BSE1_3 Cu-sulfide 21.610 0.012 0.004 0.000 77.746 0.000 0.000 0.000 0.044 0.170 0.000 0.000 0.000 0.045 99.630
MS496_05263_BSE1_4 Cu-Fe-sulfide 24.346 5.640 0.000 0.000 71.783 0.000 0.000 0.000 0.040 0.328 0.029 0.006 0.000 0.018 102.189
MS496_05263_BSE1_5 Cu-Fe-sulfide 24.644 5.815 0.000 0.000 71.269 0.032 0.000 0.000 0.039 0.491 0.035 0.009 0.000 0.025 102.359
MS496_05263_BSE1_6 galena 14.309 0.000 0.000 0.000 0.023 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 85.159 99.499
MS496_05263_BSE1_7 Cu-sulfide 22.143 0.016 0.000 0.000 78.092 0.020 0.000 0.000 0.025 0.224 0.000 0.000 0.000 0.030 100.550
MS496_05263_BSE2_1 sphalerite 32.402 0.000 0.000 0.000 0.045 64.811 0.021 0.000 0.026 0.000 2.615 0.007 0.000 0.051 99.979
MS496_05263_BSE2_2 tennantite 27.571 0.065 0.009 0.000 44.032 8.144 0.000 0.000 18.433 0.060 0.779 0.000 1.584 0.000 100.677
MS496_05263_BSE2_3 reniérite 31.970 13.508 0.000 0.000 44.866 0.417 0.020 5.190 4.403 0.059 0.000 0.000 0.092 0.041 100.564
MS496_05263_BSE2_4 Cu-Fe-sulfide 23.434 5.492 0.000 0.000 68.171 0.078 0.000 0.000 0.027 0.476 0.000 0.000 0.000 0.000 97.677
MS496_05263_BSE2_5 Cu-sulfide 22.167 0.064 0.000 0.000 77.720 0.058 0.000 0.000 0.028 0.196 0.000 0.000 0.000 0.000 100.232
MS496_05263_BSE3_1 galena 14.329 0.000 0.000 0.000 0.021 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 85.206 99.568
MS496_05263_BSE3_2 Cu-Fe-sulfide 24.357 5.613 0.000 0.000 71.692 0.000 0.000 0.000 0.039 0.410 0.030 0.004 0.000 0.016 102.162
MS496_05263_BSE3_3 chalcopyrite 34.375 29.061 0.000 0.000 35.594 0.770 0.000 0.000 0.000 0.036 0.000 0.000 0.000 0.035 99.871
MS496_05263_BSE3_4 Cu-sulfide 21.809 0.063 0.000 0.000 77.215 0.000 0.000 0.000 0.043 0.197 0.000 0.000 0.000 0.067 99.394
MS496_05263_BSE3_5 sphalerite 32.295 0.000 0.000 0.000 0.046 64.515 0.021 0.000 0.030 0.000 2.659 0.008 0.000 0.032 99.606
MS496_05263_BSE3_6 Cu-Fe-sulfide 22.108 1.114 0.000 0.000 76.593 0.559 0.000 0.000 0.028 0.199 0.024 0.006 0.000 0.033 100.665
MS496_05263_BSE3_7 galena 14.377 0.000 0.000 0.000 0.017 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 85.689 100.093
MS496_05263_BSE4_1 galena 14.383 0.000 0.000 0.000 0.019 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 86.041 100.458
MS496_05263_BSE4_2 Cu-sulfide 21.699 0.023 0.000 0.000 77.540 0.000 0.000 0.000 0.037 0.271 0.000 0.000 0.000 0.075 99.644
MS496_05263_BSE4_3 sphalerite 32.206 0.000 0.005 0.000 0.031 64.526 0.022 0.000 0.028 0.000 2.639 0.005 0.000 0.049 99.510
MS496_05263_BSE4_4 Cu-Fe-sulfide 24.050 5.199 0.000 0.000 72.175 0.000 0.000 0.000 0.043 0.582 0.042 0.009 0.000 0.022 102.123
MS496_05263_BSE4_5 tennantite 27.332 0.072 0.009 0.000 44.159 8.320 0.000 0.000 17.746 0.018 0.748 0.000 1.263 0.000 99.666
MS496_05263_BSE5_1 galena 14.318 0.000 0.000 0.000 0.038 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 85.456 99.823
MS496_05263_BSE5_2 Cu-Fe-sulfide 24.253 5.457 0.000 0.000 71.736 0.000 0.000 0.000 0.036 0.464 0.048 0.010 0.013 0.045 102.062
MS496_05263_BSE5_3 reniérite 32.042 13.264 0.000 0.000 45.704 0.116 0.016 5.125 4.449 0.079 0.000 0.000 0.098 0.030 100.923
MS496_05263_BSE5_4 Cu-sulfide 21.751 0.059 0.000 0.009 77.554 0.000 0.000 0.000 0.031 0.198 0.000 0.000 0.000 0.055 99.657
MS496_05263_BSE5_5 Cu-Fe-sulfide 24313 5.532 0.004 0.000 71.779 0.000 0.000 0.000 0.041 0.504 0.042 0.010 0.013 0.033 102.269
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MS496_05263_BSE5_6 Cu-sulfide 21.750 0.104 0.000 0.007 77.618 0.212 0.000 0.000 0.037 0.212 0.000 0.000 0.000 0.054 99.992
MS496_05263_BSE5_7 sphalerite 32.361 0.000 0.000 0.000 0.047 64.613 0.019 0.000 0.032 0.000 2.643 0.007 0.000 0.048 99.770
MS496_08239_BSE1_1 Cu-sulfide (low total) 17.647 0.000 0.000 0.000 76.649 0.000 0.000 0.000 0.000 0.141 0.000 0.000 0.000 0.710 95.147
MS496_08239_BSE1_2 galena 14.424 0.000 0.000 0.000 1.021 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 85.623 101.067
MS496_08239_BSE1_3 ? low total (Cu-Pb-S) 20.058 0.000 0.000 0.000 62.989 0.000 0.000 0.000 0.000 0.042 0.000 0.000 0.000 12.121 95.209
MS496_08239_BSE1_4 Cu-sulfide (low total) 18.183 0.000 0.006 0.018 78.334 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.372 96.913
MS496_08239_BSE1_5 Cu-Fe-Sulfide 23.753 5.085 0.000 0.000 73.005 0.000 0.000 0.000 0.041 0.065 0.031 0.007 0.014 0.000 102.001
MS496_08239_BSE1_6 Cu-sulfide 21.252 0.187 0.004 0.000 78.225 0.000 0.000 0.000 0.048 0.018 0.000 0.000 0.000 0.000 99.734
MS496_08239_BSE2_1 Cu-Fe-sulfide 23.600 4.911 0.000 0.000 73.000 0.000 0.000 0.000 0.038 0.069 0.032 0.008 0.000 0.000 101.658
MS496_08239_BSE2_2 Cu-sulfide 21.605 0.288 0.004 0.013 78.160 0.000 0.000 0.000 0.028 0.030 0.000 0.000 0.000 0.018 100.146
MS496_08239_BSE2_4 Cu-Fe-sulfide 23.581 4.815 0.004 0.000 73.140 0.000 0.000 0.000 0.046 0.069 0.037 0.008 0.018 0.000 101.717
MS496_08239_BSE2_5 Cu-sulfide 21.557 0.167 0.000 0.000 77.986 0.000 0.000 0.000 0.035 0.049 0.000 0.000 0.000 0.017 99.811
MS496_08239_BSE3_2 Cu-sulfide 21.591 0.179 0.004 0.008 78.529 0.000 0.000 0.000 0.034 0.056 0.022 0.000 0.000 0.000 100.423
MS496_08239_BSE4_1 Cu-Fe-sulfide 23.587 4.854 0.000 0.000 73.226 0.000 0.000 0.000 0.041 0.075 0.041 0.010 0.018 0.000 101.853
MS496_08239_BSE4_2 ? cpy mixed analysis 31.606 23.898 0.000 0.000 43.556 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 99.060
MS496_08239_BSE4_3 Cu-sulfide 20.734 0.118 0.003 0.009 79.305 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 100.168
MS496_08239_BSE4_4 Cu-Fe-sulfide 23.573 4.880 0.000 0.000 73.212 0.000 0.000 0.000 0.038 0.058 0.041 0.012 0.017 0.000 101.832
MS496_08239_BSE4_5 Cu-sulfide 21.917 1.509 0.000 0.009 76.928 0.000 0.000 0.000 0.031 0.027 0.021 0.004 0.000 0.000 100.446
MS496_08241_BSEla_10 galena 14.688 0.000 0.000 0.000 0.069 0.000 0.021 0.000 0.000 0.031 0.000 0.000 0.000 86.604 101.413
MS496_08241_BSEla_11 galena 14.722 0.000 0.000 0.000 0.056 0.000 0.019 0.000 0.000 0.000 0.000 0.000 0.000 86.310 101.106
MS496_08241_BSEla_12 pyrite 53.687 46.223 0.000 0.000 0.216 0.025 0.012 0.010 0.000 0.000 0.000 0.000 0.000 0.000 100.173
MS496_08241_BSEla_9 galena 14.638 0.000 0.000 0.000 0.074 0.000 0.014 0.000 0.000 0.035 0.000 0.000 0.000 86.274 101.035
MS496_08241_BSElb_1 tennantite 28.092 0.080 0.005 0.000 44.435 8.659 0.020 0.000 18.003 0.182 0.146 0.000 1.640 0.000 101.263
MS496_08241_BSElb_2 sphalerite 32.786 0.069 0.000 0.000 1.889 65.240 0.159 0.000 0.036 0.042 0.516 0.000 0.019 0.031 100.787
MS496_08241_BSElb_3 tennantite 27.520 0.056 0.010 0.007 45.306 9.024 0.000 0.023 13.838 0.000 0.000 0.000 1.474 0.000 97.258
MS496_08241_BSElb_4 sphalerite 33.219 0.000 0.000 0.000 0.177 66.286 0.176 0.000 0.027 0.017 0.459 0.000 0.000 0.000 100.361
MS496_08241_BSElb_5 tennantite 27.484 0.067 0.009 0.011 44.938 9.051 0.038 0.014 14.692 0.066 0.000 0.000 1.532 0.000 97.903
MS496_08241_BSElb_6 sphalerite 33.155 0.000 0.000 0.000 0.171 66.204 0.173 0.000 0.025 0.023 0.573 0.000 0.000 0.000 100.323
