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Abstract

The Bornite Cu-Co deposit is predominately hosted in dolomitic marble with 

interstratified phyllite; the mineral resource is restricted to the Upper, Lower and South Reefs. 

Cobalt is primarily from carrollite (ideally CuCo2S4), cobaltite (ideally CoAsS), and 

cobaltiferous pyrite ((Fe,Co)S2). The Co minerals can contain significant Ni, and the Ni rich 

endmembers, millerite (NiS) and gersdroffite (ideally NiAsS), also rarely occur. Detailed 

handheld XRF analyses on 15 drill holes, coupled with reflected light petrography, electron 

microprobe-based compositional maps, and electron microprobe analyses (EPMA) have shown 

complex compositions, textures, associations, and spatial distribution of the Co minerals in the 

Bornite deposit.

Carrollite compositions and textures vary with the Cu-sulfide assemblage: carrollite with 

bornite is commonly porphyroblastic and approximated by Cu(Co,Ni)2S4, whereas carrollite 

lacking associated bornite is interstitial and represented by (Cu,Ni)(Co,Ni)2S4. Cobaltite occurs 

in two generations: early As-depleted, Ni-poor, and metastable ((Co,Fe)As0.5S1.5 to 

(Co,Fe,Ni0.06)As0.88S1.12), and late near stoichiometric ((Co,Fe,Ni0.01)As0.9S1.1 to 

(Co,Fe,Ni0.94)As1S1). The latter rims and (or) replaces the former. The virtual lack of cobaltite in 

assemblages containing bornite + pyrite, along with carrollite compositions, suggest a gradient in 

Cu and Co activity that increased with increasing fS2. Distinct carrollite zones associated with 

higher Cu grades are present in the high-grade zone (Number One Orebody) of the Upper Reef 

and the South Reef. Decreasingly Cu-rich assemblages dominated by chalcopyrite + pyrite and 

cobaltite are outside the carrollite zones. The Lower Reef has lower Cu grades, lacks a carrollite 

zone, and variably contains cobaltite. Due to these different Co mineral distributions, the Bornite 

deposit cannot represent dismemberment of a single homogeneous body.

Bornite pyrite can contain Ni and Cu (both inversely correlated to Co) and As (maximum 

5.6%, generally correlates with Co). Compositions of Co-pyrite lacking significant As (up to 

8.5% Co) and late cobaltite suggest temperatures of 400-500oC, consistent with Upper Blueschist 

to Greenschist conditions. Pyrite compositions can be extremely variable within a single sample 

and even within a single grain: nearly half of all EPMA pyrite analyses yield < 0.25% Co. 

Clearly metamorphic (porphyroblastic) pyrite displays concentric oscillatory Co + As zonation.
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Average Co content in pyrite generally increases with Cu grade, which suggests Devonian Co 

and Cu deposition occurred simultaneously.

Co deportment is a function of location in the deposit, which correlates with Cu grade 

and Co mineral zonation. Based on metal balance calculations, more than half (on average 57%) 

of the Co in South Reef intervals with > 0.5% Cu is due to Co-pyrite. In the Lower Reef the 

proportion is much higher: 55-93%. High Cu grade intervals typically yield increased carrollite 

abundance and decreased cobaltite. Carrollite consistently reports to the Cu concentrate, 

however, cobaltite recovery is variable and can report to the tails with Co-pyrite. Thus, 

maximizing Co recovery from Bornite will require producing a pyrite concentrate in addition to 

the Cu concentrate.
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Chapter 1: Introduction

Cobalt is a critical and strategic metal, used in a variety of technical applications. World 

cobalt production has largely occurred in the Central African Copper Belt, located in war-torn 

central Africa, specifically from deposits in the Congo and Zaire. As such the international 

community has long searched for new sources of cobalt. The Bornite Cu-Co deposit (here after 

referred to as Bornite or the Bornite deposit) is one such source, with increasing interest in recent 

years to define the Co resource in the deposit. Co predominately occurs within three minerals in 

Bornite; cobaltiferous pyrite (Co-py), cobaltite (cob, ideally CoAsS), and carrollite (carr, ideally 

Co2CuS4). However, extracting the Co from the deposit is complicated by the multiple minerals 

and modes of occurrence. To assist in better understanding and defining the Co resource, I have 

completed an investigation into the Co mineralogy, mineral distribution, and mineral zoning 

patterns in the Bornite deposit.

1.1 General Overview and Location

The Bornite deposit is a carbonate replacement deposit located in the Cosmos Hills along 

the south margin of the western Brooks Range, approximately 480 kilometers northwest of 

Fairbanks, Alaska (Figure 1-1). Bornite host rocks consist of Silurian to mid-Devonian marble 

and intercalated phyllite replaced predominantly by pyrite and Cu-sulfides; most sulfide 

mineralization occurs in dolostone interfingered with variably carbonaceous phyllite. The 

Bornite carbonate sequence (Table 1-1), which hosts sulfide mineralization, sits structurally 

between the younger Beaver Creek Formation (above) and younger Anirak Schist (below). Low 

angle faulting occurs between the Beaver Creek phyllite and Bornite Sequence as well as through 

the Bornite Sequence (Trilogy Metals Inc., 2018).

The Bornite deposit consists of multiple ore horizons: the long-known Number One 

Orebody, which is part of the Upper Reef; underlying mineralization hosted by a second 

carbonate package (Lower Reef); and a third, recently discovered, zone called the South Reef. 

The sulfide horizons have been described as predominantly composed of pyrite (py), 

chalcopyrite (cp), bornite (bn), chalcocite (cc), and trace digenite (dg) in the core; surround by a 

zone dominated by cp, py, sphalerite (spl), and tetrahedrite-tennantite otherwise known as 

fahlore (tet-tenn, fah); with a fringe zone dominated by pyrite. The reality (Figure 1-2) is more 
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complicated: chalcocite zones are not always encased by bornite and bornite is not always 

encased by chalcopyrite. As of January 2019, Bornite contains an indicated resource of 40.5 

million tonnes (Mt) at 1.02% Cu and inferred resource of 141.9 million tonnes at 1.7% Cu and 

182.4 Mt at 0.02% Co (Trilogy Metals Inc, 2018).

Figure 1-1: Map showing locations of major roads and villages in west-central Alaska, and the Bornite and nearby 
Arctic volcanogenic massive sulfide (VMS) deposit.

Figure 1-2: SW-NE cross section through the South Reef showing sulfide mineral zonation. Modified from Trilogy 
Metals Inc. (2018).
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Table 1-1: Bornite meta-stratigraphy, modified from Hitzman et al. (1986) with ages from Hoiland (2018).

Unit Age Lithology Metamorphic Grade Thickness

Beaver Creek Early-Late
Devonian Phyllite, quartzite, marble Lower Greenschist >2000m

Upper Bornite 
carbonate

Early Devonian-
Late Silurian

Marble, argillaceous marble, 
dolomitic marble, phyllite, 

phyllitic marble
Lower Greenschist 200

1000m

THRUST ??

Phyllite - in
Bornite carbonate Late Devonian Phyllite (PH-118) Lower Greenschist

Lower Bornite 
carbonate

Early Devonian-
Late Silurian

Marble, argillaceous marble, 
dolomitic marble, phyllite, 

phyllitic marble
Lower Greenschist 200

1000m

THRUST

Anirak schist Permian, 287 Ma Pelitic schist, quartzite, marble Greenschist 3000m

THRUST

Kogoluktuk schist Jurassic Pelitic schist, quartzite, marble Epidote-Amphibolite 4000m

1.1.1 Bornite Analogues

Bornite has been compared to the various clastic sediment-hosted Cu-Co deposits of the 

Central African Copper Belt, Kipushi being the most common. Kipushi is a quartz-rich, Zn>Cu 

deposit with minor Co, hosted by dolomitic breccias (De Magnee, 1988) and formed after the 

last regional metamorphism (Schneider et al., 2007) at a temperature of approximately 290- 

380oC (based on fluid inclusion and chlorite geothermometry; Heijlen et al., 2008). The Central 

African Cu-Co deposits are, in contrast, largely hosted by dolomitic shales (pure dolostone units 

are barren), formed at temperatures of approximately 115-200oC (El Desouky et al., 2010) and 

subsequently remobilized during regional metamorphic events (Muchez et al., 2010). These 

deposits contain carrollite (and zoned, Co-rich pyrite; Bartholome & Katekesha, 1971) and the 

Co is predominantly in carrollite (Craig & Vaughn, 1979).

Bornite has also been compared to Mount Isa, Australia, which contains major Cu-Co 

orebodies in dolomitic meta-siltstone; the predominant Co mineral is cobaltite (CoAsS) 

associated with Co-arsenopyrite, chalcopyrite, and pyrrhotite. Geologists have vociferously 
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argued about Mt Isa for decades, but the current interpretation is that the Cu-Co orebodies 

formed as post-metamorphic replacements, at temperatures of 250-300oC (Wilde et al., 2006).

Historically these three deposits/districts have been used as analogues to better 

understand mineralization at Bornite, however, Bornite is distinct from the others in its variable 

Co-mineralogy at least. Further, conodont alteration indices (CAI) for the carbonate rocks (Till et 

al., 2008) indicate that they were metamorphosed to at least 300oC in the Mesozoic. It is unclear 

what changes in the deposit took place during this metamorphism, though partial re-equilibration 

has been noted (Hitzman, 1986).

1.2 Geologic Overview

The Bornite deposit is located on the northern flank of the Cosmos Hills, at the south 

margin of the central Brooks Range (Figure 1-1). Structurally the Cosmos Hills constitute a 

broad, open, west-northwest plunging antiform (Figure 1-3). Bornite is located on the north limb 

of the antiform and is hosted in a marble-phyllite package commonly called the Bornite 

Sequence (Hitzman, 1986). Phyllitic rocks within the carbonate package contain a variety of 

greenschist facies stable minerals: muscovite, chlorite, actinolite, epidote, albite (Hitzman, 

1986), biotite, and alkali feldspar (Conner, 2015). The rocks hosting sulfide mineralization are 

Late Silurian to Middle Devonian, as indicated by conodonts (Till et al., 2008), and likely 

represent a carbonate platform, although other settings are possible. Selby et al. (2009) provide 

187Re/187Os evidence that the sulfide mineralization is of mid-Devonian age, indicating that 

mineralization might be nearly contemporaneous with sedimentation, or might be much younger. 

Much of the carbonate section is brecciated and numerous hypotheses have been offered for their 

origin and the apparently interstratified argillaceous (+ carbonate) phyllites. The rocks were 

metamorphosed to at least lower greenschist facies during the Mesozoic; consequently, 

sedimentary textural features are potentially complicated by the younger metamorphism and 

tectonism.
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Figure 1-3: General bedrock geology of the southern Brooks Range and Cosmos Hills, modified from Till et al. 
(2008). Age designations do not entirely reflect most recent data.

1.2.1 Regional Geology

The Bornite sequence is structurally bounded (Figure 1-3; Table 1-1) by the Anirak 

Schist (below) and Beaver Creek Phyllite (above). The Anirak schist has been historically 

described as conformably overlying the Kogoluktuk schist in northern exposures and 

unconformably in the Cosmos Hills (Figure 1-3; Hitzman et al., 1986). However, given that older 

overlies younger (Table 1-1), the contact is must be a thrust. Based on this example, many 
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contacts in the district, previously interpreted as conformable, are likely low-angle faults. The 

contacts between the Bornite sequence and the over-and under-lying rocks have been 

traditionally considered conformable (Hitzman, 1983), but recent detrital zircon U-Pb and 

conodont dating indicates that the Bornite Sequence (Silurian-Devonian) is older than the 

underlying (Permian; Table 1-1) Anirak schist (Hoiland, 2018). Consequently, Till et al. (2008) 

show all contacts of the Bornite sequence as low-angle faults (Figure 1-3). Structurally overlying 

the Bornite sequence and Beaver Creek phyllite is the Devonian-Jurassic Angayucham 

greenstone, a dismembered ophiolite complex emplaced in the Jurassic (Barker et al., 1988).

The last major deformation of the region occurred from the Jurassic to Cretaceous; local 

glaucophane and (or) actinolite in meta-mafic rocks could suggest blueschist and (or) greenschist 

facies (Hitzman, 1986). The Ambler sequence, also Devonian in age, plays host to the 

volcanogenic massive sulfide (VMS) belt approximately 25 km north of the Bornite deposit, 

which hosts the high-grade Arctic VMS deposit. There does not seem to be any direct connection 

between Bornite mineralization and the VMS systems to the north of the deposit, but the 

extensive Mesozoic deformation makes it difficult to determine the Devonian configuration and 

any genetic association between the carbonate and volcanic settings.

Younger, Mesozoic extension was proposed by Hitzman et al. (1986), as there appear to 

be horst and graben features defined by northeast-striking faults. These young faults are unlikely 

to possess any relation to Bornite mineralization and only further complicate the geology of the 

Cosmos Hills, and the distribution of sulfide mineralization in Bornite.

Historically most sulfide textures have been thought to represent the original fabrics 

created during Devonian sulfide deposition. The degree to which textures are original or 

represent re-crystallization is unclear, but partial re-equilibration likely occurred during the 

Jurassic-Cretaceous as indicated by cymrite-sulfide intergrowths and the restriction of cymrite to 

relatively high pressure-moderate temperature conditions (Graham et al., 1992; Figure 1-4). 

However, cymrite has also been experimentally shown to be stable at much lower pressures 

(Hsu, 1994), and commonly found in low- to medium-grade metasedimentary ore deposits where 

Ba activity is high (Sorokhtina et al., 2008). Given this metamorphism, it is unlikely that original 

(Devonian) textures have remained undisturbed.
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Figure 1-4: Stability region of cymrite (shaded) modified from Graham et al. (1992) with general boundaries 
between several metamorphic facies, as commonly accepted. For minimum temperature of 300oC (from CAI) the 
minimum pressure conditions are approximately the red circle, near the blueschist-greenschist facies boundaries. 
This presumably represents the minimum metamorphic conditions experienced at Bornite.

1.2.2 Mineralization Overview

Runnells (1969) studied the Number One Orebody (located in the Upper Reef) 

mineralogy and sulfur isotopes to identify Cu-sulfide minerals and constrain timing and origin of 

mineralization. From examination of drill core, he postulated an idealized vertical zonation of 

sulfides, reflecting a chalcocite + bornite + pyrite “core” grading out to more Cu-poor 

assemblages of chalcopyrite + pyrite + tennantite, to a pyrite “shell”. Based on sulfur isotopic 

data he concluded that euhedral pyrite in phyllite units is likely of sedimentary origin 

(diagenetic) vs. the hydrothermal origin of the subhedral and anhedral pyrite in carbonate rocks. 

Furthermore, he suggested a magmatic hydrothermal origin of sulfur needed for formation of the 
major Cu-sulfides as indicated by δS34 values. S34-S32 fractionation in pyrite and Cu-sulfides 

indicated isotopic disequilibrium; he concluded that some pyrite was not deposited 

contemporaneously with the Cu-sulfides. Runnells (1969) also identified monoclinic pyrrhotite, 

which constrains final equilibrium temperatures to less than 250°C, though the pyrrhotite is not 

associated with Cu-sulfides. Runnells (1964) also identified cymrite (BaAl2Si2O8*H 2O), as a 
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common alteration mineral in dolomitic breccias, commonly associated with Cu-sulfides. For a 

temperature of 300°C (indicated by CAI) cymrite requires a minimum pressure of approximately 

5.5 kb, near the Greenschist-Blueschist boundary (Figure 1-4).

Bernstein & Cox (1986) analyzed drill core samples from the Number One Orebody, 

utilizing reflected light petrography and limited EPMA analyses. They suggested the Number 

One Orebody is broadly zoned (Table 1-2): the distal ‘halo' is composed of mostly pyrite (trace 

sphalerite and galena); the intermediate zone consists of major chalcopyrite and pyrite with 

minor tennantite-tetrahedrite and carrollite; and a core of major bornite, chalcopyrite, chalcocite, 

and pyrite. The mineral zonation through the Number One Orebody described by Bernstein & 

Cox (1986) is idealized and is shown to be complicated by high-angle faulting and is not a 

continuous gradation of high-Cu minerals in the core with increasingly Cu-poor minerals 

becoming more abundant outward (Figures 1-5, 1-6).

Bernstein & Cox (1986) postulate two stages of mineralization, though timing is poorly 

constrained, with an early Fe-rich solution depositing abundant fine grained slightly 

cobaltiferous pyrite and marcasite. To account for apparent discrepancies in pyrite textures, they 

suggested partial recrystallization of pyrite near the end of the first period of mineralization that 

coincides with the deposition of carrollite and sphalerite (Bernstein & Cox, 1986). They propose 

a second stage of sulfide deposition derived from Cu-rich solutions; as the fluids moved outward, 

they became increasingly Cu depleted, producing the mineral zonation patterns indicated above.

Table 1-2: Mineral abundances in different sections of the Number One Orebody (from Bernstein & Cox, 1986)

Abundance of mineral as a percentage of total sulfides
Mineral Outer zone Intermediate zone Core zone

Pyrite 85-100 1-85 1-50
Carrollite <1 <1-5 <1-15
Sphalerite <1 <1-3 <1-3
Chalcopyrite <1-15 15-100 1-50
Tennantite <1-20 <1
Bornite <1-15 15-85
Galena <1 <1
Chalcocite 1-40
Covellite <1
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Figure 1-5: Plan map of Number One Orebody at the 980 level, showing distribution of ore zones and generalized 
mineral zonation, modified from Bernstein and Cox (1986).
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Figure 1-6: Cross sections through Number One Orebody as defined in Figure 1-5. Illustrating the complications 
with idealized mineral zoning, specifically the dismemberment of the orebody by high angle faulting. Modified 
from Bernstein & Cox (1986).
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Hitzman (1986) focused on age relations with respect to dolomitization, defining A = 

early, B = younger, and C = latest veining and brecciation (Figure 1-7). He also distinguished 

between ‘upper' (which includes the Number One Orebody), and ‘lower' parts of the deposit 

with no clear boundary separating the two or location for the ‘lower' part. The lower section, as 

defined by Hitzman (1986), includes both siderite and pyrrhotite, minerals restricted to a small 

zone, the exact location is not now known, but is outside of the significant Cu-Co resource.

Figure 1-7: Sulfide mineral paragenesis in the upper (main) part of the deposit (modified from Hitzman, 1986). 
Pyrite occurring with Cu-sulfides is implicitly Co-poor.

Fluid inclusions from the late “C” veining and mineralization event (Hitzman, 1983) 

suggest maximum temperatures of 225°C in the core of the (rare) siderite-pyrrhotite zone. Fluid 

inclusions from calcite bearing veins and dolomite-calcite intergrowths with massive sulfide 

mark a decrease in temperature of approximately 80°C (homogenization temperatures of 100

125°C) (Figure 1-8; Hitzman, 1983). Hitzman (1983) inferred that economic sulfide precipitation 

was triggered, in part, by a decrease in the temperature of rising fluids.
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Figure 1-8: Histogram of fluid inclusion homogenization temperatures (not pressure corrected) of dolomite and 
calcite from core, mid, and upper zones of the Bornite deposit (from Hitzman, 1983).

Hitzman (1983) also re-interpretated sulfur isotope data presented by Runnells (1969).

