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ABSTRACT 

The carbonate hosted Bornite Cu-Zn-Co(-Ge) deposit is located in the Cosmos Hills just 

south of the western portion of the Brooks Range of north western Alaska. In 2011, a new 

orebody referred to as the South Reef was found at greater depth. The South Reef is host to 

substantial amounts of high-grade Cu, Co, and Zn, but also hosts elevated concentration of 

Ge. With the increased demand for germanium and the lack of literature on its distribution 

within primary mineral deposits, understanding known Ge-bearing deposit is critical for 

future exploration efforts.   

In this study, the mineralogy and paragenesis of the South Reef has been described 

through detailed optical petrography, scanning electron microscopy, automated mineralogy 

and mapping micro-X-ray fluorescence analysis. Five paragenetic stages have been 

delineated: (I) dolomitization, (II) ferroan alteration, (IIIa) Veining, (IIIb) brecciation, (IV) 

ore formation event, and (V) a post ore forming event. Germanium was found to exist in 

renierite, white mica, illite, galena and feldspars within the South Reef. Whole-rock 

geochemistry of samples revealed highest-grade Ge concentrations correlating to the samples 

containing the highest abundance of bornite and chalcocite.   

It is proposed here that reduced acidic basinal brines capable of transporting 

significant Cu interacted with carbonaceous phyllites at the site of deposition. Upon fluid-

rock interaction of the reduced acidic basinal brine with organic matter rich (reduced) 

carbonates and phyllites, the basinal brine was buffered to an intermediate oxidation state 

(around or below the hematite-magnetite buffer) at a near-neutral pH of around 5-6. 

Petrographic observations reveal a distinct spatial and temporal precipitation succession of 

chalcocite, bornite, followed by chalcopyrite. This temporal and spatial succession is 

interpreted to reflect the evolving fluid accompanied by a decrease in temperature and 

concomitant decrease in sulfide activity of the mineralizing fluid. While temperature may not 

have been the predominant precipitation mechanism (a shift in pH towards more alkaline 

conditions is thought to be the dominant precipitation mechanism), changes in temperature 

and a decrease in sulfide activity have contributed to the distinct mineral zonation in space 

and time. Germanium is interpreted to have precipitated in the form of renierite 

contemporaneously with chalcocite and bornite when the sulfur activity in the fluid was still 

high. The Bornite deposit shares many similarities with other Ge-bearing carbonate hosted 
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base metal deposits in Africa such as the Tsumeb, Kipushi, Khusib Springs, Kombat, and 

Kabwe deposits, however it is of lower germanium grade than these deposits. 
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CHAPTER 1: INTRODUCTION 

Increasing demand for the element Ge, which is a key component in the production of 

electronic and night vision devices, fiber-optic cables, optical lens systems, and solar power 

arrays, has led to the recent rise in the price of Ge to $1,543 per kilo in 2018 (USGS, 2017; 

USGS, 2021). With executive order 13817 in 2017, the United States government has sought 

to reduce dependency on foreign sources with regards to “critical minerals” defined as non-

fuel minerals essential to the economic and national security of the United States that serves 

an essential function in the manufacturing of a product, the absence of which would have 

significant consequences for the US economy or national security (Executive Office of the 

President, 2017). In this executive order, the wording acknowledges that despite deposits of 

such critical minerals exist in the US, there is a lack of comprehensive geological data in 

regard to them, leading to delays in the exploration and supply for these critical minerals. The 

element Ge is one such critical mineral listed in this executive order.  

This increased demand has renewed interest in the understanding of the distribution of Ge 

in primary mineral deposits. The large majority of Ge supplied to the world market is sourced 

from coal deposits with China leading production at 86,000 tons out of the world total of 

130,000 tons in 2020 (Frenzel et al., 2014; USGS, 2021). Other deposits such as Mississippi 

Valley type deposits (i.e., Tres Marias) and sediment hosted massive sulfide deposits (i.e., 

Red Dog) are enriched in Ge-bearing sphalerite, accounting for a substantial portion of the 

worldwide reserves of Ge (Frenzel et al., 2014). Alongside this, carbonate hosted base metal 

deposits (i.e., Tsumeb and Kipushi) have been known to host considerable accumulations of 

Ge in the form of Ge sulfides such as renierite and germanite. Another example of a Ge-

bearing carbonated hosted base metal deposit is the Bornite deposit in Alaska.  

1.1 Overview of Ge distribution in primary mineral deposits 

Germanium can behave as a siderophile or a lithophile element depending on the 

presence or absence of metallic iron. It can also behave as a chalcophile and as an 

organophile element particularly within the early stages of coal formation (Bernstein, 1985; 

Frenzel et al., 2014). 
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Due to the complex range of fractionation behaviours germanium tends to occur in a wide 

range of geological environments. However, germanium has been noted to be particularly 

enriched in several deposit types (Bernstein, 1985): 

Sulfide deposits 

Sulfide ore deposits such as sediment hosted massive-sulfide (SHMS) deposits (i.e., Red 

Dog, US) and Mississippi Valley Type (MVT) deposits (i.e., Tres Marias, MX) are the most 

significant contributor of Ge is Ge-bearing sphalerite. Germanium can also occur as discrete 

Ge-sulfide, forming significant accumulations of the minerals renierite, germanite and 

argyrodite. Germanium can also occur as trace element in tennantite, enargite, chalcopyrite, 

and galena but such occurrences are either far less abundant or undiscovered (Frenzel et al., 

2014). 

At Meat Cove, Canada, a zinc rich skarn deposit is host to substantial renierite and 

germanite within the sphalerite rich ore zones with up to 150 ppm Ge (Chatterjee, 1979).  

The epithermal Au-Ag deposits of the La Carolina district in Argentina are host to Ge-

rich sphalerite (up to 460 ppm) and the Ge-sulfide alburnite (Gallard-Esquivel et al., 2018). 

The high-sulfidation epithermal deposit of Mt. Carlton in NE Australia contains argyrodite, 

Ge-bearing enargite (up to 2189 ppm Ge) and Ge-bearing sphalerite (up to 143 ppm; 

Sahlström et al., 2017). In a porphyry to epithermal style gold deposit at Ladolam, Papua 

New Guinea, Ge-bearing tennantite and chalcopyrite was observed with up to 120 ppm and 

550 ppm respectively (Muller et al., 2002).   

Germanite has been observed in the copper-zinc volcanogenic massive sulfide deposits in 

the Urals, Russia (Prokin & Buslaev, 1998). 

Sphalerite from the sediment hosted massive sulfide Zn-Pb-Ag Red Dog deposit, Alaska, 

was found to have up to 426 ppm Ge (Kelley et al., 2004). A Ge tonnage of over 4000 was 

estimated for Red Dog (Frenzel et al., 2014). 

Mississippi Valley Type deposits are one of the main sources for Ge worldwide. An 

example of this is the Tres Marias mine in Mexico where Ge bearing sphalerite averages 960 

ppm Ge (Saini-Eidukat et al., 2009).  
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Iron oxide deposits 

Germanium is known to be somewhat enriched in iron ores. Two samples of hematite 

from unspecified locations in Cumberland, England were found to contain 43 and 83 ppm Ge 

(Burton et al., 1959).  

Oxidisation zones in Ge-bearing sulfide deposits 

The Apex Mine in Utah was the first mine ever to be operated primarily for the extraction 

of germanium and gallium. Germanium here occurred primarily in goethite (as much as 5300 

ppm), hematite (up to 7000 ppm), and limonite (Bernstein, 1986). Magnetite such as those of 

the Sokoman Iron Formation in Canada can also be found to be particularly enriched in Ge 

with up to 250 ppm (Meng et al., 2017). 

Coal and lignitized wood 

Substantial amounts of Ge have been noted to occur in coal deposits in Russia and China. 

In Wumuchang, Inner Mongolia, China, the total tonnage of Ge was calculated to be 4000 t 

(Seredin & Finkelman, 2008; Frenzel et al., 2014). In the Russian far east, various coal 

deposits were found to possess a Ge tonnage of over 6000 t (Seredin & Finkelman, 2008; 

Frenzel et al., 2014).  

The majority of mined Ge comes from Ge-bearing coal ash and Ge enriched sphalerite 

with China by far leading the world with 86,000 t of Ge produced out of the total of 130,000 t 

produced worldwide in 2020 (USGS, 2021). 

1.2 Overview of Ge distribution in carbonate hosted base metal deposits 

Carbonate hosted base metal deposits can contain significant amounts of Ge in the form 

of Ge-sulfides such as germanite and renierite. Several of these deposits are described below.  

The Tsumeb Pb-Zn-Cu deposit is located in the northern region of Namibia and is hosted 

within a thick succession of Precambrian carbonate rocks referred to as the Otavi group 

carbonates which include dolomites and limestones with shale/mudstone horizons (Melcher, 

2003). The Tsumeb deposit itself is an irregular, sub-vertical pipe like orebody that reaches a 

depth of over 1700 m from the surface. The structure of the Tsumeb pipe is host to a core of 

feldspathic sandstone and dolomite breccias which have underwent hydrothermal alteration. 

These are surrounded by massive and disseminated sulfides. Hypogene gangue minerals 

include quartz and calcite and have infilled open spaces in the breccia as well as partially 
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replaced the breccia itself (Lombaard et al., 1986). Brecciation associated with the orebody 

occurred due to hydraulic fracturing and over pressuring of hydrothermal fluids along 

conduits formed by fracture plane intersection (Theron & Beukes, 1995). The principal ore 

minerals at Tsumeb are galena, tennantite, sphalerite, chalcocite, enargite, and bornite with 

lesser chalcopyrite. Within this deposit germanite and renierite were the primary Ge ore 

minerals with up to 0.83 wt.% Ge in the highest-grade zones with the deposit as a whole 

estimated to contain 2160 t of Ge, primarily from germanite (Lombaard et al., 1986). Ore 

fluids were estimated to be hot (around 350–450°C) and very saline (20-23 wt.% NaCl) and 

moved along regional structures and precipitated ores in traps such as karst structures, with 

ore precipitating during deformation (Frimmel et al., 1996). It is debated as to whether the 

interaction of the mineralizing fluids with dolomite was responsible for the formation of ore 

at Tsumeb (Melcher, 2003).  

The Kipushi Zn-Cu-Pb deposit is located in the south of the DRC along the border with 

Zambia and is hosted within the rocks of the Nguba group which contain dolomite, shale and 

dolomite rich in a carbonaceous material called shungite (Heijen et al., 2008). The orebody at 

Kipushi forms an irregular subvertical pipe at the faulted boundary between the rocks of the 

Nguba group and dolomitic sandy shales. Within the fault, collapse breccia of silicified talc 

rich dolomite occurs and is host to the mineralization along with the dolomites of the Nguba 

group. Sulfide mineralization developed as replacement veins in both dolomite breccia and 

un-brecciated dolomite (Oosterbosch & Intiomale, 1974). Mineralisation spreads into the 

wallrock from the fault following bedding planes and along conjugate fractures. Sulfides 

precipitated in three main stages, the first being pyrite and arsenopyrite, the second stage 

precipitated sphalerite, chalcopyrite, tennantite, germanite, briartite, and galena, and the third 

stage precipitated bornite and chalcocite which replace older chalcopyrite. Within this third 

stage renierite occurs associated with bornite and chalcocite (De Vos et al., 1974) whereases 

other Ge minerals such as germanite and briartite were found in stage 2 chalcopyrite and 

sphalerite (Heijen et al., 2008). High grade zones of the deposit have up to 750 ppm Ge 

(Oosterbosch & Intiomale, 1974). From Rb-Sr and Re-Os isotope dating it was found that ore 

formation at Kipushi was younger than the brecciation event (Schneider et al., 2007). The 

formation temperature was estimated to be between 290° and 380°C with ore forming fluids 

being highly saline (17-23 wt.% NaCl) due to the dissolution of evaporites (Heijen et al., 

2008). Due to the high salinity of the mineralizing fluid, uniformly high Ba content together 

with the absence of barite and the occurrence of Ba silicates at Kipushi, it is believed that 
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mineralization occurred when the mineralizing fluids encountered a reducing H2S rich 

reservoir. The presence of organic carbonic material (shungite) occurring with sulfides and 

host rocks suggests that reduction was a key factor in the creation of the Kipushi deposit 

(Heijen et al., 2008). It is further postulated that mineralizing fluids derived metals from 

mafic basement units and used the Kipushi fault as a fluid conduit (Van Wilderode et al., 

2013). The mine produced 120 t of Ge between 1925 and 1986 (Holl et al., 2007). 

The Khusib Springs of the Otavi Mountain land, Namibia, is a small, high grade, 

carbonate hosted Cu-Zn-Pb-Ag deposit. The deposit itself is hosted in the dolomite and 

partially dolomitized, laminated limestones of the Maieberg formation which is a part of the 

Otavi group that also hosts the Tsumeb deposit (Melcher et al., 2006). Organic material in the 

form of semigraphite is present in these carbonates. The orebody is stratiform and forms a 

lens-like structure of massive sulfide ore oriented parallel to bedding (Melcher et al., 2006). 

A stratabound zone of dolomite alteration surrounds the ore which is often brecciated. 

Massive sulfide ore replaces laminated carbonate rock as well as carbonate breccias. 

Brecciation is attributed to hydrothermally induced solution collapse during deformation 

which accompanied mineralization (Melcher et al., 2006). Sulfides consist of tennantite, Ge-

bearing enargite, galena, pyrite, sphalerite, chalcopyrite, chalcocite and Ge-bearing colusite. 

Colusite carries on average 4.0 wt.% Ge, enargite has an average Ge content of 500 ppm. 

High-grade zones within the deposit have up to 200 ppm Ge (Melcher, et al., 2006). The 

mineralizing fluid had temperatures above 300°C and was very saline (16-24 wt.% NaCl) 

indicating dissolution of evaporites (Frimmel et al., 1996). It was also stated that due to a lack 

of igneous activity with appropriate timing to be the causative heat and metal source for the 

deposit, most likely metals were leached from surrounding country rocks similarly to Tsumeb 

(Melcher et al., 2006). 

The Kombat Cu-Pb-Zn deposit is located just south of the Tsumeb deposit in Namibia. 

The deposit is formed of vertical orebodies hosted in dolostones of the Hüttenberg formation 

(which is part of the Otavi group that hosts the Tsumeb deposit) which is terminated by 

contacting overlying slate of the Kombat formation (Kamona & Gunzel, 2007). Chalcopyrite, 

bornite, galena, chalcocite, renierite, and sphalerite replace carbonates and fill fractures in 

dolostone. Ge grades are up to 200 ppm in some areas (Innes & Chaplin, 1986). The largest 

accumulations of ore are best developed in zones of brecciation within dolostones close to the 

contact with the overlying slate (Innes & Chaplin, 1986). Mineralizing fluids are hot (350-
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480°C) and are hydrothermal and orogenic in origin and mineralization occurred during and 

after deformation (Innes & Chaplin, 1986).  