MS496_08241_BSElb_7 tennantite 27.413 0.079 0.006 0.013 45.158 8.999 0.036 0.018 14.369 0.000 0.000 0.000 1.433 0.000 97.524
MS496_08241_BSElb_8 tennantite 27.409 0.088 0.006 0.011 44.903 8.988 0.032 0.019 15.528 0.125 0.021 0.000 1.574 0.000 98.703
MS496_08241_BSE2a_1 sphalerite 33.050 0.000 0.000 0.000 0.193 66.549 0.184 0.000 0.023 0.020 0.535 0.000 0.000 0.020 100.574
MS496_08241_BSE2a_10 galena 14.528 0.000 0.000 0.000 0.061 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 86.804 101.407
MS496_08241_BSE2a_11 galena 14.597 0.000 0.000 0.000 0.041 0.000 0.017 0.000 0.000 0.000 0.000 0.000 0.000 86.526 101.181
MS496_08241_BSE2a_2 sphalerite 32.938 0.017 0.000 0.000 0.206 66.359 0.178 0.000 0.026 0.018 0.524 0.000 0.000 0.000 100.265
MS496_08241_BSE2a_3 sphalerite 33.052 0.010 0.000 0.000 0.204 66.336 0.180 0.000 0.020 0.017 0.514 0.000 0.000 0.000 100.334
MS496_08241_BSE2a_4 Cu-sulfide 18.732 0.012 0.000 0.007 79.275 0.028 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 98.055
MS496_08241_BSE2a_5 sphalerite 32.988 0.010 0.000 0.000 0.187 66.236 0.181 0.000 0.020 0.000 0.525 0.000 0.000 0.000 100.147
MS496_08241_BSE2a_6 sphalerite 32.982 0.000 0.000 0.000 0.172 66.237 0.179 0.000 0.021 0.000 0.533 0.000 0.000 0.019 100.144
MS496_08241_BSE2a_7 pyrite 53.624 46.329 0.102 0.016 0.000 0.290 0.013 0.000 0.000 0.000 0.024 0.000 0.000 0.000 100.398
MS496_08241_BSE2a_8 galena 14.646 0.000 0.000 0.000 0.055 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 86.106 100.823
MS496_08241_BSE2a_9 galena 14.736 0.000 0.000 0.000 0.130 0.026 0.018 0.000 0.000 0.038 0.000 0.000 0.000 86.229 101.177
MS496_08241_BSE3a_1 galena 14.578 0.000 0.000 0.000 0.021 0.000 0.016 0.000 0.000 0.000 0.000 0.000 0.000 86.623 101.237
MS496_08241_BSE3a_2 galena 14.545 0.000 0.000 0.000 0.065 0.000 0.014 0.000 0.000 0.033 0.000 0.000 0.000 86.596 101.253
MS496_08241_BSE3a_3 galena 14.508 0.000 0.000 0.000 0.014 0.000 0.015 0.000 0.000 0.000 0.000 0.000 0.000 86.508 101.045
MS496_08241_BSE3a_6 Cu-sulfide 21.553 0.012 0.000 0.000 78.038 0.029 0.022 0.000 0.022 0.091 0.032 0.006 0.018 0.024 99.847
MS496_08241_BSE3a_7 sphalerite 33.042 0.000 0.000 0.000 0.174 66.380 0.186 0.000 0.022 0.025 0.496 0.000 0.000 0.000 100.325
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MS496_08241_BSE3a_8 Cu-sulfide 21.193 0.000 0.009 0.021 79.954 0.000 0.050 0.000 0.000 0.000 0.000 0.000 0.000 0.000 101.227
MS496_08241_BSE3a_9 sphalerite 33.133 0.000 0.000 0.000 0.179 66.413 0.186 0.000 0.022 0.022 0.540 0.000 0.000 0.000 100.494
MS496_08241_BSE3b_10 tennantite 27.651 0.047 0.005 0.000 44.617 8.868 0.028 0.000 16.921 0.052 0.069 0.000 1.619 0.000 99.878
MS496_08241_BSE3b_11 Cu-sulfide 21.969 0.008 0.000 0.007 77.918 0.056 0.109 0.000 0.000 0.095 0.000 0.000 0.000 0.000 100.162
MS496_08241_BSE4a_1 reniérite 32.466 13.356 0.000 0.000 42.905 2.324 0.208 7.946 2.201 0.024 0.023 0.000 0.043 0.020 101.516
MS496_08241_BSE4a_10 galena 14.540 0.000 0.000 0.000 0.025 0.030 0.014 0.000 0.000 0.000 0.000 0.000 0.000 86.713 101.322
MS496_08241_BSE4a_2 reniérite 32.589 13.357 0.000 0.000 42.775 3.048 0.204 7.908 2.272 0.026 0.020 0.000 0.047 0.016 102.261
MS496_08241_BSE4a_3 ? Cu-Pb-S 21.127 1.512 0.000 0.000 62.085 0.390 0.000 0.000 0.000 0.000 0.000 0.000 0.000 16.170 101.284
MS496_08241_BSE4a_4 sphalerite 33.178 0.019 0.000 0.000 0.316 66.025 0.176 0.000 0.024 0.017 0.446 0.000 0.000 0.000 100.201
MS496_08241_BSE4a_5 ? Cu-Pb-S 21.104 1.519 0.000 0.000 61.399 0.522 0.000 0.000 0.000 0.041 0.000 0.000 0.000 16.291 100.877
MS496_08241_BSE4a_6 ? Cu-Pb-S 21.188 1.450 0.000 0.000 61.702 0.985 0.000 0.000 0.000 0.038 0.000 0.000 0.000 16.273 101.637
MS496_08241_BSE4a_7 sphalerite 33.195 0.017 0.000 0.000 0.251 66.045 0.178 0.000 0.022 0.016 0.461 0.000 0.000 0.000 100.184
MS496_08241_BSE4a_8 sphalerite 33.036 0.023 0.000 0.000 0.260 65.981 0.180 0.000 0.024 0.000 0.399 0.000 0.000 0.000 99.903
MS496_08241_BSE4a_9 galena 14.672 0.000 0.000 0.000 0.079 0.058 0.015 0.000 0.000 0.032 0.000 0.000 0.000 86.836 101.693
MS496_08269_BSE1_2 Cu-sulfide 23.291 0.925 0.000 0.007 76.891 0.000 0.006 0.000 0.026 0.276 0.082 0.013 0.033 0.000 101.550
MS496_08269_BSE1_3 tennantite 28.077 0.081 0.014 0.000 43.841 7.707 0.013 0.000 16.074 0.086 1.662 0.000 3.775 0.000 101.330
MS496_08269_BSE1_6 Cu-sulfide 23.276 0.971 0.000 0.008 76.838 0.000 0.000 0.000 0.026 0.293 0.070 0.013 0.046 0.027 101.569
MS496_08269_BSE2_3 Cu-sulfide 22.812 0.000 0.000 0.000 76.906 0.000 0.000 0.000 0.029 0.354 0.069 0.006 0.034 0.110 100.321
MS496_08277_BSE1_1 pyrite 54.998 45.784 0.014 0.080 0.161 0.350 0.016 0.045 0.000 0.038 0.064 0.000 0.021 0.302 101.872
MS496_08277_BSE1_2 galena 14.775 0.000 0.000 0.000 0.036 0.223 0.019 0.000 0.000 0.026 0.064 0.000 0.018 86.569 101.730
MS496_08277_BSE1_3 reniérite 32.942 13.583 0.000 0.000 42.644 3.056 0.210 8.637 1.764 0.041 0.064 0.000 0.010 0.000 102.951
MS496_08277_BSE1_4 reniérite 32.737 13.620 0.000 0.000 42.682 2.711 0.209 8.412 1.907 0.045 0.057 0.000 0.010 0.000 102.390
MS496_08277_BSE1_5 covellite ? 22.192 0.091 0.000 0.000 73.912 2.117 0.040 0.073 0.033 0.154 0.000 0.000 0.000 0.062 98.675
MS496_08277_BSE1_6 sphalerite 33.283 0.026 0.000 0.000 0.543 65.217 0.571 0.000 0.032 0.034 1.162 0.000 0.010 0.000 100.879
MS496_08277_BSE1_7 tennantite 28.246 0.077 0.000 0.000 43.892 9.028 0.053 0.000 19.253 0.576 0.403 0.000 0.193 0.000 101.720
MS496_08277_BSE2_1 tennantite 28.350 0.202 0.000 0.000 44.161 8.836 0.049 0.000 19.339 0.203 0.402 0.000 0.193 0.000 101.735
MS496_08277_BSE2_2 sphalerite 33.349 0.066 0.000 0.000 0.681 65.235 0.575 0.000 0.025 0.032 1.111 0.005 0.013 0.000 101.093
MS496_08277_BSE2_3 covellite ? 28.268 0.448 0.000 0.000 71.318 0.453 0.220 0.000 0.049 0.356 0.043 0.004 0.013 0.080 101.251
MS496_08277_BSE2_4 sphalerite 33.118 0.197 0.000 0.000 0.637 64.915 0.522 0.000 0.021 0.040 1.090 0.004 0.000 0.000 100.544
MS496_08277_BSE2_5 reniérite 32.758 13.812 0.000 0.000 42.407 2.952 0.000 8.654 1.764 0.047 0.072 0.000 0.012 0.000 102.479
MS496_08277_BSE2_6 pyrite 54.055 46.214 0.000 0.000 0.095 0.399 0.015 0.008 0.000 0.000 0.042 0.000 0.000 0.014 100.842
MS496_08277_BSE3_1 sphalerite 33.380 0.030 0.000 0.000 0.533 65.321 0.498 0.000 0.025 0.028 1.146 0.006 0.000 0.000 100.967
MS496_08277_BSE3_2 tennantite 27.461 0.071 0.005 0.008 44.603 9.062 0.053 0.014 16.228 0.392 0.295 0.000 0.140 0.000 98.332
MS496_08277_BSE3_3 galena 14.759 0.000 0.000 0.000 0.027 0.000 0.017 0.000 0.000 0.037 0.000 0.000 0.000 86.499 101.340
MS496_08277_BSE3_4 pyrite 54.073 46.452 0.000 0.000 0.055 0.252 0.012 0.000 0.000 0.014 0.037 0.000 0.000 0.000 100.896
MS496_08277_BSE3_5 reniérite 32.773 13.219 0.000 0.000 42.426 3.632 0.203 8.092 2.025 0.106 0.059 0.000 0.011 0.000 102.544
MS496_08277_BSE3_8 reniérite 32.555 12.225 0.000 0.000 42.342 2.481 0.206 9.682 1.391 0.043 0.069 0.000 0.000 0.035 101.029
MS496_08280_BSE1_1 pyrite 53.410 45.574 0.008 0.000 0.027 0.000 0.000 0.000 0.000 0.000 0.018 0.000 0.000 0.076 99.113