Hitzman (1983) suggested hydrothermal fluids derived from Devonian seawater reacted with 

isotopically lighter diagenetic sulfides to account for the wide range of δS34 values. Hitzman 

(1983) also corroborates some of his fluid inclusion temperatures with sulfur isotope 

fractionation thermometry (Table 1-3) using data generated by the Runnells (1969) study. Most 

of the isotopic temperatures derived by Hitzman (1983) are significantly higher than those 

indicated by fluid inclusions, perhaps due to metamorphism.
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Table 1-3: Sulfur isotope fractionation temperatures (modified from Hitzman, 1983). Most temperatures do not 
coincide with fluid inclusion temperatures, likely highlighting metamorphic conditions.
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1 397 C generation cp replacing late B generation 

coarse py in calcite-rich retrograde B 
assemblage

1.8 306 Pyrite intergrown with po in B generation 
siderite

24 236 Barite in pyritic siderite B assemblage

Selby et al. (2009) provide 187Re/187Os evidence that the sulfide mineralization is of mid

Devonian age. However precise age determinations (a small number of samples) for pyrite, 

bornite, and chalcopyrite yield non-overlapping ages (Figure 1-9) and apparent mineralization 

lifespan of 10-15 Ma. For example, well-constrained pyrite has an age 5 Ma younger than 

bornite. Chalcopyrite from DDH 60 is 10 Ma younger than chalcopyrite collected from the 

dump. These apparent relations are unlikely; it is more likely that there has been some 

differential migration of Re and Os from host sulfide minerals since original formation in the 

Devonian. Minerals that have lost Os will give younger ages, and conversely those that have 

gained Os yield older ages. Selby et al. (2009) state “recrystallization of sulfide minerals in the 

orebody appears to have been limited” but provide no evidence to support the claim.
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Figure 1-9: Highest precision 187Re/187Os ages for Ruby Creek samples, from Selby et al. (2009). These ages are 
inconsistent, do not coincide with apparent formation textures, and indicate a 10-15 Ma lifespan for mineralization.

Conner (2015) is a recently-published MS thesis on Bornite, which focused on 

hydrothermal alteration. He postulated that the deposit formed in the late Mesozoic, citing the 

common presence of cymrite and sulfide-cymrite intergrowths.

1.2.3 Co-specific Studies

Runnells (1969) attributed cobalt at Bornite to carrollite (CuCo2S4). He noted that it was 

rarely visible in hand specimen and associated with pyrite, chalcopyrite, and bornite.

An unpublished Kennecott report (Stephens, 1980) details a metallurgical study of 8 

Bornite hand specimens likely collected from the Number One Orebody dump. The sulfide 

mineralogy was extensively studied in both hand specimen and a composite, which was milled 

and beneficiated. Stephens (1980) did not recognize cobaltite as a Co-sulfide in any of the 

samples, either because it was not present, or it was not distinct enough to be recognized. Based 

on an unstated number of electron probe microanalyzer (EPMA) analyses, Stephens (1980) 

indicated that Co-bearing pyrite consistently contained approximately 4.5% Co and occurred as 

thick rims (20-75 microns) that surround a core of Co-free pyrite. Stephens (1980) further 

concluded (from microprobe analyses and counting an unstated number of 10-20 micron grains 

from the composite) that 28% of the pyrite grains were Co-bearing and that 1/3 of the contained 

Co was in carrollite and 2/3 was in Co-pyrite.
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Hitzman (1986) indicated that Co-pyrite is exclusively associated with the upper late B 

dolomite, and as such, predates both Cu-sulfide and carrollite deposition (Figure 1-7). He 

observed little to no carrollite in Cu assemblages from the late B dolomite, and suggested that 

cobalt was removed from the Co-pyrite common in the late B dolomite (Hitzman, 1986). Finally, 

Hitzman (1986) presented evidence that pyrite at Bornite displays Co-enriched rims and depleted 

cores (Figure 1-10).

Figure 1-10: Co X-ray map showing a large late B pyrite grain with a Co-depleted core and a Co-enriched rim. 
Bright dots = significant Co. Modified from Hitzman (1986).

Bernstein & Cox (1986) sampled drill cores from the Number One Orebody. They 

examined 177 polished sections in reflected light and analyzed minerals from 15-20 of the 

sections with a combination of scanning electron microscope (SEM) and EPMA techniques. The 

study identified carrollite and cobaltiferous pyrite as the Co-bearing phases, and indicated that 

carrollite is present throughout, but most abundant in the bornite-chalcocite-rich core (Table 1

2). Bernstein & Cox (1986) described carrollite as discrete grains ‘overprinting' pyrite grains, 

and intergrown with chalcopyrite and bornite. They claimed that carrollite is ‘older' than 

chalcopyrite + bornite, “based on vein relations” (Bernstein and Cox, 1986). They claimed 

(apparently based on 1 microprobe analysis) that the carrollite was Ni-free; however, world-wide 

occurrences invariably contain minor to major Ni (e.g., Craig et al., 1979). Finally, they 

hypothesized that Co was introduced early, before major Cu mineralization (Bernstein and Cox, 

1986).

Bernstein & Cox (1986) recognized two generations of pyrite: an early, fine-grained, 

porous and (or) lath-shaped population and later, coarser, more euhedral pyrite. Additionally, 
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they claimed that much of the pyrite was Co-bearing (generally 0.1-0.5% Co) and most coarse 

pyrite was zoned, with Co-poor cores and Co-rich rims. They indicated that euhedral pyrite 

surrounded by bornite contained the highest Co concentrations, 4.3% in the rim and 0.2% in the 

core. Finally, they claimed that the pyrite contained less than 0.05% Ni and low, but measurable 

(less than 0.1%) Cu. The study did not include microprobe analyses of pyrite and provided no 

documentation concerning the Co zonation.

Cobaltite (CoAsS) was first recognized at Bornite by SEM analysis as part of a 

metallurgical study of 4 composite samples from drill core in the South Reef area (ALS, 2013). 

The 4 composite samples (Table 1-4) represented 4 different copper grade ranges, from low (0.5

1%) to high (>10%). A wide variety of characteristics increased with increasing copper grade of 

the sample: % Co, %As, % cobaltite + carrollite, % Co in the copper concentrate, % As in the 

copper concentrate, and Co recovery to the copper concentrate (Table 1-4). The variable Co 

recovery to the copper concentrate values (8% to 75%, Table 1-4) presumably indicates that a 

significant fraction of the Co at Bornite is present in pyrite, and that fraction decreases as Cu 

grade increases.

Table 1-4: Data from four studied Bornite samples (from ALS, 2013).

Sample I.D. 0.5-1% Cu 1-2% Cu 2-10% Cu >10% Cu
Feed % Cu 0.65 1.2 4.0 16.4
Feed % Co 0.0054 0.077 0.095 0.362
Feed % As 0.0015 0.0016 0.01 0.077
Feed % carr+cob1 <0.01 <0.01 0.1 1.3
Mass% Cu con2 1.5 3.5 14 53.5
% Co in Cu con 0.029 0.034 0.224 0.446
% As in Cu con 0.036 0.019 0.044 0.12
% Co rec3 to Cu con 8 14 39 75

Notes: 1carr+cob = total carrollite + cobaltite; Cu Con2 = copper concentrate 
% Co rec3 = mass % of the cobalt that was present in the copper concentrate

A second metallurgical study (SGS, 2018) was based on 15 samples taken from two drill 

holes in the Lower Reef, SW of the Number One Orebody. Each sample consisted of 15-30 m of 

drill core with grades of 0.6-1.7% Cu and 150-500 ppm Co. The mineralogy of these samples 

was investigated using SEM: no Co minerals were identified in any sample, although most 

samples contained detectable tetrahedrite and (or) ‘enargite' (probably tennantite).
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The 15 samples were then composited into 5 larger samples, with grades of 0.9-1.5% Cu 

and 200-340 ppm Co. The five samples were tested for best Cu recovery by flotation. Two of the 

5 composite samples, with 340 and 245 ppm Co, were also analyzed for Co in the Cu 

concentrates. Based on the reported data (SGS, 2018), 11% and 4.5%, respectively, of the Co in 

these samples reported to the Cu concentrate, with the vast majority reporting to the tailings.

A third metallurgical study (ALS, 2019) employed 9 samples, representing all the major 

ore zones (Table 1-5), although weighted towards the Lower Reef. Each sample was taken from 

28-105 m of a single drill hole and had a copper grade of 0.8-4.5% (Table 1-5). Cobaltite and 

(or) carrollite were found in each sample, albeit at low abundances. Cobaltite was the dominant 

to predominant Co-rich mineral in all but one of the nine samples. The single sample containing 

carrollite > cobaltite (9, Table 1-5) also contained the highest Cu grade (4.5% Cu) and highest % 

bornite (2.6%).

The third metallurgical study differed from the others in that both a copper concentrate 

and a pyrite concentrate were generated for each sample—the latter in an attempt to capture a 

significant fraction of the cobalt in the sample. The copper concentrates contained a small 

proportion of the cobalt (11-32% recovery, Table 1-5) in all cases except the carrollite-rich 

sample (#9, 49% Co recovery). The pyrite concentrates contained a majority or near-majority of 

the cobalt (49-71% Co recovery) in all cases but sample #9 (34% Co recovery).

The third metallurgical study (ALS, 2019) seemingly indicates that cobaltite is relatively 

common (but at low abundances) in large samples of Cu-bearing intervals at Bornite. This is 

surprising as cobaltite at Bornite was first recognized in 2013—fifty years after Bornite's 

discovery—and has never been recognized in hand specimen or drill core. Assuming that the Co 

present in the pyrite concentrate is largely due to cobalt in solid solution in pyrite, the third 

metallurgical study (ALS,2019) suggests that Co-bearing pyrite is ubiquitous in Cu-bearing 

intervals at Bornite. However, the pyrite concentrates were not studied in detail and it was not 

clear from the study how much of the cobalt in the pyrite concentrate is due to inclusions of 

cobaltite and (or) carrollite.

In sum, the metallurgical studies to date have shown that cobaltite and carrollite are 

irregularly present at Bornite and that Co-bearing pyrite is apparently ubiquitous. However, the 

relative abundance of these minerals varies with Cu grade and with location in the deposit. 

Further, the properties of Co-bearing pyrite were not investigated.
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Table 1-5: Data for nine studied Bornite samples (from ALS, 2019).

Sample 3 2 6 4 1 5 7 8 9
drill hole 229 186 186 218 221 182 224 214 216
length (m) 30 35 108 28 57 105 100 49 55

U&LR- SR- SR-
Location1 LR-SW ULR LLR LLR LR OB#1 NE SW NE
%Cu 1.1 1.0 0.8 2.2 1.6 1.9 2.1 3.1 4.5
ppm Co 167 257 168 805 510 385 283 647 278
%pyrite 10 17.2 6.2 5.3 6.2 3.8 6.5 5.7 3.9
%chalcopyrite 3.7 1.4 2.2 5.1 3.3 5.4 6 9.7 4.5
%bornite 0 0.2 0.1 0 0.4 0.2 0.2 0.3 2.6
%cc/cv2 0 0.4 0.1 0.2 0.2 0 0 0.3
Cobaltite ID? Y y Y Y Y Y Y Y (y)
Carrollite ID? (y) (y) (y) N N Y (y) (y) Y

%Co-py con3 0.07 0.10 0.10 0.45 0.32 0.27 0.13 0.14 0.42
%Co rec-py4 60 66 52 60 71 49 49 59 34
%Co-Cu Con5 0.05 0.11 0.12 0.22 0.15 0.15 0.12 0.15 0.12
% Co rec-Cu
con6 11 17 14 29 16 20 32 24 49

Notes: 1LR = Lower Reef, UR = Upper Reef, SR = South Reef, OB#1 = Ore Body #1 (Upper Reef). Within each 
group, samples are arranged from SW to NE. 2cc = chalcocite, cv = covellite. ID? = identified?: Y = many SEM 
points, y = few points, (y) = 1-3 points, N = not identified. 3py con = pyrite concentrate. 4rec-py = % of the total 
contained cobalt that reported to the pyrite concentrate. 5Cu con = copper concentrate. 6rec-Cu con = % of the total 
contained cobalt that reported to the copper concentrate.

1.3 Methods

Exploration of the Bornite deposit dates to the 1940's beginning with Rhiny Berg's 

discovery of copper minerals on Pardners Hill (prospect southwest of Bornite). There are few 

surface exposures of the mineralized horizons in the Bornite deposit; further exploration 

necessitated trenching and eventually drilling. Bear Creek Mining Corporation (BCMC), the 

exploration division of Kennecott, explored intermittently until 1997. BCMC drilled 180 holes 

totaling 48,729 meters and advanced a mine shaft into the Number One Orebody. However, the 

shaft flooded during construction in 1966. To complete the underground drilling water was 

pumped out and a cross-cut was made, but no Cu was ever produced. Trilogy Metals Inc. 

(formerly NovaGold/ NovaCopper) re-initiated exploration of the Bornite deposit in 2011 and 

completed an additional 86 drillholes. To date 266 holes have been completed into the deposit 
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totaling 106,406 meters. The high Cu grades and size of the mineralized horizons (Number One 

Orebody, South Reef), as well as the 1 km strike length of high-grade mineralization open down 

dip, renewed interest from major mining companies, leading to the most recent (2017-2019) 

drilling campaigns.

Prior to completing any x-ray fluorescence (XRF) or EPMA studies, drill hole assay data 

was examined to investigate the correlation between Co and Cu at Bornite. A broad, non-linear 

correlation is present (Figure 1-11), with wide variation around the mean. For example, assay 

intervals with 1% Cu are invariably Co-enriched, but likely contain between 20 and 500 ppm Co, 

an order-of-magnitude range (Figure 1-11).

Figure 1-11: Wt.% Cu vs. ppm Co plotted on a log-log scale, for Bornite assays with >100 ppm Cu. Note the poor fit 
for the linear correlation, indicating that Co:Cu changes with %Cu.

Further analysis of drill hole assay data can be used to infer likely Co-sulfide minerals. A 

plot of Co vs. As (Figure 1-12) shows four major groups of minerals: likely tetrahedrite

tennantite (high As, no Co), likely cobaltite (high As and Co), likely carrollite or Co-pyrite (high 

Co, no As), and likely Co-As-enriched pyrite.
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Figure 1-12: ppm As vs. ppm Co for approximately 3,700 multi-element drill core assays, showing different trends 
for likely Co-minerals.

I inherited 16 polished thin sections and 11 metallurgical samples (as polished pucks and 

pulverized sample splits). I started by preparing pressed pellets of the sample splits and analyzed 

these by WDS XRF, using the PANalytical X-Ray Fluorescence (XRF) Spectrometer at UAF's 

Advanced Instrumentation Laboratory. I used methods and analytical routines presented in 

Broman (2014).

I collected initial EPMA analyses on Co-rich inherited polished thin sections to begin 

distinguishing the various Co minerals and their compositions and to develop a study proposal. 

Compositions of the three main Co sulfides (EPMA analyses) indicated Co/Ni and Co/As might 

be employed to determine Co minerals from drill core assay data. Carrollite exhibited Co/Ni of 

3-8, cobaltite was higher (8-300), and pyrite covered the entire range. I identified cobaltite from 

Co/As ~ 1 (c.f., Figure 1-12).

I have completed investigations at two levels: 1) macro-scale analysis of drill core 

through detailed handheld XRF analysis followed by sample selection and polished section 

preparation then 2) reflected light microscopy and subsequent EPMA quantitative analysis and 

detailed pyrite maps both quantitative and semi-quantitative.
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1.3.1 Macro-scale Investigation

Using the preliminary EPMA data I collected from the inherited samples coupled with 

already existing drill hole assay data I selected 15 drill holes comprising two NE-SW trending 

lines through the major ore horizons (Figure 1-13). The western line contains seven drill holes, 

which intersect the Upper and Lower Reefs and the North Reef horizons (Figure 1-13, 1-14). The 

eastern line comprised eight drill holes through the South Reef (Figure 1-15) and illustrates the 

structural complexity and noncontinuous stratigraphy seen through the deposit. The drill holes 

were selected to help delineate Co-sulfide distribution on a deposit-wide scale and were the focus 

of the detailed handheld XRF study and subsequent sample collection.

Figure 1-13: Plan map showing locations of drill holes with drill hole trace for detailed handheld XRF study and 
sampling, and general orientation of fence sections. Also shown are outlines of major ore horizons, estimated 
contours of Co m%, and the location of the deep siderite zone from Hitzman (1986). The selected drill holes are 
from many of the higher-grade and thickness Co intercepts, but also from zones of low Co. Inferred fault from 
Trilogy Metals Inc. (2018).
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Figure 1-14: Fence section of the western line showing the Upper and Lower Reef stratigraphy with the Cu ore shell defining the inferred resource. Drill hole 
RC13-0229 is shown to highlight data from the 2019 metallurgical study and was not analyzed in this study.
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Figure 1-15: Fence section of the eastern line showing the more complex structure of the South Reef horizon, the Cu shell defines the inferred resource. The 
lower contact with the Anirak Schist shows an apparent repeat of the lower Bornite sequence carbonates, the exact nature of this structure is unknown.



I chose the western line to delineate Co-sulfide distribution through the Upper Reef, 

(contains the Number One Orebody), and the Lower Reef, structurally below the Upper Reef 

(Figure 1-14). This area of the deposit was the focus for much of the BCMC exploration and is 

also where a mine shaft was advanced into the Number One Orebody. Mineralization in the 

Upper Reef is hosted in dolomite marble near the base of the sequence (Figure 1-14). The Upper 

Reef is composed of dolomite and calcite marble interfingered with variably calcareous and 

graphitic phyllite. Lower Reef mineralization is mostly hosted in dolomite marble, with 

interfingered variably calcareous and graphitic phyllite. The Upper and Lower Reefs are 

structurally bound by the Beaver Creek phyllite (above) and the Anirak schist (below, Figure 1

14).

I chose the eastern line to delineate Co-sulfide distribution though the South Reef (Figure 

1-15). The South Reef is both more complex and simpler than the Upper and Lower Reefs. The 

upper part is composed of calcite marble with interfingered phyllite (Figure 1-15) and lacks 

mineralization. The lower portion is dolomite marble and is sub-continuously mineralized. The 

South Reef overlies the Anirak schist, however, drilling has shown a repeat of the South Reef 

rocks below the Anirak (Figure 1-15). This structure has been interpreted as a fold and or a 

thrust, though the exact nature is unknown. The Bornite Sequence here is structurally overlain by 

the Beaver Creek phyllite, which contains minor greenstone (Figure 1-15).

In preparation for the detailed handheld XRF study I identified intervals containing > 100 

ppm Co from assay data from each drill hole with approximately 5-meter shoulders on either end 

of the interval. I identified multiple intervals from each hole and sanded previously cut surfaces 

to remove oxidation. After sanding, I circled sulfides with a wax crayon and labeled core with 

the corresponding depth for spot analysis (handheld XRF). The frequency of sulfide spot analysis 

varied, based on sulfide abundance and mineralogy, but averaged 1-3 analyses per meter of core.

I used a Niton XL3t handheld XRF unit for the sulfide spot analysis acquisitions. I set up 

a routine on the Niton to analyze for 140 seconds total, a long enough count time to yield a Co 

detection limit of approximately 100 ppm. The goal of the detailed Niton analysis was to 

determine how well Co-mineralogy could be predicted from assay data, as well as to aid in the 

collection of representative samples from each drill hole.

After completing all spot analysis on a given interval, I calculated relative abundance of 

the various sulfide minerals from the handheld XRF data. Representative samples were collected 
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based on significant Co abundance. These samples were cut into billets and labeled by drill hole 

number and the corresponding depth. Further Niton analysis were completed on the selected 

samples to further enhance the predicted Co mineral assemblage and to ensure that high-Co 

samples were prepared. Vancouver Petrographics prepared these into polished thick sections for 

reflective light and EPMA analysis. To maximize the number of samples collected and keep 

preparation costs low, 2-4 samples were cut into smaller pieces and glued together with epoxy to 

create one polished section with multiple samples.

1.3.2 Micro-scale Investigation

Following the detailed handheld XRF investigation of drill core and sample preparation, I 

utilized three techniques for the micro-scale studies: 1) reflected light microscopy to identify the 

various Co-sulfide minerals as well as other sulfides present then 2) wavelength dispersive X-ray 

spectroscopy (WDS) analysis to confirm mineral identification and collect compositional data 

and finally 3) semi-quantitative and quantitative WDS maps of pyrite. In total I analyzed 144 

samples by EPMA; 16 were from inherited thin sections.