The Kabwe deposit in central Zambia is hosted in dolomites with a carbonaceous 

component. Four epigenetic, pipe-like orebodies of massive sulfides occur in highly faulted 

portions of the dolomite. The main sulfides are sphalerite, galena, and pyrite with minor 

chalcopyrite, rare briartite, and renierite. Briartite and renierite are very rare and occur as 

inclusions in sphalerite and chalcopyrite. Two fluids were found to be associated with 

mineralization, the first was a high temperature (247-385°C) high salinity (15 to 31 wt.% 

NaCl) fluid and the second a lower temp (98-178°C) lower salinity (11.5 wt.% NaCl) fluid 

(Kamona & Friedrich, 2007). Mineralizing fluids here are suspected to have been moved due 

to tectonic movements of the Lufilian orogeny ore was deposited due to changing pressure, 

temperature and pH upon fluid-rock interaction with host dolomites. Kamona & Friedrich 

(2007) suggested that the bulk of the metals and fluids were derived from the diagenetic 

destruction of aluminosilicates and pyrite in argillaceous rocks of nearby phyllites. 

1.3 The Bornite deposit and aim of study 

The Bornite deposit (formerly Ruby Creek) is located in a topographical high known as 

the Cosmos Hills just south of the western portion of the Brooks Range, approximately 260 

km east of Kotzebue and 460 km north of Fairbanks. The deposit itself is a carbonate hosted 

Cu-Zn-Co-(Ge) deposit and occurs on the northern limb of an anticline dipping to the NE. 

Directly north of the deposit lie several Devonian age volcanogenic massive sulfide deposits 

(Hitzman, 1986), in particular the large Arctic deposit (Schmidt, 1986). Ore minerals in 

decreasing abundance are chalcopyrite, bornite, chalcocite, with minor carrollite, tennantite, 

sphalerite, and galena. Rare renierite and germanite are present (Bernstein & Cox, 1986). 

These sulfides occur in tabular ore bodies that follow stratigraphy within brecciated 

carbonates. 

Early studies of the Bornite deposit covered the geology and mineralized zones of the 

Ruby Creek Zone of the Bornite deposit (Runnells, 1964; Runnells, 1969; Hitzman, 1983, 

1986; Hitzman et al., 1986) such as the Number One orebody/Upper Reef which contains at 

least 200,000 tons Cu at a grade of 8.4% (Bernstein and Cox, 1986). After flooding of an 

exploration shaft (Number One shaft) that was sunk into the Number One orebody in 1966, 

interest shifted to the neighbouring polymetallic Arctic deposit and once the property 

changed hands to Nova Copper in 2011, a campaign of diamond drilling (30 km) and the 
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resampling of 33 historic drill holes occurred between 2011 and 2013. This led to the 

discovery of the South Reef orebody of the Bornite deposit, which sits 200 m beneath the 

Number One orebody. Renewed interest led to the development of improved genetic models 

(Conner, 2015; Trilogy Metals Inc., 2018). 

Several different carbonates occur within the Bornite deposit and therefore different 

descriptors have been given to classify these carbonates. In this study, dolostone refers to the 

rock type whereas dolomite refers to the mineral. Dolomite refers to stoichiometric Fe-poor 

dolomite and ferroan dolomite refers to dolomite that includes appreciable Fe (one or more 

wt.%) in addition to Ca and Mg. Siderite is considered to be stoichiometric siderite. 

The study of Ge minerals at the Bornite deposit consists entirely of the work of Bernstein 

& Cox (1986) which discovered the presence of renierite and rare germanite in high Cu grade 

zones of the Number One orebody. Since that study, new high Cu zones have been found in 

the South Reef orebody, but no studies have been undertaken to characterise the occurrence 

of Ge within the South Reef orebody.  

The aim of this study is to improve our understanding of the occurrence and sequestration 

of Ge in the South Reef of the Bornite deposit using micro-X-ray fluorescence (XRF) 

mapping and other advanced petrographic techniques on samples taken from the South Reef 

orebody.  
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CHAPTER 2: GEOLOGICAL SETTING 

2.1 Regional Geology 

The Bornite deposit is located in a topographical high known as the Cosmos Hills just 

south of the western portion of the Brooks Range approximately 260 km east of Kotzebue 

and 460 km north of Fairbanks (Fig. 2.1). The Cosmos Hills exposes a N-W trending, double 

plunging anticline in which the Bornite deposit is located on the northern limb of and 

therefore the Northern portion of the Cosmos Hills (Fig 2.2; Hitzman, 1986). The rocks 

within and surrounding the Cosmos Hills are part of several main lithological groupings (Fig. 

2.2), including the Phyllite Belt, Schist Belt and the Cosmos Hills Sequence.   

 

The Bornite deposit is located at the southern limit of the Ambler Terrane (Hitzman et al., 

1986). The geology of this region consists predominantly of Devonian and older 

metasedimentary rocks now exposed as narrow, roughly E-W trending packages (Fig. 2.2). 

These lithological packages/belts include the Schist belt, the Phyllite belt and the Bornite 

carbonate sequence (Hitzman et al., 1986; Till et al., 2008). Rocks of the oceanic 

Angayucham terrane and Cretaceous strata are in thrust contact with these rocks in the 

southern portion of the region, including in the Cosmos Hills (Fig. 2.2; Hitzman, 1983). 

The Schist Belt rocks, broadly exposed to the north of the Cosmos Hills and Bornite 

contain the pre-Devonian Kogoluktuk schist, the Devonian Anirak schist, and Ambler 

Figure 2.1: The location of the Brooks Range, Cosmos Hills, and the area of Figure 2.2. 
Modified from (USGS, 2020). 
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sequence rocks. The lowest lithological unit within this group is the Kogoluktuk which is 

composed of coarse-grained pelitic schists, quartzites, metagabbros, and marbles of 

greenschist to epidote-amphibolite metamorphic grade (Hitzman, 1983, Hitzman, 1986). The 

Kogoluktuk schist is intruded by a Devonian aged granitic gneiss approximately 10 km 

south-east of the Bornite deposit (Hitzman, 1983, Hitzman, 1986). The Kogoluktuk schist is 

overlain by the Devonian aged Anirak schist which is a variably graphitic and siliceous 

quartz-white mica-(chlorite) schist containing thin, impure calcareous beds (Hitzman et al., 

1986). Differences in metamorphic textures suggest that the contact between the Koboluktuk 

and Anirak schists is an unconformity in the Cosmos Hills (Hitzman, 1983; Hitzman et al., 

1986). The Ambler sequence is a distinctive Devonian volcanic-bearing package of meta-

rhyolite, metabasite, marble and calcareous, pelitic and carbonaceous schist within the Anirak 

schist north of the Cosmos Hills (Fig. 2.2; Hitzman, 1983; Hitzman et al., 1986; Till et al., 

2008). 

The Beaver Creek phyllite is exposed south of the Schist belt and in the Cosmos Hills, it 

overlies the Bornite carbonate sequence (Fig. 2.2; Hitzman et al., 1986; Till et al., 2008; 

Conner, 2015). The phyllite is comprised of fine-grained, quartz-white mica phyllite 

containing thin marble and sandstone beds (Hitzman et al., 1986). The Beaver Creek phyllite 

is of slightly lower metamorphic grade than the Anirak schist but was likely sourced from 

similar protoliths (Hitzman et al., 1986). Other lithologies within the Phyllite belt that do not 

occur at the Cosmos Hills are Paleozoic fault bounded carbonate rocks that consist of marble, 

meta-limestone and dolostone and fault melange (Till et al., 2008).  

The Devonian-Silurian Bornite carbonate sequence (BCS) is exposed only in the E-W 

trending, doubly plunging anticline that forms the Cosmos Hills (Fig. 2.2). The BCS 

composition varies vertically and laterally (Hitzman, 1986; Till et al., 2008). In the southern 

portion of the Cosmos Hills, the sequence is predominantly marble with minor lenses of 

fossiliferous dolostone, fenestral dolostone and zebra dolomite. In the northern portion of the 

Cosmos Hills, including at the Bornite deposit, the lower portion of the BCS is composed of 

thinly laminated, phyllitic marble with lesser tan-green phyllite, massive dolostone and 

dolostone debris flow breccias, grading into interlayered marble and argillaceous-graphitic 

marble with lesser dolostone and tan-green phyllite stratigraphically upward (Hitzman, 1986). 

Hitzman (1983) and Hitzman et al. (1986) interpreted the carbonate sequence to reflect a 

lateral facies change with the Anirak schist and Beaver Creek phyllite, possibly related to 

syn-sedimentary regional extension. Conner (2015) interpreted the southern and northern 
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BCS to reflect original carbonate platform and subtidal carbonate turbidite environments, 

respectively. Till et al. (2008) determined that the Beaver Creek phyllite is in fault contact 

with the BCS. 

Several exotic rocks occur in the southern part of the region and in the Cosmos Hills 

within the lithological package of the Angayucham Terrane. The Beaver Creek phyllite is 

overlain by weakly metamorphosed basalts of Jurassic to Devonian age belonging to the 

Angayucham terrane along the south, north and west flanks of the Cosmos Hills (Fig. 2.2; 

Hitzman, 1983). Conglomerates, sandstone and shales (Fig. 2.2) of Cretaceous age are in 

fault contact with the Beaver Creek phyllite, the Bornite carbonate sequence and the 

Angayucham basalts that surround the flanks of the Cosmos Hills (Hitzman et al., 1986). The 

low angle fault responsible for separating this conglomerate from the underlying rocks is 

thought to have resulted from crustal extension (Law et al., 1994). Lastly, serpentinite of 

possibly Mesozoic to Paleozoic age outcrops on several flanks of the Cosmos Hills (Fig. 2.2). 

The region has undergone deformation that affected some or all of the geologic units 

(Hitzman et al., 1986). Deformation by the Jurassic to Cretaceous Brookian orogeny 

undoubtedly played a significant role in modern day distribution of these units. The Brooks 

Range exhibits north directing thrust faults (Fig. 2.2), which are interpreted to have resulted 

from the 600 km shortening of a Paleozoic to early Jurassic continental shelf sequence during 

the late Jurassic to Cretaceous Brookian orogeny (Gottschalk, 1990). The marbles and 

phyllites of the Cosmos Hills display a sub horizontal, locally mylonitic, metamorphic 

foliation and record greenschist metamorphic conditions (Conner, 2015). The southern flank 

of the Brooks Range, between the lithologies of the Schist Belt and Phyllite Belt (Fig 2.2), 

experienced compression that was followed by minor N-S extension (Box, 1987; Gottschalk, 

1990; Law et al., 1994). 

The exposure of these lithologies throughout the region is displayed in Figure 2.2. The 

stratigraphy of the lithologies present within the Cosmos Hills is shown in Figure 2.3.  
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Figure 2.2: The principal lithologies and geological structures of the Cosmos Hills 
and the southern portion of the proximal Brooks Range with the approximate 
location of the Bornite deposit and outline of the Cosmos Hills. Modified after Till et 
al. (2008) and Hitzman et al. (1986). 
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Figure 2.3: Stratigraphy within the Bornite deposit. Left figure represents the Ruby Creek 
stratigraphy (which includes the Number One orebody and the lower Reef orebody) and right 
figure represents stratigraphy within the South Reef (which includes the South Reef 
orebody). Modified after Trilogy Metals Inc. (2018).  
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2.2 Deposit Geology 

The Bornite deposit is a copper, zinc, cobalt deposit hosted in the BCS. Copper minerals 

within the deposit from most to least abundant are chalcopyrite, bornite, chalcocite and 

tennantite. Cobalt is hosted in cobaltiferous pyrite, carrollite, and cobaltite. The deposit has 

an indicated Cu resource of 40.5 Mt with an average grade of 1.02% and a total inferred 

141.9 Mt at an average grade of 1.74%. The deposit is also host to a significant amount of Co 

with an inferred 182.4 Mt of Co at an average grade of 0.019% (Trilogy Metals Inc., 2018). 

Germanium resource values have not been published.  

Lithological descriptions here are based on the more recent work published by Trilogy 

Metals Inc. (2018), which were based on lithological descriptions done by Hitzman (1983, 

1986), and Conner (2015). 

Lithologies 

A generalized stratigraphic column is shown in Figure 2.3 showing the stratigraphy of 

both the Ruby Creek zone and the South Reef zone, starting with the Anirak schist, extending 

through a generalized BCS column. This contact between the BCS and Anirak schist is either 

gradational (Hitzman, 1983, 1986) or contacting due to a thrust fault (Trilogy Metals Inc., 

2018). The BCS is in fault contact with the structurally overlying Beaver Creek phyllite in the 

deposit area (Trilogy Metals Inc., 2018). Lithology descriptions come from (Conner, 2015; 

Trilogy Metals Inc., 2018). 

The Anirak schist and the Beaver Creek phyllite lithologies are described above in the 

regional geology section. Other lithologies present at the Bornite deposit can be split into two 

groups, carbonates and phyllites. Individual lithologies within these two groups vary due to 

changing mineral compositions, alteration, and brecciation.   

Carbonates are split into marbles and dolostones. Marbles ranges from pure calcite to 

impure marbles containing variable amounts of white mica, quartz, graphite, and pyrite. 

Marble containing substantial graphite bands that originate from bedding or structurally 

induced foliation are termed thinly bedded marble. Dolostone is composed of normal and 

ferroan dolomite. Marble breccias have marble matrixes and dolostone breccias have 

dolostone matrixes, matrixes can be locally phyllitic and graphitic. These two breccia types 

and dolostone have been grouped into brecciated carbonates in the figures of this study.  
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Phyllites are classified by varying argillaceous, graphitic, and calcareous components. 

Altered equivalents of these phyllites occur with no graphitic component but instead have a 

strong sericite component such as talc phyllite which can have a varying calcareous 

component.   

Alteration and Paragenesis  

Alteration events and the general paragenesis of the Bornite deposit is described based on 

findings by Hitzman (1986) and Conner (2015).  According to Hitzman (1986) and Conner 

(2015), four discrete alteration events can be distinguished: (I) Dolomitization and formation 

of massive dolostone that is fine to medium grained, and largely devoid of any sedimentary 

textures or fossil debris. (II) Replacement of pre-existing dolomite with ferroan dolomite. 

With time, this hydrothermal alteration becomes more iron rich and culminates in the 

precipitation of siderite. Alteration intensity and therefore iron concentration increases 

towards the center of individual debris flows where permeability is highest (Fig. 2.4). (III) A 

brecciation event led to dolomite matrix breccias, clast to matrix supported breccias of 

predominantly ferroan dolomite within a matrix of both ferroan and Fe-deficient dolomite 

with minor phyllosilicates. (IV) A final dolomitization event that occurred 

contemporaneously with copper ore formation and sodium metasomatism within portions of 

the phyllite units throughout the deposit (Conner, 2015).  