MS496_08280_BSE1_3 sphalerite 32.738 0.080 0.000 0.000 0.043 63.916 0.029 0.000 0.030 0.000 0.815 0.004 0.000 0.078 97.733
MS496_08280_BSE1_4 galena 14.554 0.000 0.000 0.000 0.000 0.000 0.008 0.000 0.000 0.000 0.000 0.000 0.000 85.954 100.516
MS496_08280_BSE2_1 sphalerite 33.154 0.064 0.000 0.000 0.058 65.831 0.035 0.000 0.027 0.036 0.927 0.000 0.013 0.076 100.221
MS496_08280_BSE2_2 galena 14.606 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.032 0.066 0.000 0.024 85.783 100.511
MS496_08280_BSE2_3 pyrite 53.875 46.476 0.078 0.011 0.000 0.000 0.012 0.009 0.000 0.027 0.045 0.000 0.000 0.053 100.586
MS496_08280_BSE2_4 galena 14.430 0.000 0.000 0.000 0.000 0.113 0.000 0.000 0.000 0.033 0.044 0.000 0.000 85.523 100.144
MS496_08280_BSE2_5 sphalerite 33.180 0.069 0.000 0.000 0.034 66.222 0.032 0.000 0.022 0.026 0.885 0.000 0.000 0.063 100.532
MS496_08280_BSE3_1 tennantite 28.162 1.756 0.019 0.000 44.286 6.957 0.007 0.000 16.559 0.000 0.152 0.000 2.101 0.060 100.060
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MS496_08280_BSE3_2 sphalerite 33.193 0.082 0.005 0.000 0.084 66.315 0.032 0.000 0.031 0.022 0.931 0.000 0.000 0.093 100.789
MS496_08280_BSE3_3 tennantite 28.194 1.752 0.018 0.000 43.851 6.811 0.009 0.000 16.858 0.025 0.183 0.000 2.306 0.130 100.137
MS496_08280_BSE3_4 galena 14.800 0.000 0.000 0.000 0.000 0.000 0.020 0.000 0.000 0.068 0.045 0.000 0.027 86.026 100.986
MS496_08280_BSE3_5 galena 14.700 0.000 0.000 0.000 0.000 0.000 0.021 0.000 0.000 0.063 0.085 0.000 0.045 86.330 101.243
MS496_08280_BSE3_6 sphalerite 33.256 0.093 0.004 0.000 0.030 66.485 0.035 0.000 0.018 0.028 0.927 0.000 0.015 0.065 100.957
MS496_08298_BSE1_1 Cu-sulfide 21.493 0.009 0.005 0.007 78.969 0.000 0.000 0.000 0.037 0.051 0.031 0.000 0.000 0.000 100.602
MS496_08298_BSE1_2 tennantite 27.899 0.017 0.005 0.000 47.243 6.694 0.019 0.000 19.483 0.066 0.069 0.000 0.173 0.000 101.666
MS496_08298_BSE2_1 tennantite 27.899 0.065 0.005 0.000 44.781 8.766 0.020 0.000 19.294 0.235 0.190 0.000 0.172 0.000 101.428
MS496_08298_BSE2_10 Cu-sulfide 21.621 0.134 0.000 0.000 78.369 0.026 0.000 0.039 0.038 0.053 0.000 0.000 0.000 0.000 100.281
MS496_08298_BSE2_2 sphalerite 32.732 0.029 0.000 0.000 0.443 66.415 0.197 0.000 0.035 0.020 0.614 0.000 0.000 0.000 100.486
MS496_08298_BSE2_3 sphalerite 32.667 0.012 0.000 0.000 1.641 65.724 0.194 0.000 0.031 0.031 0.608 0.000 0.000 0.000 100.908
MS496_08298_BSE2_4 Cu-sulfide 21.264 0.000 0.004 0.000 78.955 0.153 0.000 0.000 0.056 0.039 0.020 0.000 0.000 0.000 100.491
MS496_08298_BSE2_5 pyrite 53.362 46.474 0.005 0.000 0.741 0.016 0.011 0.023 0.000 0.000 0.000 0.000 0.000 0.000 100.632
MS496_08298_BSE2_6 reniérite 32.174 13.256 0.000 0.000 43.478 2.314 0.137 9.208 1.606 0.000 0.023 0.000 0.000 0.000 102.195
MS496_08298_BSE2_7 tennantite 27.892 0.038 0.004 0.000 45.068 8.732 0.024 0.000 19.224 0.154 0.180 0.000 0.173 0.000 101.489
MS496_08298_BSE2_8 reniérite 31.434 11.997 0.000 0.000 42.838 2.698 0.135 8.907 1.761 0.017 0.020 0.000 0.000 0.018 99.824
MS496_08298_BSE2_9 reniérite 31.801 7.339 0.000 0.000 45.829 2.750 0.049 12.713 1.900 0.024 0.116 0.000 0.000 0.000 102.521
MS496_08298_BSE3_10 reniérite 32.007 12.931 0.000 0.000 44.224 2.054 0.149 8.560 1.784 0.016 0.021 0.000 0.000 0.000 101.744
MS496_08298_BSE3_2 reniérite 32.192 13.029 0.000 0.000 43.750 2.125 0.137 9.159 1.672 0.000 0.028 0.000 0.000 0.000 102.092
MS496_08298_BSE3_3 pyrite 53.344 46.132 0.000 0.000 0.606 0.000 0.009 0.000 0.000 0.000 0.018 0.000 0.000 0.000 100.109
MS496_08298_BSE3_4 pyrite 53.392 46.368 0.000 0.000 0.739 0.000 0.009 0.015 0.000 0.000 0.024 0.000 0.000 0.000 100.547
MS496_08298_BSE3_5 reniérite 31.727 8.199 0.000 0.000 46.290 2.278 0.067 11.870 1.729 0.000 0.000 0.000 0.000 0.000 102.159
MS496_08298_BSE3_6 Cu-sulfide 20.541 0.000 0.000 0.011 78.889 0.000 0.000 0.000 0.047 0.000 0.000 0.000 0.000 0.000 99.487
MS496_08298_BSE3_7 tennantite 27.872 0.050 0.004 0.000 44.762 8.603 0.024 0.000 19.105 0.127 0.172 0.000 0.151 0.000 100.869
MS496_08298_BSE3_9 Cu-sulfide 21.200 0.115 0.000 0.000 78.656 0.000 0.000 0.011 0.040 0.056 0.019 0.000 0.000 0.000 100.097
MS496_08298_BSE4_1 reniérite 32.158 13.574 0.000 0.000 43.035 2.107 0.141 9.006 1.786 0.000 0.018 0.000 0.000 0.000 101.825
MS496_08298_BSE4_3 reniérite 32.171 13.422 0.000 0.000 43.140 2.097 0.136 9.016 1.755 0.015 0.024 0.000 0.000 0.000 101.776
MS496_08298_BSE4_4 galena 14.490 0.000 0.000 0.000 0.089 0.000 0.009 0.000 0.000 0.000 0.000 0.000 0.000 85.178 99.766
MS496_08298_BSE4_5 tennantite 27.314 0.087 0.006 0.009 45.007 8.871 0.029 0.010 16.764 0.050 0.147 0.000 0.129 0.000 98.423
MS496_08298_BSE4_6 galena 14.481 0.000 0.000 0.000 0.105 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.000 85.047 99.644
MS496_08298_BSE4_7 Cu-sulfide 21.353 0.000 0.000 0.007 78.243 0.000 0.000 0.000 0.051 0.020 0.000 0.000 0.000 0.035 99.708
MS496_08298_BSE4_8 tennantite 27.194 0.066 0.006 0.010 45.221 9.032 0.033 0.000 16.116 0.000 0.073 0.000 0.079 0.000 97.829
MS496_08298_BSE4_9 reniérite 32.137 13.290 0.000 0.000 43.018 2.188 0.138 8.918 1.746 0.017 0.018 0.000 0.000 0.000 101.470
MS496_08299_BSE1_1 galena 14.708 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.000 0.073 0.107 0.009 0.067 86.641 101.614
MS496_08299_BSE1_2 Cu-sulfide 22.731 0.000 0.005 0.009 77.425 0.000 0.000 0.000 0.020 0.068 0.071 0.012 0.031 0.073 100.446
MS496_08299_BSE1_4 pyrite 54.368 46.062 0.015 0.296 0.035 0.000 0.008 0.011 0.000 0.017 0.042 0.000 0.009 0.016 100.880
MS496_08299_BSE1_5 tennantite 27.835 0.144 0.006 0.007 45.762 8.505 0.059 0.014 15.915 0.000 0.231 0.000 0.118 0.000 98.595
MS496_08299_BSE2_1 galena 14.738 0.000 0.000 0.000 0.183 0.000 0.024 0.000 0.000 0.078 0.071 0.009 0.036 86.937 102.076
MS496_08299_BSE2_3 reniérite 32.807 13.615 0.000 0.000 43.888 1.559 0.204 7.989 2.380 0.040 0.066 0.000 0.022 0.000 102.571
MS496_08299_BSE2_4 reniérite 32.823 13.627 0.000 0.000 43.764 1.618 0.201 8.164 2.240 0.046 0.064 0.000 0.019 0.000 102.565
MS496_08299_BSE2_5 pyrite 54.116 46.477 0.065 0.176 0.043 0.000 0.010 0.010 0.000 0.021 0.059 0.000 0.012 0.017 101.006
MS496_08299_BSE3_1 galena 14.795 0.000 0.000 0.000 0.027 0.000 0.022 0.000 0.000 0.046 0.050 0.000 0.018 87.081 102.038
MS496_08299_BSE3_2 pyrite 54.089 46.772 0.031 0.092 0.025 0.000 0.008 0.008 0.000 0.019 0.050 0.000 0.009 0.018 101.122
MS496_08299_BSE3_4 reniérite 32.793 13.728 0.004 0.000 43.810 1.609 0.202 8.077 2.279 0.041 0.064 0.000 0.021 0.021 102.649
MS496_08299_BSE4_2 tennantite 28.359 0.078 0.005 0.000 44.921 8.482 0.044 0.000 19.010 0.122 0.307 0.000 0.176 0.000 101.505
MS496_08299_BSE4_3 Cu-sulfide 21.955 0.007 0.003 0.000 78.401 0.000 0.000 0.000 0.026 0.042 0.024 0.000 0.012 0.000 100.471
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Appendix 7-1 List of samples collected from Khusib Springs, KHD** are samples collected from drill cores, and KD**** are samples collected from the mine dumb.