Prior to EPMA analysis, I used reflective light microscopy to identify major sulfides 

present. The goal was to identify and locate major Co-sulfides present in each sample and 

determine the sulfide assemblage.

Using a JEOL JXA-8520F electron microprobe in the Advanced Instrumentations 

Laboratory at the University of Alaska Fairbanks, I created a routine to measure Co, Cu, Fe, As, 

Ni, Sb, and S in sulfide minerals, using well-characterized mineral standards and Co metal. The 

routine used a high voltage (20 kV) and current (200 nA) and long (45 second) counting times to 

get detection limits for Co, Ni, and As as low as possible (100-300 ppm). To avoid adding 

another element to the routine and increasing count time any further, Zn was calculated for tet- 

tenn analyses by inferring its concentration accounts for the difference of analytical totals less 

than 100%.

Two routines were created to make detailed composition maps of pyrite to better assess 

elemental zonation patterns. One was fully quantitative and focused on Co, the second was semi- 

quantitative and incorporated a larger suite of elements to better understand elemental 

associations in pyrite. The first fully quantitative routine (maps shown in Appendix A) utilized 

two spectrometers counting on Co, and the other three spectrometers were assigned to Fe, Cu 
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and S. The routine utilized a 20 kV voltage, a 100 nA current, and a minimal dwell time of 0.1 

seconds. A 1-micron beam was used and centered in a 1-micron2 pixel. Background and ZAF 

corrections were accounted for by applying a calibration curve consisting of well-characterized 

mineral standards. Processing of these maps was completed using the Probe Image and Calc 

Image software and produced fully quantitative maps reflecting wt.% of Co, Cu, Fe, and S. The 

second semi-quantitative routine (maps shown in Appendix B) was designed with the same 

voltage, current, and dwell time as the first, however, spectrometers were assigned to Co, Fe, Ni, 

Cu, and As. The maps reflect net counts for each element, so I focused on minerals I previously 

analyzed to help quantify the counts. No background or ZAF corrections were applied to these 

maps, and I used the Surfer software to process the maps and manually account for background.
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Chapter 2: Co-As-Ni Minerals

The Bornite deposit is dominated by pyrite, chalcopyrite, bornite, chalcocite, and various 

Co-sulfide minerals, with lesser sphalerite, galena, digenite, and other accessory phases. Cobalt 

primarily occurs as three minerals--carrollite, cobaltite, and cobaltiferous pyrite—plus small 

amounts of seigenite and Co-pentlandite. The three Co-sulfides invariably contain significant Ni, 

and in some cases I found the Ni endmember (see section 2.2 Cobaltite). The modes of 

occurrence and mineral associations of the various Co-sulfides vary through the Bornite deposit, 

with compositions reflecting the sulfide assemblage and (or) metamorphic conditions.

2.1 Carrollite-Siegenite

Historically, carrollite (CuCo2S4) and Co-bearing pyrite have been considered the only 

Co-sulfide minerals in the Bornite deposit (e.g., Stephens, 1980; Bernstein & Cox 1986). 

Hitzman (1986) and Berstein & Cox, (1986) described carrollite as a replacement of Co-pyrite 

and pre-dated significant Cu sulfide deposition. Using EPMA on a sample from the Number One 

Orebody, Bernstein & Cox (1986) found Ni-free carrollite of approximately end-member 

composition.

Carrollite from world-wide occurrences (Wagner & Cook, 1999) shows compositional 

complications. Although nearly end-member carrollite occurs, Ni commonly substitutes for Cu 

and Co, yielding (Cu,Ni)(Co,Ni)2S4. A related mineral that is indistinguishable in reflected light 

is siegenite (Ni,Co)3S4, reported (for example) from the Black Butte Cu-Co deposit, Montana 

(White, 2012).

Carrollite-siegenite is the only Co mineral at Bornite readily identifiable in drill core and 

reflected light. In drill core it resembles arsenopyrite, but displays a cubic shape. In reflected 

light it displays a creamy white color, in contrast to the yellowish white of pyrite. It also has a 

lower reflectivity and hardness than pyrite. It resembles galena, but the latter is much softer and 

commonly displays cleavage.

Carrollite in the Bornite deposit can be classified by texture, associated sulfide 

assemblage, and composition. Textures of carrollite can be ambiguous, and seemingly vary 

through the deposit, which makes determining the relative timing in the Co paragenetic sequence 

difficult; this is complicated by likely metamorphic re-crystallization. Carrollite rarely occurs in 
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in the Lower Reef, and is most abundant in the Number One Orebody and the lower South Reef 

horizon.

2.1.1 Carrollite-Siegenite Assemblages and Textures

Carrollite is always present at Bornite with at least one Cu sulfide mineral and commonly 

with relatively Cu-rich assemblages. Figure 2-1 shows the % Cu in the assay interval that 

contains observed carrollite (and other Co-bearing minerals). Carrollite has only been identified 

from core that contains at least 1% Cu; the average grade of carrollite-bearing intervals is 11% 

Cu (Figure 2-1). For 65 documented carrollite occurrences at Bornite (including identifications 

by drill core loggers), 82% are associated with bornite + chalcocite + chalcopyrite: only 18% are 

present with chalcopyrite alone. Carrollite commonly occurs with some pyrite, but can occur 

without.

Figure 2-1: % Cu in the assay interval containing a variety of sulfide minerals at Bornite. Blue dots are individual 
data; red squares are the averages for each mineral. Most minerals were identified using EMPA; some of the 
carrollite occurrences are based on visual inspection of drill core (commonly augmented with a hand-held XRF). 
Co-pyrite here is from samples in which pyrite was the only Co-bearing mineral observed. Barren pyrite averages 
<0.1% Co.

Carrollite textures can be ambiguous, and vary through the deposit; however, textures are 

generally consistent in a single sample. Carrollite occurs with three different textures (Figure 2

2): a) porphyroblastic b) interstitial and c) replaced. Each group can exhibit subtle variations 

within a given classification. ‘Porphyroblastic' carrollite forms large euheral to subhedral shapes 

and contains inclusions of other sulfides. ‘Irregular porphyroblastic' carrollite is similar but 
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displays an irregular shape. (Figure 2-2A,B). ‘Interstitial' carrollite occurs as anhedral, tiny to 

small grains suspended in a sulfide matrix (Figure 2-2C). ‘Replaced' carrollite is irregularly 

shaped and irregularly rimmed by cobaltite (Figure 2-2D, Figure 2-3). Characteristics of samples 

that I studied containing carrollite and (or) siegenite are summarized in Table 2-1.

Figure 2-2: Photomicrographs illustrating the various carrollite textures. A) 220F shows large euhedral 
(porphyoblastic) carrollite (Carr) with pyrite (Py), chalcopyrite (Cp), and carbonate (Carb) inclusions. B) 187K 
shows large anhedral (irregular porphyroblastic) carrollite with py and cp inclusions. C) 187L shows small 
(interstitial) carrollite grains in a cp matrix with minor bornite (bn). D) 214D shows carrollite being replaced by 
cobaltite (Cob).

Carrollite in assemblages containing bornite (+ chalcocite) is always porphyroblastic 

(Table 2-1). In contrast, carrollite with bornite-chalcopyrite is predominantly porphyroblastic, 

and carrollite with only chalcopyrite is mostly not porphyroblastic (Table 2-1). Carrollite with 

chalcopyrite alone is dominantly interstitial, but in two such cases the carrollite is partly replaced 

by cobaltite (Table 2-1, Figure 2-3).
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Carrollite and cobaltite rarely occur together, but where they do it is common to see 

cobaltite as either: a) inclusions in carrollite or b) replacing carrollite (Figure 2-3). Cobaltite 

inclusions in carrollite are typically tiny (<5 μm) anhedral grains within a carrollite 

porphyroblast. Occurrences of porphyroblastic carrollite with cobaltite inclusions are restricted 

to chalcopyrite (cp, cp>bn) dominant assemblages (Table 2-1). Conversely carrollite replacement 

by cobaltite is constrained to bornite absent assemblages (Table 2-1), and the cobaltite replacing 

carrollite is variably Ni rich and commonly Ni>Co (Figure 2-3).

Figure 2-3: Backscatter electron (BSE) images showing carrollite-cobaltite textures. Mineral brightness is 
proportional to mean atomic mass of the mineral, so minerals with heavy elements (e.g., As) are bright and minerals 
with only light elements (e.g., carbonates) are dark. A) 220F showing large porphyroblastic carrollite (Carr) with 
cobaltite (Cob) and pyrite (Py) inclusions, chalcopyrite (Cp) is the only Cu-sulfide present. B) 214D shows carrollite 
being replaced by cobaltite, here the brightest cobaltite is Ni-rich.
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Table 2-1: Locations, textures, and assemblages for Bornite deposit carrollite and siegenite.

Sample Horizon
Cu Sulfides

Present
Co Sulfides

Present Texture
Avg. %
Co in py

187-489.7 SR bn > cc Porphyroblastic (4 mm) no py
187-490.7 SR bn > cc Porphyroblastic (5 mm) no py
187G SR bn > cc Porphyroblastic 0.1
181-297.31 UR(OB#1) bn > cp Porphyroblastic 4.1
194K SR bn > cp Porphyroblastic 0.6
194L SR bn > cp Porphyroblastic 0.4
181-294.53 UR(OB#1) cp>bn Interstitial 1.8
187B SR cp>bn Porphyroblastic 1.2
187H SR cp>bn Irregular Porphyroblastic 0.5
187L SR cp>bn Interstitial 0.2
194J SR cp>bn Interstitial 0.7
200-586.7 SR cp>bn cob(i) Irregular Porphyroblastic 2.6
202-548.9 SR cp>bn Porphyroblastic 0.5
211B SR cp>bn Irregular Porphyroblastic 3.0
214-520.8 SR cp>bn Porphyroblastic 1.6
220H SR cp>bn Porphyroblastic 0.4
234-978.9 SR cp>bn Porphyroblastic 0.9
234-978.7 SR cp>bn Porphyroblastic 0.6
234-978.6 SR cp>>>bn Interstitial 0.7
182-215.30 UR(OB#1) cp cob(i) Porphyroblastic 4.9
185-187.15 LR cp cob Replaced 1.7
187K SR cp Irregular Porphyroblastic 5.0
200-499.5 SR cp cob, Co-pent Interstitial 0.1
200-537.94 SR cp cob Interstitial 0.1
209C SR cp Interstitial 3.1
214A1 SR cp>tn Porphyroblastic 3.9
214A# SR cp Interstitial 0.6
214B* SR cp>tn Interstitial 0.9
214C SR cp Interstitial 1.0
214D SR cp cob, sieg Replaced 2.7
214E SR cp Interstitial/Crack Fill 0.6
220F SR cp cob(i) Porphyroblastic 0.7
224M# LR cp Irregular Porphyroblastic 2.1
224N# LR cp Interstitial 0.7
234F SR cp cob Replaced 0.7

Notes: # = Siegenite, no carrollite; * = inherited sample of same name as collected sample; (i) = inclusion in 
carrollite; cc = chalcocite, bn = bornite, cp = chalcopyrite, cob = cobaltite, py = pyrite, sieg = siegenite, tn = 
tennantite.
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Siegenite occurrences are relatively rare; I have only found it in four samples from two 

drill holes. Siegenite only occurs in assemblages containing chalcopyrite (lacking bornite) and is 

dominantly interstitial. In one sample (224M) it occurs as irregular porphyroblasts (Table 2-1, 

Figure 2-4). The irregular porphyroblasts of siegenite in that sample are of ambiguous texture, as 

they contain inclusions of pyrite, but are also intergrown with pyrite. Carrollite and siegenite 

never occur together spatially; usually a sample contains one or the other. However, sample 

214D contains both, but the siegenite is an inclusion in a porphyroblastic pyrite, located > 0.5 

mm from carrollite that is surrounded by cobaltite.

Figure 2-4: BSE images showing common siegenite textures. A) 214A showing interstitial siegenite (Sieg) in 
chalcopyrite (Cp) surrounded by pyrite (Py). B) 224M showing mass of irregular porphyroblastic siegenite, with 
inclusions of pyrite. The siegenite is also intergrown with pyrite and sphalerite (Spl) as a complex mass in the host 
carbonate (Carb).

2.1.2 Carrollite-Siegenite Compositions

Carrollite at the Bornite deposit displays a wide range in compositions, however, its 

composition is reflected by the Cu-sulfide assemblage (Figure 2-5). Global occurrences of 

carrollite show significant compositional complexity, with most carrollite containing significant 

Ni (Fig. 2-5, Wager & Cook, 1999), though Ni free carrollite does occur. Most carrollite at 

Bornite contains significant Ni and is technically nickelian carrollite (Figure 2-5). For 

simplicity's sake, however, I refer to both Ni-poor and nickelian carrollite as ‘carrollite'.
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Figure 2-5: Carrollite-group compositions from the Bornite deposit, compared to those from other studies. Thin 
black lines = compositions from Wagner & Cook (1999). Dashed blue lines = suggested compositional boundaries 
for carrollite (car), nickelian carrollite (Ni-car), fletcherite (flet), cuprian siegenite (Cu-sieg), and siegenite (sieg) 
from Wagner & Cook (1999). Most of the ‘carrollite' at Bornite is actually ‘nickelian carrollite'. Shinkolobwe 
compositions from Craig and Vaughn (1979). Zambian Copper Belt compositions from Craig et al. (1979).

Carrollite present in bornite-absent samples is Cu-depleted and variably Ni-rich, 

indicating significant substitution of Ni for both Cu and Co, best described as (Cu,Ni)(Co,Ni)2S4 

(Figure 2-5). Such carrollite yields a Co:Ni ratio of 1.3-10. These carrollite mostly display 

homogeneous compositions (Figure 2-6), that is, carrollite compositions do not vary significantly 

within a single sample. However, three samples: 185-187, 234F, and 214D, show significant 

variation (Figure 2-6). These are the only samples displaying cobaltite replacement of carrollite 

(Table 2-1); the compositional inhomogeneity is presumably related. Sample 214D also contains 

a single grain of siegenite in pyrite.
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Figure 2-6: Cu-Co-Ni ternary diagram showing carrollite compositions in chalcopyrite (bornite absent) assemblages. 
Also shown are siegenite compositions for the three of the four samples in which it was identified. Sample 224N 
also contains siegenite, but the identified grain was too small for WDS analysis, and was only quantified through 
EDS.

Carrollite occurring in samples with bornite is essentially Cu-saturated (Figure 2-5) with 

variable Ni and is approximately Cu(Co,Ni)2S4 (Figure 2-7). Such carrollite yields a Co:Ni ratio 

of approximately 3-20. These carrollite are homogeneous across a given sample and display little 

variation between grains (Figure 2-7). Finally, Bernstein & Cox (1986)'s assertion that carrollite 

in the Number One Orebody is Ni free is largely true. My carrollite compositions from the 

Number One Orebody (drill hole RC11-0181) show barely detectable Ni (Figure 2-7).

Siegenite has been identified in a small number of bornite-absent samples (Figure 2-6). 

Similar to carrollite, siegenite compositions show little variation within a single sample. 

Siegeneite displays significantly lower Co:Ni ratios than carrollite, typically in the range of 0.3

2.
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Figure 2-7: Cu-Co-Ni ternary diagram showing carrollite compositions in bornite-bearing samples. Note the 
homogeneity of carrollite within a given sample. Samples 181-294.5 and 181-297 are from the Number One 
Orebody and nearly-Ni free.

2.2 Cobaltite

Carrollite and Co-pyrite were historically the only documented Co-bearing minerals 

identified in the Bornite deposit. Cobaltite (ideally CoAsS) was not identified until a 2013 

metallurgical study (ALS, 2013), 65 years after the deposit was discovered and 50 years after 

carrollite was identified. This is likely due to optical properties nearly indistinguishable from 

pyrite and usually tiny (<0.05 mm) grain size. To date no documentation of cobaltite 

compositions, textures, or mineral associations exists outside of two metallurgical studies (ALS, 

2013; ALS, 2019). Gersdorffite is the Ni equivalent mineral (ideally NiAsS); much of the 

Bornite cobaltite contains significant Ni and some contains Ni>Co, so, technically gersdorffite. 

For simplicity I will usually refer to (Co,Ni)AsS as ‘cobaltite' or ‘Ni-cobaltite' even if Ni>Co.

Arsenopyrite (“FeAsS”) has been much more thoroughly studied than the Co-Ni 

equivalents but is likely to have compositional-stability similarities. Morimoto and Clark (1961) 

showed that natural arsenopyrite has limited As-S substitution: FeAs0.9S1.1 to FeAs1.1S0.9. Based 

on natural materials and synthesis experiments, Kretschmar and Scott (1976) determined natural 

arsenopyrite to span FeAs0.9S1.1 to FeAs1.14S0.86. Further, based on quantum mechanical 

calculations, Reich and Becker (2006) calculated that the compositional limits of arsenopyrite 

should lie between FeAs0.92S1.08 and FeAs1.12S0.88. In the last 25 years, however, arsenopyrite 
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from relatively low-temperature ‘Carlin-type' and similar deposits has been shown to be 

significantly As-poor, down to FeAs0.6S1.4 (e.g., Fleet and Mumin, 1997; Cepedal et al. 2008); 

such compositions are considered metastable. Arsenopyrite is notoriously resistant to 

recrystallization (Fleet and Mimin, 1997), causing long-term persistence of metastable 

compositions. Given the extensive solid solution of the Fe-Co-Ni-As-S system cobaltite would 

likely behave similarly.

Compositional limits for natural cobaltite are CoAs0.9S1.1 to CoAs1.17S0.83 (Klemm, 1965; 

Petruk et al., 1971). Yund (1962) synthesized gersdorffite with a wide range of As/S ratios at 

700oC, but showed that natural specimens span a range from (Ni,Co,Fe)As1.0S1.0 to 

(Ni,Co,Fe)As1.5S0.5, i.e., were stoichiometric to As-excess. Similarly, Petruk et al. (1971) gave 

gersdorffite analyses of (Ni,Co,Fe)As1.1S0.9 to (Ni,Co,Fe)As1.6S0.4. Based on arsenopyrite 

behavior, Cobaltite-Gersdorffite with less than 0.9 As per formula unit, could occur, but if so, is 

metastable.

Cobaltite in the Bornite deposit can be characterized by texture, associated sulfide 

assemblage, and most notably composition. Generally, cobaltite occurs as small (<50 μm) grains, 

however, its composition is highly variable. Unlike carrollite, cobaltite can exhibit a wide range 

of compositions within a given sample and even within a single grain. Cobaltite occurrence is 

significantly less restricted than carrollite and is widespread (albeit in small concentrations) in 

the Upper, Lower, and South Reefs.

2.2.1 Cobaltite Assemblages and Textures

Cobaltite occurrence is widespread through the Bornite deposit, however, the 

assemblages in which it occurs are more limited than that of carrollite. Cobaltite occurs in 

assemblages that contain at least one Cu-sulfide, invariably chalcopyrite. Cobaltite I have 

identified is restricted to core intervals containing 0.5 to 11% Cu (Figure 2-1), exhibiting less 

affinity for Cu-rich assemblages. Of 48 samples containing cobaltite (Table 2-2), 71% are with 

chalcopyrite only, 25% are with chalcopyrite + fahlore (tetrahedrite-tennantite), and only 4% 

with chalcopyrite + bornite. Cobaltite in bornite bearing samples is isolated in carbonate or 

included in chalcopyrite (Table 2-2), and never in contact with bornite. Similarly, cobaltite rarely 

touches fahlore. Cobaltite usually occurs in samples containing some pyrite but can occur 

without it; it is rarely in contact with pyrite.
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Cobaltite exhibits six different textures, and often displays multiple textures within a 

single sample. These are (Figure 2-8): 1) inclusions in other sulfides 2) rimming other sulfides 3) 

isolated 4) pophyroblastic 5) replacement and 6) replaced. Slight variations within each type 

occur. For example, cobaltite inclusions are most common in chalcopyrite but are also in 

carrollite, and rarely pyrite or tetrahedrite (Figure 2-8A). Similarly, cobaltite replaces both 

chalcopyrite and carrollite (Table 2-2). Isolated cobaltite occurs as small (<20 μm) grains 

typically in carbonate near other sulfides (Figure 2-8B). “Rimming” cobaltite is typically 30-70 

microns, subhedral to euhedral grain aggregates surrounding another sulfide (Figure 2-8C). 