Three main dolostone bodies occur within the Bornite deposit: the upper dolostone body, 

the intermediate dolostone body and the basal dolostone body (Fig. 2.4). Each of these 

dolostone bodies is host to significant copper ore. The South Reef is hosted within the basal 

dolostone body (Fig. 2.4; Conner, 2015).  

Hitzman (1986) provided a paragenesis diagram for the Bornite deposit (Fig. 2.5). The 

work of Hitzman (1986) was made prior to the discovery of the South Reef whereas this 

study focuses primarily on high Cu zones of the South Reef zone. “A” refers to (I) 

dolomitization event and “B” refers to (II) ferroan dolomitization event. The late “B” dol-cal-

py event somewhat correlates to (III) and “C” refers to (IV).  
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Figure 2.4: 1.) Plan view maps showing the makeup of the upper portions of the three major 
dolostone bodies with a cross section marker and the location of the Number One orebody 
and carbonate debris flows. A) Iron content within the Basal dolostone showing a siderite 
core grading into a ferroan dolomite and then a Fe-poor dolomite. The debris flows occurring 
within the Basal dolostone are zoned with respect to iron content. B) Iron content within the 
upper portion of the Intermediate dolostone body. C) Iron content within the upper portion of 
the Upper dolostone body. 2.) Cross section from S’ to N’, looking west, showing the Upper, 
Intermediate and Basal dolostone bodies. The northern-most extent of the basal dolostone 
body is unconstrained. Modified after Conner (2015). 
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Ore Mineralogy 

Ore textures and minerals were described by Bernstein & Cox (1986), Hitzman (1986), 

and Conner (2015). Copper, cobalt and zinc sulfides are hosted within the three major 

dolostone bodies (Fig. 2.6) with high grade zones occurring along the edges of those 

dolostone bodies. In general, copper and cobalt are found together and zinc occurs within the 

fringes of the orebodies (Conner, 2015).  

Figure 2.5: Paragenesis diagram of the “upper portion” of the Bornite deposit. Figure from 
Hitzman (1986). 
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Pyrite is ubiquitous throughout the deposit but is scarce in the most Cu rich areas. Pyrite 

occurs as fine to coarse anhedral grains that commonly show a “corroded” texture as they are 

partially replaced by younger Cu sulfides (Bernstein & Cox, 1986). Pyrite occurs as both 

cobaltiferous and non-cobaltiferous. Carrollite occurs as silvery anhedral grains and can be 

found as discrete grains and as overgrowths on coarser grained cobaltiferous bearing pyrite. 

The most abundant Cu sulfide is massive anhedral chalcopyrite which can occur as smaller 

grains within older carbonate clasts. Uncommon tennantite is found as fine anhedral grains. 

Tennantite is not commonly found in the core of the system (Bernstein & Cox, 1986). Bornite 

and chalcocite are found in the core of the system as massive anhedral grains and can also 

occur within older carbonate clasts. Chalcopyrite, bornite and chalcocite can be seen to not be 

in equilibrium together, leading to patchy textures of one Cu sulfide in another. Bernstein and 

Cox (1986) claimed that the evidence is contradicting as to which of these Cu sulfides is 

youngest. Fine to coarse subhedral sphalerite is irregularly distributed throughout the 

intermediate and core zones of the deposit, being found more abundantly on the fringes of 

orebodies (Conner, 2015). Galena occurs sporadically throughout the deposit (Bernstein & 

Cox, 1986) as fine subhedral grains and have been found in this study to be surrounded by 

younger tennantite. Two Ge-bearing sulfides, renierite and germanite, are found in the 

deposit. In the core of the Number One orebody, fine anhedral grains of germanite and 

renierite were seen amongst bornite and chalcocite with germanite always surrounded by 

renierite (Bernstein & Cox, 1986). 

Distribution of Mineralized Zones Across the Deposit  

The Bornite deposit is separated into two zones: The Ruby Creek zone and the South 

Reef zone. The Ruby Creek zone forms the westernmost part of the deposit (Fig. 2.6) and 

includes the shallower portions of Cu resources (Fig. 2.7). The Ruby Creek zone constitutes 

the Lower Reef and the Number One orebody/Upper Reef ore bodies (Fig. 2.6). The South 

Reef zone forms the easternmost part of the deposit and hosts the deepest portions of Cu 

resources (Fig. 2.7). The South Reef zone constitutes the South Reef and New Reef ore 

bodies. Samples from this study were taken exclusively from the South Reef zone, all 

samples occur in brecciated carbonates and all samples were taken from high Cu intercepts of 

drill holes indicated in Fig. 2.6. 
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Figure 2.6: 1.) Map of the Bornite deposit showing the main roads and surrounding 
named locations and the location of the Ruby Creek and South Reef zones. The location 
of the Number One shaft is marked on the map. Modified from (Fritts, 1970). 2.) Map 
showing the location of the Number One shaft, core shack, roads access around the 
deposit, the Ruby Creek and South Reef zones, stars indicating the location of Drill holes 
sampled for this study and cross section markers for figure 2.7. Modified from (Nova 
Copper, 2014). 
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Figure 2.7: Cross sections through the Bornite deposit. 1.) Cross section of A to A’ looking 
west through the Ruby Creek zone and a portion of the South Reef zone of the Bornite 
deposit showing the Upper Reef / Number One orebody, The Lower Reef and the New Reef. 
2.) Cross section of B to B’ looking west through the South Reef zone of the Bornite deposit 
showing the South Reef. Cross section locations are marked on figure 2.6. Figures modified 
from (Trilogy Metals Inc., 2018). 
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CHAPTER 3: SAMPLING AND ANALYTICAL TECHNIQUES 

3.1 Sampling, Sample Material, and Analytical Approach 

Samples for this study were collected from high grade Cu intercepts from 6 drill holes, 

namely RC11-0187, RC11-0194, RC12-0209, RC12-0216, RC13-0233 and RC18-0247, with 

RC11-0187 being sampled most extensively constituting 48 of the total 98 samples taken 

from all holes. Drill hole locations are shown on in Fig. 2.7. Four additional individual 

samples, from drill holes RC-34 and RC-40 were provided by the USGS prior to sample 

collection for the purpose of initial reconnaissance. These holes were chosen based on their 

lateral distribution across the South Reef of the Bornite deposit and based on limited existing 

Ge assay data.   

Based on limited Ge assay data, it was observed that high grade Ge intervals correlate 

with copper rich zones. Therefore, areas with visibly high chalcocite, bornite and 

chalcopyrite were chosen for sampling (Fig. 3.1). Mineral abundance data for major Cu 

sulfide minerals and a brief sample description is given for each hand sample in Table 3.1.  

3.2 Analytical Techniques 

A total of 98 drill core samples were taken for subsequent analyses in the Mineral and 

Materials Characterization at the Colorado School of Mines and 84 corresponding samples 

were submitted for geochemical analysis. Forty-one drill core samples were analysed using a 

mapping micro-XRF for reconnaissance to determine a sub-sampling strategy. Based on 

mapping micro-XRF results, a total of 25 billets for thin section preparation where selected, 

cut and run on the mapping micro-XRF at a higher resolution prior to thin section 

preparation. The finished thin sections were inspected under transmitted and reflected light, 

FE-SEM (BSE and EDS) and SEM-based automated mineralogy to unravel the 

crystallization history of the South Reef and to better understand the occurrence and 

distribution of germanium.  

Micro-XRF 

Forty-one core samples and 25 billets were analysed using a Bruker M4 Tornado 

microXRF system equipped with dual 30 mm2 silicon drift energy dispersive detectors. The 

instrument is equipped with a Rh X-ray tube with polycapillary optics achieving a spot size 
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of ~25 um. Measurements were made under vacuum (~20 mbars) at 50 keV and 600 µA, 

using the Al100 Ti50 Cu25 filter. Maps of drill core and billets were produced with a pixel 

size of 20 um and a dwell time of 50 ms/pixel.  

SEM-based automated mineralogy (TIMA) 

Twenty-five thin sections were analysed using automated scanning electron microscopy 

(automated mineralogy). Samples were loaded into the TESCAN-VEGA-3 Model LMU VP-

SEM platform and analysis was initiated using the control program TIMA3. Four energy 

dispersive X-ray (EDX) spectrometers acquired spectra from each point with a user defined 

beam stepping interval (i.e., spacing between acquisition points) of 15 micron for overview 

scans and 5 micron for high-resolution scans, an acceleration voltage of 25 keV, and a beam 

intensity of 14. Interactions between the beam and the sample are modelled through Monte 

Carlo simulation. The EDX spectra are compared with spectra held in a look-up table 

allowing a mineral or phase assignment to be made at each acquisition point. The assignment 

makes no distinction between mineral species and amorphous grains of similar composition. 

Results are output by the TIMA software as a spreadsheet giving the area percent of each 

composition in the look-up table. This procedure allows a compositional map to be generated. 

Composition assignments were grouped appropriately. 

Field Emission-Scanning Electron Microscope 

All 25 thin sections were analysed using a TESCAN MIRA 3 LMH Schottky field 

emission scanning electron microscope (FE-SEM). The FE-SEM features a TESCAN 

motorized retractable annular, single-crystal YAG backscattered electron (BSE) detector and 

a Bruker XFlash 6/30 silicon drift detector for energy dispersive x-ray spectrometry (EDS). 

BSE imaging and EDS analyses were performed at an acceleration voltage of 20 keV, a 

working distance of 10 mm and a beam intensity of 11. 
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Figure 3.1: Photos of hand samples: A) Sample RC11-0187-472.6 predominantly composed 
of bornite and chalcocite. B) Sample RC18-0247-805.6. Bornite and chalcopyrite 
surrounding dolomite breccia. C) Sample RC18-0247-744.6 substantial chalcopyrite 
surrounding dolomite clasts. D) Sample RC18-0247-742.3 substantial chalcopyrite and pyrite 
surrounding dolomite clasts. E) RC11-0187-434.7 predominantly bornite and chalcocite 
surrounding dolomite clasts.  
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Sample ID Bornite % Chalcopyrite % Chalcocite % Tennantite % Sample Description

RC11-0187_434.7 2 2 Bornite, chalcopyrite in dolomite and calcite breccia.

RC11-0187_435 1 2 Chalcopyrite and bornite in dolomite breccia.

RC11-0187_437 1 50 2 Massive Chalcopyrite and Bornite in dolomite breccia.

RC11-0187_448 2 0.1 Chalcopyrite in dolomite breccia. 

RC11-0187_460 15 Massive Chalcopyrite in dolomite breccia.

RC11-0187_464 1 3 Chalcopyrite veins in dolomite breccia.

RC11-0187_465.88 1 5 Chalcopyrite and bornite in dolomite breccia.

RC11-0187_467 1 2 Chalcopyrite in dolomite breccia. 

RC11-0187_469.75 5 1 0.5 Massive borite and chalcopyrite in dolomite breccia.

RC11-0187_471 2 1 0.1 Bornite veins in dolomite breccia.

RC11-0187_472 1 0.5 Chalcopyrite veins and calcite veins in dolomite breccia.

RC11-0187_472.6 70 2 0.1 Massive bornite in dolomite breccia.

RC11-0187_476.35 1 5 0.5 Chalcopyrite and bornite veins in dolomite breccia.

RC11-0187_489 5 2 0.5 1 Massive bornite in dolomite breccia.

RC11-0187_490.86 20 50 Massive bornite and massive chalcopyrite.

RC11-0187_526.7 1 3 Deformed chalcopyrite veins and minor pyrite in dolomite breccia. 

RC11-0187_527 1 3 Deformed chalcopyrite, bornite and minor pyrite in dolomite breccia.

RC11-0194_755.7 1 1 Massive chalcopyrite, minor bornite and minor pyrite in fossiliferous dolomite breccia.

RC11-0194_758.52 2 1 Chalcopyrite veins and minor bornite in dolomite breccia.

RC11-0194_761.04 10 1 Massive pyrite, bornite and minor chalcopyrite.

RC12-0216_630.4 5 Chalcopyrite within calcite veins in a dolomite breccia.

RC12-0216_632.5 1 10 Massive chalcopyrite and minor bornite within dolomite breccia.

RC12-0216_632.7 0.5 80 0.5 Massive chalcopyrite, minor bornite. 

RC12-0216_633.1 30 20 5 Massive chalcopyrite and bornite in dolomite breccia.

RC12-0216_636.8 1 20 0.5 Massive chalcopyrite with minor bornite.

Table 3.1: Sample ID, Bornite %, Chalcopyrite %, Chalcocite %, Tennantite % and Sample 
description for all 25 samples that were chosen for thin section preparation.  
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CHAPTER 4: RESULTS 

This section presents whole-rock geochemistry data of sampled core material, in-situ 

element distribution maps (major, minor and trace elements using micro-XRF mapping) of 

sampled core material and cut billets, and petrographic observations (transmitted light, 

reflected light, SEM and automated mineralogy), resulting in a paragenetic diagram.   

4.1 Geochemistry 

Sixty elements were analysed for their concentration in 84 core samples that averaged 15 

cm in length and 3 cm in width and thickness. Element concentrations of Cu, Co, and Zn 

varied significantly between samples with Cu concentrations as high as 466,000 ppm in 

sample RC11-0187-472.6, Zn concentrations as high as 117,000 ppm in sample RC11-0187-

460 and Co concentrations as high as 11,900 ppm in sample RC11-0187-476.35. Other 

notable elements included Ag, and Pb with Ag concentrations as high as 154 ppm in sample 

RC12-0216-633.1, and Pb concentrations as high as 5,910 ppm in sample RC18-0247-805.6. 

Fe also highly enriched in some samples including 39% in sample RC12-0216_675.7. 

Samples were taken from the South Reef orebody of the Bornite deposit from within the 

debris flow breccias of the basal dolostone body. Each geochemistry sample has a 

corresponding rock sample. Geochemistry data of select elements is described and shown 

below to highlight the occurrence and distribution of germanium within the South Reef.  

Germanium does not show a correlation with any of the other elements in the data 

presented in this study, with correlations showing poor R2 values (Figs. 4.1, 4.2). 

Figure 4.3 shows 4 drill holes that were sampled. Orange bars indicate the Cu 

concentration in ppm vs depth in meters (corresponding to mineralized zones) and red bars 

indicate the concentration of Ge in the same sample.  It is noticeable that Ge is not distributed 

homogenously but is highly elevated in mineralized zones as indicated by elevated Cu 

concentration, and at or below the detection limit in other areas. The highest concentration of 

Ge is 125 ppm and is found in drill hole RC11-0187 in interval 472.6 which shared the 

highest Cu concentration of all samples at 466,000 ppm.  
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 Figure 4.1: Geochemistry data (all samples) showing Cu/10000 ppm (blue triangles), 
Zn/1000 ppm (orange squares), Fe % (green diamonds) and Co/1000 ppm (red circles) 
plotted against Ge concentrations in ppm. 