No.

© 00 N o 0o A W DN P

W W W NN DN DN DN DNDMNDNDNDNDNDNNMNDNPEPEPRPRP P PP PP R PR
N kP O © 00 N O Ol B W NP O O 0 ~NO O b WODN B O

Interval

KHDO06-50,74-50,84
KHDO06-68,00-68,15
KHDO06-70,50-70,65
KHDO06-78,00-78,20
KHDO06-81,70-81,85
KHDO06-83,85-84,00
KHDO06-106,00-106,15
KHD06-110,10-110,25
KHDO06-124,60-124,75
KHDO06-128,00-128,15
KHDO06-135,26-135,40
KHDO06-136,35-136,50
KHDO06-151,50-151,60
KHDO06-226,00-226,15
KHDO06-258,65-258,80
KHDO06-309,35-309,50
KHDO06-330,00-330,20
KHDO06-374,15-374,35
KHDO06-389,60-389,74
KHDO06-398,79-398,94
KHD06-410,59-410,79
KHD06-431,05-431,20
KHDO06-478,40-478,60
KHD06-502,22-502,37
KHDO06-503,84-504,04
KS-DP-1

KS-DP-2

KS-DP-3

KS-DP-4

KS-DP-5

KS-DP-6

KS-DP-7

Reason/ldea

light grey dolomite = petrography

mineralization; Hem after Py?

dark grey dolomite with lamination - petrography

dark grey dolomite with lamination; Lim after Py?
mineralisation; Ccp in dark dolomite?

strange lamination > petrography

mineralization

rip-up clasts - petrography

mineralization; Py lense?

lamination; Py in layers?

mineralization; Ccp disseminated?

mineralization; Ccp disseminated?

dark grey dolomite with lamination; - petrography

strongly brecciated rock; matrix? - petrography
mineralization; Tnt

massive white rock; cal or dol?

strongly brecciated rock; matrix? = petrography

strongly brecciated rock; matrix? - petrography
mineralization; Py+Ccp?

mineralization; Py+Ccp?

mineralization; Py+Ccp?

mineralization; Py+Ccp?

dark dolomite with intense dark layers = petrography
mineralization; Gn

mineralization; Gn

material old dump; superficial mineralization; massive sulfide
material old dump; superficial mineralization; massive sulfide
material old dump; superficial mineralization; massive sulfide
material old dump; superficial mineralization; massive sulfide
material old dump; quartzite? -> petrography Andreas
material old dump; quartzite? -> petrography Andreas
material old dump; quarzite? -> petrography Andreas
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Appendix 7-2 Bulk ore geochemical data of Khusib Springs deposit.

Li Na Mg Al K Ca Cd \Y Cr Mn Fe Hf Ni Er Be Ho Ag Cs Co Eu Bi Se Zn Ga As Rb Y Sr
ppm % % % % % ppm ppm ppm ppm % ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
KS 3.3 0.05 6.23 0.54 0.31 5.99 67 7 8 2210 1.76 0.1 3.7 0.1 | <01 <0.1 1090 0.18 31.1 0.025 0.17 55 11600 6.5 63400 10.4 14 68.9
KS004 2.2 0.02 0.46 0.4 0.32 41 0.3 7 9 220 0.16 | <0.1 2.6 0.2 | <01 <0.1 1.02 0.27 0.7 0.12 | <0.02 1.2 47.2 0.9 97.8 9.2 2.7 908
KS005 8.2 0.02 8.2 1.38 1.02 13.8 31.6 23 27 3050 2 0.2 9.8 0.4 0.2 0.1 176 0.54 10.3 0.08 0.29 15.2 5450 14.2 20000 32.9 3.8 110
KS010 7 0.01 421 1.11 0.83 8.86 81.3 18 14 1280 1.62 0.3 7.6 0.3 0.2 0.1 238 0.42 29.8 0.18 0.57 97.4 14400 5.2 75400 26.2 4.1 72.9
KS013 7.1 0.02 8.02 1.09 0.78 15.7 28.3 20 54 2690 4.39 0.8 13.9 0.6 0.2 0.2 82.9 0.54 7.4 0.16 0.33 18.1 9230 5.4 1930 26.2 5.7 157
KS017 7 0.01 421 1.11 0.83 8.86 81.3 18 14 1280 1.62 0.3 7.6 0.3 0.2 0.1 1160 0.42 29.8 0.18 0.57 97.4 27900 5.2 80500 26.2 4.1 72.9
KS019 7.1 0.02 8.02 1.09 0.78 15.7 28.3 20 54 2690 4.39 0.8 13.9 0.6 0.2 0.2 82.9 0.54 74 0.16 0.33 18.1 9230 54 1930 26.2 5.7 157
KS020 10.6 0.02 6.76 1.75 1.33 15.6 5.9 28 16 1870 0.78 0.6 5 0.7 05 0.2 43.1 0.64 2.6 0.18 0.22 5.6 1190 4 3920 41.9 6.8 137
KS021 6.5 0.02 9.51 0.98 0.79 18.5 30.7 17 11 2920 17 04 5.5 0.4 0.3 0.1 114 041 34 0.14 0.1 8.3 10300 4.3 2290 24.6 4.3 131
KS022 2.3 0.02 104 0.22 0.19 20.7 1.8 14 5 5110 0.08 0.1 1.6 0.7 | <01 0.3 7.74 0.16 0.2 0.13 | <0.02 0.2 348 0.9 772 5.4 7.7 153
KS001 5.8 0.05 3.05 0.75 0.56 5.46 141 5 27 956 2.55 0.3 7.7 0.2 02 | <01 1730 0.33 30.7 0.09 1.4 312 37500 8.8 95100 19.1 2.1 49
KS012 3.5 0.05 2.86 0.42 0.29 4.91 53.1 6 7 1010 9.41 0.3 2.3 02 | <01 <0.1 1800 0.18 142 0.025 2.02 202 67800 5.5 | 137000 11.2 1.5 39.6
KS003 3.5 0.01 4.23 0.39 0.3 7.65 188 6 7 1230 2.96 0.3 3.5 0.2 | <01 <0.1 2000 0.19 26.4 0.05 1.84 122 31700 9.6 81100 10.3 2.6 62.7
Appendix 7-2 continues.........

Zr Nb Mo In Sn Sh Te Ba La Ce Pr Nd Sm Gd Th Dy Cu Ge Tm Yb Lu Ta w Re TI Pb Sc Th ) Ti P S

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % %
4 | <01 3.01 01| <1 8900 | <0.1 25 1.1 2.3 0.2 1.1 0.2 02 | <01 0.2 | 166000 309 | <01 0.1 ] <01 <0.1 1.7 | <0.001 0.19 | 10800 1 0.6 0.9 | 0.0056 0.104 8.93
2 0.6 0.81 | <0.1 <1 48 | <01 28 3.6 7 0.7 2.7 0.5 05 | <01 0.4 193 | <0.1 <0.1 0.2 | <01 <0.1 0.4 | <0.001 | <0.05 286 | <1 0.7 1.5 | 0.0211 0.022 0.11
13 0.1 945 | <0.1 <1 1200 | <0.1 77 1.3 4.5 0.6 2.6 0.7 0.6 | <0.1 0.6 | 33300 3.2 | <01 04 | <01 <0.1 9.7 0.008 0.22 1040 2 2 7.2 | 0.0426 | 0.178 4
8 0.3 3.86 | <0.1 <1 5400 0.1 44 6.2 12.3 14 5.1 0.9 0.9 0.1 0.6 | 177000 52 | <0.1 0.3 | <0.1 <0.1 2.6 | <0.001 0.13 | 19400 2 13 16 | 0.036 | 0.153 11.3
32 2.8 1.43 0.1 2 348 | <0.1 77 4.4 10.7 12 5.1 1 0.9 0.1 0.8 4100 0.2 | <01 05 | <0.1 0.2 23 0.022 0.17 1480 2 25 300861 | 0.126 6.9
8 0.3 3.86 | <0.1 <1l 16600 0.1 44 6.2 12.3 14 5.1 0.9 0.9 0.1 0.6 | 203000 52 | <01 0.3 | <01 <0.1 2.6 | <0.001 0.13 | 94200 2 1.3 1.6 0.036 0.153 11.3
32 2.8 1.43 0.1 2 6400 | <0.1 7 4.4 10.7 1.2 5.1 1 0.9 0.1 0.8 | 170000 02 | <01 05| <01 0.2 2.3 0.022 0.17 1480 2 25 3 | 0.0861 0.126 6.9
29 0.2 1.08 | <0.1 <1 104 | <0.1 94 5.8 13.7 1.6 6.4 1 1.3 0.2 1.1 11100 1 0.1 0.7 0.1 | <01 2.4 | <0.001 0.2 1150 4 3 3.3 | 0.0781 0.089 1
16 1.4 0.63 | <0.1 3 55 | <01 78 2.5 6.7 0.8 3.2 0.6 0.7 0.1 0.6 5080 | <0.1 <0.1 04 | <01 <0.1 0.9 | <0.001 0.14 398 2 1.2 1 | 0.0493 0.07 2.22
6 0.5 049 | <0.1 <1 83 | <01 16 2.7 7.9 1.1 4.7 1.2 1.3 0.2 1.3 1590 | <0.1 <0.1 05| <01 <0.1 0.5 | <0.001 | <0.05 139 | <1 0.5 0.5 | 0.0125 0.016 0.12
7]1<01 3.86 | <0.1 2 7700 | <01 25 1.3 3.9 0.5 2.1 0.5 04 | <01 0.3 | 211000 1.2 | <01 02 | <01 <0.1 1.2 | <0.001 0.14 | 22000 1 1.1 1 0.023 0.15 16.3
6 0.6 34 | <01 2 8300 | <0.1 5 0.8 2.1 0.3 1.3 0.2 03 | <01 0.2 | 185000 294 | <0.1 0.1 | <01 <0.1 28.7 | <0.001 0.14 | 78100 | <1 0.7 1.2 | 0.0263 0.083 | >20.0
3| <01 3.87 0.1 1] 17400 | <0.1 14 14 34 0.4 1.8 0.4 04 | <01 0.4 | 373000 33| <01 0.2 | <01 <0.1 0.9 | <0.001 0.09 | 22000 | <1 1.2 1] 0.0172 0.097 15.6
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Appendix 7-3 EPMA results of sulfide mineralisation of the Khusib Springs deposit.