Replacive cobaltite forms irregular shapes, typically engulfing carrollite, and less commonly 

chalcopyrite (Figure 2-8D, 2-2D, 2-3B). In contrast to replacive cobaltite, cobaltite is commonly 

replaced by chalcopyrite, particularly if early (As-poor) cobaltite is present (Figure 2-8F). 

Porphyroblastic cobaltite occurs as 0.1-1 mm subhedral to euhedral grains, with inclusions of 

chalcopyrite + pyrite (Figure 2-8E).
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Figure 2-8: Back-scattered electron (BSE) images showing the various cobaltite textures. A) 220F exhibits small 
(<20 μm) cobaltite (Cob) grains included in coarser Carrollite (Carr) and chalcopyrite (Cp). B) 200-491.28 shows a 
small ~20 μm grain of cobaltite in carbonate (Carb) adjacent to other sulfides. C) 200-588.84 shows some larger 50 
μm sub to euhedral grains rimming chalcopyrite, also note thin elongate cobaltite along edges of chalcopyrite. D) 
214D exhibits irregular to subhedral cobaltite replacing both carrollite and chalcopyrite, also note the darker As- 
poor early cobaltite surrounded by later brighter near-stoichiometric cobaltite. E) 200-3 shows a large 1 mm 
cobaltite grain with chalcopyrite inclusions, again noting the early (darker) and later (brighter) generations of 
cobaltite. Here points 1-6 represent WDS analysis of cobaltite with formulas: 1=Fe.2Co.8As.8S1.2, 2=Fe.2Co.8As.7S1.3, 
3=Fe.2Co.8As.7S1.3, 4=Fe.1Co.9As.7S1.3, 5=Fe.1Co.7Ni.2As.9S1.1, 6=Fe.1Co.8Ni.1As.8S1.2. F) 200-499.5 shows early 
cobaltite (Cob (E)) replaced by chalcopyrite. Also note the sharp boundary between early and late cobaltite (Cob 
(L)).
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As a complication to the textural variations, two generations of cobaltite are commonly 

visible in back-scattered electron (BSE) images. These are seen as an early (darker in BSE), As- 

poor type and a later (brighter in BSE) near-stoichiometric type (Table 2-2). Cobaltite inclusions 

in chalcopyrite commonly lacks late (BSE brighter) rims (Table 2-2). Conversely, 

porphyroblastic cobaltite invariably exhibits an As-poor core and a near-stoichiometric rim 

(Table 2-2).

Table 2-2: Location, textures, assemblage, and generation for cobaltite in the Bornite deposit.

Sample Horizon
Cu

Sulfides
Co 

Sulfides Textures
comp
type

diam
(μm)

% As
in py

% Co 
in py

182-215.3 UR(OB#1) cp car inclus(cp,car) E 5 0.5 4.9
224E UR cp inclus(cp) E* 5 0.1 0.4
200-586.7 SR cp>bn>tet car inclus(cp) E 5 0.3 2.6
224D UR cp inclus(cp) E* 5,30 0.9 1.9
220F SR cp car inclus(car,cp), rim(cp) E 7,30 0.1 0.7
194G SR cp inclus (cp) E 10 0.0 0.9
220A SR cp inclus(cp) E* 10 0.0 0.4
224J LR cp inclus(cp) E 10 0.0 0.1
233G LR cp isolated L 10 0.4 0.7
187J SR cp>fah inclus(cp),porph(cp) E 10,100 0.0 0.5
224F UR cp>tenn inclus(cp) E 10,40 1.5 1.8
224B UR cp inclus(cp), porph(py) E 10,50 0.6 1.1
214D SR cp car, sieg inclus(cp), repl(car) E+L 10,60 0.2 2.7
187C SR cp inclus (cp) E+L 15 no py
187E SR cp inclus(cp), repl(car,cp) E+L 15 0.5 4.8
187N SR cp inclus (cp) E 15 0.0 0.2
235w-880.2 LR cp inclus (cp) E 15 0.1 0.3
OB#1-1 UR(OB#1) cp inclus(py,cp), isolated E+L 15 0.3 1.3
185-187.15 LR cp>fah car inclus(cp), repl(car,cp) E+L* 15 0.1 1.7
234F SR cp>fah car inclus(cp), repl(car,cp) E+L 15,100 0.0 0.7
218B LR cp inclus(cp), porph(cp) E+L 15,60 0.0 0.7
187A SR cp inclus (cp) E 20 0.8 2.3
194A SR cp inclus (cp) E 20 0.0 0.2
194E SR cp inclus (cp) E 20 0.1 2.4
200-498.4 SR cp rim (cp) E+L 20 no py
187M SR cp>fah inclus (cp) E+L 20 0.0 0.0
186-161.76 LR cp>tet inclus(cp) L 20 0.0 2.0
200-498.96 SR cp inclus(cp), porph(cp) E+L 20,70 0.0 0.1
200-499.5 SR cp car,Co9S8 inclus(cp), porph(cp) E+L* 20,70 0.0 0.1
194C SR cp inclus(cp), porph(cp) E+L 20,100 0.0 0.1
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Table 2-2, continued: Location, textures, assemblage, and generation for cobaltite in the Bornite deposit.

Sample Horizon
Cu

Sulfides
Co 

Sulfides Textures
comp 
type

diam
(μm)

% As
in py

% Co
in py

200-588.9 SR cp>tet inclus(cp), rim(cp) E+L 20,100 0.3 3.2
194H SR cp inclus (cp) E 25 0.5 0.5
233D UR cp inclus(cp) E 25 0.2 0.9
224G LR cp>tenn inclus(cp) E 25 0.4 0.6
182-181.8 UR(OB#1) cp>tet inclus(cp,tet), rim(cp) E+L 25,70 no py
194D SR cp inclus(cp), porph(cp) E+L 25,80 0.1 0.2
187D SR cp inclus (cp) E+L 30 0.0 4.6
220B SR cp inclus(cp) E 30 0.0 0.1
224K LR cp inclus(cp) E 30 0.7 2.1
185-137 LR cp>fah inclus(cp), porph(py) E+L 30 0.0 0.1
187I SR cp>tenn inclus(cp) E+L 30 0.9 1.1
185-150.76 LR cp inclus(cp), porph(cp) E+L 30,200 0.1 0.6
200-3 SR cp inclus(cp,py), porph(cp) E+L 30,1mm 1.6 4.6
234D SR cp inclus(cp), isolated E 35 0.3 1.9
218A LR cp repl(py) E+L 40 0.3 0.9
194F SR cp inclus(cp), porph(cp) E+L 40, 200 0.0 0.1
200-491.28 SR cp>bn isolated E+L 50 0.9 1.8
185-162.8 LR cp porph(py) E+L 100 0.1 0.2

Notes: * = No WDS analysis, identified with EDS; inlcus(min) = mineral cobaltite is included in; porph(min) = 
minerals included in porphyroblast; rim(min) = mineral cobaltite rims; repl(min) = mineral cobaltite is replacing; cp 
= chalcopyrite, bn = bornite, tet = tetrahedrite, ten = tennantite, fah = fahlore, car = carrollite, py = pyrite.

2.2.2 Cobaltite Compositions

Cobaltite in the Bornite deposit exhibits a wide range in compositions and is best 

described as (Co,Ni,Fe)As1-xS1+x (Figure 2-9). Natural cobaltite and gersdorffite compositions 

range from CoAs0.9S1.1 to CoAs1.17S0.83 and (Ni,Co,Fe)As1.0S1.0 to (Ni,Co,Fe)As1.5S0.5, 

respectively (Yund, 1962; Klemm, 1965; Petruk et al., 1971). Cobaltite at the Bornite deposit can 

be extremely As-depleted and S-enriched, and based on arsenopyrite behavior, is likely 

metastable if it contains less than 0.9 As per formula unit. First order characterization of cobaltite 

shows two distinct generations: a) early, As-Ni-poor, but Fe-bearing and b) later, near- 

stoichiometric with variable Ni and Fe (Figure 2-9).
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Figure 2-9: EPMA compositions of cobaltite from Bornite plotted on the ternary diagram FeAsS-CoAsS-NiAsS. 
Cobaltite at Bornite can be significantly As-depleted and S-enriched; such compositions are likely metastable. Red 
points represent analyses closest to stoichiometric As1S1. Note that samples containing gersdorffite are near- 
stoichiometric and the compositional gap between Co-rich and Ni-rich types. Experimentally derived solid-solution 
isotherms from Klemm (1965).

The two generations of cobaltite can be further characterized by atomic Ni vs. As plots 

(Figures 2-10, 2-11, 2-13). Early As-depleted and Ni-poor cobaltite is ubiquitous and is the only 

type analyzed in 23 of the samples (Figure 2-10, Table 2-2). This cobaltite population display 

compositions of (Co,Fe)As0.5S1.5 to (Co,Fe,Ni0.06)As0.88S1.12, and based on the instability of As- 

depleted arsenopyrite (e.g., Reich and Becker, 2006) is probably metastable. In some cases, the 

cobaltite displays a narrow bright rim in BSE images (e.g., Figure 2-8D) which indicates a 

higher-As composition, but the rim can be too narrow for microprobe analysis.
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Figure 2-10: Atoms Ni per formula unit (pfu) vs. Atoms As pfu for samples containing only the early As-depleted 
and Ni-poor ‘metastable' cobaltite. The blue line indicates the boundary between near stochiometric As0.9-1S1-1.1 late 
and early As-poor cobaltite.

A second cobaltite population with early As-poor and late weakly Ni-enriched and near 

stoichiometric composition is present in 11 samples (Figure 2-11). The early cobaltite has 

compositions of (Co,Fe)As0.6S1.4 to (Co,Fe,Ni0.09)As0.9S1.1 (Figure 2-11). The late near 

stoichiometric cobaltite has compositions of (Co,Fe,Ni0.02)As0.9S1.1 to (Co,Fe,Ni0.13)As0.96S1.04 

(Figure 2-11). Note the general increase in Ni with increasing As and the lack of a sharp break at 

0.9 atoms As pfu. I ascribe the latter to analyses that ‘sampled' both types (e.g., Fig. 2-12), due 

to the large mineral volume which is affected by a 20 kV electron beam.
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Figure 2-11: Atoms Ni per formula unit (pfu) vs. Atoms As pfu for samples containing early As-poor and late 
weakly Ni-enriched near stoichiometric cobaltite. The blue line indicates the boundary between near stochiometric 
and early ‘metastable' As-poor cobaltite.

Figure 2-12: Back-scattered electron (BSE) image from 234F showing the two generations of cobaltite (cob), and 
cobaltite replacing chalcopyrite (Cp) and carrollite (Carr) all surrounded by carbonate (Carb). Darker BSE is the thin 
early As-poor cobaltite with a sharp break into the brighter BSE, late, near stoichiometric Ni-rich cobaltite.
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The third cobaltite population (8 samples) has early As-poor and increasingly Ni- 

enriched compositions and late near stoichiometric Ni-rich compositions (Figure 2-13). Early 

cobaltite can be more Ni-enriched than those of the other populations, with compositions of 

(Co,Fe)As0.5S1.5 to (Co,Fe,Ni0.16)As0.9S1.1 (Figure 2-13). The late “cobaltite” in this population 

can be extremely Ni-enriched, and in several cases is technically gersdorffite. (Note, however, 

that the 47 gersdorffite points on Figure 2-9 are from only four samples.) Compositions of this 

late generation are (Co,Fe,Ni0.01)As0.9S1.1 to (Co,Fe,Ni0.94)As1S1 (Figure 2-13). As with the 

second cobaltite population, the lack of a sharp compositional break at 0.9 atoms As per formula 

unit is due to analytical overlap between the two types. BSE images show a sharp, non-diffuse 

break between the two (e.g., Figure 2-12).

Figure 2-13: Atoms Ni per formula unit (pfu) vs. Atoms As pfu for samples containing early As-poor and late near 
stoichiometric Ni-rich compositions. The blue line indicates the boundary between near stochiometric As0.9-1S1-1.1 

Ni-enriched late “cobaltite” and early ‘metastable' As-poor cobaltite. Note compositions with Ni > 0.4 atoms pfu 
(c.f., Figure 2-9) are actually gersdorffite.
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2.3 Other As/Co/Ni Minerals

Along with carrollite and cobaltite, three minerals containing either As, Co, or Ni are 

present: a) tetrahedrite-tennantite (Cu10(Zn,Fe)2As4S13- Cu10(Zn,Fe)2Sb4S13), b) Co-pentlandite 

(Co9S8), and c) millerite (NiS). Of the three, tetrahedrite-tennantite is the most common and well 

documented. Neither Co-pentlandite or millerite have been previously identified in the Bornite 

deposit, likely due to their scarcity and apparent absence from the Number One Orebody.

2.3.1 Tetrahedrite-Tennantite (Cu10(Zn,Fe)2Sb4S13-Cu10(Zn,Fe)2As4S13)

Tetrahedrite-tennantite was first documented in the Bornite deposit by Runnells (1969); 

he noted it in Cu-poor assemblages dominated by chalcopyrite. Similarly, Bernstein & Cox 

(1986) noted it primarily in the chalcopyrite-dominant intermediate zone, and much less 

abundant in the bornite-rich core zone. Both workers indicated the mineral was about half-way 

between the end-members, based on XRF data.

I have identified the full range of compositions between tetrahedrite and tennantite; for 

simplicity I refer to intermediate compositions as ‘fahlore'. Tetrahedrite-tennantite can be 

characterized by texture, composition, and assemblage. Occurrences of tetrahedrite-tennantite are 

widespread, and occur in the Upper, Lower, and South Reefs.

Tetrahedrite-tennantite primarily occurs with three textures (Table 2-3): 1) isolated, 2) 

interstitial, and 3) porphyroblastic. I define ‘isolated' as small irregular grains bound by 

carbonate (Figure 2-14A), ‘interstitial' as small anhedral grains within other sulfides (Figure 2

14B), ‘porphyroblastic' as large subhedral grains with inclusions of other sulfides (Figure 2

14C), and ‘inclusion' when surrounded by another sulfide (Figure 2-14D). Euhedral tetrahedrite

tennantite has not been identified at Bornite.

Tetrahedrite-tennantite always occurs in samples containing chalcopyrite. Similar to 

cobaltite, tetrahedrite-tennantite never occurs in assemblages where bornite is the dominant or 

only Cu-sulfide (Table 2-3). In bornite-bearing samples, tennantite is typical, and commonly 

occurs as small isolated or interstitial grains (Table 2-3; Figure 2-14A,B). Conversely, 

tetrahedrite and fahlore tend to form porphyroblasts commonly with chalcopyrite only (Figure 2

14C). Tetrahedrite-tennantite I have identified is restricted to core intervals containing 0.2 to 

10% Cu (Figure 2-1), showing less proclivity for Cu-rich core intervals, similar to cobaltite.
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Table 2-3: Location, assemblage, and texture for tetrahedrite-tennantite in the Bornite deposit.

Sample Horizon Type Cu Sulfides
Co 

Sulfides Textures
at%
tet

%Co 
in py

%As 
in py

187I SR-SW tenn cp cob(E) Isolated 1 1.1 0.9
234F LR-NE tenn cp cob(E), carr Isolated 2 0.70 0.04
224G LR-NE tenn cp cob(E) Interstitial 3-7 0.63 0.38
186-31.28 LR-SW tenn cp>bn>cc Isolated 4-5 0.40 0.03
200-537.94 SR-SW tenn cp carr Porphyroblastic 4-6 0.11 0.02
214-520.8 SR-SW tenn cp>bn carr Interstitial 6-12 1.6 0.03
182-276.81 OB#1 tenn cp>bn Interstitial 8-13 0.90 0.09
234E LR-NE tenn cp>bn Isolated 8-46 2.3 0.09
224F UR-NE tenn cp cob(E) Interstitial 9-12 1.8 1.5
181-274.54 OB#1 tenn cp Isolated 9-20 0.24 0.11
185-187.15 LR-SW tenn cp cob(E+L), carr Isolated 14-15 1.7 0.08
214B* SR-SW tenn cp carr Isolated 14-29 0.91 0.05
220G SR-NE tenn cp Interstitial 17-22 1.3 0.03
224C UR-NE tenn cp Porphyroblastic 17-37 0.06 0.15
233C UR-NE tenn cp Porphyroblastic 20-41 0.11 0.09
214A1 SR-SW fah cp carr Inclusion 36-45 3.9 0.39
187M SR-SW fah cp cob(E+L) Porphyroblastic 37-66 0.01 0.01
220D SR-NE fah cp Porphyroblastic 37-76 0.02 0.01
186-33.09 LR-SW fah cp Porphyroblastic 40-56 0.04 0.01
220C SR-NE fah cp Porphyroblastic 46-55 0.10 0.01
209-729.7 SR fah cp>bn carr Porphyroblastic 54-57
224A UR-NE tet cp Porphyroblastic 57-72 0.11 0.05
187F SR-SW tet cp Porphyroblastic 61-76 no py
185-137 LR-SW tet cp cob(E+L) Isolated 67-70 0.15 0.01
186-161.76 LR-SW tet cp cob(L) Porphyroblastic 67-87 2.0 0.04
200-586.7 SR-SW tet cp>bn cob(E+L), carr Isolated 73-87 2.6 0.30
182-181.8 OB#1 tet cp cob(E+L) Porphyroblastic 86-61 no py
200-588.9 SR-SW tet cp cob(E+L) Interstitial 93-99 3.2 0.28

Notes: * = inherited sample of same name as collected sample; at% tet = atomic % tetrahedrite; cob(E/L) = 
generation of cobaltite; cp = chalcopyrite, bn = bornite, cc = chalcocite, tet = tetrahedrite, tenn = tennantite, fah = 
fahlore, car = carrollite, py = pyrite.
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Figure 2-14: Back-scattered electron (BSE) image showing the various fahlore textures. A) 234E showing isolated 
tennantite (Tenn) grains in carbonate (Carb) with chalcopyrite (Cp). B) 224G shows in irregular interstitial grain of 
tennantite adjacent to cobaltite (Cob) in chalcopyrite with pyrite (Py). C) 182-181.8 shows a large, subhedral, 
porphyroblastic tetrahedrite (Tet) with a cobaltite inclusion. Note the variable BSE, due to variations in Sb and As. 
D) 214A1 shows porphyroblastic carrollite (Carr) with a small fahlore (Fah) inclusion. The fahlore here is also 
partly included in chalcopyrite, but not captured in the image.

Tetrahedrite-tennantite occurs with the three dominant Co-bearing minerals through the 

deposit. Co-pyrite is ubiquitous and occurs with all compositions and textures of tetrahedrite

tennantite. Carrollite is observed in the same samples with tennantite and fahlore in 19% of 

occurrences and with tetrahedrite in only 4% of occurrences (Table 2-3). Conversely, cobaltite 

occurs with all compositions of tetrahedrite-tennantite and has been identified in the same 

sample in 42% of occurrences (Table 2-3). However, cobaltite with tennantite tends to be 

restricted to the early, As-poor type.
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Compositions of tetrahedrite-tennantite at Bornite span the entire range of the solid 

solution series (Table 2-3). For classifying the phase, I use the following criteria: tennantite if 

Sb/(Sb+As) < 30%, tetrahedrite if Sb/(Sb+As) > 70%, and fahlore if Sb/(Sb+As) is 30-70% 

(Table 2-3). Compositions can vary in a single sample, and within a single grain. Early tennantite 

and As-rich fahlore are locally surrounded by an increasingly Sb-rich phase (Figure 2-15A). 