Figure 4.2: Geochemistry data showing Ag/100 ppm (yellow triangles), and Pb/1000 (black 
squares) plotted against Ge concentration in ppm.  
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Figure 4.3: Graphs of Ge (ppm) (red) and Cu/1000 (ppm) (orange) vs depth for drill 
hole: A) RC11-0187 (48 samples), B) RC11-0194 (13 samples), C) RC12-0216 (11 
samples), and D) RC18-0247 (11 samples). 
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4.2 Micro-XRF 

 

 

Figure 4.4: XRF images of sample RC11-0187_460 shows: A) relative Cu intensity and 
distribution, B) relative Fe intensity and distribution, C) relative Co intensity and 
distribution, D) relative Ni concentration and distribution, and E) relative Ba intensity and 
distribution, and F) relative K intensity and distribution. 
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Figure 4.5: XRF images of A) relative Ge concentration and distribution in sample 
RC11-0194-755.7, and B) relative K concentration and distribution in the same 
sample as in (A). C) Relative Ge concentration and distribution in sample RC11-
0187-448.5, and D) relative K concentration and distribution in the same sample as 
in (C). E) Relative Ge concentration and distribution in sample RC11-0187-437, 
and F) relative K concentration and distribution the same sample as in (E). 
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XRF scans typically show strong readings for Cu, Fe and to a slightly lesser extent Co 

and Zn. Strong readings for K and Ba were typically seen covering large areas of individual 

samples. Unique element distribution patterns were observed for Sr that did not correlate with 

other elements.  

Based on results from the geochemical analysis, samples high in Ge were selected for 

micro-XRF analysis. Drill core samples were used for initial reconnaissance analysis to 

determine a sub-sampling strategy. Based on initial reconnaissance analysis results, billets 

were cut from high Ge areas and re-scanned using micro- XRF mapping to produce element 

distribution maps that correspond to each thin section.  

Micro-XRF mapping revealed a strong correlation between Cu and Fe (Fig. 4.4 A, B) and 

high Co values almost always correspond to high Ni values (Fig. 4.4 C, D). Barium and K 

(Fig. 4.4 E, F) as well as Ge and K (Fig. 4.5) show a significant spatial correlation.  

A notable correlation was seen between Co, Bi, As, and Pb in some samples (Fig. 4.6 

B,C,D,E). Areas of Ge often shared a spatial correlation with Hg (Fig. 4.6 F,G). Strontium 

can be seen to vary in intensity within samples but does not show a significant correlation 

with other elements (Fig. 4.6 H).  

Within areas showing high Cu, bright dots of Ge could be found (Fig. 4.7 B, C). 

Germanium and K can also be seen to correlate but relative Ge concentrations appear fainter 

than the bright Ge dots within high Cu areas (Fig. 4.7 B,C,D). Uranium in samples shared a 

spatial correlation with K and to a lesser extent Cu (Fig. 4.7 B,D,E). Germanium and K show 

a spatial correlation throughout most samples (Fig, 4.7 G,H) and Ge can also be seen to 

correlate strongly with Pb when Pb is present (Fig. 4.7 G, I).  

Micro-XRF analyses can be investigated by plotting the relative concentration (counts per 

second) of two elements that were detected in each analysis point. Figure 4.8 shows two-

element plots for Germanium and respective elements. Only Cu and Fe show a weak but 

significant correlation with Ge in Figs. 4.8 B and C, whereas there is no correlation visible 

for As, Z, Pb, and K.  

 

 

 



 

30 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Sample RC11-0187_465.88. A) Thin section image and micro-XRF element 
distribution maps in relative concentrations of B) Co, C) Bi, D) As, E) Pb, F) Hg, G) Ge, and 
H) Sr.  
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Figure 4.7: A) Thin section image of sample RC11-0187-472.6 and corresponding XRF 
images for B) Cu. C) Ge. D) K.. E) Thin section image of sample RC12-0216-632.5 and 
corresponding XRF images for F) Ge. G) K. H) Pb. 
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4.3 Petrography 

The petrographic study was performed utilizing optical microscopy (transmitted and 

reflected light), SEM-based automated mineralogy, and FE-SEM BSE imaging and semi-

quantitative EDS analyses. Based on the petrographic observations, five stages and their 

mineralogy were determined and are described below.  

Stage 1 - Dolomitization 

Stage 1 carbonates formed during a dolomitization event and are represented by dolomite 

clasts with low to no Fe content. Stage 1 clasts range from less than 1 mm to over 5 cm with 

Figure 4.8: Correlation data from all 25 XRF billet scans showing Ge vs A) As. B) Cu. C) Fe. 
D) K. E) Pb. F) Zn.  
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the maximum clast sizes being difficult to discern through thin sections alone but are most 

likely much larger. Individual dolomite grains within clasts show a distinctive brown color in 

PPL (Figs. 4.9 A, B) and are variable in size, averaging around 40 µm. Very fine grained, non 

cobaltiferous, subhedral pyrite averaging 10 µm can be found disseminated within stage 1 

clasts (Figs. 4.9 C, D).  

A common feature observed in stage 1 clasts is the zonation of an Fe-poor dolomite core 

and an outer ferroan dolomite rim, due to a gradational increase in iron content towards the 

end of stage 1 leading up to the precipitation of ferroan dolomite during stage 2. Stage 1 

clasts are classified by being composed predominantly of Fe-poor dolomite but can contain 

some ferroan dolomite (Figs. 4.10, 4.11). 

Figure 4.9: A) Typical brown colored stage 1 clasts in contact with coarser and lighter 
colored stage 4 calcite and dolomite, PPL. B) Stage 1 dolomite grains appear distinctively 
brown in PPL. C) Stage 1 clast contacting a stage 2 clast. The stage 2 clast contains fine 
grained non-cobaltiferous stage 2 pyrite that is replaced by stage 4 chalcopyrite, PPL - 
Reflected Light. D) Reflected light image of (B), stage 4 chalcopyrite and sphalerite 
surrounding a stage 1 clast that contains fine grained non-cobaltiferous stage 1 pyrite. This 
stage 1 pyrite was replaced by stage 4 chalcopyrite, PPL- Reflected Light.  
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Figure 4.10: A) Thin section image showing the nature of stage 1 clasts. B) Automated 
mineralogy scan of image A. This stage 1 clast has a very low Fe content and is surrounded 
by a low Fe stage 3 dolomite. C) Thin section image showing a stage 1 clast that is crosscut 
by a stage 3 dolomite + calcite vein. D) Automated mineralogy scan of image C. This stage 1 
clast contains a noticeable amount of ferroan dolomite. 



 

35 

 

 

Figure 4.11: A) Thin section image showing a stage 1 clast, a stage 2 clast and 
stage 4 dolomite precipitating contemporaneously with stage 4 chalcopyrite. B) 
Automated mineralogy scan of image A. Stage 1 clast contains very little ferroan 
dolomite, whereas the stage 2 clast shows a dolomite core with a ferroan dolomite 
rim. C) Element distribution map (Fe) of image A. Lighter areas are more iron 
rich, whereas darker areas are iron poor. Stage 4 dolomite has a ferroan core and a 
less ferroan outer rim in this sample. 
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Stage 2 – Ferroan Alteration 

During stage 2, older stage 1 dolomite was replaced by ferroan dolomite creating stage 2 

ferroan dolomite clasts. In PPL, ferroan dolomite grains are optically indistinguishable from 

Fe-poor dolomite grains but host the same non cobaltiferous, very fine grained, subhedral 

pyrite within clasts (Fig. 4.9 C). However, in BSE images, ferroan dolomite clasts are 

composed of individual Fe-poor and ferroan dolomite grains (Fig. 4.12). 

 

The stage 2 ferroan alteration event predates the stage 3 brecciation event. As a result, 

clasts can show contacts between ferroan and non-ferroan dolomite (Fig. 4.11 B). Clasts that 

are predominantly composed of stage 2 ferroan dolomite are classified as stage 2 clasts 

whereas clasts that are predominantly composed of stage 1 dolomite are classified as stage 1 

clasts. When the composition of dolomite and ferroan dolomite is nearly equal or there is a 

clear contact between ferroan and normal dolomite within a single clast that clast is referred 

to as a stage 1 + 2 clast. When observed with the naked eye, stage 1 and 2 clasts can show 

original textures preserved or no preserved textures at all (Fig. 4.13).  

 

Figure 4.12: A) BSE image showing the occurrence of ferroan dolomite (lighter) and 
dolomite (darker) grains within a stage 1 clast. B) BSE image showing dolomite (darker) and 
ferroan dolomite (lighter) grains within a stage 2 clast occurring as patchy and randomly 
distributed (upper center) whereas a younger stage 4 dolomite (center right) shows a more 
uniform composition.  
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Stage 3 - Veining and Brecciation 

Stage 3 is represented by an early veining and a later brecciation and alteration event. The 

stage 3 veining event is represented by white colored coarse grained dolomite and calcite 

veins, averaging 200 µm in width, that are planar or irregular veins that crosscut both stage 1 

and 2 clasts. Stage 3 dolomite and calcite veins are distinctly devoid of iron.  

 

 

 

 

 

 

 

 

 

 

 Figure 4.14: Photomicrograph of stage 3 dolomite and calcite veins 
(transmitted light, PPL). Stage 1 dolomite grains show a distinct brown 
color in contrast to younger stage 3 vein carbonates.  

Figure 4.13: A) Close up of a thin section image. Stage 1 clast preserving original fossil 
textures in contact with a stage 2 clast with no original textures preserved. B) Close up of a 
thin section image, stage 2 clast preserving original fossil textures. 
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Stage 3 veins range from less than 1 mm to up to 4 mm in width (Fig. 4.14). Chalcopyrite, 

bornite, and chalcocite occur as very small inclusions within some of these veins. However, 

the majority of these stage 3 veins are barren.  

Dolomite and ferroan dolomite that formed during stages 1 and 2 were brecciatiated 

during the stage 3 Brecciation event, creating stage 1 and 2 dolomite clasts. During this event, 

alteration of stage 1 and 2 clasts along clast boundaries led to the creation of stage 3 

dolomites. Fe-poor stage 1 dolomite clasts were altered and formed Fe-poor stage 3 dolomites 

(Fig. 4.10) and ferroan stage 2 clasts were altered and formed more ferroan stage 3 dolomites 

(Fig 4.15). 

Stage 3 dolomites vary in size and color in transmitted plain polarized light. Grain sizes 

of stage 3 dolomites are most commonly finer than the dolomite grains of the stage 1 and 2 

clasts that they surround but can be equal in size with grain sizes between 20 and 50 µm. In 

transmitted plain polarized light, stage 3 dolomite grains are usually lighter in color than 

stage 1 and 2 dolomite grains. Stage 3 dolomites occur surrounding stage 1 and 2 clasts and 

can either be untouched or partially to fully replaced by younger stage 4 carbonates and 

sulfides (Fig. 4.16 A). These dolomites along with other stage 3 brecciation event minerals 

and later stage 4 white mica and illite form the matrix between stage 1 and 2 clasts.  

Two types of pyrite formed during the stage 3 brecciation event. The first is a fine 

grained, subhedral, non cobaltiferous pyrite that is a continuation of the earlier fine-grained 

pyrite that occurs in stage 1 and 2 clasts (Fig. 4.16 B). The second is a later, fine- to coarse-

grained, anhedral, cobaltiferous pyrite reaching up to 2 mm in width. (Fig. 4.16 C) 

Euhedral crystals of cymrite occur fine to coarse grained (200 µm – 2 mm in length and 

20 – 200 µm in width) and precipitated contemporaneously with stage 3 carbonates (Fig. 4.16 

D,E). Cymrite crystals are distinctly elongated and rectangular. Cymrite is less common in 

samples which contain large quantities of stage 4 white mica and illite.  

Quartz is uncommon throughout these samples, but, if present, precipitated 

contemporaneously with stage 3 dolomites forming fine grained, disseminated, subhedral 

crystals less than 10 µm in size (Fig. 4.16 E). Coarse grained euhedral anorthite, averaging 

600 µm in length and 400 µm in width, occurs as disseminated grains among stage 3 

dolomites (Fig. 4.16 F).  
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Figure 4.15: A) False-coloured automated mineralogy image of a thin section. B) Same 
automated mineralogy images as in A. Stage 1 and 2 clasts can be seen here to be surrounded 
by stage 3 dolomites. Stage 4 sulfides can be seen to have preferentially replaced stage 3 
dolomites over stage 1 and 2 clasts. 
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Figure 4.16: A) Stage 3 (fine grained) and stage 4 (coarse grained) dolomites and stage 4 
sulfides surrounding a stage 2 clast. Notice how the stage 2 clast has been less replaced by 
sulfides compared to stage 3 dolomites. Transmitted light, PPL. B) False color automated 
mineralogy image showing stage 3 cymrite having preserved stage 3 non-Co-pyrite. This 
non-Co-pyrite is notably absent outside of the cymrite due to being replaced by stage 4 Cu 
sulfides. C) Stage 3 pyrite replaced by stage 4 sulfides. Reflected light, PPL. D) 
Photomicrograph of fine-grained euhedral stage 3 cymrite and stage 3 dolomite that 
precipitated contemporaneously. Transmitted light, XPL. E) Coarse grained euhedral stage 3 
cymrite that precipitated contemporaneously with stage 3 dolomite and quartz. Transmitted 
light, XPL. F) Stage 3 feldspar (Anorthite) that precipitated contemporaneously with stage 3 
dolomites. Feldspar here is surrounded by stage 4 alstonite. Transmitted light, XPL. 
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 Stage 4 

Stage 4 is the main ore forming stage and began with the precipitation of carbonates and 

other gangue minerals.  

The precipitation of gangue minerals during the beginning of stage 4 such as coarse 

grained, white, euhedral calcite and dolomite ranging from 50 µm to 5 mm in width. Stage 4 

dolomite is similar to stage 3 dolomite within veins as they are characteristically devoid of 

ferroan dolomite, white in colour and often very coarse grained. Stage 4 calcite and dolomite 

are easily distinguishable in PPL when compared to stage 1, 2 and 3 brecciation event 

dolomites due to their large average crystal size and white color. 

Stage 4 carbonates replaced stage 1 and 2 dolomite clasts along clast boundaries (Fig. 

4.17 A, B, C), but replaced stage 3 dolomites preferentially over stage 1 and 2 clasts (Fig. 

4.17 D, E) and precipitated contemporaneously with ore (Fig. 4.17 A, B) and other stage 4 

minerals.  