Weight%
S Mn Fe Cu Zn Ga Pb Ag Sb As In Ge Total gerechnet
e ] 5.5 4555
KS-DP-26 19/1. 53.58 0.00 45.32 0.80 0.00 0.00 0.29 0.00 0.00 0.00 0.00 0.00 100.00
KS-DP-26 20/1. 53.72 0.00 45.43 0.68 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 100.08
KS-DP-26 31/1. 53.27 0.00 45.25 0.32 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 99.16
KS-DP-26 32/1. 53.21 0.00 45.14 1.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.38
KS-DP-26 33/1. 53.50 0.00 44.62 0.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.06
KS-DP-26 53/1. 53.20 0.00 44.63 1.36 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 99.51
KS-DP-26 54/1. 53.51 0.00 45.01 1.05 0.00 0.00 0.30 0.00 0.00 0.00 0.00 0.00 99.87
KS-DP-26 55/1. 53.52 0.00 45.64 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.46
KS-DP-26 56/1. 53.38 0.00 45.72 0.00 0.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.50
KS-DP-26 57/1. 53.35 0.00 45.45 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.79
KS-DP-26 82/1. 53.58 0.00 45.28 0.62 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.48
KS-DP-26 83/1. 53.42 0.00 44.91 0.67 0.00 0.00 0.34 0.00 0.00 0.00 0.00 0.00 99.33
KS-DP-26 84/1. 53.16 0.00 45.89 0.50 0.00 0.00 0.33 0.00 0.00 0.00 0.00 0.00 99.88
KS-DP-26 85/1. 53.48 0.00 45.52 0.46 0.00 0.00 0.28 0.00 0.00 0.00 0.00 0.00 99.73
KS-DP-26 86/1. 53.80 0.00 45.85 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.65
KS-DP-26 132/1. 53.28 0.00 45.54 1.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.84
KS-DP-26 133/1. 53.29 0.00 45.27 0.80 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.36
KS-DP-26 134/1. 53.35 0.00 46.14 0.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.21
KS-DP-26 135/1. 53.53 0.00 45.63 0.35 0.00 0.00 0.39 0.00 0.00 0.00 0.00 0.00 99.90
KS-DP-26 136/1. 53.61 0.00 45.34 0.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.80
KS-DP-26 137/1. 53.48 0.00 45.16 0.95 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.59
KS-DP-26 138/1. 53.62 0.00 45.03 0.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.34
KS-DP-26 139/1. 53.39 0.00 46.02 0.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.31
KS-DP-26 140/1. 53.68 0.00 45.19 0.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.83
KS-DP-26 141/1. 53.33 0.00 45.24 1.10 0.00 0.00 0.28 0.00 0.00 0.00 0.00 0.00 99.95
KS-DP-26 162/1. 53.34 0.00 45.79 0.47 0.00 0.00 0.33 0.00 0.00 0.00 0.00 0.00 99.92
KS-DP-26 163/1. 53.50 0.00 45.05 0.91 0.00 0.00 0.33 0.00 0.00 0.00 0.00 0.00 99.80
KS-DP-26 164/1. 53.60 0.00 45.77 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 99.67
KS-DP-26 165/1. 53.51 0.00 45.77 0.00 0.00 0.00 0.00 0.00 0.00 0.39 0.00 0.00 99.67
KS-DP-26 166/1. 53.70 0.00 46.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.87
KS-DP-26 187/1. 53.92 0.00 46.15 0.39 0.00 0.00 0.30 0.00 0.00 0.00 0.00 0.00 100.76
KS-DP-26 188/1. 53.32 0.00 45.01 0.85 0.00 0.00 0.28 0.00 0.00 0.00 0.00 0.00 99.46
KS-DP-26 189/1. 53.51 0.00 45.30 0.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.37
KS-DP-26 190/1. 53.78 0.00 46.06 0.72 0.00 0.00 0.26 0.00 0.00 0.00 0.00 0.00 100.82
KS-DP-26 191/1. 53.23 0.00 45.25 0.68 0.00 0.00 0.41 0.00 0.00 0.00 0.00 0.00 99.57
KS-DP-26 207 /1. 53.56 0.00 44.91 0.60 0.00 0.00 0.34 0.00 0.00 0.00 0.00 0.00 99.40
KS-DP-26 208 /1. 53.57 0.00 45.14 0.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.41
KS-DP-26 209/1. 53.33 0.00 45.39 0.51 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.22
KS-DP-26 210/1. 53.64 0.00 46.24 0.00 0.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.36
KS-DP-26 211/1. 53.33 0.00 45.63 1.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.09
KS-DP-28 17/1. 53.32 0.00 45.10 117 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.58
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KS-DP-28 18/1. 53.15 0.00 46.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.92
KS-DP-28 19/1. 52.96 0.00 45.87 0.00 0.00 0.00 0.34 0.00 0.00 0.00 0.00 0.00 99.16
KS-DP-28 20/1. 53.35 0.00 46.15 0.34 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.83
KS-DP-28 21/1. 53.15 0.00 45.59 0.00 0.00 0.00 0.38 0.00 0.00 0.00 0.00 0.00 99.13
KS-DP-28 42/1. 53.30 0.00 45.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.06
KS-DP-28 43/1. 53.30 0.00 4591 0.44 0.00 0.00 0.36 0.00 0.00 0.00 0.00 0.00 100.00
KS-DP-28 44/1. 53.45 0.00 45.36 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 99.12
KS-DP-28 45/1. 53.17 0.00 45.74 0.00 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 99.23
KS-DP-28 61/1. 53.28 0.00 45.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.18
KS-DP-28 62/1. 53.35 0.00 45.74 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.00 0.00 99.41
KS-DP-28 63/1. 53.40 0.00 45.72 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.12
KS-DP-28 64/1. 53.41 0.00 45.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.07
KS-DP-28 65/1. 53.23 0.00 46.26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.49
e 13.40 o660
KS-DP-26 21/1. 13.69 0.00 0.00 0.00 0.00 0.00 85.40 0.00 0.00 0.00 0.00 0.00 99.09
KS-DP-26 22/1. 13.76 0.00 0.00 0.00 0.00 0.00 86.57 0.00 0.00 0.00 0.00 0.00 100.34
KS-DP-26 34/1. 13.78 0.00 0.00 0.00 0.00 0.00 85.49 0.00 0.00 0.00 0.00 0.00 99.27
KS-DP-26 35/1. 13.71 0.00 0.00 0.00 0.00 0.00 86.33 0.00 0.00 0.00 0.00 0.00 100.04
KS-DP-26 36/1. 13.67 0.00 0.00 0.00 0.00 0.00 86.56 0.00 0.00 0.00 0.00 0.00 100.22
KS-DP-26 63/1. 13.72 0.00 0.29 0.52 0.00 0.00 85.25 0.00 0.00 0.00 0.00 0.00 99.78
KS-DP-26 64/1. 13.73 0.00 0.22 0.00 0.00 0.00 85.99 0.00 0.00 0.00 0.00 0.00 99.94
KS-DP-26 65/1. 13.66 0.00 0.39 0.38 0.00 0.00 86.55 0.00 0.00 0.00 0.00 0.00 100.98
KS-DP-26 66/1. 13.74 0.00 0.31 0.48 0.00 0.00 85.51 0.00 0.00 0.00 0.00 0.00 100.04
KS-DP-26 67/1. 13.93 0.00 0.26 1.52 0.00 0.00 85.25 0.00 0.00 0.00 0.00 0.00 100.96
KS-DP-26 92/1. 13.65 0.00 0.00 0.00 0.00 0.00 86.61 0.00 0.00 0.00 0.00 0.00 100.26
KS-DP-26 93/1. 13.46 0.00 0.00 0.00 0.00 0.00 85.71 0.00 0.00 0.00 0.00 0.00 99.17
KS-DP-26 94/1. 13.67 0.00 0.00 0.00 0.00 0.00 86.33 0.00 0.00 0.00 0.00 0.00 100.01
KS-DP-26 95/1. 13.68 0.00 0.00 0.00 0.00 0.00 86.37 0.00 0.00 0.00 0.00 0.00 100.05
KS-DP-26 96 /1. 13.73 0.00 0.00 0.00 0.00 0.00 85.42 0.00 0.00 0.00 0.00 0.00 99.15
KS-DP-26 102/1. 13.88 0.00 0.00 0.00 0.69 0.00 85.52 0.00 0.00 0.00 0.00 0.00 100.10
KS-DP-26 103/1. 13.74 0.00 0.00 1.37 0.47 0.00 85.15 0.00 0.00 0.00 0.00 0.00 100.73
KS-DP-26 104/1. 13.66 0.00 0.00 1.47 0.00 0.00 85.80 0.00 0.00 0.00 0.00 0.00 100.94
KS-DP-26 105/1. 13.87 0.00 0.00 1.37 0.00 0.00 85.10 0.00 0.00 0.00 0.00 0.00 100.34
KS-DP-26 106/1. 13.65 0.00 0.00 1.73 0.00 0.00 84.76 0.00 0.00 0.00 0.00 0.00 100.14
KS-DP-26 112/1. 13.79 0.00 0.00 0.00 0.00 0.00 85.61 0.00 0.00 0.00 0.00 0.00 99.40
KS-DP-26 113/1. 13.74 0.00 0.00 0.00 0.00 0.00 85.48 0.00 0.00 0.00 0.00 0.00 99.22
KS-DP-26 114/1. 13.78 0.00 0.00 0.37 0.53 0.00 85.99 0.00 0.00 0.00 0.00 0.00 100.67