Complex zonation with all three compositions also occurs (Figure 2-15B).

Tennantite is present with early As-poor cobaltite (Figure 2-16). Conversely, fahlore or 

tetrahedrite are present with zoned cobaltite displaying late near-stoichiometric rims (Figure 2

16). Carrollite typically occurs with tennantite and (or) fahlore, I have rarely seen it with 

tetrahedrite (Figure 2-16).

Figure 2-15: Back-scattered electron (BSE) images showing fahlore compositional variations. A) 187F shows early 
As-rich fahlore (Fah) encased in late tetrahedrite (Tet), also with a pyrite (Py) inclusion. B) 220D shows a large 
porphyroblastic fahlore, with subgrains showing variable compositions. BSE brightness increases with increasing 
Sb, i.e., tetrahedrite > fahlore > tennantite.
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Figure 2-16: Cations Sb vs. Cations As (per 13 S) for samples containing fahlore relative to the associated Co 
mineral present. As-poor and S-enriched cobaltite (Cob) occur with tennantite, whereas near stoichiometric cobaltite 
occurs with fahlore and tetrahedrite. Carrollite (Car) occurs with tennantite and fahlore, and rarely with tetrahedrite. 
Samples lacking Co minerals show compositions covering the entire solid solution range.

2.3.2 Co-pentlandite (Co9S8) and Millerite (NiS)

These are rare: I have only identified one example of each. The Co-pentlandite occurs as 

angular ‘fragments' in and apparently replaced by low Cu carrollite (Figure 2-17A). I found 

Millerite as a single grain adjacent to chalcopyrite (Figure 2-17B). Due to optical properties 

similar to pyrite and carrollite and similarities in BSE appearance, it is possible (but unlikely) 

that the two are more common.

49



Figure 2-17: Back-scattered electron (BSE) images showing the only identified Co-pentlandite (Co-pent) and 
millerite (Mill) occurrences. A) 200-499.6 shows a tiny carrollite (Carr) grain replacing Co-pentlandite in 
chalcopyrite (Cp) and carbonate (Carb). B) 209A shows a moderate-sized millerite grain in chalcopyrite and 
carbonate with pyrite in the vicinity.

2.4 Discussion

The ore minerals are compositionally complex, and multiple textures are common. 

Previous workers (e.g., Hitzman, 1986) have assumed that sulfides in the Bornite deposit were 

not metamorphosed while acknowledging the lower greenschist metamorphism of the host rocks. 

Such metamorphism is difficult to envision, and I consider it unlikely. If true, metamorphism 

would cause textural complications. An additional complication is that Cu-Fe-sulfides equilibrate 

orders of magnitude faster than pyrite and arsenopyrite (Barton, 1974), so that the degree of re

equilibration would vary between the different minerals.

Based on mineralogical changes from the ‘inner' to ‘outer' zones, Bernstein and Cox 

(1986) hypothesized that Cu-rich fluids entered through the core zone(s) where the most Cu-rich 

minerals precipitated; outward flowing fluids became depleted in Cu forming the intermediate 

and finally outer zones (c.f., Figures 2-18, 1-2, 1-5, 1-6). Bernstein and Cox (1986) admit that 

textural evidence for their proposed progression is meager (e.g., bornite and chalcopyrite show 

no consistent replacement textures); I suggest this ambiguity is caused by superimposed 

metamorphism.
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Figure 2-18: Idealized schematic showing growth and zonation of Cu mineralization at Bornite. In reality, this 
zonation is more complex due to regional metamorphism and structural dislocation in the Mesozoic. Also shown is 
the proposed S fugacity (fS2) and Cu activity (αcu) gradient. Modified from the general model for sediment-hosted 
Cu deposits by Ripely et al. (1985).

Carrollite, cobaltite, and fahlore can occur as porphyroblasts, containing inclusions of 

other sulfides (e.g. Figure 2-2A), a texture characteristic of regional metamorphism (Spry, 1969). 

Conversely, carrollite, cobaltite, and fahlore also occur as discrete isolated or interstitial grains or 

as inclusions in other sulfides, which might represent original mineralization textures. 

Furthermore, carrollite abundance increases with copper grade, such that rocks with low copper 

grades typically contain interstitial carrollite, in contrast to those with higher copper grades 

which contain porphyroblastic carrollite. The presence of large porphyroblasts with inclusions of 

other sulfides is not indicative of order of mineralization, and the presence of possibly original 

and also metamorphic textures makes determining an original sulfide paragenetic sequence 

problematic.

Carrollite compositions reflect the ore mineral assemblage. Interstitial carrollite occurring 

in bornite absent assemblages is Cu-depleted and variably Ni-enriched, best described as 

(Cu,Ni)(Co,Ni)2S4 (Figure 2-6). In contrast, carrollite in bornite-bearing samples is Cu-saturated, 

approximately Cu(Co,Ni)2S4 (Figure 2-6). If ‘intermediate zone' assemblages were truly 

replaced by inner zone assemblages, then one would expect Cu-poor carrollite grains to be 

51



surrounded by Cu-saturated carrollite in bornite-bearing samples. I have never seen such: 

carrollite from both assemblages has approximately homogeneous compositions (Figures 2-6, 2

7). I propose that recrystallization of carrollite took place during regional metamorphism and 

compositions especially became homogenized during carrollite porphyroblast formation. 

Similarly, in the rare case of Cu-depleted, variably Ni-enriched, porphyroblastic carrollite in 

bornite-absent samples, the composition was unchanged through metamorphism due to the Cu 

activity maintained by the bornite absent assemblage. However, most carrollite in bornite-absent 

assemblages consists of small, disseminated, interstitial grains, which were ‘unable' to aggregate 

into larger grains during metamorphism.

If at least partial equilibration occurred during metamorphism, one would expect 

assemblages to reflect relative mineral stability. One important parameter that effects sulfide 

mineral stability is S2(g) fugacity (effectively, the non-ideal partial pressure). Calculated stability 

curves for some of the important ore minerals of the Bornite Deposit (Figure 2-19) show 

important relations. In particular, of the various Co-Ni-As-Sb minerals, only carrollite can occur 

with bornite + pyrite; the others are restricted to sulfur fugacities below to well below bornite + 

pyrite. Arsenopyrite, NiS, and Co9S8 are only stable at low sulfur fugacity, near the pyrite

pyrrhotite buffer (Figure 2-19). The absence or scarcity of these at Bornite is thus explained. 

Gersdorffite and Zn-tetrahedrite approach stability with bornite + pyrite (Figure 2-18) and their 

scarcity (but not absence) in bornite-bearing samples is a likely result (Tables 2-2, 2-3). Given 

the relative stabilities of Ni3S4 and Co3S4 (Figure 2-19), it is likely that cobaltite (CoAsS) is 

stable to lower sulfur fugacity than gersdorffite (NiAsS). I found cobaltite in only 2 bornite

bearing samples (Table 2-2); it occurred as inclusions in chalcopyrite or a large porphyroblastic 

carrollite (Table 2-1).

Based on these stabilities, I infer that during mineralization, S2 fugacity (fS2) increased 

with increasing Cu metasomatism, such that the Cu-rich core (with bornite + pyrite) had the 

highest fS2 and outward-moving fluids both decreased in Cu activity (hence, lower-Cu minerals 

and lower Cu grades) and fS2 (Figure 2-19). The original assemblages then buffered the Cu 

activity and sulfidation state to enable re-crystallization with some changes in mineralogy during 

regional metamorphism. Consequently, cobaltite and tetrahedrite-tennantite are characteristic of 

lower-Cu core intervals (Figure 2-1), averaging 1-2% Cu, whereas carrollite is characteristic of 

higher-Cu core intervals (averaging 12% Cu, Figure 2-1).
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Cobaltite exhibits a wide range in compositions (Figure 2-9) and is characterized by an 

early As-poor and S-rich type, and a late near-stoichiometric type. The early As-poor cobaltite is 

invariably rimmed by the later near-stoichiometric type, which is also commonly Ni-enriched. 

The As-poor, early cobaltite is likely a metastable phase, based on arsenopyrite behavior (e.g. 

Reich and Becker, 2006) and was presumably deposited at relatively low temperatures, again 

based on arsenopyrite behavior (e.g., Fleet and Mumin, 1997). I assume that the metastable 

cobaltite was deposited in the Devonian. In contrast, the later cobaltite, with ‘equilibrium' 

compositions and sharp boundaries with the ‘metastable' type (e.g., Figure 2-8F), have Co-Ni-Fe 

ratios suggesting deposition at temperature of 300-500oC (Figure 2-9). I ascribe the persistence 

of the metastable and lower-temperature compositions to the known resistance to 

recrystallization. Such is a well-known property of arsenopyrite, which can display ‘reverse' 

compositional zonation (Kretschmar and Scott, 1976.) The compositions of the Ni-cobaltite, in 

particular, suggest formation temperatures of 400-500oC, which is significantly higher than 

previous fluid inclusion and sulfur isotope studies indicate, however they are consistent with 

Upper Blueschist-Greenschist facies conditions. Additionally, conodant alteration indices (CAI) 

indicate the host carbonates were metamorphosed to at least 300oC in the Mesozoic (Till et al., 

2008).
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Figure 2-19: logfS2 vs. T diagram for minerals relevant to the Bornite deposit. Most of the stability curves are 
calculated from data in Barton and Skinner (1979). Curves for NiAsS, Zn-tetradredrite, and Zn-tennantite also use 
data from Tesfaye and Taskinen (2012).

Of the samples I studied, three displayed replacement of carrollite by late Ni-rich 

cobaltite (Figure 2-3), resulting in variable compositions of carrollite across the bornite absent 

samples (Figure 2-6). The replacement began with an As-poor cobaltite rim, which is in turn 

rimmed by the ‘equilibrium' type. The carrollite grains replaced by cobaltite have relatively low 

Ni concentrations, suggesting liberation of Ni from the replaced carrollite to form the Ni-rich 

cobaltite. Carrollite in bornite bearing assemblages, on average, contains less Ni than that
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occurring with chalcopyrite. The lack of other Ni-rich phases in bornite bearing assemblages 

supports carrollite as the source of Ni needed to generate the late Ni-cobaltite.

I have documented examples of early tennantite surrounded by fahlore or tetrahedrite in 

bornite bearing assemblages. This is likely due to the increased fS2 stability of tetrahedrite 

(Figure 2-19) relative to tennantite. Furthermore, early As-poor (metastable) cobaltite commonly 

occur with tennantite, whereas samples containing both types of cobaltite are ubiquitous with 

fahlore or tetrahedrite. Production of the late (stable) Ni-enriched cobaltite necessitates As and 

Ni, as such, tennantite and carrollite could be the sources, respectively.

I have found no direct evidence of carrollite replacement of cobaltite, despite the decrease 

in cobaltite abundance and increase in carrollite abundance as copper grade increases. However, 

cobaltite commonly displays replacement by chalcopyrite (e.g., Figure 2-8F); this texture is 

nearly ubiquitous in samples containing early cobaltite. That is, early As-poor cobaltite is 

preferentially replaced by chalcopyrite. I infer that chalcopyrite acted as an intermediary between 

the ‘replaced' cobaltite and the ‘replacing' carrollite. Similar behavior is observed in silicate 

reactions, e.g., sillimanite does not directly replace kyanite in a given thin section, rather kyanite 

is replaced by a mica assemblage and the sillimanite grows from biotite elsewhere in the section 

(Spry, 1969).

2.5 Conclusions

Through substantial petrographic and EPMA analysis I have attempted to determine 

textural and compositional patterns and associations of Co-As-Ni bearing minerals in the Bornite 

deposit. As previously documented (e.g., Bernstein and Cox, 1986; Figures 1-2, 1-5, 1-6) 

Devonian mineralization produced a zonation consisting of a Cu-rich (chalcocite >> pyrite) core 

grading outward to increasingly Cu-poor minerals (bornite and then chalcopyrite). Bernstein and 

Cox (1986) also noted that fahlore is at maximum abundance in ‘intermediate' zones and 

carrollite in ‘inner' zones of the Number One Orebody (Table 1-2).

My samples from all parts of the Bornite Deposit corroborate these patterns, and also 

indicate maximum cobaltite (not identified until 2013) abundance in bornite-absent, 

‘intermediate' zone equivalent samples. That is, 84% of carrollite occurrences I've found are in 

bornite-bearing samples. In contrast, 93% of cobaltite occurrences are in chalcopyrite-bearing, 

bornite-absent samples. Tetrahedrite-tennantite is complicated by the complete range of 
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compositions present (Figure 2-15B, Table 2-3) but the majority is present in bornite-absent 

samples.

Compositions of near-stoichiometric Ni-enriched cobaltite indicate temperatures of 400- 

500oC, consistent with Upper Blueschist-Greenschist facies conditions. In agreement with that I 

attribute porphyroblastic carrollite, cobaltite, and fahlore to post-Devonian regional 

metamorphism. Based on arsenopyrite behavior cobaltite has high resistance to re-crystallization, 

but Cu-Fe sulfides are highly susceptible to re-crystallization (Barton, 1974), so their textures 

probably reflect regional metamorphism. I attribute compositionally homogeneous carrollite (in 

comparison to compositionally heterogeneous cobaltite) to the different resistance of the two 

minerals to metamorphic recrystallization. Earlier workers (e.g., Bernstein and Cox, 1986) noted 

ambiguous Cu-Fe sulfide textures, but failed to recognize the significance of porphyroblastic 

textures.

Sulfide assemblages suggest a gradient in S2(g) fugacity and Cu metasomatism, such that 

Cu-rich core zones also had relatively high fS2. Compositions of porphyroblastic carrollite, along 

with the scarcity of cobaltite (or gersdorffite) and tetrahedrite-tennantite in bornite bearing 

samples, indicate original sulfide assemblages buffered the sulfidation state and Cu activity to 

allow for re-crystallization and few changes in mineralogy during regional metamorphism.

The generation of Ni-enriched cobaltite (gersdorffite) requires Ni and As bearing fluids 

during metamorphism. Due to the lower average Ni content of porphyroblastic carrollite in 

bornite bearing samples, and the absence of an additional stable Ni phase, I propose liberation of 

Ni from carrollite during metamorphism as the source of Ni for late cobaltite. Furthermore, As 

needed to form the late cobaltite was likely sourced from tennantite, as evidenced by early 

tennantite encased in fahlore and tetrahedrite.

In summary, mineral compositions, textures, and assemblages necessitate some degree of 

metamorphism of sulfides at the Bornite deposit. Additionally, mineral associations and textures 

indicate that original ‘zoned' assemblages enabled the system to maintain partial equilibrium 

during regional metamorphism allowing for re-crystallization with minimal change to original 

assemblages. In short, regional metamorphism played a significant role in the evolution of 

sulfides at Bornite, and untangling an original paragenetic sequence is difficult.
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Chapter 3: The Pyrite Story

All pyrite is equal, but some pyrite is more equal than others. Of the three dominant 

cobalt bearing minerals, cobaltiferous pyrite (Co-pyrite) is the most pervasive, occurring in all 

assemblages and all parts of the Bornite deposit. Bernstein & Cox (1986) indicate pyrite occurs 

in all ‘zones' (of the Number One orebody), although most abundant in the outer zone (Table 1

2; Figure 1-5). Previous workers suggest pyrite and Co-pyrite predate Cu-sulfides and carrollite, 

citing carrollite overprinting pyrite grains (Bernstein & Cox, 1986), and the absence of carrollite 

in late B dolomite (Hitzman, 1986). Bernstein & Cox (1986) also indicate two generations of 

pyrite: early, fine-grained, porous and (or) lath shaped and later, coarser, euhedral pyrite. They 

claim the later pyrite is commonly cobaltiferous and zoned with Co-rich rims and Co-depleted 

cores. Stephens (1980) indicates Co-pyrite contains up to 4.5% Co, as thick rims surrounding a 

Co-free core. Hitzman (1986) agrees with these and shows an image of a Co-zoned pyrite grain 

(Figure 1-10).

Based on eight hand samples from the Number One Orebody, Stephens (1980) concluded 

that 28% of pyrite grains were Co-bearing and 2/3 of the contained Co was in Co-pyrite. The 

most recent metallurgical study (ALS, 2019) showed that in most of the samples studied the 

pyrite concentrate contained a majority of the contained Co (Table 1-5). However, the degree to 

which this Co is as solid solution vs. inclusions of Co minerals was not addressed. Klemm 

(1965) showed that solid solution in the FeS2-CoS2-NiS2 system is strongly temperature 

dependent (Figure 3-1). According to his data, pyrite containing 4.5% Co requires a formation 

temperature between 400 and 500oC (Figure 3-1).

Bernstein & Cox (1986) claimed that pyrite from the Number One Orebody contained 

less than 0.05% Ni and measurable Cu, but less than 0.1%. However, Abraitis et al. (2004) report 

up to 4.5% Cu and Pacevski et al. (2008) record up to 8% Cu in pyrite from other deposits, 

although most values are much lower. Given the presence of As-sulfides, it would be logical to 

assume that pyrite in the Bornite Deposit also contains some As. Abraitis et al. (2004) report up 

to 9.6% As in naturally occurring pyrite. Based on quantum mechanical calculations Reich and 

Becker (2006) showed that pyrite at 500oC could contain up to about 6% As.

In addition to samples I inherited or collected myself from drill core, I also microprobed 

pyrite from composite pucks made as part of the 2013 and 2018 metallurgical studies. The 2013 

57



pucks were composited from multiple drill holes and I examined samples of the Cu concentrate, 

cleaner tails, and rougher tails for each of 4 different head grades (c.f., Table 1-4). I also 

microprobed pyrite from splits of 5 milled samples used in the 2018 metallurgial study. Since 

both sets had been milled and pulverized, texture and assemblage data were lost.

My work shows that the pyrite story is more complex than previously described. Pyrite at 

Bornite is compositionally complex, and displays variable enrichment in Co, Ni, As, and Cu. A 

wide variety of textures are present, presumably reflecting both original and metamorphic events. 

I have used WDS analyses, BSE images and Co-, Ni- and As-maps to illustrate these 

complexities.

Figure 3-1: Compositional isopleths for the FeS2-CoS2-NiS2 system based on experimental data of Klemm (1965). 
Note the limited solubility of Co in FeS2 at T<600oC.

58



3.1 Pyrite Assemblages and Textures

Of the Co-bearing minerals, Co-pyrite is the most common and is nearly ubiquitous. Co

pyrite can occur with or without other Co-bearing minerals, and commonly occurs in samples 

containing cobaltite and (or) carrollite. However, Co-pyrite (with no other Co-bearing minerals) 

is always associated with some Cu; it is restricted to assay intervals containing at least 0.2%, but 

no more than 5% Cu (Figure 2-1). Conversely, samples containing only barren (averaging < 

0.1%Co) pyrite is restricted to intervals containing less than 0.7% Cu (Figure 2-1).

Pyrite exhibits a wide range in textures (Table 3-1); the most common (Figure 3-2) are: a) 

massive b) disseminated c) inclusions d) porphyroblastic e) lath f) coliform g) framboidal and h) 

cruciform. I subdivide textures based on grain size; ‘coarse' is >200 μm, ‘medium' is 50-200 

μm, and ‘fine' is <50 μm. It is common for pyrite to occur with multiple textures and grain sizes 

in the same sample. For example, massive pyrite in a sample can be fine to medium grained.

Massive pyrite forms continuous masses composed of individual grains, often exhibiting 

annealing visible in BSE (Figure 3-2A). Coliform pyrite forms thin arcuate bands (Figure 3-2B). 

Disseminated pyrite is individual grains dispersed through carbonate or silicate (Figure 3-2C). 

Inclusion pyrite is disseminated in (or engulfed by) another sulfide (Figure 3-2D). 