Alstonite is an uncommon carbonate mineral within samples and occurs in samples with 

increased concentrations of barite and stage 3 cymrite. Alstonite forms anhedral, medium 

grained, white colored crystals averaging 70 µm in width. Barite forms medium grained, 

white colored subhedral crystals, averaging 70 µm in width that precipitated among stage 4 

calcite, dolomite and sulfides (Fig. 4.17 F). Barite is more common in samples with less 

white mica and illite. Both barite and alstonite precipitated contemporaneously with stage 4 

carbonates and sulfides (Fig. 4.18). 

White mica is relatively abundant throughout the samples investigated and replaced barite 

and cymrite (Fig. 4.19 A, B, C). White mica forms fine grained bladed crystals, averaging 

200 µm in length and 20 µm in width. White mica, illite and apatite are often found together. 

Illite occurs proximal to white mica and shares the same dimensions as white mica and also 

replaced barite (Fig. 4.19 D). Apatite is rarely found within samples and exists as anhedral, 

very fine grained, averaging around 10 µm. Apatite formed contemporaneously with stage 4 

carbonates, white mica and illite. Quartz precipitated in stage 4 is coarse grained and 

subhedral averaging around 1 mm in size. These are relatively uncommon throughout 

samples and precipitated contemporaneously with stage 4 carbonates. 
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Figure 4.17: A) Stage 1 dolomite replaced by stage 4 calcite, dolomite and sulfides. 
Transmitted light, PPL. B) Stage 1 clasts replaced by stage 4 calcite, dolomite and sulfides 
along the clast boundary. Transmitted light, PPL. C) Stage 2 clast composed of much finer 
grained ferroan dolomite replaced by very coarse-grained stage 4 dolomites. Transmitted 
light, PPL. D) Brown colored stage 1 dolomite and very fine-grained stage 3 dolomite 
replaced by coarse grained, light in color stage 4 dolomite. Stage 1 dolomite is also replaced 
by stage 3 dolomites. Transmitted light, PPL. E) Brown colored stage 1 dolomite clast 
replaced by lighter colored, finer grained stage 3 dolomite. Stage 1 and 3 dolomites both 
replaced by lighter colored and coarser stage 4 dolomite. Stage 3 dolomite was preferentially 
replaced by stage 4 sulfides and carbonates. Transmitted light, PPL. F) Stage 4 dolomite and 
barite surrounding a stage 1 clast. Transmitted light, XPL.  
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Figure 4.18: False-colour automated mineralogy images. A) Stage 3 dolomites and Co-Pyrite 
alongside stage 4 dolomite, calcite, sulfides and white mica surrounding brecciated stage 2 
clasts (dashed lines indicate stage 2 clasts). B) Stage 4 dolomites, calcites, Cu sulfides, barite 
and white mica that precipitated contemporaneously surround stage 2 clasts (dashed lines 
indicate stage 2 clasts). C) Stage 4 barite, alstonite and Cu sulfides that precipitated 
contemporaneously. D) Stage 4 calcite, dolomite, sulfides, barite and alstonite surrounding 
stage 3 dolomite and Co-Pyrite. Stage 3 Co-Pyrite is replaced by stage 4 sulfides, calcite and 
dolomite. 
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Figure 4.19: A) Barite replaced by white mica. Transmitted Light, XPL B) Stage 3 cymrite 
replaced by stage 4 white mica. Stage 1 clast was less pervasively replaced by sulfides than 
the matrix. Transmitted light, XPL. C) Stage 4 barite replaced by stage 4 white mica. Stage 3 
Co-pyrite replaced by stage 4 sulfides. Automated mineralogy. D) Stage 4 illite and stage 4 
sulfides (opaque) that precipitated contemporaneously. Transmitted light, XPL.  
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Ore minerals precipitated during stage 4 but they are all unique in their timing. Most ore 

minerals precipitated contemporaneously at first with non-ore stage 4 minerals and then 

continued to precipitate after non-ore minerals stop precipitating. The first ore minerals that 

precipitated were Co-bearing sulfides. These were followed by copper sulfides, galena, 

tennantite, sphalerite, and other ore minerals.  

Co-bearing sulfides precipitated early in stage 4 and include cobaltite and carrollite. 

Cobaltite is rare, only appearing in one sample in hole RC12-0216. Coarse subhedral grains 

of cobaltite are optically very similar to pyrite from other samples but has noticeably weaker 

relief. It is the older of the two cobalt sulfides and is far less abundant than carrollite. 

Carrollite is medium to coarse and anhedral, surrounding cobaltite (rarely), Co-pyrite 

(commonly), or appears without either Co-pyrite or cobaltite present (commonly; Figs. 4.20 

and 4.21). Carrollite can appear as light gray or a dull yellow color. Carrollite only replaced 

Co-pyrite and therefore does not occur within stage 1 and 2 clasts as it did not replace stage 1 

and 2 non-cobaltiferous pyrite. 

Figure 4.20: Coarse sphalerite precipitated among stage 4 ore minerals. Carrollite here is 
surrounded by sphalerite. Reflected light, PPL.  
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Figure 4.21: A) Cobaltite overgrown by tennantite and carrollite. Reflected light, PPL. B) 
Stage 3 Co-pyrite is replaced by stage 4 carrollite. Tennantite is often found proximal to 
carrollite. Reflected light, PPL. C) Stage 3 Co-pyrite replaced and overgrown by stage 4 
carrollite, bornite, and chalcopyrite. Reflected light, PPL. D) Stage 3 Co-pyrite overgrown by 
stage 4 carrollite and replaced by stage 4 chalcopyrite. Reflected light, PPL. E) Stage 4 
carrollite surrounding stage 3 Co-pyrite. Stage 4 chalcopyrite, bornite and low iron 
carbonates infiltrated and replaced older stage 2 and 3 dolomites. Automated mineralogy.  
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The three main Cu sulfides in these samples are, in order of least common to most 

common: chalcocite, bornite, and chalcopyrite. These minerals are anhedral and massive 

within samples and occur within stage 4 but did not exist in equilibrium together. Chalcocite 

is only found in contact with bornite, and never in contact with chalcopyrite. Within bornite, 

chalcocite appears patchy and within chalcopyrite, bornite appears patchy. On top of this, 

when bornite is present in chalcopyrite or chalcocite within bornite, the Cu sulfide being 

replaced is found to have been occasionally preserved by surrounding dolomite (Figs. 4.22, 

4.23, 4.24, 4.25). This shows that the timing of these sulfide precipitations were staggered 

with chalcocite precipitating first, bornite second and chalcopyrite last. 

Figure 4.22: False-colour automated mineralogy images. A) Chalcocite appears patchy within 
bornite. Within chalcopyrite, bornite is patchy and was preserved by surrounding dolomite. 
B) Bornite that was overgrown and replaced by chalcopyrite. Automated mineralogy. 
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Figure 4.23: False-colour automated mineralogy images. A) Chalcocite was overgrown and 
replaced by bornite. B) Bornite was overgrown and replaced by chalcopyrite. Bornite can be 
seen here to have been preserved well within a heavily replaced dolomite clast surrounded by 
chalcopyrite. 
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Figure 4.24: False-colour automated mineralogy images. A) Chalcocite with a patchy 
appearance was overgrown and replaced by bornite. Chalcocite was preserved and sheltered 
by surrounding dolomite. B) Patchy chalcocite was overgrown by bornite. 
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Figure 4.25: False-colour automated mineralogy images. A-B) Bornite that was replaced by 
chalcopyrite. C) Patchy chalcocite was replaced by bornite but was preserved when sheltered 
by surrounding dolomite. D) Patchy chalcocite that was replaced by bornite. 
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Stage 4 chalcocite, bornite and chalcopyrite replace all types of pyrite from stage 1-3 

including Co-pyrite (Figs. 4.9C, D, 4.16C, 4.26, 4.27) and all carbonates from previous 

stages, including, occasionally, stage 4 calcite and dolomite.  

 

 

 

 

 

 

Figure 4.26: Reflected light (PPL) photomicrographs. A) Stage 3 Co-pyrite was overgrown 
and replaced by stage 4 chalcopyrite and carrollite, leaving a core of Co-pyrite surrounded by 
stage 4 sulfides. B) Co-pyrite was replaced by stage 4 chalcopyrite leaving a core of Co-
pyrite surrounded by stage 4 chalcopyrite. C) Co-pyrite was replaced by bornite, chalcopyrite 
and carrollite forming a core of Co-pyrite surrounded by stage 4 sulfides. D) Co-pyrite was 
replaced by bornite, carrollite and a small amount of chalcopyrite, leaving a Co-pyrite core 
surrounded by stage 4 sulfides.  
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Figure 4.27: Reflected light (PPL) photomicrographs. A) Dolomite that was replaced by 
pyrite and pyrite was replaced by chalcopyrite.  B) Dolomite that was replaced by bornite, 
chalcocite, chalcopyrite, and pyrite. C) Dolomite that was replaced by stage 3 Co-pyrite and 
chalcopyrite. The stage 3 Co-pyrite was also replaced by chalcopyrite. Reflected light, PPL. 
D) A dolomite clast that was intensely replaced along the grain boundary by both stage 4 
bornite, carrollite and chalcopyrite. E) Stage 4 dolomite that was replaced by stage 4 
chalcopyrite along the dolomite grain boundary.  
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For the most part, stage 4 sulfides precipitated contemporaneously with stage 4 dolomites 

and calcite with both replacing and crosscutting carbonates from previous stages (Figs. 4.28, 

4.29, 4.30, 4.31).  

 

 

 

 

Figure 4.28: A) Unannotated automated mineralogy image of sample RC11-0187-472. B) 
Annotated version of image A. Stage 2 (high iron) dolomite clasts (marked by dashed circles) 
that were replaced and surrounded by stage 4 (low iron) dolomite, calcite, and Cu sulfides. 
Stage 3 veins can be seen here to have crosscut stage 2 clasts and to have been crosscut by 
stage 4 minerals. C) Unannotated automated mineralogy image of sample RC11-0187-489. 
D) Annotated version of image C. Stage 2 (high iron) dolomite clasts (marked by dashed 
circles) that were replaced and surrounded by stage 3 dolomites and stage 4 (low iron) 
dolomites, calcite, sulfides and white mica. 



 

55 

 

 

 

 

 

 

 

 

 

Figure 4.29: A) Unannotated automated mineralogy image of sample RC11-0187-437. B) 
Annotated version of image A, stage 2 (high iron) dolomite clasts (marked by dashed circles) 
that were replaced and surrounded by stage 4 (low iron) dolomite, sulfides. C) Unannotated 
automated mineralogy image of sample RC11-0187-469.75. D) Annotated version of image 
C, Stage 2 (high iron) dolomite clasts (marked by dashed circles) that were replaced and 
surrounded by stage 4 (low iron) dolomite, calcite and sulfides.  
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Figure 4.30: A) Unannotated automated mineralogy image of sample RC11-0187-471. B) 
Annotated version of image A. Stage 3 dolomite + calcite veins crosscut stage 1 clasts, stage 
4 calcite and (low iron) dolomite precipitated contemporaneously with stage 4 sulfides. Stage 
3 dolomites were replaced by stage 4 calcite, dolomite and sulfides.  
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Stage 4 sulfides continued to precipitate past stage 4 calcite, dolomite, white mica, illite, 

quartz, barite, alstonite, and apatite and stage 4 calcite and dolomite can be seen to be 

replaced by stage 4 Cu sulfides (Fig. 4.27 E). Apatite occurs alongside stage 4 calcite, 

alstonite, dolomite, barite, quartz, illite, and white mica. In samples where stage 4 Cu sulfides 

continued to precipitate after the aforementioned stage 4 non-ore minerals had stopped 

precipitating, apatite can only be seen among those non-ore minerals and not within the 

Figure 4.31: A) Unannotated automated mineralogy image of sample RC11-0187-469.75. B) 
Annotated version of image A. Stage 2 clasts are outlined by a dashed circle unless specified 
as a stage 1 and 2 clasts. Stage 3 dolomite + calcite vein crosscut stage 1 and 2 clasts, stage 2 
clasts can be seen to be surrounded by both stage 3 dolomites and stage 4 dolomite. This can 
be seen as a ferroan clast surrounded by a predominantly (low iron) dolomite and sulfides.    
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sulfides (Fig. 4.32). Within a few samples that contain significant stage 4 Cu sulfide 

precipitation, no stage 4 calcite or dolomite exists without showing replacement textures 

indicating replacement by surrounding stage 4 Cu sulfides (Fig. 4.33). Whilst most of the 

observed stage 4 Cu sulfide precipitation occurred contemporaneously with stage 4 calcite, 

alstonite, dolomite, barite, quartz, illite and white mica precipitation, the stage 4 Cu-sulfide 

precipitation surpassed the aforementioned stage 4 mineral precipitation.  

Stage 4 minerals are separated into early stage 4 minerals (such as carbonates and white 

mica) and late stage 4 minerals (such as bornite and chalcopyrite).  

 

 

 

Figure 4.32: False-colour automated mineralogy image. Dashed circles show the location of 
apatite. Within this sample apatite only occurs among the early stage 4 white mica + illite and 
is absent from late stage 4 Cu-sulfides. 
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Other ore minerals formed during stage 4 include galena, tennantite, sphalerite, and 

renierite. Galena is rare, but if present it occurs alongside chalcocite, bornite and 

chalcopyrite. Galena forms very fine to coarse grained, anhedral grains (Fig. 4.21 A). 

Tennantite is very rare throughout all samples and is typically found surrounding cobaltite 

Figure 4.33: A) Annotated automated mineralogy image of sample RC11-0187-472.6. Stage 
1 dolomite clast (bottom right) that was replaced by stage 3 and 4 dolomites, stage 3 feldspar 
and stage 4 barite occur together. Early stage 4 carbonates are replaced by late stage 4 
sulfides. Late stage 4 sulfides surround white mica, illite and apatite. Stage 5 barite vein 
crosscuts all minerals from previous stages. B) Annotated automated mineralogy image of 
sample RC11-0187-490.86. Early stage 4 calcite and dolomites are replaced by late stage 4 
sulfides. Stage 2 dolomite clasts are replaced by stage 4 minerals.  
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and galena (Figs. 4.21 A, 4.34). Where present, Tennantite is fine grained and anhedral and 

similarly to galena occurs with chalcocite, bornite and chalcopyrite.  

Sphalerite is a relatively uncommon mineral forming fine-coarse crystals among other ore 

minerals (Fig. 4.20). Sphalerite is younger than stage 4 gangue minerals and carrollite, 

occurring among stage 4 Cu-sulfides. Constraining the timing of sphalerites precipitation is 

made difficult by how uncommon it is within samples.  