KS-DP-26 115/1. 13.81 0.00 0.00 0.00 0.00 0.00 85.38 0.00 0.00 0.00 0.00 0.00 99.19
KS-DP-26 116/1. 13.80 0.00 0.00 0.72 0.00 0.00 85.95 0.00 0.00 0.00 0.00 0.00 100.47
KS-DP-26 147/1. 13.51 0.00 0.00 0.00 0.00 0.00 86.66 0.00 0.00 0.00 0.00 0.00 100.16
KS-DP-26 148/1. 13.59 0.00 0.00 0.00 0.00 0.00 86.50 0.00 0.00 0.00 0.00 0.00 100.09
KS-DP-26 149/1. 13.52 0.00 0.00 0.00 0.00 0.00 85.83 0.00 0.00 0.00 0.00 0.00 Do
KS-DP-26 150/1. 13.75 0.00 0.00 0.00 0.00 0.00 86.25 0.00 0.00 0.00 0.00 0.00 e 8l
KS-DP-26 151/1. 13.62 0.00 0.00 0.00 0.00 0.00 85.94 0.00 0.00 0.00 0.00 0.00 99.55
KS-DP-26 172/1. 13.35 0.00 0.00 0.00 0.00 0.00 86.75 0.00 0.00 0.00 0.00 0.00 100.10
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KS-DP-26 173/1. 13.55 0.00 0.00 0.00 0.00 0.00 86.37 0.00 0.00 0.00 0.00 0.00 99.92
KS-DP-26 174/1. 13.64 0.00 0.00 0.00 0.00 0.00 85.88 0.00 0.00 0.00 0.00 0.00 99.52
KS-DP-26 175/1. 13.70 0.00 0.00 0.00 0.00 0.00 86.81 0.00 0.00 0.00 0.00 0.00 100.52
KS-DP-26 176 /1. 13.62 0.00 0.00 0.00 0.00 0.00 86.33 0.00 0.00 0.00 0.00 0.00 99.94
KS-DP-26 197/1. 13.58 0.00 0.38 0.00 0.00 0.00 85.70 0.00 0.00 0.00 0.00 0.00 99.66
KS-DP-26 198/1. 13.59 0.00 0.50 0.00 0.00 0.00 85.89 0.00 0.00 0.00 0.00 0.00 99.98
KS-DP-26 199/1. 13.58 0.00 0.51 0.00 0.00 0.00 85.92 0.00 0.00 0.00 0.00 0.00 100.01
KS-DP-26 200/1. 13.58 0.00 0.47 0.37 0.00 0.00 86.58 0.00 0.00 0.00 0.00 0.00 101.00
KS-DP-26 201/1. 13.43 0.00 0.58 0.00 0.00 0.00 85.28 0.00 0.00 0.00 0.00 0.00 99.29
KS-DP-26 212/1. 13.56 0.00 0.00 0.00 0.00 0.00 86.42 0.00 0.00 0.00 0.00 0.00 99.99
KS-DP-26 213/1. 13.67 0.00 0.00 0.00 0.00 0.00 85.92 0.00 0.00 0.00 0.00 0.00 99.59
KS-DP-26 214/1. 13.67 0.00 0.00 0.00 0.00 0.00 86.04 0.00 0.00 0.00 0.00 0.00 99.72
KS-DP-26 215/1. 13.56 0.00 0.00 0.00 0.00 0.00 86.40 0.00 0.00 0.00 0.00 0.00 99.96
KS-DP-26 216/1. 13.65 0.00 0.00 0.00 0.00 0.00 86.06 0.00 0.00 0.00 0.00 0.00 99.70
KS-DP-28 22/1. 13.54 0.00 0.00 0.00 0.00 0.00 85.56 0.00 0.00 0.00 0.00 0.00 99.11
KS-DP-28 23/1. 13.49 0.00 0.00 0.00 0.00 0.00 86.64 0.00 0.00 0.00 0.00 0.00 100.13
KS-DP-28 24/1. 13.56 0.00 0.00 0.00 0.00 0.00 86.51 0.00 0.00 0.00 0.00 0.00 100.07
KS-DP-28 25/1. 13.58 0.00 0.00 0.00 0.00 0.00 85.77 0.00 0.00 0.00 0.00 0.00 99.35
KS-DP-28 26/1. 13.52 0.00 0.00 0.00 0.00 0.00 86.21 0.00 0.00 0.00 0.00 0.00 99.74
KS-DP-28 46/1. 13.68 0.00 0.00 0.00 0.00 0.00 86.37 0.00 0.00 0.00 0.00 0.00 100.05
KS-DP-28 47/1. 13.66 0.00 0.00 0.00 0.00 0.00 86.51 0.00 0.00 0.00 0.00 0.00 100.17
KS-DP-28 48/1. 13.63 0.00 0.00 0.00 0.00 0.00 85.81 0.00 0.00 0.00 0.00 0.00 99.43
KS-DP-28 49/1. 13.65 0.00 0.00 0.00 0.00 0.00 86.39 0.00 0.00 0.00 0.00 0.00 100.04
KS-DP-28 50/1. 13.44 0.00 0.00 0.00 0.00 0.00 86.82 0.00 0.00 0.00 0.00 0.00 100.26
KS-DP-28 51/1. 13.50 0.00 0.00 0.00 0.00 0.00 85.64 0.00 0.00 0.00 0.00 0.00 99.14
KS-DP-28 66/1. 13.73 0.00 0.00 0.00 0.00 0.00 85.62 0.00 0.00 0.00 0.00 0.00 09185
KS-DP-28 67/1. 13.59 0.00 0.00 0.00 0.00 0.00 85.46 0.00 0.00 0.00 0.00 0.00 99.06
KS-DP-28 68/1. 13.52 0.00 0.00 0.00 0.00 0.00 85.48 0.00 0.00 0.00 0.00 0.00 99.00
KS-DP-28 69/1. 13.67 0.00 0.00 0.00 0.00 0.00 86.15 0.00 0.00 0.00 0.00 0.00 99.82
KS-DP-28 70/1. 13.51 0.00 0.00 0.00 0.00 0.00 86.52 0.00 0.00 0.00 0.00 0.00 100.04
KS-DP-28 76/1. 13.58 0.00 0.00 0.00 0.00 0.00 85.45 0.00 0.00 0.00 0.00 0.00 99.02
KS-DP-28 77/1. 13.64 0.00 0.00 0.00 0.00 0.00 86.42 0.00 0.00 0.00 0.00 0.00 100.06
KS-DP-28 78/1. 13.62 0.00 0.00 0.00 0.00 0.00 85.63 0.00 0.00 0.00 0.00 0.00 99.26
KS-DP-28 79/1. 13.57 0.00 0.00 0.00 0.00 0.00 86.47 0.00 0.00 0.00 0.00 0.00 100.04
KS-DP-28 80/1. 13.64 0.00 0.00 0.00 0.00 0.00 86.01 0.00 0.00 0.00 0.00 0.00 99.65
KS-DP-28 111/1. 13.53 0.00 0.00 0.00 0.00 0.00 85.96 0.00 0.00 0.00 0.00 0.00 99.49
KS-DP-28 112/1. 13.57 0.00 0.00 0.00 0.00 0.00 86.40 0.00 0.00 0.00 0.00 0.00 99.97
KS-DP-28 113/1. 13.34 0.00 0.00 0.00 0.00 0.00 86.18 0.00 0.00 0.00 0.00 0.00 99.52
KS-DP-28 114/1. 13.46 0.00 0.00 0.00 0.00 0.00 86.13 0.00 0.00 0.00 0.00 0.00 99.59
KS-DP-28 115/1. 13.57 0.00 0.00 0.00 0.00 0.00 85.59 0.00 0.00 0.00 0.00 0.00 99.17
Cotelee 53,06 288 6406
KS-DP-26 97/1. 32.84 0.00 0.20 0.00 66.76 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.80
KS-DP-26 98/1. 33.03 0.00 0.00 0.38 65.84 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.25
KS-DP-26 99/1. 32.91 0.00 0.41 0.51 66.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.49
KS-DP-26 100/1. 33.19 0.00 0.42 0.46 65.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.07
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KS-DP-26 101/1. 32.68 0.00 0.38 0.50 66.45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.02
KS-DP-26 117/1. 32.91 0.00 0.78 0.33 66.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.46
KS-DP-26 118/1. 32.87 0.00 0.87 0.47 65.69 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.90
KS-DP-26 119/1. 32.85 0.00 0.35 0.90 66.43 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.54
KS-DP-26 120/1. 32.92 0.00 0.35 0.45 66.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.74
KS-DP-26 121/1. 32.80 0.00 0.28 1.06 66.31 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.45
KS-DP-26 152/1. 33.07 0.00 0.31 0.00 67.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.45
KS-DP-26 153/1. 32.68 0.00 0.22 0.00 66.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.67
KS-DP-26 154 /1. 33.00 0.00 0.00 0.00 66.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.60
KS-DP-26 155/1. 33.07 0.00 0.21 0.00 66.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.30
KS-DP-26 156 /1. 32.93 0.00 0.19 0.00 66.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.90
KS-DP-26 177/1. 32.77 0.00 0.25 0.00 67.66 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.68
KS-DP-26 178/1. 32.78 0.00 0.34 0.00 67.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.15
KS-DP-26 179/1. 32.97 0.00 0.27 0.00 66.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.43
KS-DP-26 180/1. 33.03 0.00 0.28 0.00 67.52 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.82
KS-DP-26 181/1. 32.83 0.00 0.27 0.00 67.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.17
KS-DP-28 27/1. 32.67 0.00 0.00 0.00 66.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.07
KS-DP-28 28/1. 32.83 0.00 0.00 0.35 67.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.80
KS-DP-28 29/1. 32.59 0.00 0.00 0.47 67.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.34
KS-DP-28 30/1. 32.72 0.00 0.00 0.62 66.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.47
KS-DP-28 31/1. 32.73 0.00 0.00 0.59 65.93 0.00 0.31 0.00 0.00 0.00 0.00 0.00 99.55
KS-DP-28 57/1. 32.59 0.00 0.00 0.00 67.41 0.00 0.38 0.00 0.00 0.00 0.00 0.00 100.37
KS-DP-28 58/1. 32.77 0.00 0.00 0.00 67.38 0.00 0.00 0.15 0.00 0.00 0.00 0.00 100.30
KS-DP-28 59/1. 32.60 0.00 0.00 0.00 68.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.65