Porphyroblastic pyrite forms coarse (>200 μm), euhedral grains, which commonly include other 

sulfides (Figure 3-2E). Framboidal pyrite occurs in carbonate as tiny (<10 μm) spherical masses 

composed of smaller grains (Figure 3-2F). Cruciform pyrite takes the shape of a cross and has 

other sulfides intergrown in the spaces between the arms (Figure 3-2G). Lath pyrite is typically 

identified in BSE images; it forms elongate needles with no preferred orientation (Figure 3-2H).
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Table 3-1: Location, textures, assemblage, grain size, and % Co-Ni-As for pyrite in the Bornite deposit.
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Sample Horizon
Cu

Sulfides
Co 

Sulfides
py size
(mm) Textures

%Co 
in py

%Ni 
in py

%As
in py

%Cu 
in py

224-1 UR cp .07-0.8 Porph, Dssm(mg) 0.00 0.14 0.00 0.03
187M SR cp>fah cob 0.2-0.6 Incl(cp), Porph 0.01 0.01 0.01 0.02
220D SR cp>fah .01-.05 Mass(fg), Dssm(fg), Incl(fah,cp) 0.02 0.00 0.01 0.6
200-2 SR cp cob .005-.3 Incl(cp), Mass(fg-mg), Porph 0.03 0.01 0.00 0.05
209B SR cp .005-.2 Mass(fg-mg), Dssm(fg) 0.04 0.1 0.01 0.01
186-33.09 LR cp>fah .01-.1 Dssm(fg), Mass(fg-mg) 0.04 0.03 0.01 0.4
224J LR cp cob .005-.05 Mass(fg), Incl(cp) 0.06 0.01 0.04 0.4
224C UR cp>tn .01-.2 Incl(tn), Dssm(fg-mg), Mass(mg) 0.06 0.03 0.2 0.1
194C SR cp cob .003-.04 Incl(cob,cp), Dssm(fg) 0.08 0.02 0.01 0.2
209A SR cp .005-.2 Mass(fg-mg), Dssm(fg) 0.09 0.07 0.04 0.04
200-499.5 SR cp cob,car .03-.07 Incl(cp) 0.09 0.02 0.00 0.3
220B SR cp cob .005-0.1 Incl(cp), Mass(fg-mg) 0.09 0.01 0.01 0.9
220C SR cp>fah .005-0.1 Mass(fg-mg), Incl(cp,fah) 0.1 0.06 0.01 0.1
224-2 UR cp>bn .01-.05 Mass(fg), Incl(cp) 0.1 0.02 0.01 0.3
234B SR cp 0.005-0.2 Mass(fg-mg), Sphr, Dssm(fg) 0.1 0.3 0.05 0.2
233C UR cp>tn .005-.15 Mass(fg-mg), Dssm(fg), Incl(tn,cp) 0.1 0.02 0.09 0.1
224A UR cp>tt .02-.1 Mass(fg-mg), Incl(tt), Dssm(fg) 0.1 0.01 0.05 0.4
200-498.96 SR cp cob .002-.02 Dssm(fg), Incl(cp) 0.1 0.03 0.02
200-537.94 SR cp>tn car .01-.05 Dssm(fg) 0.1 0.00 0.02 0.3
187G SR bn>cc car .005-.05 Lath(fg), Mass(fg) 0.1 0.01 0.01 0.1
214B SR cp .01-.15 Mass(fg-mg), Dssm(fg) 0.1 0.05 0.02 0.3
218-1 LR cp>bn cob 0.01-0.05 Mass(fg) 0.1 0.03 0.04 0.7
OB#1-7 OB#1 cp>bn .02-.1 Mass(fg-mg) 0.1 0.00 0.00 0.04
218C LR cp .005-0.1 Mass(fg-mg), Incl(cp) 0.1 0.02 0.03 0.1
194F SR cp cob .02-.5 Porph, Incl(cob,cp), Mass(fg-mg) 0.1 0.01 0.04 0.2
185-137 LR cp>tt cob .005-.05 Incl(cp,cob), Dssm (fg), Mass(fg) 0.1 0.01 0.01 0.7
224-9 LR cp .01-.5 Porph, mass(mg), Incl(cp) 0.2 0.04 0.00 0.2
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233B UR cp .02-.2 Mass(fg-mg), Dssm(fg) 0.2 0.01 0.09 0.07
194A SR cp cob .005-.07 Coliform, Mass(fg-mg), Incl(cp) 0.2 0.05 0.02 0.2
194A* SR cp .25-1.5 Porph 0.2 0.05 0.00 0.06
224-10 LR cp .01-.2 Incl(cp), Mass(mg), Dssm(fg-mg) 0.2 0.02 0.02 0.8
218D LR cp .005-.06 Mass(fg-mg), Coliform, Lath(fg) 0.2 0.04 0.01 0.2
239-882.34 SR cp .1-.4 Mass (mg) 0.2 0.07 0.00 0.1
233-3 LR cp .05-.2 Incl(cp), Mass(fg-mg), Dssm(fg-mg) 0.2 0.05 0.01 0.3
224-5 LR cp>bn .05-0.2 Dssm, Mass(mg) 0.2 0.02 0.00 0.5
233I LR cp .01-.2 Mass(fg-mg), Dssm(fg), Incl(cp) 0.2 0.07 0.02 0.06
194D SR cp cob .01-.06 Incl(cp), Mass(fg-mg) 0.2 0.05 0.05 0.2
194I SR bn>cp>cc car .01-.2 Incl(cp), Mass(fg-mg) 0.2 0.06 0.01 0.02
187L SR cp>bn car .02-.07 Dssm(fg-mg) 0.2 0.04 0.02 0.4
187N SR cp cob .01-1 Incl(cp), Porph 0.2 0.1 0.01 0.01
185-306.34 LR cp .005-.05 Mass(fg), Dssm(fg) 0.2 0.04 0.01 0.02
181-274.54 OB#1 cp>tn .005-.05 Mass(fg), Incl(cp) 0.2 0.02 0.1 0.2
185-162.8 LR cp cob .01-.1 Mass (fg-mg), Dssm(fg-mg), Incl(cob) 0.2 0.01 0.06 0.05
209D SR cp .005-.2 Mass(fg-mg), Dssm(fg) 0.3 0.09 0.01 0.09
186-145.8 LR cp .03-.07 Mass(fg-mg), Dssm(fg) 0.3 0.2 0.03 0.1
235w LR cp cob .01-.05 Incl(cp), Mass(mg), Dssm(fg) 0.3 0.2 0.06 0.4
181-462.96 LR cp .005-.07 Mass(fg-mg), Dssm(fg), Incl(cp) 0.3 0.04 0.02 0.05
233H LR cp .01-.2 Mass(fg-mg), Dssm(fg-mg) 0.3 0.06 0.02 0.07
233J LR cp .01-.1 Mass(fg-mg), Dssm(fg) 0.3 0.03 0.02 0.04
234C SR cp .01-.1 Lath(fg), Mass(fg-mg), Dssm(fg) 0.3 0.04 0.1 0.1
220H SR cp>bn car .005-0.1 Incl(cp), Dssm(fg), Mass(fg-mg) 0.4 0.06 0.02 0.5
234A SR cp .01-.15 Incl(cp), Mass(fg-mg), Dssm(fg) 0.4 0.03 0.1 0.2
224E UR cp cob .005-.05 Dssm(fg), Lath(fg-mg), Incl(cp) 0.4 0.01 0.1 0.5
220A SR cp cob .01-.08 Coliform, Mass(fg-mg), Incl(cp) 0.4 0.07 0.05 0.4
224-3 UR cp .05-0.5 Porph, Mass(mg) 0.4 0.04 0.03 0.7
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186-31.28 LR bn>cp>cc 0.1-0.3 Mass (mg), Porph 0.4 0.06 0.03 0.09
194L SR bn>cp car .005-.05 Incl(car,cp), Dssm(fg),Mass(fg-mg) 0.4 0.06 0.01 0.2
233A UR cp .03-.2 Coliform, Mass(fg-mg) 0.4 0.04 0.1 0.2
239-885.7 SR cp .05-.3 Mass(mg-cg), Dssm(fg-mg) 0.5 0.03 0.00 0.1
233F LR cp .005-.2 Mass(fg-mg), Dssm(fg) 0.5 0.04 0.02 0.1
211A SR cp .005-.15 Mass(fg-mg), Incl(cp) 0.5 0.02 0.01 0.3
187J SR cp>fah cob .02-.05 Dssm(fg-mg) 0.5 0.06 0.04 0.07
202-548.9 SR cp>bn car .01-.1 Dssm, Incl(cp) 0.5 0.01 0.03 0.5
220I SR cp .005-0.06 Coliform, Mass(fg-mg) 0.5 0.07 0.01 0.2
194H SR cp cob .01-.06 Dssm(fg-mg), Incl(cp) 0.5 0.08 0.5 0.3
187H SR cp>bn car 0.01-0.1 Incl(car,cp), Mass(fg-mg) 0.5 0.4 0.02 0.3
220E SR cp .01-0.1 Mass(fg-mg), Coliform, Incl(cp) 0.6 0.03 0.2 0.1
194B SR cp .005-0.1 Mass(fg-mg), Fram, Dssm(fg) 0.6 0.1 0.1 0.2
187-490.7 SR cp>bn>cc car 0.01-0.15 Cruciform, Incl(cp,bn), Mass(fg-mg) 0.6 0.1 0.0 0.3
185-150.76 LR cp cob 0.01-0.1 Mass(fg-mg), Coliform 0.6 0.05 0.07 0.4
214E SR cp car .005-0.1 Mass(fg-mg), Incl(cp,car) 0.6 0.2 0.01 0.1
214A SR cp sg .005-.06 Mass(fg-mg), Incl(cp) 0.6 0.04 0.03 0.3
224G LR cp>tn cob .01-.2 Mass(mg), Incl(cp,tn), Dssm(fg) 0.6 0.06 0.4 0.3
194K SR bn>cp car .01-.1 Incl(car,cp) 0.6 0.07 0.02 0.2
234-978.7 SR cp>bn car .02-.07 Incl (car,cp), Mass(mg) 0.6 0.07 0.01 0.1
194J SR cp>bn car .005-.05 Mass(fg-mg), Incl(cp) 0.7 0.04 0.01 0.2
234-978.6 SR cp>bn car .01-.4 Incl(bn,cp), Mass(mg), Porph 0.7 0.07 0.00 0.1
233G LR cp cob .01-.3 Dssm(fg-mg), Mass(mg-cg) 0.7 0.1 0.4 0.1
185-297.43 LR cp .01-.2 Mass(fg-mg), Dssm(fg), Coliform 0.7 0.06 0.02 0.02
182-123.76 OB#1 cp>bn .01-0.1 Mass(fg-mg), Incl(cp) 0.7 0.2 0.03 0.3
234F SR cp>fah car, cob .005-0.05 Dssm(fg), Mass(fg), Incl(car,cp) 0.7 1.5 0.04 0.2
224N LR cp sieg .02-.2 Mass(fg-mg), Incl(cp) 0.7 0.07 0.03 0.07
218B LR cp cob .01-.2 Mass(fg-mg), Incl(cp) 0.7 0.02 0.02 0.08
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220F SR cp car, cob 0.01-0.07 Mass(fg-mg), Incl(car,cp) 0.7 0.1 0.07 0.8
224-11 LR cp .01-.3 Porph, Mass(mg), Incl(cp), Fram 0.8 0.02 0.01 0.3
181-537.84 LR cp .002-.2 Fram, Mass(fg-mg), Dssm(fg-mg) 0.9 0.01 0.01 0.2
182-276.81 OB#1 cp>tn>bn .01-.1 Mass(mg), Incl(cp) 0.9 0.08 0.09 0.07
233D UR cp cob 0.01-0.15 Mass(fg-mg), Incl(cp) 0.9 0.4 0.2 0.6
234-978.9 SR bn>cp car .01-.4 Incl (bn,car), Porph 0.9 0.08 0.01 0.1
214B* SR cp>>tn car .03-0.7 Incl(cp,car), Dssm(fg-mg), Porph 0.9 0.11 0.05 0.12
200-670.4 SR cp cob 0.02-0.3 Porph, Mass(fg-mg) 0.9 0.2 0.1 0.06
224L LR cp .02-.3 Incl(cp), Mass(mg-cg), Dssm(mg) 0.9 0.02 0.07 0.05
218A LR cp cob .01-.3 Porph, Mass(fg-mg), Dssm(fg) 0.9 0.03 0.3 0.04
194G SR cp cob .01-.08 Mass(fg-mg), Incl(cp) 0.9 0.01 0.04 0.2
214C SR cp car .01-.2 Mass(fg-mg) 1.0 0.04 0.01 0.05
186-151.38 LR cp .01-.1 Mass(fg-mg), Dssm(fg-mg), Incl(cp) 1.0 0.03 0.01 0.4
181-562.72 LR cp .01-.1 Mass(fg-mg), Dssm(fg-mg) 1.1 0.01 0.04 0.09
220-1 SR cp .01-.8 Porph, Incl(cp) 1.1 0.04 1.3 0.1
187I SR cp>tn cob 0.02-0.1 Dssm(fg-mg), Incl(cp), Mass(mg) 1.1 0.2 0.9 0.1
224B UR cp cob .01-.1 Incl(cp,cob), Mass(fg-mg) 1.1 0.2 0.6 1.4
187D SR cp cob .005-.1 Mass(fg-mg), Coliform, Incl(cp,cob) 1.2 0.07 1.0 0.2
233E LR cp .05-.2 Incl(cp), Dssm(fg-mg), Mass(fg-mg) 1.2 0.02 0.03 0.2
224-8 LR cp .01-.1 Mass(fg-mg), Incl(cp) 1.2 0.05 0.3 0.1
224-7 LR cp>bn 0.02-0.2 Porph, Mass(cg) 1.2 0.00 0.02 0.05
OB#1-1 OB#1 cp cob .01-.03 colliform, Mass(mg) 1.3 0.07 0.3 0.6
220G SR cp>tn 0.05-0.3 Mass(mg-cg), Incl(cp) 1.3 0.2 0.03 0.08
200-491.28 SR cp>bn cob .01-.1 Mass(fg-mg), Dssm(fg-mg) 1.3 0.07 0.5 0.1
233K LR cp .04-.3 Mass(mg-cg), Porph 1.5 0.01 0.08 0.01
181-412.81 LR cp cob .02-.1 Incl(cp), Mass(fg-mg) 1.5 0.04 0.2 0.1
194C* SR cp 0.01-0.3 Porph, Mass(fg-mg) 1.6 0.03 0.02 0.1
186-201.71 LR cp .002-.07 Fram, Mass(fg-mg) 1.6 0.04 0.01 0.3
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214-520.8 SR cp>bn car 0.01-0.2 Mass(fg-mg) 1.6 0.05 0.03 0.4
200-588.9 SR cp>tt cob .005-.1 Incl(cp,cob) 1.7 0.1 0.1 0.3
185-187.15 LR cp, tn cob,car .01-.1 Dssm(fg), Mass(fg-mg), Incl(cp) 1.7 0.07 0.08 0.3
181-294.53 OB#1 cp>bn car 0.05-0.4 Mass(mg), Porph 1.8 0.05 0.06 0.06
224F UR cp>tn cob .01-.2 Incl(cp), Mass(fg-mg) 1.8 0.07 1.5 0.2
224D UR cp cob .01-.4 Porph, Mass(fg-mg), Dssm(fg-mg) 1.9 0.09 0.9 0.1
234D SR cp cob 0.01-0.06 Mass(fg-mg), Incl(cp), Dssm(fg) 1.9 0.3 0.3 0.2
186-161.76 LR cp>tt cob 0.1-0.01 Mass(fg-mg), Incl(tt, cp) 2.0 0.02 0.04 0.2
OB#1-10 OB#1 bn>cc 0.05-0.3 Porph, Mass(cg) 2.1 0.01 0.03 0.08
224H LR cp .05-.15 Incl(cp), Mass(mg) 2.1 0.01 0.04 0.1
211-1 SR bn>cc 0.01-0.5 Porph, Mass(fg-mg) 2.1 0.01 0.03 0.2
224-6 LR cp .03-.5 Porph, Mass(mg), Incl(cp) 2.1 0.04 0.02 0.07
224M LR cp sg .05-.2 Mass(mg), Incl(sg,cp) 2.1 0.05 0.1 0.01
224K LR cp cob .05-.2 Incl(cp),Mass(fg-mg) 2.1 0.02 0.7 0.1
186-190.84 LR cp .01-.1 Mass(fg-mg), Lath(mg) 2.2 0.04 0.03 0.03
234E SR cp>bn>tn .03-.1 Dssm(mg), Incl(tn) 2.3 0.1 0.09 0.07
187A SR cp cob .01-.1 Mass(fg-mg), Incl(cp), Dssm(fg) 2.3 0.02 0.8 0.1
194E SR cp cob .02-.1 Incl(cp), Mass(fg-mg), Dssm(fg-mg) 2.4 0.02 0.1 0.2
OB#1-2 OB#1 cp .05-.6 Incl(cp), Mass(mg-cg), Porph 2.7 0.02 0.6 0.07
186-324.65 LR cp .01-.15 Incl(cp), Mass(fg-mg), Dssm(fg-mg) 2.7 0.03 0.03 0.08
214D SR cp car,cob,sg .01-.4 Porph, Mass(fg-mg), Incl(cp) 2.7 0.04 0.2 0.04
200-586.7 SR cp>bn car, cob 0.05-0.3 Mass(fg-mg), Porph 2.8 0.1 0.2 0.1
211B SR cp>bn car .02-.2 Incl(car,cp,bn), Mass(mg) 3.0 0.05 0.04 0.2
209C SR cp car .01-.15 Incl(cp,car), Mass(fg-mg) 3.1 0.05 0.2 0.06
214A1 SR cp car 0.02-0.2 Incl(cp), Mass(fg-mg) 3.9 0.1 0.4 0.09
181-297.31 OB#1 bn>cp car .02-0.6 Porph, Mass(fg-mg), Incl(cp) 4.1 0.03 0.05 0.2
200-3 SR cp cob 0.02-0.15 Mass(mg), Incl(cp,cob) 4.6 0.01 1.6 0.2
187B SR cp>bn car .01-.1 Incl(car), Mass(fg-mg) 4.6 0.03 0.04 0.04



Table 3-1, continued: Location, textures, assemblage, grain size, and % Co-Ni-As for pyrite in the Bornite deposit.

Sample Horizon
Cu

Sulfides
Co 

Sulfides
py size
(mm) Textures

%Co 
in py

%Ni 
in py

%As 
in py

%Cu 
in py

187E SR cp cob .02-.4 Mass(fg-mg), Incl(cp), Porph 4.8 0.07 0.5 0.1
182-215.3 OB#1 cp car .03-.2 Dssm(fg-mg), Mass(fg-mg) 4.9 0.02 0.5 0.04
187K SR cp car .02-.4 Mass(mg-cg), Incl(car), Dssm(fg-mg) 5.0 0.07 0.09 0.04

Notes: * = inherited sample of same name as collected sample; Porph = porphyroblastic; Mass(grain size) = Massive; Dssm(grain size) = disseminated; Incl(min) 
= mineral pyrite is included in; Fram = framboidal; py = pyrite, cp = chalcopyrite, bn = bornite, tt = tetrahedrite, tn = tennantite, fah = fahlore, car = carrollite, 
cob = cobaltite, sg = siegenite.
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Figure 3-2: Backscatter electron (BSE) images showing the various pyrite textures. A) 186-145.8 showing massive 
fine to medium grained annealed pyrite (py) B) 233A showing colloform pyrite banded with chalcopyrite (Cp) and 
sphalerite (Spl). C) 194E showing disseminated pyrite grains in carbonate (Carb) and medium grained massive 
pyrite. D) 194K showing pyrite included in carrollite (Carr) with bornite (bn) and chalcopyrite as well as barite (Bar) 
rimming carbonate. E) 211-1 showing a porphyroblastic pyrite with inclusions of bornite and chalcopyrite. F) 186
201.7 showing framboidal pyrite in carbonate. G) 187-490.7 showing cruciform pyrite with bornite filling the 
“cross”. H) 186-190.84 showing randomly oriented pyrite laths in a medium grained pyrite mass.
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Euhedral pyrite is typical of massive, disseminated, and porphyroblastic types, however, 

pyrite can also occur as anhedral to subhedral grains. Furthermore, poorly formed pyrite 

commonly occurs in the same sample as euhedral pyrite. Pyrite textures are only in some cases 

restricted by the Cu-Co assemblage. For example, porphyroblastic pyrite is present in samples 

that also contain (or lack) chalcopyrite, bornite, chalcocite, fahlore, cobaltite, and (or) carrollite 

(Table 3-1). The same is true for massive, inclusion, and lath pyrite textures. In contrast, 

disseminated pyrite is restricted to chalcopyrite-bearing samples. Even more restricted, coliform 

pyrite (10 samples) always occurs with chalcopyrite (+ cobaltite) and is absent from samples 

containing bornite, chalcocite, fahlore, or carrollite (Table 3-1). Framboidal pyrite (4 samples) is 

restricted to samples containing trace chalcopyrite as the only additional sulfide mineral.