 

Figure 4.34: False-colour automated mineralogy image. Dashed circles show areas with 
galena that are surrounded by a thin rim of tennantite.  
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Figure 4.35: A) Renierite in bornite, and B) in bornite and chalcocite. Reflected light, PPL. 

Figure 4.36: A) Renierite inclusion in chalcopyrite, SEM-BSE. B) Renierite with a visible 
internal boundary that is due to chemical variations. Renierite that contains a small amount of 
Zn (darker gray) in contact with a renierite that contains no Zn (lighter gray), SEM-BSE. C) 
Renierite with a visible internal boundary within its grain that is due to renierite that contains 
a small amount of Zn (darker gray) contacting a renierite that contains no Zn (lighter gray), 
SEM-BSE. D) Typical renierite as seen throughout samples forming within chalcocite and 
bornite, SEM-BSE.  
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Renierite (main Ge-phase) forms very fine to coarse grained (reaching up to 100 µm in 

size), anhedral aggregates that occur almost exclusively within bornite, chalcocite and to a 

lesser extent in chalcopyrite (Figs. 4.35, 4.36). Using SEM-BSE, renierite crystals and 

aggregates occasionally have distinct visible internal boundaries that are due to a 

compositional change in Zn (Fig. 4.36 B, C). Renierite contains very small amounts of As 

and often significant amounts of Zn, however about 50% of observed renierite inclusions 

contain neither Zn nor As (Table. 4.1). Renierite aggregates are much more frequent and 

larger in samples with substantial amounts of chalcocite and bornite.  

 

 

 

 

Cu Zn Fe Ge As S

RC12-0216-632.7 41.8 0 11.8 2.4 0 44.1 (Cu34.8Zn0)Fe9.8(Ge2As0)S36.8 Bornite,Chalcopyrite

RC12-0216-632.7 39.6 0 11.6 4.5 0 44.3 (Cu17.6Zn0)Fe5.2(Ge2As0)S19.7 Bornite,Chalcopyrite

RC12-0216-632.7 35.5 0 12.9 5.2 0 46.5 (Cu13.7Zn0)Fe5(Ge2As0)S17.9 Chalcopyrite

RC12-0216-632.7 32 0 11.7 5.2 0 51.1 (Cu12.3Zn0)Fe4.5(Ge2As0)S19.7 Carrolite

RC12-0216-632.7 30.4 0 18.7 3.9 0 47 (Cu15.6Zn0)Fe9.6(Ge2As0)S24.1 Bornite,Chalcopyrite

RC11-0187-472.6 33 1.9 13.3 3.7 0 48.1 (Cu17.8Zn1)Fe7.2(Ge2As0)S26.0 Bornite,Chalcocite

RC11-0187-472.6 30.7 2.3 13.5 4.3 0 49.2 (Cu14.3Zn1.1)Fe6.3(Ge2As0)S22.9 Bornite,Chalcocite

RC11-0187-472.6 33.1 2.2 12.2 4.9 0 47.6 (Cu13.5Zn0.9)Fe5(Ge2As0)S19.4 Bornite,Chalcocite

RC11-0187-472.7 34.1 2.1 12.5 3.6 0.8 46.9 (Cu15.5Zn1)Fe5.7(Ge1.6As0.4)S21.3 Bornite,Chalcocite

RC11-0187-472.8 32.8 2 13.1 4.7 0.4 47 (Cu12.9Zn0.8)Fe5.1(Ge1.8As0.2)S18.4 Bornite,Chalcocite

RC11-0187-471 37.3 0 11.5 5.4 0 45.9 (Cu13.8Zn0)Fe4.3(Ge2As0)S17 Bornite,Chalcocite

RC11-0187-471 37.2 0.2 11.5 5.3 0 45.8 (Cu14Zn0.1)Fe4.3(Ge2As0)S17.3 Bornite,Chalcocite

RC11-0187-472.6 32.1 2 12.8 4.2 0.7 48.2 (Cu13.1Zn0.8)Fe5.2(Ge1.7As0.3)S19.7 Bornite

RC11-0187-472.6 37.6 0 11.2 4.9 0 46.2 (Cu15.3Zn0)Fe4.6(Ge2As0)S18.9 Chalcocite

RC11-0187-471 31.9 2.5 12.4 4.6 0.2 48.4 (Cu13.3Zn1)Fe5.2(Ge1.9As0.1)S20.2 Chalcocite

Atom %

Chemical Formula Associated MineralsSample ID

Table 4.1: Sample ID, Atom %, Chemical formulae and Associated minerals of 15 renierite 
aggregates collected through point data analysis using SEM-EDS. Chemical formulae for 
renierite was calculated assuming (Ge + As) = 2.  
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Stage 5 

Stage 5 consists entirely of late stage barite veins that crosscut all minerals in all previous 

stages. These veins are irregular, relatively uncommon throughout samples and range from 

less than 10 µm to up to 100 µm (Fig. 4.25A).  



 

64 

 

 

Figure 4.37: Paragenesis diagram, dashed lines indicate uncertainty due to limited 
observation data, thin lines indicate mineral abundance, red lines indicate minerals that only 
occur rarely within hole RC12-0216 and nowhere else. 
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CHAPTER 5: DISCUSSION 

This study seeks to better understand the mineralogy, paragenesis, and the occurrence and 

distribution of germanium within the South Reef orebody of the Bornite deposit, using optical 

microscopy, FE-SEM BSE and EDS, SEM-based automated mineralogy, whole rock 

geochemistry and mapping micro-XRF data. 

5.1 Mineralogy and Geochemistry of the Bornite deposit 

The mineralogy, and paragenesis of the recently discovered South Reef orebody of the 

Bornite deposit has similarities and differences to previous studies focused on the originally 

defined ore zones to the west. Previous work on the Bornite deposit by Hitzman (1986) was 

published prior to the discovery of the South Reef orebody. Hitzman’s (1986) work was 

based on the Number One orebody/Upper Reef but shows striking similarities to observations 

made in this study. Bernstein & Cox (1986) observed the Ge bearing minerals germanite and 

renierite in the Number One orebody and discussed similarities between the Bornite deposit 

and other carbonate hosted base metal deposits with Ge minerals such as the Zn-Cu-Pb 

Kipushi deposit in (Bernstein & Cox, 1986). A more recent study that included samples from 

the South Reef was provided by Conner (2015). In Conner’s (2015) study, no paragenetic 

diagram is provided but paragenetic stages are discussed and similarities can be seen with this 

study.  

Notable findings with regards to the mineralogy and paragenesis include: 

(I) The interpretation of Hitzman (1986) is that calcite and dolomite veins formed 

simultaneously with Cu-sulfides, which is in contrast to findings in this study that 

suggest that the calcite and dolomite veins formed during stage 3, prior to sulfide 

deposition. 

(II) Micro-XRF mapping and petrographic observations show that stage 3 Co-pyrite is 

a precursor for the precipitation of Co-sulfides during stage 4, as suggested by 

Hitzman (1986). However, micro-XRF mapping data also shows that the 

breakdown of stage 3 Co-pyrite could also have led to the formation of tennantite, 

cobaltite, and galena in stage 4.  

(III) This study also provides further evidence to Hitzman’s (1986) suggestion that 

stage 4 sulfides preferentially replaced stage 3 matrix dolomites over older stage 1 
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and 2 clasts. Several stages of carbonates exist within the Bornite deposit and are 

not always easily distinguishable. However, this study shows that micro-XRF 

element maps of Sr is a powerful tool to better distinguish between carbonate 

generations.  

(IV) Variations seen across the drill holes sample include a decrease in chalcocite and 

bornite from south to north from RC11-0187 and RC11-0194 to RC12-0216. The 

mineralogy is largely the same across the investigated drill holes with the 

exception of cobaltite which only occurs in samples from drill hole RC12-0216. 

The mineral germanite, seen in the Number One orebody (Bernstein & Cox, 1986) 

was not found in samples from the South Reef and renierite predominantly occurs 

as inclusions in chalcocite and bornite.  

Strontium and carbonates  

Strontium can be readily incorporated in carbonates and has been used to fingerprint 

different carbonate generations (e.g., Brand et al., 1999) and Sr is a very useful tool when 

used with petrographic observations to differentiate between carbonate stages within the 

South Reef. Micro-XRF mapping shows that Sr concentrations are progressively higher in 

younger stages of carbonates in the South Reef in the Bornite deposit. In conjunction with the 

paragenetic sequence presented in Fig. 4.37, increasing concentrations of Sr in subsequent 

carbonate generations can be observed. Stage 1 and 2 carbonates have the lowest Sr 

concentrations, stage 3 brecciation dolomite is slightly richer in Sr (Figs. 5.1, 5.2, 5.3), and 

stage 4 carbonates including dolomite, calcite and alstonite show pronounced Sr (qualitative) 

concentrations; stage 4 calcite and alstonite have the highest Sr values of all carbonates. The 

only exception to this trend is that stage 3 dolomite calcite veins have similarly high Sr values 

as Stage 4 carbonates (Fig. 5.1) suggesting that stage 3 represents the transition from a 

diagenetic to a hydrothermal environment assumed to be at elevated temperatures.  
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Figure 5.1: A) Annotated automated mineralogy scan with legend at the bottom of sample 
RC11-0187-471 showing the locations of stage 1-4 carbonates. B) XRF scan showing Sr in 
sample RC11-0187-471. Brightest white spots belong to stage 4 calcite and dolomite and also 
stage 3 dolomite + calcite veins. Fainter white areas belong to stage 3 dolomites and darker 
areas belong to stage 1 dolomites.  
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Figure 5.2: A) Annotated automated mineralogy scan with legend at the bottom of sample 
RC11-0187-469.75 showing the locations of stages 1-4 carbonates. B) Concomitant XRF 
scan showing Sr in sample RC11-0187-471. Brightest green spots correspond to stage 4 
calcite and dolomite and stage 3 dolomite + calcite veins. Fainter green areas belong to stage 
3 dolomites and darker areas belong to stage 1 and 2 dolomites.  
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Figure 5.3: A) Annotated automated mineralogy scan with legend at the bottom of sample 
RC11-0187-472 showing the locations of stage 1-4 carbonates. B) Concomitant XRF scan 
showing Sr in sample RC11-0187-472. Brightest white spots are stage 4 calcite and dolomite 
and stage 3 dolomite + calcite veins. Darker areas belong to stage 1 and 2 dolomites.  
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Stage 3 Veining 

Stage 3 veins are relatively uncommon throughout samples but are well preserved in 

stage 1 and 2 clasts surrounded by areas of high amounts of chalcocite and bornite. Due to the 

scarcity of these veins in thin section, however, paragenetic evidence is limited.  

Previous studies of the Number One orebody suggested that white-colored dolomite and 

calcite veins formed contemporaneously with stage 4 sulfides and were found to contain Cu-

sulfides (Hitzman, 1986). In the South Reef, stage 3 veins can be seen to be cut off by both 

stage 4 calcite and dolomite and stage 4 sulfides (Fig. 4.28,4.30,4.31). Moreover, there is no 

definitive evidence that stage 3 veins precipitated contemporaneously with Cu sulfides. 

Whilst Cu sulfides occur within these veins, it is not clear as to whether they precipitated 

contemporaneously with stage 3 carbonate veins or whether they replaced the carbonates in 

the veins similarly to how they replace carbonates in all other stages and precipitated during 

stage 4. Generally, stage 4 dolomite, calcite, and sulfides preferentially replace stage 3 

carbonate veins (Fig. 4.30) and are interpreted to use these pre-existing veins as preferred 

fluid conduits leading to stage 4 mineral precipitation.  

Stage 3 Cobaltiferous Pyrite (Co-Pyrite) 

Two different generations of pyrite were observed in the South Reef of the Bornite 

deposit. However, only stage 3 Co-pyrite contains significant amounts of Co that can be 

visualized using micro-XRF mapping. Besides Co, stage 3 Co-pyrite contains elevated 

concentrations of Bi, As and Pb (Fig. 5.4). Stage 4 sulfides, including carrollite, tennantite, 

cobaltite and galena replaced stage 3 Co-pyrite. The textural relationship between stage 4 

sulfides (carrollite, tennantite, cobaltite, and galena) and stage 3 Co-pyrite (Fig. 4.21) 

indicates that the breakdown of Co-pyrite was likely the source of As and Fe for tennantite, 

As for cobaltite, Pb for galena, and Co for carrollite and cobaltite. Moreover, stage 3 Co-

pyrite along with previous pyrite generations might have been the source of S for stage 4 ore 

minerals. 
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Figure 5.4: A) Automated mineralogy image of sample RC11-0187-465.88 with legend at the 
bottom. B) XRF element map showing Co in green. Bright green shows carrollite, faint green 
shows Co-pyrite for image A. C) XRF element map showing Bi in Blue. Bright blue shows 
both Co-pyrite and pyrite for image A. D) XRF image showing As in orange. Bright orange 
shows tennantite, fainter orange shows Co-pyrite for image A. E) XRF image showing Pb in 
green. Bright green shows galena. Faint green shows Co-pyrite for image A. F) Automated 
mineralogy image of sample RC11-0187-460. G) XRF image showing Co in green. Bright 
green shows carrollite, faint green shows Co-pyrite for image F. H) XRF image showing Bi 
in Blue. Bright blue shows both Co-pyrite and pyrite for image F. I) XRF image showing As 
in orange. Bright orange shows tennantite, fainter orange shows Co-pyrite for image F. J) 
XRF image showing Pb in green. Bright green shows galena. Faint green shows Co-pyrite for 
image F. 
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Cymrite  

Cymrite is a metamorphic mineral that occurs in high-temperature and high-pressure 

environments (Reinecke, 1982). However, Moro (2001) describe cymrite to occur in barite 

deposits of Zamora, Spain, and is interpreted to have formed at around 350°C. Sorokhtina et 

al. (2008) found cymrite to be an indicator of high Ba activity that forms under hydrothermal 

conditions at temperatures between 200 and 300°C. In the South Reef of the Bornite deposit, 

cymrite formed during the stage 3 brecciation event. Connor (2015) hypothesized that 

cymrite formed during the Jurassic-Cretaceous Brookian orogeny indicating that the younger 

sulfides formed either during or after the orogenic event. However, this interpretation is in 

conflict with Re-Os age dates of Cu sulfides within the Bornite deposit which suggest a 

Paleozoic age (Selby et al., 2009). This study agrees with previous studies by Hitzman 

(1986), and Conner (2015) that cymrite is indeed older than the Cu sulfides. White mica and 

illite that precipitated during stage 4 and replace stage 3 cymrite can be seen to show foliation 

(often but not always) most likely created during the Jurassic-Cretaceous orogeny (Hitzman, 

1986). The formation of cymrite instead of the much more common mineral barite indicates a 

low sulfate activity either due to reducing conditions or a lack of S.  