KS-DP-28 60/1. 32.68 0.00 0.00 0.00 66.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.54
KS-DP-28 91/1. 32.46 0.00 0.19 0.86 66.49 0.00 0.00 0.14 0.00 0.00 0.00 0.25 100.39
KS-DP-28 92/1. 32.81 0.00 0.00 0.65 66.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.82
KS-DP-28 93/1. 32.91 0.00 0.00 0.72 66.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 SONIE
KS-DP-28 94/1. 32.85 0.00 0.00 1.19 65.23 0.00 0.00 0.14 0.00 0.00 0.00 0.00 99.41
KS-DP-28 95/1. 32.59 0.00 0.00 0.91 65.89 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.38
KS-DP-28 121/1. 32.90 0.00 0.14 0.00 66.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.04
KS-DP-28 122/1. 32.57 0.00 0.00 0.00 67.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.73
KS-DP-28 123/1. 32.71 0.00 0.00 0.00 66.97 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.68
KS-DP-28 124/1. 32.64 0.00 0.00 0.00 67.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.91
KS-DP-28 125/1. 32.63 0.00 0.00 0.52 66.93 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.08
Lcnaworie ] a4 i | s
KS-DP-26 42/1. 34.21 0.00 30.54 33.14 0.00 0.00 1.38 0.94 0.06 0.38 0.00 0.00 100.65
KS-DP-26 43/1. 30.13 0.00 22.41 32.62 2.24 0.00 5.49 0.38 0.25 6.26 0.00 0.00 99.79
KS-DP-26 44/1. 33.29 0.00 26.70 35.67 0.00 0.00 4.26 0.34 0.00 0.00 0.00 0.00 100.25
KS-DP-26 46/1. 32.86 0.00 25.00 36.26 0.00 0.00 5.23 0.51 0.00 0.00 0.00 0.00 99.85
KS-DP-26 47/1. 32.64 0.00 25.33 33.66 0.00 0.00 7.67 0.22 0.08 0.00 0.00 0.00 99.60
KS-DP-26 75/1. 32.71 0.00 29.43 37.47 0.00 0.00 0.32 0.43 0.00 0.00 0.00 0.00 100.36
KS-DP-26 227/1. 34.05 0.00 30.72 33.03 0.00 0.00 0.83 0.66 0.19 0.40 0.00 0.00 99.87
KS-DP-26 229/1. 34.57 0.00 30.12 31.70 0.00 0.00 1.36 1.30 0.32 0.52 0.00 0.00 99.89
KS-DP-26 231/1. 34.58 0.00 29.70 34.38 0.00 0.00 0.35 0.49 0.00 0.36 0.00 0.00 99.86
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KS-DP-28 32/1. 34.95 0.00 30.79 34.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.10
KS-DP-28 33/1. 34.79 0.00 30.56 34.72 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 100.19
KS-DP-28 34/1. 34.79 0.00 31.07 34.77 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.63
KS-DP-28 35/1. 34.72 0.00 30.86 34.74 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 100.32
KS-DP-28 36/1. 34.81 0.00 30.31 34.19 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00 99.48
KS-DP-28 86/1. 34.97 0.00 30.77 33.59 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 99.45
KS-DP-28 87/1. 34.52 0.00 30.57 34.20 0.00 0.00 0.28 0.15 0.00 0.00 0.00 0.00 99.71
KS-DP-28 88/1. 34.74 0.00 30.53 34.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.73
KS-DP-28 89/1. 34.67 0.00 30.50 33.67 0.00 0.00 0.00 0.13 0.00 0.08 0.00 0.00 99.04
KS-DP-28 90/1. 34.80 0.00 29.71 34.29 0.00 0.00 0.43 0.21 0.00 0.00 0.00 0.00 99.44
KS-DP-28 102/1. 34.77 0.00 29.91 34.38 0.00 0.00 0.00 0.17 0.00 0.20 0.00 0.00 99.44
KS-DP-28 103/1. 34.81 0.00 30.40 33.91 0.00 0.00 0.00 0.22 0.00 0.00 0.00 0.00 99.34
KS-DP-28 104/1. 34.81 0.00 29.12 34.86 0.00 0.00 0.00 0.25 0.00 0.10 0.00 0.00 99.14
KS-DP-28 105/1. 34.85 0.00 30.66 33.69 0.00 0.00 0.00 0.14 0.00 0.11 0.00 0.00 99.45
KS-DP-28 126/1. 34.84 0.00 30.46 33.70 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.00 99.21
KS-DP-28 127/1. 34.85 0.00 30.56 34.10 0.00 0.00 0.31 0.00 0.00 0.00 0.00 0.00 99.82
KS-DP-28 128/1. 34.73 0.00 30.37 33.57 0.00 0.00 0.31 0.18 0.00 0.00 0.00 0.00 99.16
KS-DP-28 129/1. 34.90 0.00 30.86 33.84 0.00 0.00 0.00 0.16 0.00 0.00 0.00 0.00 99.77
KS-DP-28 130/1. 34.86 0.00 30.61 33.87 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 99.60
KS-DP-28 131/1. 34.80 0.00 30.35 33.96 0.00 0.00 0.00 0.41 0.00 0.00 0.00 0.00 99.52
KS-DP-28 132/1. 34.89 0.00 30.72 33.71 0.00 0.00 0.00 0.20 0.00 0.09 0.00 0.00 99.61
KS-DP-28 133/1. 34.60 0.00 29.84 34.54 0.00 0.00 0.36 0.22 0.00 0.00 0.00 0.00 99.55
KS-DP-28 134/1. 34.90 0.00 30.70 33.78 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.38
KS-DP-28 135/1. 34.74 0.00 30.90 33.47 0.00 0.00 0.00 0.15 0.00 0.00 0.00 0.00 99.27
ogene ] 21.90 7810
KS-DP-26 122/1. 21.67 0.00 0.40 76.71 0.43 0.00 0.31 0.30 0.00 0.00 0.00 0.00 99.82
KS-DP-26 29/1. 21.87 0.00 1.65 76.80 0.00 0.00 0.27 0.39 0.00 0.00 0.00 0.00 100.99
KS-DP-26 30/1. 21.95 0.00 1.78 76.38 0.00 0.00 0.00 0.46 0.00 0.00 0.00 0.00 100.56
KS-DP-26 68/1. 21.78 0.00 1.34 77.32 0.00 0.00 0.00 0.55 0.00 0.00 0.00 0.00 100.98
KS-DP-26 69/1. 21.53 0.00 1.19 76.74 0.00 0.00 0.00 0.66 0.00 0.00 0.00 0.00 100.13
KS-DP-26 70/1. 21.92 0.00 1.43 76.73 0.00 0.00 0.00 0.40 0.00 0.00 0.00 0.00 100.49
KS-DP-26 71/1. 23.75 0.00 1.35 74.45 0.00 0.00 0.00 0.34 0.31 0.00 0.00 0.00 100.20
KS-DP-26 123/1. 21.87 0.00 0.45 77.59 0.00 0.00 0.00 0.40 0.00 0.00 0.00 0.00 100.30
KS-DP-26 124/1. 21.92 0.00 0.45 78.00 0.00 0.00 0.00 0.32 0.00 0.00 0.00 0.00 100.70
KS-DP-26 125/1. 21.53 0.00 0.44 77.10 0.00 0.00 0.00 0.37 0.00 0.00 0.00 0.00 99.45
KS-DP-26 157/1. 21.96 0.00 0.00 76.43 1.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.96
KS-DP-26 158/1. 22.16 0.00 0.16 75.37 1.83 0.00 0.00 0.17 0.00 0.00 0.00 0.00 99.67
KS-DP-26 159/1. 22.03 0.00 0.00 76.51 1.42 0.00 0.00 0.00 0.00 0.96 0.00 0.00 100.91
KS-DP-26 160/1. 21.85 0.00 0.16 75.90 1.46 0.00 0.00 0.00 0.00 0.94 0.00 0.00 100.31
KS-DP-26 161/1. 21.73 0.00 0.00 76.25 1.76 0.00 0.00 0.14 0.00 0.00 0.00 0.00 99.88
e 2833 s | ars 2037
KS-DP-26 23/1. 28.21 0.00 2.38 44.06 571 0.00 0.35 0.32 1.67 17.67 0.00 0.00 100.38
KS-DP-26 24/1. 28.07 0.00 2.35 44.36 5.40 0.00 0.00 0.23 1.68 17.78 0.00 0.00 99.86
KS-DP-26 37/1. 27.90 0.00 2.33 43.66 5.95 0.00 0.00 0.22 1.53 17.70 0.00 0.00 99.29
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KS-DP-26 38/1. 28.02 0.00 2.34 44.71 5.77 0.00 0.35 0.28 1.56 17.92 0.00 0.00 100.96
KS-DP-26 39/1. 28.01 0.00 2.26 44.09 5.62 0.00 0.00 0.33 1.61 17.77 0.00 0.00 99.67
KS-DP-26 48/1. 28.28 0.00 2.14 45.57 5.33 0.00 0.00 0.14 1.75 17.48 0.00 0.00 100.69
KS-DP-26 49/1. 28.26 0.00 2.34 45.28 5.41 0.00 0.00 0.19 1.69 17.33 0.00 0.00 100.50
KS-DP-26 50/1. 28.29 0.00 2.38 44.97 5.65 0.00 0.00 0.00 1.72 17.47 0.00 0.00 100.47
KS-DP-26 51/1. 28.15 0.00 1.74 45.28 5.32 0.00 0.00 0.23 1.68 17.29 0.00 0.00 99.69
KS-DP-26 52/1. 28.10 0.00 2.41 44.99 5.32 0.00 0.00 0.00 1.69 17.59 0.00 0.00 100.10
KS-DP-26 58/1. 27.51 0.00 3.30 43.24 5.35 0.00 0.00 1.69 1.54 18.26 0.00 0.00 100.88
KS-DP-26 59/1. 27.71 0.00 2.97 43.27 5.94 0.00 0.00 0.44 1.48 18.24 0.00 0.00 100.06
KS-DP-26 60/1. 27.77 0.00 2.70 42.66 5.90 0.00 0.00 1.33 1.55 18.97 0.00 0.00 100.87
KS-DP-26 61/1. 27.28 0.00 0.88 43.54 7.51 0.00 0.52 0.24 3.09 17.34 0.00 0.00 100.39
KS-DP-26 62/1. 27.65 0.00 2.88 43.77 5.94 0.00 0.00 0.46 1.48 18.10 0.00 0.00 100.27
KS-DP-26 87/1. 28.00 0.00 2.87 43.86 5.79 0.00 0.00 0.17 1.50 18.68 0.00 0.00 100.87
KS-DP-26 88/1. 28.07 0.00 2.84 43.88 5.82 0.00 0.00 0.20 1.46 18.70 0.00 0.00 100.97