Inclusion pyrite is most commonly included in chalcopyrite (94% of occurrences), but 

can also be included in carrollite, cobaltite, bornite, and (or) tetrahedrite-tennantite. Similarly, 

the most common inclusions in pyrite are grains of chalcopyrite but bornite and fahlore can also 

occur. However, I have only identified one example of siegenite included in pyrite, and I have 

never seen carrollite as inclusions in pyrite and have only seen two examples of cobaltite 

inclusions in pyrite.

3.2 Pyrite Compositions

Pyrite in the Bornite Deposit is compositionally complex; it displays variable enrichment 

in Co, Ni, As, and Cu. Of these, Co is the most common, and generally occurs in highest 

concentration. For the purpose of this study, pyrite is considered ‘barren' (as opposed to 

cobaltiferous) when it contains < 0.1% Co. However, ‘barren' pyrite can contain elevated Ni or 

Cu.

Extensive solid-solution is present in Bornite pyrite, with compositions indicative of 

temperatures between 400 and 500 oC to produce pyrite commonly containing at least 4.5% Co 

(Figure 3-3). Furthermore, I have not identified As-poor pyrite containing >8.5% Co, adding an 

additional temperature constraint (Figure 3-3).
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Figure 3-3: Compositional isopleths for the FeS2-CoS2-NiS2 system with WDS analysis of Bornite pyrite with <1% 
As. Only the uppermost portion of the triangle is shown (c.g., Figure 3-1). Ispoleths are based on experimental data 
from Klemm (1965).

Co-enriched pyrite at Bornite is typically Ni-poor (Figure 3-4) but can be As-rich (Figure 

3-5). Similarly, Cu-enriched pyrite is mostly Co-depleted (Figure 3-6). Unfortunately, it is 

unclear how much of the Cu reported in the WDS analysis is actually in pyrite. An alternative is 

Cu from tiny chalcopyrite inclusions, perhaps located below the polished surface. Cu from 

adjacent Cu-rich minerals is also a possibility, through interaction of the X-ray excitation bulb 

with surrounding sulfides.

Through WDS analyses augmented by BSE images and Co-, Ni-, As-maps I have 

attempted to untangle the compositional complexities observed in Bornite pyrite.
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Figure 3-4: wt% Ni vs. wt% Co plot for all (6,930) pyrite WDS analyses from the Bornite deposit, showing an 
inverse correlation between Co and Ni.

Figure 3-5: wt% As vs. wt% Co plot for all (6,930) pyrite WDS analyses from the Bornite deposit. As generally 
increases with Co, however, multiple trends are apparent. Also note the wide range in Co/As values.
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Figure 3-6: wt% Cu vs. wt% Co plot for all (6,930) pyrite WDS analyses from the Bornite deposit, showing a 
general inverse correlation between Co and Cu. Note the rare points with both elevated Co and Cu. It is unclear if 
the Cu concentrations are real or the result of analytical contamination with Cu-rich minerals.

3.2.1 Co in Pyrite

Co-pyrite pyrite has been known at Bornite for the last 40 years, but with a distribution 

and character poorly known. Stephens (1980) indicated Number One Orebody pyrite typically 

had barren cores and rims averaging 4.5% Co. Bernstein & Cox (1986) and Hitzman (1986) 

agreed, but none of the three published documentation. In fact, distribution of Co in pyrite is 

more complex than previously acknowledged.

The concentration of Co in pyrite is highly variable, from <0.02 wt% (below detection 

limit) to >9 wt%. Based on hand-held XRF analyses and extensive WDS analyses, the majority 

of pyrite at Bornite contains low concentrations of Co. Of the 6,930 WDS analysis (Appendix C) 

I have completed on pyrite, 3,049 (44%) contain less than 0.25% Co (Figure 3-7). Only 0.4% of 

the pyrite analyzed contains >7% Co. Since samples were chosen based on detecting Co with the 

hand-held XRF (Appendix D), these analyses are not representative of Bornite pyrite and 

‘average' Bornite pyrite is relatively Co-poor.
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Figure 3-7: Histogram showing distribution of wt % Co in Bornite pyrite for 6,930 WDS analyses. Note the large 
portion of analyses with <0.25 wt% Co.

Co in pyrite at Bornite can occur as Co-enriched rims (as previous workers have 

claimed); however, Co-zonation is much more complex and displays multiple compositional and 

zoning patterns. Following initial EPMA analysis of pyrite, I created a WDS mapping routine 

utilizing two spectrometers counting on Co, and the remaining three spectrometers assigned to 

Fe, Cu, and S. I choose nine samples with significant Co for quantitative WDS mapping to assess 

Co zonation in pyrite, and made 6-15 maps per sample (quantified maps in Appendix A).

Eight of the nine samples chosen for quantitative Co mapping displayed clear and 

complex zoning patterns. Mostly they do not show serious rim enrichment of Co, however, it 

does rarely occur (Figure 3-8A). The Co maps show multiple generations of pyrite evidenced by 

different compositions and zoning patterns. In particular, rounded, low-Co grains are commonly 

surrounded by higher Co pyrite, which invariably exhibits oscillatory Co zonation (Figure 3-8B). 

Conversely, pyrite grains can be Co-enriched and surrounded by lower Co, oscillatory zoned 

pyrite (Figure 3-8C). Multiple generations of pyrite are highlighted by the presence of sharp 

boundaries within grains that truncate Co zonation (Figure 3-8A,C).
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Figure 3-8: Quantitative WDS Co concentration maps showing zonation patterns in Bornite pyrite. A) A pyrite from 
sample 214A1 shows the rare example of a Co enriched rim. B) A pyrite from sample 194C* shows early, rounded 
and Co-free pyrite encased by higher Co, concentric oscillatory zoned pyrite. C) Another area in sample 194C* 
shows variably Co-enriched, oscillatory zoned pyrite lacking Co-poor inclusions. Notes: py = pyrite, cp = 
chalcopyrite, cb = carbonate. * = inherited samples.

Co zonation in Bornite deposit porphyroblastic pyrite is usually oscillatory concentric 

(Figure 3-9B), however, pyrite with other textures has more complex Co zoning. Massive pyrite 

shows variable Co enrichment of individual grains, with (in some cases) Co concentration along 

grain boundaries (Figure 3-9A). Cruciform pyrite displays Co-enriched rims (Figure 3-9C). 

Coliform pyrite usually displays variable Co enrichment along the bands and rims (Figure 3-9D). 

Inclusion pyrite in carrollite or cobaltite is typically not Co-depleted, and is more commonly Co

enriched (Figure 3-9D).
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Figure 3-9: Quantitative WDS Co concentration maps showing zonation for different pyrite textures. A) A portion of 
sample 224-7 shows fine to medium grained massive pyrite with variably Co-enriched grains and increased Co 
concentration along grain boundaries. B) A porphyroblatic pyrite from sample 211-1 shows typical concentric 
oscillatory zonation. C) Sample 187-491 displays cruciform pyrite with higher Co concentrations along the rim and 
adjacent carrollite with Co-pyrite inclusions. D) Sample 224-7 shows coliform pyrite with variably Co-enriched 
bands. E) Sample 214A1 shows inhomogenous Co-rich pyrite inclusions in carrollite. Notes: py = pyrite, cp = 
chalcopyrite, bn = bornite, car = carrollite, cb = carbonate.
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Due to the extremely heterogenous distribution of Co in pyrite at Bornite, determining the 

‘average' Co concentration in pyrite for a given sample is a hazardous undertaking, and 

‘average' values should be viewed as approximate. Nevertheless, it would appear that the 

average (and maximum) wt% Co in pyrite is higher in carrollite and cobaltite-bearing samples 

than in samples lacking those minerals (Figure 3-10). Furthermore, the average Co concentration 

in pyrite is not systematically depleted when occurring with carrollite, cobaltite, or siegenite 

(Figure 3-10), though siegenite only occurs in a limited number of samples. However, Co

depleted pyrite can occur with carrollite and cobaltite as is the case in sample 200-538 (Figure 3

10). Additionally, pyrite occurring with carrollite in bornite-absent samples appears to have the 

highest average Co-concentration (Figure 2-8).

Figure 3-10: Average wt% Co in pyrite for each Bornite sample studied. Blue dots = individual sample averages 
(usually minimum 20 analyses per sample). Red squares = average of the averages for each category.

A metallurgical study (SGS, 2018) was completed based on 15 samples taken from two 

drill holes in the Lower Reef, SW of the Number One Orebody. Each sample represented 15-30 

m of drill core. Prior to processing the samples, analytical pucks were created for mineralogical 

investigation using SEM (SGS, 2018). The composite samples were further composited and 

subsequently processed to produce a rougher tails, cleaner tails, and Cu concentrate puck for 

each of the now five larger composite samples. I inherited these samples and subsequently 

analyzed the pucks using EPMA. No carrollite or cobaltite were identified in the SGS (2018) 

study or through my EPMA investigation. However, I did analyze a substantial amount of pyrite 
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from five of the original composite samples (Figure 3-11), and two of the beneficiated samples 

(Figure 3-12B).

Figure 3-11: wt% Co in pyrite from WDS analyses for five of the composite samples generated in the 2018 (SGS) 
metallurgical study. Each composite represents a different Cu grade from 15-30 m intervals of core derived from the 
upper Lower Reef, SW of the Number One Orebody.

An earlier metallurgical study consisted of four samples composited from drill core from 

the South Reef representing four different copper grades, ranging from low (0.5-1%) to high 

(>10%) (ALS, 2013). These samples were milled and beneficiated with a rougher tails, a cleaner 

tails, and a Cu concentrate puck produced for each of the head grades. Both carrollite and 

cobaltite were identified by SEM (ALS, 2013) in the two highest-grade samples, and by my 

EPMA investigations. I also completed numerous WDS analyses on pyrite from these samples 

(Figure 3-12A).
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Figure 3-12: wt% Co in pyrite from WDS analyses of processed metallurgical pucks. A) Pyrite analyses for four 
metallurgical samples from the South Reef of different head grades from the ALS (2013) study. B) Pyrite analyses 
for two of the larger composites from the upper Lower Reef produced during the SGS (2018) study.

EPMA analyses of the various metallurgical pucks indicate Co concentration in pyrite at 

Bornite is highly variable, ranging from 0.01 wt% (below detection) to >6 wt% (Figure 3- 

11&12). In general, increasing the Cu head grade corresponds to an increase in the average Co 

concentration in pyrite (Figure 3-11&12). That is, pyrite present in high Cu intervals (likely 

containing significant bornite + chalcocite) has higher Co concentrations. Furthermore, in most 

cases, pyrite from the Cu concentrate is not systematically enriched in Co relative to pyrite in the 

rougher and cleaner tails (Figure 3-12).
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3.2.2 Ni in Pyrite

Pyrite at Bornite can contain significant Ni. Bernstein & Cox (1986) are the only 

researchers to acknowledge the presence of Ni in pyrite, claiming pyrite from the Number One 

Orebody contained less than 0.05% Ni. Although pyrite can contain significant Ni, it usually 

contains much less Ni than Co and the two are inversely correlated (Figure 3-4).

Concentrations of Ni in Bornite pyrite are highly variable, from <0.01 wt% (below 

detection limit) to >3 wt%. Most pyrite at Bornite contains low concentrations of Ni, and 

significant Ni enrichment is far less common than Co enrichment. Of the 6,930 WDS analyses I 

completed on pyrite, 68% contain less than 0.05% Ni (Figure 3-13). Only 1.5% of the pyrite 

analyses were >0.5% Ni. Since drill core samples with elevated Co were preferentially selected 

for further study, it is possible that Ni-rich pyrite is more common than indicated by my 

analyses. However, I never found Ni XRF concentrations greater than Co in any of the core 

(Appendix D).

Figure 3-13: Histogram showing distribution of wt %Ni in Bornite pyrite for 6,930 WDS analyses. Note the large 
proportion of analyses with <0.05 wt% Ni.

Co-rich pyrite is typically Ni-poor (Figure 3-4), and Co-zonation patterns can be in part 

related to Ni zonation. To better understand Co and Ni in pyrite, I created a semi-quantitative 

WDS mapping routine to assess the Co-Ni association. The routine utilizes one spectrometer on 

each of Co, Fe, Ni, As, and Cu. Since S was not included in this routine, and backgrounds were 

not measured, the maps could not be quantified. (Semi-quantitative Co-Ni-As maps are shown in 

Appendix B.) Samples utilizing this mapping routine were selected based on WDS spot analyses 
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containing significant Co, Ni or As. Compositional maps were made for selected areas in nine 

anomalously Ni-rich pyrite samples. These are not representative of the bulk of samples, 

however.

Ni is antithetic to Co in Bornite pyrite resulting in sharp boundaries between Co-rich and 

Ni-rich zones (Figure 3-14). Ni concentrations do not usually show the same oscillatory patterns 

displayed by Co and sub-grains are more uniformly Ni-enriched or depleted (Figure 3-14). 

Multiple generations of pyrite are further emphasized by the Co-Ni patterns: rounded low-Co 

(early) grains are commonly Ni-enriched, and surrounded by high-Co (later) and low-Ni pyrite 

(Figure 3-14A). In some cases, the Ni-rich rounded grains are surrounded by ‘barren' pyrite 

which is then surrounded by concentrically Co-zoned pyrite (Figure 3-14B). Alternatively, some 

pyrite exhibits a ‘barren' core surrounded by discrete Co-enriched bands which are in turn 

surrounded by variably Ni-enriched pyrite (Figure 3-14C). A final variety is the rare occurrence 

of angular, uniformly Co-rich pyrite surrounded by variably Ni-rich pyrite (Figure 3-14D).

Although, individual pyrite grains can display homogeneous Ni concentrations 

(essentially zero), pyrite from a given sample can have a wide range in Ni contents (e.g., Figure 

3-14). Consequently, determining ‘average' Ni concentrations for a given sample can be 

problematic, and ‘averages' should be viewed as approximate. Nevertheless, the average wt% Ni 

in pyrite is slightly higher in carrollite and cobaltite bearing samples than in those for which 

pyrite is the only Co-Ni bearing mineral identified (Figure 3-15). Pyrite occurring in samples 

with only early (low-As) cobaltite possess the highest average wt % Ni (Figure 3-15). The 

average Ni concentration of pyrite occurring with carrollite in bornite bearing samples is likely 

lower than indicated and elevated due to one high sample (Figure 3-15), further illustrating the 

hazards in determining ‘average' values. Samples containing siegenite display the lowest average 

Ni concentrations in pyrite, though this is based on two samples (Figure 3-15).

The key point is that pyrite associated with cobaltite, carrollite, and (or) siegenite is not 

systematically depleted in Ni relative to pyrite lacking those Co-Ni-minerals. If the Ni in those 

Co-Ni minerals was derived from Ni in pyrite, one would expect systematic depletion patterns.
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Figure 3-14: Backscatter electron (BSE) and semi-quantitative Co and Ni concentration maps of Bornite pyrite. A) 
220G shows rounded Ni-rich pyrite surrounded by concentrically zoned Co-rich pyrite. B) 200-586.71 shows early 
Ni-rich pyrite grains surrounded by ‘barren' pyrite, further surrounded by Co-rich pyrite. C) 187H shows fine 
grained massive pyrite aggregates with ‘barren' cores surrounded by Co-rich pyrite band, further surrounded by Ni- 
enriched oscillatory zoned pyrite. Also note the Ni-bearing pyrite included in chalcopyrite. D) 234F shows the rare 
occurrence of a subhedral medium-grained Co-rich pyrite surrounded by variably Ni-rich pyrite.
Blue on Co maps = background XRF. Notes: Py = pyrite; Cp = chalcopyrite; Carb = carbonate.
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Figure 3-15: Average wt% Ni in pyrite for each Bornite sample studied. Blue dots = individual sample averages 
(usually minimum 20 analyses per sample). Red squares = average of the averages for each category.

3.2.3 As in Pyrite

Bornite pyrite can also contain significant As. Previous workers have not discussed the 

presence of As in pyrite, either because it was below detection limits or was not part of the 

analytical suite employed. I have, however, identified substantial As in some pyrite. While pyrite 

can contain significant As, concentrations are typically higher than that of Ni, and lower than Co. 

Furthermore, As commonly correlates with Co in Bornite pyrite (e.g., Figure 3-5).

Concentrations of As in Bornite pyrite are highly variable, from below detection to >5 

wt%. The vast majority (86%) of the 6,930 pyrite WDS analyses I completed contain less than 

0.1% As; 0.7% of pyrite analyses contain >2% As (Figure 3-16). Since I never saw significant 

XRF As in drill core without either significant Co (e.g. cobaltite) or Sb (tetrahedrite-tennantite) it 

is likely that most Bornite pyrite does not contain significant As.
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Figure 3-16: Histogram showing distribution of wt % As in Bornite pyrite for 6,930 WDS analyses. Note the large 
proportion of analyses with <0.1 wt% As.

Co-rich pyrite can be weakly to strongly As-enriched (Figure 3-5), and significant As 

never occurs without significant Co. Thus, Ni-rich pyrite—invariably depleted in Co (e.g., 

Figure 3-4)—is also depleted in As. Although As and Co increase together in pyrite, the Co/As 

ratio for the entire pyrite dataset varies from about 1 to > 25 (Figure 3-5). In individual samples, 

however, the patterns are more complex.

For samples with > 0.5% As, Co-As concentrations can be strongly proportional, 

producing linear trends with high R2 (Figure 3-17). Co/As ratios for such strongly linear trends 

are 0.7-2.4, but ratios of approximately 1 are most common (Figure 3-17). Such strongly linear 

trends suggest a mineralogical control, e.g., cobaltite nano-inclusions. However, cobaltite at 

Bornite has extremely variable compositions, especially Co/As ratios (Figure 3-18). Further, 

Co/As ratios of >1 are rare and are never as high as 2.4.
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Figure 3-17: wt % Co vs. wt % As for WDS analyses of five pyrite samples showing strong linear Co-As 
correlations. Co/As varies from 0.7 to 2.4, but is commonly about 1.

Figure 3-18: wt % Co vs. wt % As for WDS analyses of cobaltite, with lines of constant Co/As shown. Most Bornite 
deposit cobaltite Co:As ratios are 0.5-1.2, but most commonly 0.7-0.9.

Pyrite Co-As relations are not restricted to strongly linear correlations (Figure 3-19). In 

some cases, Co vs. As in pyrite is best fit with a logarithmic function (e.g., Figure 3-19A,B), 

displaying a steep initial increase in Co with increasing As, followed by a more gradual increase. 