Germanium within the South Reef of the Bornite deposit 

Germanium in the South Reef occurs primarily in the mineral renierite. Previous studies 

identified the mineral germanite in the Number One orebody (Bernstein & Cox, 1986), 

however, no germanite was found in samples from the South Reef orebody.  

Renierite occurs almost exclusively as inclusions in bornite and chalcocite and to a much 

lesser extent in chalcopyrite. Moreover, the more bornite and chalcocite within a sample, the 

larger and more abundant the renierite inclusions are. 

Micro-XRF analyses indicate that Ge is also present in elevated concentrations in stage 3 

feldspar, stage 4 white mica, illite and stage 4 galena and occurs as discrete a mineral in stage 

4 (renierite; Fig. 5.5, 5.6, 5.7, 5.8). Stage 3 feldspar is replaced by stage 3 dolomite and ore 

fluids during stage 4 most likely providing a source of Ge for renierite and white mica and 

illite in stage 4. Stage 4 white mica and illite do not show any textures indicating that they are 

replaced by younger stage 4 ore forming fluids, however it is possible that these minerals 

could be a source of Ge through i.e., leaching.  
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Figure 5.5: A) Automated mineralogy image of sample RC11-0187-465.88 with legend at the 
bottom. Stage 3 feldspars are shown by dashed circles. B) XRF image showing Ge within 
sample RC11-0187-465.88. Ge correlates with the Stage 3 feldspars shown in figure A.  
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Figure 5.6: A) Automated mineralogy image of sample RC11-0187-460 with legend at the 
bottom. Stage 3 feldspars are shown by dashed circles. B) XRF image showing Ge within 
sample RC11-0187-460. Ge correlates with the Stage 3 feldspars shown in figure A.   
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Figure 5.7: A) Automated mineralogy image of sample RC11-0187-437 with legend at the 
bottom. Notable bodies of stage 4 white mica and illite are shown with dashed circles. B) 
XRF image showing Ge in sample RC11-0187-437. Ge somewhat correlates with stage 4 
white mica and illite shown in figure A. 
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Figure 5.8: A) Automated mineralogy image of sample RC11-0187-471 with legend at the 
bottom. Dashed circles highlight galena. B) XRF scan showing Ge in sample RC11-0187-
471. Bright green areas correspond to galena, faint green areas correspond to white mica and 
illite. 
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Whilst it is uncommon to find a deposit where Ge is sequestered in galena, galena has 

been found with up to 8470 ppm Ge (accompanying Ge-bearing sphalerite) at the carbonate-

hosted Zn-Pb Ambrosia deposit in Brazil (Soares Monteiro et al., 2006).   

Commonly, sphalerite is thought to be the host mineral for Ge (Bernstein, 1985; Frenzel 

et al., 2014). Sphalerite in the South Reef of the Bornite Deposit, however, does not contain 

Ge above the detection limit of the mapping micro-XRF. Bernstein (1985) suggested that the 

sulfide activity dictates whether Ge is lattice bound in sphalerite or whether it occurs as 

discrete Ge-sulfides. In a low sulfidation environment, Ge will more readily substitute into 

sphalerite whereas in a high sulfidation environment, Ge will occur in the form of germanite 

and renierite. As previously described, renierite inclusions are predominantly found in 

chalcocite and bornite and only to a much lesser extent in chalcopyrite. This is consistent 

with findings by Bernstein (1985) that discrete Ge-sulfide minerals (here renierite) are only 

formed in a high sulfidation environment that will also crystallize Cu-minerals such as 

chalcocite and bornite commonly found when the sulfide activity is high. With a decrease in 

sulfide activity, the mineral chalcopyrite forms which shows a much lower abundance of 

renierite compared to chalcocite and bornite.  

5.2 Ore forming processes  

The Bornite deposit has been studied by Runnells (1964), Runnells (1969), Hitzman 

(1983, 1986), Bernstein & Cox (1986), and Conner (2015) but its ore forming processes are 

not well understood. Hitzman (1986) proposed a temperature-dependent mechanism for the 

precipitation of ore minerals. This theory was justified by fluid inclusion data that showed a 

decrease in temperature from 215 °C at the core of the Cu ore lenses to 100 °C at the margins. 

Conner (2015) supported the theory that fluid cooling was responsible for sulfide 

precipitation by noting the zonation of chalcocite-bornite in the center of the deposit followed 

by chalcopyrite-pyrite and then pyrite and sphalerite along the fringes. However, fluid 

cooling is the most effective mechanism to precipitate large amounts of quartz (Martin & 

Lowell, 2000) and the Bornite deposit is very poor in silica, suggesting that fluid cooling was 

not the dominant process for ore formation.  

Hitzman (1986) suggested that the mineralizing fluid was a basinal brine, due to the lack 

of igneous rocks in the vicinity, the low fluid temperature, and the proximity of the bornite 

deposit to a basin system. Moreover, organic matter reflectance studies indicate that the 

mineralizing fluid contained hydrocarbons (Hitzman, 1986), suggesting that the fluid 
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responsible for ore formation was highly reduced. Following Fig. 5.9, a mineralizing fluid at 

200°C is able to transport significant amounts of Cu, Ba, and Zn under reduced and acidic 

conditions.  

 

This general observation is consistent with observations from other carbonate hosted Cu-

sulfide deposits such as the Black Butte deposit in Montana (Pfaff & Graham, 2013) or the 

lead zinc, clastic sediment hosted Sullivan deposit (Cooke et al., 2000), where reduced acidic 

basinal brines ascend along basin faults and interact with carbonate platforms causing the 

mineralizing fluid to shift in pH towards more alkaline conditions causing the precipitation of 

ore minerals. Stage 4 Cu-sulfides are interpreted to have precipitated at or below 200°C 

temperatures (Hitzman, 1986). Carbonate platforms rocks and phyllite layers containing 

organic matter and diagenetic pyrite, and organic matter in the form of anthraxolite occur 

throughout the Bornite deposit emphasizing the reduced nature of the fluid and host rocks 

(Hitzman, 1986).  

Fig. 5.9: Phase diagram of pH – fO2 diagram at 200°C indicating solubility contours for Cu 
and stability fields for Cu minerals, Fe-mineral stability fields, Barite stability field, Ba-
carbonates and fluid evolution pathways from the Sullivan, Black Butte and Bornite deposits. 
Phase diagram after Cooke et al. (2000) and Graham et al. (in prep.).  
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Pre-ore stages 1 and 2 are dominated by carbonates and pyrite. Stage 1 predominantly 

consists of diagenetic low-temperature dolomite and pyrite, followed by ferroan stage 2 

dolomite and pyrite (Hitzman, 1986). Stage 3 includes different carbonates, pyrite, Co-pyrite, 

cymrite and seems to represent the transition from a diagenetic environment to the ore 

forming event at elevated temperatures during stage 4. It is interesting to note, that stage 3 

includes the Ba-mineral cymrite, which is thought to be an indicator of high Ba activities 

(Sorokhtina et al., 2008). While most carbonate hosted Cu deposits contain barite, the South 

Reef of the Bornite deposit precipitated a series of other Ba minerals such as cymrite (Ba-

silicate) and alstonite (Ba-carbonate), which are thought to have precipitated due to the 

reduced nature of the mineralizing fluid and host rocks and the concomitant lack of sulfate 

(Fig. 5.9).  

During the main ore forming stage 4, after burial and diagenesis, the reduced acidic 

basinal brine entered the now buried diagenetic pyrite carbonate platform. Higher 

temperatures of the reduced acidic brine permit significantly greater Cu solubility compared 

to low-temperature fluids (Pfaff et al., 2013). Upon interaction with stage 1 through 3 pyrite 

and carbonates, the basinal brine was buffered to an intermediate oxidation state (around or 

below the hematite-magnetite buffer) at a near-neutral pH of around 5-6 (Fig. 5.9). Upon 

initial interaction of the ascending basinal brine with the carbonates at the depositional site, 

pre-existing Co-pyrite would have been in disequilibrium with the acidic mineralizing fluid, 

leading to the destruction and replacement of stage 3 Co-pyrite predominantly by chalcocite 

and subordinately bornite (Fig. 5.9). Trace elements in Co-pyrite (Co, As, Pb) were liberated 

and precipitated as cobaltite, carrollite, galena, and tennantite.  

Petrographic observations made in this study reveal a distinct precipitation succession of 

the different Cu-sulfide minerals. Chalcocite, bornite, and chalcopyrite did not precipitate in 

equilibrium but are staggered in space and time with chalcocite precipitating first and in the 

center of the deposit, followed by bornite and then chalcopyrite (Hitzman, 1986; Connor, 

2015; this study). The succession of Cu-sulfide minerals chalcocite, bornite, followed by 

chalcopyrite is interpreted to reflect the evolving fluid during fluid-rock interaction leading to 

more alkaline conditions and to a concomitant decrease in sulfide activity in the mineralizing 

fluid over time. The predominant precipitation mechanism was likely a shift in pH towards 

more alkaline conditions, but changes in temperature and a decrease in sulfide activity may 

have also contributed to the distinct mineral zonation in space and time.  
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The mineral renierite is the primary Ge sulfide in the Number One orebody and the only 

Ge bearing sulfide in the South Reef orebody. Renierite predominantly occurs as inclusions 

in chalcocite and bornite and is less abundant in chalcopyrite. Renierite grains in chalcopyrite 

are often in contact with residual bornite and are always much smaller than renierite 

inclusions in chalcocite and bornite which would suggest that renierite, like bornite and 

chalcocite, is no longer in equilibrium in the presence of chalcopyrite. When the sulfur 

activity in the fluid decreases, the reaction bornite + pyrite leads to the formation of 

chalcopyrite and also destabilizes renierite at the same time (Einaudi et al., 2005). Similar 

textural evidence can also be observed at Kipushi where renierite preferentially occurs in 

chalcocite and bornite (De Vos et al., 1974). As most of the ore at the Bornite deposit is 

composed of chalcopyrite, it can be assumed that much of the Ge was destroyed and possibly 

remobilized in areas of chalcopyrite. 

5.3 Ge-bearing deposits - A global perspective 

Comparison of other Ge bearing carbonate hosted base metal deposits with the Bornite 

deposit 

With the increased demand for germanium and the lack of literature on its distribution 

within primary mineral deposits, understanding known Ge-bearing deposit is critical for 

future exploration efforts.  

Known Ge-bearing carbonate hosted base metal deposits are Tsumeb, Kipushi, Khusib 

Springs, Kombat, and Kabwe which are briefly introduced below. Even though the Bornite 

deposit has comparably lower concentrations of Ge (up to 125 ppm), it shares many 

characteristics with these deposits.  

(I) The Tsumeb Pb-Zn-Cu deposit is located in the northern region of Namibia and is 

hosted within dolomites and limestones with shale/mudstone horizons (Melcher, 

2003). The Tsumeb deposit itself is an irregular, sub-vertical pipe like orebody 

that reaches a depth of over 1700 m from the surface. Germanium occurs in the 

form of germanite and renierite and Melcher (2003) suggested that Ge-minerals 

were precipitated upon the interaction of the ore forming fluid with dolomite at 

the site of deposition.  

(II) The Kipushi Zn-Cu-Pb deposit is located in the south of the DRC along the border 

with Zambia and is hosted within dolomite, shale, and dolomite rich in a 
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carbonaceous material shungite (Heijen et al., 2008). Copper sulfides are thought 

to have precipitated due to the interaction of a mineralizing fluid with carbonates 

and subsequent reduction of the mineralizing fluid. Renierite occurs associated 

with bornite and chalcocite (De Vos et al., 1974) whereases other Ge minerals 

such as germanite and briartite are found in chalcopyrite and sphalerite (Heijen et 

al., 2008).  

(III) The Khusib Springs of the Otavi Mountain land, Namibia, is a small, high grade, 

carbonate hosted Cu-Zn-Pb-Ag deposit (Melcher et al., 2006). Organic material in 

the form of semigraphite is present in these carbonates. Massive sulfide ore 

replaces laminated carbonate rock as well as carbonate breccias with Ge occurring 

as Ge-bearing colusite and Ge-bearing enargite.  

(IV) The Kombat Cu-Pb-Zn deposit is located just south of the Tsumeb deposit in 

Namibia (Kamona & Gunzel, 2007). Renierite is the primary Ge phase within the 

deposit. The largest accumulations of ore are best developed in zones of 

brecciation within dolostones close to the contact with the overlying slate (Innes 

& Chaplin, 1986).  

(V) The Kabwe deposit in central Zambia is hosted in dolomites with a carbonaceous 

component. Four epigenetic, pipe-like orebodies of massive sulfides occur in 

highly faulted portions of the dolomite. Ge occurs as briartite and renierite and 

occurs as rare inclusions in sphalerite and chalcopyrite. Ore was deposited due to 

changing pressure, temperature and pH upon fluid-rock interaction with host 

dolomites (Kamona & Gunzel, 2007). 

The Ge-bearing deposits above share a number of common characteristics, which are: 1.) 

The presence of carbonate breccia and dolomite that are host to ore minerals. 2.) 

Organic/carbonaceous material in host rocks and neighbouring rocks, i.e., shales. 3.) 

Conduits for fluid flow in the form of faults, fracture and bedding planes, or the matrix of 

breccias. 4.) Barriers to fluid flow in the form of shales or slates overlying areas of high-

grade ore. 5.) The presence of Ge sulfides as opposed to Ge bearing sphalerite indicating high 

sulfur activity in the mineralizing fluid (Bernstein, 1985). 6.) Tectonic deformation events 

that are linked to fluid flow, fluid formation and mineralization (i.e., Tsumeb and Khusib 

Springs where ore formed during deformation). 7.) The precipitation of the same Cu-Zn-Pb 

sulfide minerals: chalcocite, bornite, chalcopyrite, galena, and sphalerite. 8.) The apparent 

lack of a causative magmatic body as a heat, fluid, and metal source. 9.) The dissolution of 
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evaporites was key for metal-bearing mineralizing fluids. 10.) The mineralizing fluids were 

high in temperature and salinity.  

It is notable that the Bornite deposit possesses many of these characteristics as well. Ore 

minerals are hosted in dolomites and occur preferentially in the matrix of brecciated 

dolomites. Organic matter in the form of anthraxolite occurs in carbonates in the BCS and the 

phyllites that are interbedded with the carbonates of the BCS were once carbonaceous shales 

(Hitzman, 1986). High grade ore bodies occur in brecciated carbonates adjacent to these 

phyllites (Hitzman, 1986), which is very similar to the Kombat deposit where high grade ore 

bodies developed in dolostone breccias proximal to overlying slate (Innes & Chaplin, 1986). 

The presence of Ge sulfides and the lack of Ge bearing sphalerite at the Bornite deposit hints 

at an abundance of sulfur in the mineralizing fluid. Ore minerals at Bornite are chalcocite, 

bornite and chalcopyrite, sphalerite, tennantite, and galena, which is in agreement with the 

ore mineralogy observed at other carbonate hosted Ge-bearing Cu deposits. There is no 

intrusion observed at the Bornite deposit that could be responsible for providing the causative 

heat for the mineralizing fluids.  