KS-DP-26 89/1. 27.92 0.00 2.76 43.89 5.91 0.00 0.00 0.14 1.38 18.67 0.00 0.00 100.65
KS-DP-26 90/1. 28.09 0.00 2.86 43.10 6.01 0.00 0.00 0.19 1.34 18.66 0.00 0.00 100.24
KS-DP-26 91/1. 27.98 0.00 2.99 44.05 5.73 0.00 0.00 0.00 1.36 18.62 0.00 0.00 100.73
KS-DP-26 107/1. 28.11 0.00 2.67 44.53 5.87 0.00 0.32 0.20 1.42 17.28 0.00 0.00 100.39
KS-DP-26 108/1. 27.99 0.00 2.44 44.29 6.03 0.00 0.00 0.35 1.44 16.85 0.00 0.00 99.39
KS-DP-26 109/1. 27.83 0.00 1.94 43.79 7.48 0.00 0.00 0.15 1.43 16.89 0.00 0.00 99.52
KS-DP-26 110/1. 27.99 0.00 2.85 43.62 5.38 0.00 0.00 0.13 1.48 18.76 0.00 0.00 100.21
KS-DP-26 111/1. 27.99 0.00 2.90 43.50 5.79 0.00 0.00 0.21 1.37 18.59 0.00 0.00 100.34
KS-DP-26 142 /1. 27.86 0.00 2.99 43.08 6.14 0.00 0.00 0.20 1.37 19.29 0.00 0.00 100.93
KS-DP-26 143/1. 28.15 0.00 2.96 43.50 6.24 0.00 0.00 0.20 1.34 17.39 0.00 0.00 99.79
KS-DP-26 144 /1. 28.00 0.00 2.66 43.54 6.09 0.00 0.00 0.22 1.41 17.39 0.00 0.00 99.30
KS-DP-26 145/1. 27.79 0.00 2.69 43.27 5.68 0.00 0.00 0.25 1.42 19.33 0.00 0.00 100.43
KS-DP-26 146 /1. 28.11 0.00 2.82 43.38 5.99 0.00 0.00 0.13 1.36 17.32 0.00 0.00 99.10
KS-DP-26 167/1. 27.81 0.00 2.64 44.29 6.30 0.00 0.00 0.00 1.34 18.41 0.00 0.00 100.78
KS-DP-26 168/1. 27.94 0.00 2.37 4441 5.95 0.00 0.00 0.13 1.34 18.49 0.00 0.00 100.62
KS-DP-26 169/1. 27.85 0.00 2.60 43.91 5.70 0.00 0.00 0.00 1.33 18.07 0.00 0.00 99.46
KS-DP-26 170/1. 27.83 0.00 2.32 4441 5.57 0.00 0.00 0.00 1.35 18.27 0.00 0.00 99.75
KS-DP-26 171/1. 28.04 0.00 2.55 44.00 6.08 0.00 0.00 0.12 1.38 18.11 0.00 0.00 100.26
KS-DP-26 192/1. 27.90 0.00 2.77 43.90 5.84 0.00 0.00 0.00 1.28 18.67 0.00 0.00 100.35
KS-DP-26 193/1. 27.79 0.00 2.76 44.41 5.63 0.00 0.00 0.22 1.34 18.71 0.00 0.00 100.85
KS-DP-26 194/1. 27.69 0.00 2.62 44.25 5.73 0.00 0.00 0.00 1.25 18.78 0.00 0.00 100.32
KS-DP-26 195/1. 27.72 0.00 2.69 44.48 5.78 0.00 0.00 0.13 1.26 18.78 0.00 0.00 100.84
KS-DP-26 196/1. 27.97 0.00 2.64 45.00 5.62 0.00 0.00 0.17 1.28 16.65 0.00 0.00 99.33
KS-DP-26 202/1. 27.95 0.00 2.64 44.11 6.21 0.00 0.00 0.00 1.26 18.51 0.00 0.00 100.68
KS-DP-26 203/1. 27.63 0.00 2.68 44.83 5.80 0.00 0.00 0.15 1.28 16.80 0.00 0.00 99.17
KS-DP-26 204/1. 27.73 0.00 2.80 44.39 5.60 0.00 0.00 0.13 1.27 18.51 0.00 0.00 100.41
KS-DP-26 205/1. 27.60 0.00 3.20 43.85 5.94 0.00 0.00 0.16 1.28 18.73 0.00 0.00 100.75
KS-DP-26 206/1. 27.84 0.00 3.12 43.36 5.81 0.00 0.00 0.18 1.33 18.66 0.00 0.00 100.28
KS-DP-26 217/1. 27.66 0.00 2.65 43.27 5.83 0.00 0.00 0.67 1.44 19.17 0.00 0.00 100.69
KS-DP-26 218/1. 27.86 0.00 2.64 43.55 5.68 0.00 0.26 0.68 1.31 17.37 0.00 0.00 Dosb
KS-DP-26 219/1. 27.67 0.00 2.82 43.43 5.43 0.00 0.00 0.34 1.25 19.45 0.00 0.00 100.38
KS-DP-26 220/1. 28.08 0.00 2.61 43.17 5.93 0.00 0.00 0.68 1.20 19.31 0.00 0.00 100.96
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KS-DP-26 221/1. 27.84 0.00 2.61 42.68 5.77 0.00 0.00 0.46 1.17 19.49 0.00 0.00 100.02
KS-DP-26 222/1. 28.00 0.00 2.43 43.74 5.86 0.00 0.00 0.57 1.41 18.86 0.00 0.00 100.87
KS-DP-26 223/1. 27.93 0.00 2.42 43.04 5.74 0.00 0.00 0.48 1.44 18.77 0.00 0.00 99.83
KS-DP-26 224/1. 27.99 0.00 2.28 43.70 6.03 0.00 0.00 0.82 1.49 17.00 0.00 0.00 99.31
KS-DP-26 225/1. 28.08 0.00 2.50 43.01 5.70 0.00 0.00 0.53 1.50 18.71 0.00 0.00 100.02
KS-DP-26 226/1. 27.94 0.00 244 43.90 6.01 0.00 0.00 0.76 1.49 17.07 0.00 0.00 99.62
KS-DP-28 37/1. 27.74 0.00 1.59 43.37 7.31 0.00 0.32 0.44 2.00 17.02 0.00 0.00 99.78
KS-DP-28 38/1. 27.60 0.00 1.70 43.35 7.08 0.00 0.00 0.61 1.97 16.88 0.00 0.00 99.19
KS-DP-28 39/1. 27.70 0.00 1.52 43.15 7.02 0.00 0.00 0.46 2.01 18.72 0.00 0.00 100.58
KS-DP-28 40/1. 27.83 0.00 1.73 42.50 7.29 0.00 0.00 0.52 2.03 18.67 0.00 0.00 100.57
KS-DP-28 41/1. 27.61 0.00 1.55 43.13 6.88 0.00 0.00 0.51 2.04 18.82 0.00 0.00 100.54
KS-DP-28 52/1. 27.55 0.00 1.55 42.87 6.87 0.00 0.00 1.27 1.33 19.13 0.00 0.00 100.57
KS-DP-28 53/1. 27.44 0.00 1.45 42.10 7.15 0.00 0.00 1.25 1.35 19.05 0.00 0.00 99.78
KS-DP-28 54/1. 27.33 0.00 1.40 41.85 7.21 0.00 0.00 2.73 1.36 18.97 0.00 0.00 100.85
KS-DP-28 55/1. 27.31 0.00 1.52 41.43 7.15 0.00 0.00 1.76 1.36 18.99 0.00 0.00 99.52
KS-DP-28 56/1. 27.38 0.00 1.51 41.09 7.15 0.00 0.00 2.64 1.32 18.96 0.00 0.00 100.05
KS-DP-28 71/1. 27.87 0.00 1.48 42.96 7.04 0.00 0.27 0.43 1.55 19.24 0.00 0.00 100.84
KS-DP-28 72/1. 27.86 0.00 1.56 42.92 6.98 0.00 0.00 0.55 1.51 19.07 0.00 0.00 100.45
KS-DP-28 73/1. 27.92 0.00 1.59 43.44 7.13 0.00 0.00 0.35 1.57 17.24 0.00 0.00 99.25
KS-DP-28 74/1. 27.70 0.00 1.57 43.07 7.36 0.00 0.00 0.39 1.56 19.25 0.00 0.00 100.90
KS-DP-28 75/1. 27.56 0.00 1.48 43.55 7.68 0.00 0.00 0.46 1.54 17.42 0.00 0.00 99.68
KS-DP-28 81/1. 27.43 0.00 1.54 41.84 6.85 0.00 0.27 1.04 4.05 17.25 0.00 0.00 100.26
KS-DP-28 82/1. 27.37 0.00 1.57 42.16 7.51 0.00 0.00 0.96 4.21 17.13 0.00 0.00 100.91
KS-DP-28 83/1. 27.55 0.00 1.56 42.30 6.91 0.00 0.00 0.96 441 17.13 0.00 0.00 100.81
KS-DP-28 84/1. 27.59 0.00 1.47 41.66 6.99 0.00 0.00 1.23 3.89 17.35 0.00 0.00 100.17
KS-DP-28 85/1. 27.54 0.00 1.62 40.79 6.98 0.00 0.00 1.73 3.75 17.50 0.00 0.00 99.91
KS-DP-28 96 /1. 31.81 0.00 0.18 48.00 0.00 0.00 0.00 0.45 1.93 17.40 0.00 0.00 99.77
KS-DP-28 97/1. 31.79 0.00 0.21 47.75 0.00 0.00 0.00 0.52 1.82 17.15 0.00 0.00 99.24
KS-DP-28 98/1. 31.84 0.00 0.20 48.21 0.00 0.00 0.00 0.42 2.13 17.37 0.00 0.00 100.18
KS-DP-28 99/1. 31.74 0.00 0.23 48.53 0.00 0.00 0.00 0.53 1.39 17.31 0.00 0.00 99.71
KS-DP-28 100/1. 31.90 0.00 0.00 47.65 0.00 0.00 0.00 0.47 1.64 17.67 0.00 0.00 99.34
KS-DP-28 106 /1. 27.33 0.00 1.61 41.50 7.04 0.00 0.00 1.88 2.49 18.30 0.00 0.00 100.15
KS-DP-28 107/1. 27.29 0.00 1.60 40.73 6.85 0.00 0.00 1.82 2.59 18.13 0.00 0.00 99.02
KS-DP-28 108/1. 27.23 0.00 1.52 40.96 7.12 0.00 0.00 1.86 2.73 18.06 0.00 0.00 99.48
KS-DP-28 109/1. 27.34 0.00 1.54 40.67 7.16 0.00 0.00 1.66 2.75 18.15 0.00 0.00 99.26
KS-DP-28 110/1. 27.38 0.00 1.64 40.87 7.25 0.00 0.00 2.49 2.67 18.24 0.00 0.00 100.55
| Argentiterous Tennantie (Argeno Temntte??) | 2833 s | as 2037
KS-DP-28 117/1. 27.10 0.00 1.54 37.68 5.72 0.00 0.00 8.76 1.59 17.90 0.00 0.00 100.28
KS-DP-28 118/1. 27.30 0.00 1.45 37.76 6.44 0.00 0.00 7.58 1.71 18.40 0.00 0.00 100.64
KS-DP-28 119/1. 27.27 0.00 1.57 37.16 6.37 0.00 0.00 7.43 1.73 18.43 0.00 0.00 99.96
KS-DP-28 116/1. 26.55 0.00 1.31 32.59 6.83 0.00 0.00 13.77 171 17.74 0.00 0.00 100.50
KS-DP-28 120/1. 26.65 0.00 1.27 33.28 6.62 0.00 0.00 13.19 1.73 17.87 0.00 0.00 100.59
KS-DP-26 232/1. 7.75 0.00 0.00 0.44 0.00 0.00 67.23 0.00 0.00 0.00 0.00 0.00 75.42
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KS-DP-26 233/1. 7.77 0.00 0.00 0.51 0.00 0.00 68.51 0.00 0.00 0.00 0.00 0.00 76.80
KS-DP-26 234/1. 7.83 0.00 0.00 0.39 0.00 0.00 67.24 0.00 0.00 0.00 0.00 0.00 75.45
KS-DP-26 235/1. 7.80 0.00 0.00 0.00 0.00 0.00 67.00 0.00 0.00 0.00 0.00 0.00 74.79
KS-DP-26 236/1. 7.69 0.00 0.00 0.43 0.00 0.00 65.86 0.57 0.00 0.00 0.00 0.00 74.54
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