Whilst ore minerals at Bornite formed after brecciation (similar to Kipushi), Tsumeb and 

Khusib Springs formed during deformation (Frimmel et al., 1996; Melcher, 2003; Schneider 

et al., 2007). This observation indicates that the timing of ore deposition and deformation are 

not a key factor in the variation of Ge concentration between these deposits.  

Ore forming processes at these deposits were believed to be caused by fluid-rock 

interaction and a subsequent change in fluid geochemistry due to interaction with carbonate 

rocks, interactions with organic material/carbonaceous shales, and a temperature and pressure 

decline. pH in particular was suspected to be responsible for the precipitation of Ge bearing 

colusite at the Khusib Springs deposit due to the observation of colsuite forming only along 

sulfide-dolomite contacts (Melcher, et al., 2006).  

Key differences between the Bornite deposit and comparable deposits mentioned above is 

that the mineralizing fluid at Bornite was much cooler than that of the Tsumeb (350–450°C), 

Kipushi (290-380°C), Khusib Sprigs (>300°C), Kombat (350-480°C) and Kabwe deposits 

(247-385°C) (Innes & Chaplin, 1986; Frimmel et al., 1996; Melcher et al., 2006; Kamona & 

Friedrich, 2007; Heijen et al., 2008). Moreover, the salinity of the mineralizing fluid at the 

Bornite deposit was less saline (7-13 wt. % NaCl) than the mineralizing fluids at the Tsumeb 

(20-23 wt.% NaCl), Kipushi (17-23 wt.% NaCl), Khusib Springs (16-24 wt.% NaCl) and 
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Kabwe (15 to 31 wt.% NaCl) deposits (Hitzman, 1986, Frimmel et al., 1996; Melcher et al., 

2006; Kamona & Friedrich, 2007; Heijen et al., 2008).  

Pokrovski & Schott (1998) found that the solubility of Ge in the form of germanium 

hydroxide complexes decreases with decreasing temperature and salinity. This could be a 

valid explanation as to why the Ge concentration at the Bornite deposit (up to 125 ppm) is 

lower compared to other higher-grade Ge-bearing carbonate hosted deposits i.e. Tsumeb (up 

to 0.83 wt. %), Kipushi (up to 750 ppm), Kombat (up to 200 ppm) and Khusib springs (up to 

200 ppm). 

The source of Ge in these deposits is still unclear. Melcher (2006) suggested that due to 

the organophile behaviour of Ge and since it was found to be enriched in coal deposits 

worldwide, a source for the Ge might have been the organic matter found in many of these 

carbonate-hosted base metal deposits (i.e., Tsumeb, Kipushi, Kabwe and Khusib Springs). 

However, chemical data of the organic matter at the Bornite deposit is lacking.  
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CHAPTER 6: CONCLUSION AND OUTLOOK 

6.1 Conclusion 

Increasing demand for the element Ge has led to renewed interest in the occurrence and 

distribution in existing ore deposits. Carbonate hosted base-metal deposits are known to host 

elevated concentrations of Ge. This study provides detailed petrography and a paragenetic 

diagram of the South Reef orebody within the Bornite deposit, whole-rock geochemistry data 

and micro-XRF element maps that help to improve our understanding of the occurrence, 

sequestration and nature of Ge in this deposit.  

Traditionally, coal and some MVT and SHMS deposits are considered to the primary 

producers of Ge (Frenzel et al., 2014). However, as the demand for Ge increases deposits that 

produce Ge as a biproduct may also be relied upon to meet this demand, making the 

extraction of Ge highly desirable and economical. The Bornite Cu-Zn-Co deposit hosts up to 

125 ppm Ge with the highest Ge-grades occurring in highest-grade Cu ore zones. Germanium 

tonnage estimates do not exist at this time and even though known Ge concentrations do not 

match the levels of other deposits such as Red Dog, it may still be enriched enough to be of 

economic interest. 

Previous studies have shown that Ge is most efficiently mobilized if the mineralizing 

fluid is higher in temperature and more saline. This observation might be the reason why Ge 

grades in the South Reef of the Bornite deposit are significantly lower than in other carbonate 

hosted base metal deposits such as Kipushi and Tsumeb, which are thought to have formed 

from a high temperature and saline fluid.  

The proposed ore forming mechanism for the Bornite Cu-Zn-Co deposit is that a hot 

(around or below 200C), reduced, acidic basinal brine entered the carbonaceous phyllites at 

the depositional site. The predominant precipitation mechanism is thought to be a shift in pH, 

but changes in temperature and sulfur activity at the depositional site are thought to be 

responsible for spatial and temporal zonation in Cu-sulfide mineralogy (chalcocite, bornite, 

chalcopyrite). It is notable that renierite inclusions are predominantly observed in chalcocite 

and bornite, but notably less common in chalcopyrite. 
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The proposed ore forming process proposed in this study is in agreement with deposits in 

the Belt-Purcell basin where reduced acidic brines are thought to be the ore forming fluid 

(Cooke et al., 2000; Graham et al., in prep.).  

6.2 Outlook 

If there is increasing demand for the element Ge in the future, Ge is expected to be mined 

and extracted as a biproduct in existing deposits. If this became reality and the Bornite 

deposit was mined for Ge as a biproduct, attention should be given to oxidised ore and waste 

dumps as these are typically found to be enriched in Ge (i.e., Kipushi, Tsumeb; Holl et al., 

2007) due to Ge accumulating in oxidized rocks.  

To really understand the source for Ge and its behaviour in hydrothermal systems, a 

follow-up study utilizing in-situ methods such as LA-ICP-MS should be utilized. Potential 

sources of Ge in and around Bornite are: (I) organic matter (anthraxolite), (II) phyllites and 

carbonaceous phyllites in and around the Bornite deposit, (III) various silicates and sulfides 

to have been found to sequester Ge (i.e., feldspar, galena, etc.). The use of LA-ICP-MS to 

quantify the concentrations of germanium within these locations would be useful to improve 

our understanding of Ge in the Bornite deposit.  

Currently, there is only limited knowledge on the characteristics of the ore forming fluid. 

To better constrain the ore forming mechanisms, published fluid inclusion data should be 

revisited in the Bornite deposit with particular interest paid to the South Reef, which has 

never been studied for fluid inclusions. Moreover, the occurrence of a variety of different 

barium minerals (including, cymrite, barite, and Ba-carbonates) within the deposit should be 

studied in more detail to attain a complete picture of conditions throughout the history of the 

Bornite deposit, which would improve our understanding of variations in sulfidation and 

oxidation state, and temperature.  
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APPENDIX A 

SAMPLE DATA 

 

 

Table A.1: Checklist for geochemistry, XRF, Thin section, TIMA and SEM-BSE. If marked 
as “Y” in that row, then that sample has undertaken that specified criteria. If marked with 
blue, then it has not undertaken that criteria. 

Sample ID Geochemistry XRF Thin Section TIMA SEM-BSE

RC11-0187_433 Y

RC11-0187_434.7 Y Y Y Y Y

RC11-0187_435 Y Y Y Y Y

RC11-0187_437 Y Y Y Y Y

RC11-0187_438 Y

RC11-0187_444.3 Y

RC11-0187_448 Y Y Y Y

RC11-0187_455

RC11-0187_460 Y Y Y Y

RC11-0187_461.3 Y Y

RC11-0187_461.8 Y

RC11-0187_464 Y Y Y
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Table A.1 continued 

RC11-0187_465.88 Y Y Y Y Y

RC11-0187_467 Y Y Y

RC11-0187_469 Y Y

RC11-0187_469.75 Y Y Y Y Y

RC11-0187_471 Y Y Y Y Y

RC11-0187_472 Y Y Y Y

RC11-0187_472.6 Y Y Y Y Y

RC11-0187_476.35 Y Y Y Y Y

RC11-0187_479.5 Y Y

RC11-0187_485 Y

RC11-0187_489 Y Y Y Y Y

RC11-0187_490.86 Y Y Y

RC11-0187_501 Y

RC11-0187_503 Y

RC11-0187_507.2 Y Y

RC11-0187_508.75 Y

RC11-0187_509 Y
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Table A.1 continued 

 

RC11-0187_515.3 Y

RC11-0187_523 Y Y

RC11-0187_526.7 Y Y Y

RC11-0187_527 Y Y Y Y

RC11-0187_532.1 Y Y

RC11-0187_538 Y Y

RC11-0187_543.53 Y Y

RC11-0187_551.38 Y

RC11-0187_553.9 Y

RC11-0187_555 Y

RC11-0187_560.52 Y

RC11-0187_567.3 Y

RC11-0187_578.9 Y

RC11-0187_581.6 Y Y

RC11-0187_584.91 Y

RC11-0187_587.6 Y

RC11-0187_508a Y
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Table A.1 continued 

RC11-0187_508b Y

RC11-0187_522.9 Y

RC11-0194_631.1 Y Y

RC11-0194_665.3 Y Y

RC11-0194_695.3 Y

RC11-0194_696.2 Y Y

RC11-0194_734.5 Y Y

RC11-0194_737.2 Y

RC11-0194_752.1 Y Y

RC11-0194_753.5 Y Y

RC11-0194_755.7 Y Y Y Y Y

RC11-0194_757 Y Y

RC11-0194_758.52 Y Y Y Y

RC11-0194_761.04 Y Y Y Y

RC11-0194_767.18

RC12-0209_775.2 Y

RC12-0209_776.8 Y
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Table A.1 continued 

RC12-0209_777.1 Y

RC12-0209_777.5 Y

RC12-0209_783.7

RC12-0209_784.6

RC12-0209_786.8 Y

RC12-0209_795.7

RC12-0216_595.4 Y

RC12-0216_602.7 Y

RC12-0216_604.5 Y

RC12-0216_608.3

RC12-0216_630.4 Y Y Y Y

RC12-0216_632.5 Y Y Y Y

RC12-0216_632.7 Y Y Y Y Y

RC12-0216_633.1 Y Y Y Y Y

RC12-0216_636.8 Y Y Y

RC12-0216_672.5 Y

RC12-0216_675.7 Y
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Table A.1 continued 

RC13-0233_739.9

RC13-0233_760.1

RC13-0233_772.5

RC18-0247_731.3 Y

RC18-0247_744.2 Y

RC18-0247_744.6 Y

RC18-0247_750.4 Y

RC18-0247_792.3 Y

RC18-0247_797.6 Y

RC18-0247_800.6 Y

RC18-0247_801.5 Y

RC18-0247_804.2 Y

RC18-0247_804.4 Y

RC18-0247_805.64 Y

RC18-0247_804.2

RC 34-761.8 Y Y Y Y

RC 34-968.0 Y Y
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Table A.1 continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RC 34-998.0 Y Y Y

RC 34-1006.0 Y Y Y

RC 40-1054.0 Y Y Y Y
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APENDIX B 

MINERALIZATION 

 

 

Sample ID Bornite % Chalcopyrite % Chalcocite % Tennantite %

RC11-0187_433 5

RC11-0187_434.7 2 2

RC11-0187_435 1 2

RC11-0187_437 1 50 2

RC11-0187_438 2

RC11-0187_444.3 1

RC11-0187_448 2 0.1

RC11-0187_455 1

RC11-0187_460 15

RC11-0187_461.3 1 5

RC11-0187_461.8

RC11-0187_464 1 3

Table B.1: Bornite, chalcopyrite, chalcocite, and tennantite % abundance in each hand 
sample.   
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Table B.1 continued 

 

RC11-0187_465.88 1 5

RC11-0187_467 1 2

RC11-0187_469 1 2 0.5

RC11-0187_469.75 5 1 0.5

RC11-0187_471 2 1 0.1

RC11-0187_472 1 0.5

RC11-0187_472.6 70 2 0.1

RC11-0187_476.35 1 5 0.5

RC11-0187_479.5 2

RC11-0187_485 0.5 1

RC11-0187_489 5 2 0.5 1

RC11-0187_490.86 20 50

RC11-0187_501 0.5

RC11-0187_503 0.5 0.1

RC11-0187_507.2 20

RC11-0187_508.75 0.1



 

99 

 

Table B.1 continued 

 

RC11-0187_509 0.5

RC11-0187_515.3 0.5

RC11-0187_523 2

RC11-0187_526.7 1 3

RC11-0187_527 1 3

RC11-0187_532.1 0.5 5

RC11-0187_538 2 5

RC11-0187_543.53 1

RC11-0187_551.38 2 2

RC11-0187_553.9 1

RC11-0187_555 0.1

RC11-0187_560.52 0.1 0.5

RC11-0187_567.3 0.1

RC11-0187_578.9 5 0.1

RC11-0187_581.6 1

RC11-0187_584.91 0.1
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Table B.1 continued 

 

RC11-0187_587.6 2

RC11-0187_508a 1

RC11-0187_508b

RC11-0187_522.9 1

RC11-0194_631.1 3

RC11-0194_665.3 3

RC11-0194_695.3 3

RC11-0194_696.2 3

RC11-0194_734.5 1 1

RC11-0194_737.2 0.5 1

RC11-0194_752.1 1 1

RC11-0194_753.5 0.5 0.5

RC11-0194_755.7 1 1

RC11-0194_757 1 2 0.5

RC11-0194_758.52 2 1

RC11-0194_761.04 10 1
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Table B.1 continued 

 

RC11-0194_767.18

RC12-0209_775.2 1 1

RC12-0209_776.8 0.5 1

RC12-0209_777.1 0.1 0.5

RC12-0209_777.5 2

RC12-0209_783.7 1

RC12-0209_784.6 0.5

RC12-0209_786.8 1

RC12-0209_795.7

RC12-0216_595.4 0.1

RC12-0216_602.7 5

RC12-0216_604.5 1

RC12-0216_608.3 1

RC12-0216_630.4 5

RC12-0216_632.5 1 10

RC12-0216_632.7 0.5 80 0.5
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Table B.1 continued 

 

RC12-0216_633.1 30 20 5

RC12-0216_636.8 1 20 0.5

RC12-0216_672.5 30

RC12-0216_675.7 5

RC13-0233_739.9

RC13-0233_760.1 1

RC13-0233_772.5

RC18-0247_731.3 2

RC18-0247_744.2 3

RC18-0247_744.6 10

RC18-0247_750.4 3

RC18-0247_792.3 5

RC18-0247_797.6 1 0.5

RC18-0247_800.6 1

RC18-0247_801.5 2 0.5

RC18-0247_804.2 2
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Table B.1 continued 

 

 

 

 

 

RC18-0247_804.4 5 1

RC18-0247_805.64 0 3

RC18-0247_804.2