Another pattern (Figure 3-19E) is a weakly linear trend, but with minimum As at a substantial 

Co, i.e., a line that grossly misses the origin.
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Figure 3-19: wt % Co vs. wt % As for WDS analyses of pyrite from various samples, showing some complicated 
patterns. A) Pyrite from 18-412.8, 200-498.3 and B) Pyrite from 182-277 display strongly logarithmic Co-As 
correlations. C) Pyrite from 214A1 and D) from 185-151 show multiple Co-As correlations within a single sample. 
E) Pyrite from 182-215 shows a weak linear correlation that grossly misses the origin. F) Pyrite from 181-297 is 
typical of that with low As concentrations, showing little As-Co correlation.

Co-As relations in pyrite can be variable within a given sample, and display multiple 

trends, with Co:As ratios generally greater than 5 (Figure 3-19C,D). Eight different pyrite grains 

from four different areas were analyzed from sample 214A1. Two different grains from the same 

area (e.g., Area 7 py1 and py 2) can possess different Co-As trends, and a single pyrite (e.g., 

Area 3 py1) can exhibit multiple Co-As trends (Figure 3-19C). What is odd is that these eight 
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samples define only two major trends. Similarly, pyrite analyzed in five different areas in sample 

185-151 yield two major Co-As trends (Figure 3-19D).

Finally, a pattern that's common in pyrite with measurable, but low As (0.02-0.2% As), is 

a lack of clear correlation between Co and As (e.g., Figure 3-19F). In such samples even low As 

(e.g., 0.02%) is restricted to pyrite with appreciable Co, but no proportionality between Co and 

As is apparent. Such pyrite has high (>20) Co/As, far greater than that seen in cobaltite (Figure 

3-18), making cobaltite nano-inclusions unlikely.

To better understand the Co-As association in pyrite, I employed the semi-quantitative 

mapping routine outlined above (Section 3.2.2) on three samples that I had identified as 

containing Co-As pyrite. (Semi-quantitative Co-As-Ni maps are shown in Appendix B). Four 

representative examples (Figure 3-20) illustrate common spatial patterns. The highest Co 

concentrations commonly correspond to the highest As concentrations in pyrite, and As zonation 

patterns generally mimic those of Co (Figure 3-20).

In some cases (e.g., Figure 3-20A) the As distribution map exactly mimics the Co map, 

but with Co/As ~ 2. This sample also shows early Co-As pyrite ‘remnants' suspended in 

(replaced by?) low Co-As pyrite. In other cases (e.g., Figure 3-20C) two different Co/As ratios 

are present in the same pyrite grain. The Co-rich pyrite ‘core' in Figure 3-20C has an inner part 

with Co/As of about 10 and an outer part with Co/As of about 80. The Co-As pyrite is also 

mantled by low Co pyrite. A more complex situation is illustrated by Figure 3-20D, with fine

grained intergrown chalcopyrite and pyrite. The pyrite is variably enriched in Co and As at a 

very fine scale. Although broadly correlated, the highest Co points (red) do not correspond to the 

highest As points (also red). Finally, the Co-As maps show that pyrite spatially associated with 

cobaltite (Figure 3-20B) is not especially depleted in Co or As and has a Co/As ratio of about 2. 

This contrasts with the Co/As in the cobaltite of about 1 (both about 30%).
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Figure 3-20: Backscatter electron (BSE) and semi-quantitative Co and As concentration maps of Bornite pyrite. A) 
187I shows highest very strong correlation of Co and As. B) 233D shows Co-As enriched pyrite associated with 
cobaltite. C) 234F shows a pyrite core with homogeneous Co and zoned As, indicating multiple Co/As ratios. D) 
234D shows fine-grained, variably Co-As enriched pyrite intergrown with chalcopyrite. Although broadly 
correlated, the highest As zones do not coincide with the highest Co. Notes: Py = pyrite; Cp = chalcopyrite; Cob = 
cobaltite; Carb = carbonate.
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Although a vast majority of pyrite is As-poor, pyrite displays a wide range in average As 

contents (Figure 3-21). Due to the variable As contents of pyrite, determining the average As 

concentrations for a given sample is difficult, and like averages for Co and Ni, the ‘average' As 

concentrations of samples is approximate. Still, the average As concentration in pyrite is greater 

for samples containing cobaltite or tetrahedrite-tennantite than of those lacking these As-bearing 

minerals (Figure 3-21). Although low-As pyrite occurs with all three, there is no systematic 

depletion of As in pyrite where cobaltite or tetrahedrite-tennantite are present (Figure 3-20). In 

fact, pyrite occurring with cobaltite is commonly As-enriched, suggesting that As-pyrite is not 

the source for As in the associated cobaltite (c.f., Figure 3-20B).

Figure 3-21: Average wt% As in pyrite for each Bornite sample studied. Blue dots = individual sample averages 
(usually minimum 20 analyses per sample). Red squares = average of the averages for each category.

3.2.4 Cu in Pyrite

Bornite pyrite can also contain significant Cu. Although WDS analyses report Cu in 

pyrite, the degree to which Cu is actually present (vs. a result of contamination from Cu-sulfides) 

is poorly constrained. However, systematic traverses through individual pyrite grains, and trends 

in the extensive WDS dataset indicate Cu in pyrite can be real and inversely correlates with Co 

(e.g., Figure 3-6).

Cu concentrations in Bornite pyrite are highly variable, from below detection to ~6 wt% 

(e.g. Figure 3-6). Of the 6,930 WDS pyrite analyses, 60% contain less than 0.1 wt% Cu, and a 

small fraction (3.4%) contain > 1 wt% Cu (Figure 3-22). Cu-sulfides are invariably present with 

pyrite, so that hand-held XRF analyses are not useful in delineating Cu content in pyrite.
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Figure 3-22: Histogram showing distribution of wt % Cu in Bornite pyrite for 6,930 WDS analyses. Note the 
substantial proportion of analyses with <0.1 wt% Cu.

Even though Cu was included in the semi-quantitative mapping routine suite, Cu 

concentration maps are not useful for understanding Cu distribution in in pyrite due to the 

invariable presence of Cu-sulfides. However, well-located WDS analyses combined with BSE 

images (Figure 3-23) illustrate the problem of assigning meaning to apparent Cu concentrations 

in Bornite pyrite. From representative images (Figure 3-23), it is clear that contamination from 

surrounding and (or) intergrown Cu-sulfides is present in some pyrite analyses (Figure 3-23). 

Anomalous Cu concentrations are common where Cu-sulfides encase pyrite (Figure 3-23A,B), 

with the highest Cu-concentrations occurring along the pyrite-chalcopyrite grain boundaries 

(Figure 3-23A,B). In addition, Cu-sulfides (especially chalcopyrite) are commonly intergrown 

with or included in pyrite. Cu concentrations are highest when the analyses were close to Cu- 

sulfides (Figure 3-23C,D). However, where analyses are sufficiently distal to Cu-sulfides, Cu 

contents can still be elevated, and are likely not a result of contamination (Figure 3-23).
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Figure 3-23: Backscatter electron (BSE) images of representative pyrite grains associated with Cu-sulfides with 
WDS analysis locations superimposed. A) 211-1A shows a euhedral pyrite encased in chalcopyrite, with the highest 
Cu-concentration immediately adjacent to chalcopyrite. Analyses near the center of the grain contain lower, but 
elevated, Cu. B) Comp9 shows intergrown chalcopyrite with pyrite from a milled metallurgical sample. Note the 
highest Cu concentrations are adjacent to chalcopyrite and analyses sufficiently far from chalcopyrite still contain 
some Cu. C) CuCon51 shows a pyrite grain from a beneficiated metallurgical sample with included chalcopyrite and 
minor chalcopyrite on the rims. The highest Cu concentrations are adjacent to chalcopyrite inclusions or rims. 
Analyses distal to chalcopyrite are still slightly Cu-bearing. D) Comp8 shows finely intergrown chalcopyrite and 
pyrite. Analyses near chalcopyrite are strongly Cu-enriched and analyses farther from chalcopyrite contain some Cu. 
Notes: py = pyrite; cp = chalcopyrite; bn = bornite.

Although contamination by Cu-sulfides can result in apparently anomalous Cu 

concentrations in pyrite, many analyses are still representative and indicate variable Cu- 

enrichment in pyrite. Graphs of Cu vs. Co for individual samples are commonly display either no 

correlation or an inverse correlation (Figure 3-24). Figure 3-24B shows an example of a sample 

with a moderate inverse Co-Cu correlation and Figure 3-24A shows an example of no 

correlation. Many Co-Cu graphs are intermediate between these two, with weakly developed 
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inverse correlation. I suspect that samples showing no Co-Cu correlation are due to the 

‘randomizing' effects of Cu contamination in the analysis.

Figure 3-24: wt % Co vs. wt % Cu for WDS analyses from two samples showing the endmember Cu-Co relations in 
pyrite. A) 233D shows no correlation between Cu and Co in pyrite; I suspect high-Cu points are a result of analytical 
contamination. B) 220F shows inverse exponential correlation between Cu and Co in pyrite. Note the lack of 
analyses with both elevated Co and Cu.

The cautions about ‘average' pyrite compositions are magnified for Cu, as the data are 

somewhat suspect from analytical contamination. That said, average Cu concentrations in pyrite 

are not apparently influenced by the Cu sulfide assemblage. That is, average Cu concentration in 

pyrite occurring with bornite is not higher than average Cu in pyrite lacking bornite (Figure 3

25). Because bornite is so much richer in Cu than chalcopyrite, one might expect Cu 

contamination to be more severe from bornite. The lack of such might suggest that 

contamination is only locally responsible for high individual Cu concentrations.
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Figure 3-25: Average wt% Co vs. average wt% Cu in pyrite for each Bornite sample studied. Note the lack of 
systematic Cu and Co enrichment of pyrite for samples containing bornite (bn).

3.3 Discussion

Pyrite at the Bornite deposit displays a wide range in compositions along with complex 

zonation and multiple textures. Previous workers (Bernstein & Cox, 1986; Hitzman, 1986) have 

indicated that Co-pyrite occurred prior to Cu deposition (Co pyrite replaced by carrollite) and 

commonly displayed Co-enriched rims and Co-depleted cores. From textural evidence, Bernstein 

and Cox (1986) indicate two generations of pyrite: 1) early, fine-grained, porous, and (or) lath

shaped and 2) later, coarser, more euhedral pyrite. They also indicate that the coarse euhedral 

pyrite contains the highest Co concentrations. My data indicates more than two generations of 

pyrite are present, and partial re-crystallization due to regional metamorphism complicates 

interpretations.

Pyrite and arsenopyrite are known to re-equilibrate orders of magnitude slower than Cu- 

Fe-sulfides, and require significantly greater temperatures than Cu-Fe-sulfides (Barton, 1974). 

Porphyroblastic pyrite is common through the deposit (e.g. Table 3-1; Figure 3-2), though it is 

not ubiquitous, suggesting partial re-crystallization of Bornite pyrite. Pyrite's intrinsic resistance 

to re-equilibration is seen as some preservation of original (Devonian) pyrite textures. This also 

accounts for the presence of sulfide inclusions in pyrite and pyrite in porphyroblastic carrollite, 

further highlighting the problem of re-constructing a Devonian paragenetic sequence.
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Klemm (1965) experimentally showed solid solution in pyrite is temperature dependent 

(e.g. Figure 3-1). Bornite pyrite lacking significant As (<1%) has compositions requiring 

temperatures of 400 to 500 oC (Figure 3-3). Even though most pyrite contains little Co, the more 

Co-rich pyrite requires temperatures consistent with Upper Blueschist-Greenschist facies 

conditions. Although these temperatures are corroborated by cobaltite compositions (Figure 2-9), 

they are higher than previous fluid inclusion and sulfur isotope data suggests, however CAI 

indicate temperatures of at least 300 oC (Till et al., 2008). Abraitis et al. (2004) have suggested 

that increased As substitution for S in pyrite is associated with structural changes that allow for 

increased metal solubility. This suggestion could explain why highest Co-pyrite (Figure 3-5) also 

contains significant As. At any event, the contrast in typical Co/As ratios of pyrite and those of 

cobaltite rule out micro- or nano-inclusions as the cause of Co and As increasing together.

In contrast, I don't understand why Ni and Co concentrations tend to be antithetic in 

pyrite at Bornite. Perhaps at the temperatures of formation (100-150oC?) there are structural or 

kinetic factors that inhibit joint substitution. It is well established that marcasite forms at low 

temperature from low pH solutions, despite never being thermodynamically stable, so pyrite at 

low temperatures may have other non-equilibrium characteristics. I infer that complex Co-Cu 

relations in Bornite pyrite have the added complication of analytical ‘contamination' from 

intergrown Cu sulfide minerals due to the high energy (20 kV) beam employed and the 

consequent relatively large excitation bulb for X-ray generation.

I propose at least four stages of pyrite growth in the Bornite deposit, though it is possible 

more are present. The earliest diagenetic pyrite (I) can be preserved as evidenced by framboids, 

colliform, and fine-grained disseminated pyrite (e.g., Figure 3-2B,C,F; 3-9A,D). The colliform 

texture is likely a result of pyrite formation/replacement of fossils (e.g., algal colonies), and can 

be present with arcuate variably Co-enriched bands (Figure 3-9D). I am guessing that the Co

enrichment post-dates the original replacement. The diagenetic pyrite is typically devoid of 

measurable Co, Ni, As, and (or) Cu and might serve as the nucleation point for later pyrite 

(Figure 3-8A,B; Figure 3-14B). Subsequently, a variably Ni-rich pyrite crystallized (II). 

However, this Ni-rich pyrite is not pervasive and is mostly preserved as cores in Co-rich pyrite 

(e.g., Figure 3-14A,B). Following the Ni-rich pyrite is a variably Co-enriched generation (III), 

likely contemporaneous with Cu mineralization. Pyrite that only contains Co can further be 

surrounded by variably Co-As-rich pyrite (Figure 3-20D). This Co-As-pyrite is likely the last 
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generation (IV) of pyrite to crystallize during the Devonian. Outside of clearly diagenetic and 

(or) metamorphic pyrite, the mechanism responsible for each generation of pyrite is unclear, 

however, they likely reflect changing fluid chemistry.

Classifying pyrite generations based on textures is not simple, as it is unclear what 

textures represent original (Devonian) crystallization vs. later (metamorphic) re-crystallization. 

Cruciform pyrite is likely indicative of rapid crystallization, and this pyrite is slightly Co

enriched, and probably represents Devonian crystallization (e.g., Figure 3-9C). In contrast, lath

shaped pyrite has been noted by several workers (e.g., Bernstein & Cox, 1986) as likely 

pseudomorphs after marcasite (Figure 3-2H). I see no reason to question this interpretation. 

Pyrite included in other sulfides also likely represents original Devonian pyrite (Figure 3-9E). 

Porphyroblastic pyrite however, is definitively metamorphic and characteristically displays 

concentric oscillatory zonation (Figure 3-9B). Massive pyrite is difficult to delineate as grain size 

is highly variable. Presumably, massive coarse-grained pyrite represents re-crystallization 

(Figure 3-2A), and massive fine-grained pyrite is Devonian (Figure 3-9A); however, the line 

between the two is fuzzy.

Contrary to previous workers assertions that Co precedes Cu mineralization (Hitzman, 

1986; Figure 1-7), I propose Co and Cu mineralization were contemporaneous and not the result 

of geochemically different fluids. Pyrite containing significant Co is restricted to drill core assay 

intervals with > 0.7% Cu (e.g. Figure 2-1). If Co mineralization were in fact earlier than Cu, one 

would expect widespread, seriously Co-enriched pyrite in intervals containing little to no Cu. 

Furthermore, analyses of pyrite from metallurgical studies indicates the Co content of pyrite 

increases with increasing Cu head grades (e.g., Figure 3-11&12). That is as the %Cu increases so 

does the %Co in pyrite. Again, if Co was introduced early or prior to Cu, the %Co in pyrite 

would not systematically increase with increasing Cu grades.

Finally, I disagree with the past assertion that pyrite is the source of Co-Ni-As needed to 

form carrollite (and by extension cobaltite, and (or) tetrahedrite-tennantite). Although never 

explicitly stated, such a reaction would presumably look like:

20(Co.1Fe.9)S2 + CuFeS2 = CuCo2S4 + 18FeS2 

Co-rich pyrite + chalcopyrite = carrollite + barren pyrite.
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That is, carrollite would be associated with abundant barren pyrite.

However, most pyrite associated with carrollite is not systematically depleted in Co 

(Figure 3-10) or Ni (Figure 3-15). In fact, on average, pyrite occurring with carrollite is more 

Co-enriched than pyrite occurring without carrollite (Figure 3-9E). Similarly, where pyrite 

occurs with cobaltite, it is in a few cases, but not systematically, depleted in Co (Figure 3-10) or 

As (Figure 3-21, 3-20B). I have seen Co-As pyrite apparently replaced by barren pyrite in two 

cobaltite-bearing samples (Figure 3-20A) but it's not common. Carrollite porphyroblasts can 

contain pyrite inclusions (Figure 2-2A; Figure 2-3A), but this is a metamorphic texture. I suspect 

that this porphyroblastic texture is what led earlier investigators to conclude that carrollite 

replaced pyrite.

Since Co concentrations in pyrite increase with Cu abundance, and pyrite associated with 

carrollite is typically more Co-enriched, it is likely that Co activity increased with Cu activity 

and thus with S2 fugacity (fS2) (Figure 2-19). The highest Co and Cu activity and fS2 would have 

produced carrollite in bornite rich assemblages with limited pyrite. Although stable in terms of 

fS2-T conditions, lower Co and Cu activities in more distal zones would disfavor carrollite in 

lieu of Co-pyrite. Co activity mirroring that of Cu results in the broad mineral zonation outlined 

in Section 2.4 (Figure 3-26).
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Figure 3-26: Idealized schematic showing growth and zonation of Cu and Co minerals at Bornite. In reality, this 
zonation is more complex due to regional metamorphism and structural dislocation in the Mesozoic. Also shown is 
the proposed S fugacity (fS2) and Co activity (αCo) gradient. Modified from the general model for sediment-hosted 
Cu deposits by Ripely et al. (1985).

3.4 Conclusions

Through extensive petrographic and EPMA analysis of polished sections and 

metallurgical pucks, I have determined textural and compositional patterns and associations of 

pyrite in the Bornite deposit. Previous workers (e.g. Stephens, 1980; Bernstein & Cox, 1986; 

Hitzman, 1986) documented Co-bearing pyrite from the Number One Orebody and claimed that 

serious Co-enrichment occurred as rims in pyrite (e.g. Figure 1-10) as well as the presence of 

two generations of pyrite. Some of these workers also claim pyrite, and specifically Co-pyrite, 

occurred before Cu mineralization (Hitzman, 1986; Figure 1-7) was consumed to produce 

carrollite (Bernstein & Cox, 1986; Hitzman, 1986). Furthermore, outside of the Bernstein & Cox 

(1986) claim that pyrite can contain Ni (<0.05%) and low but measurable Cu (<0.1%), there is 

no documentation concerning Ni, As, or Cu in Bornite deposit pyrite.
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My samples from all parts of the Bornite deposit, in part, corroborate these findings, 

however the pyrite story is much more complex than previously indicated, and is further 

complicated by partial re-crystallization due to regional metamorphism. Porphyroblastic 

(metamorphic) pyrite is common, but not ubiquitous (Table 3-1; Figure 3-2E), and some likely 

Devonian textures are partly preserved. High Co Bornite pyrite lacking significant As has 

compositions requiring temperatures of 400 to 500oC, which is consistent with Upper Blueschist

Greenschist facies conditions (Figure 3-3). Partial re-crystallization of pyrite during regional 

metamorphism has complicated textures and reconstructing a meaningful paragenetic sequence is 

difficult.

Due to the high variability in pyrite textures, determining the order of formation for the 

multiple pyrite generations necessitates understanding compositional variation and zonation. 

Through extensive WDS analyses augmented by quantitative (Co) and semi-quantitative (Co, Ni, 

As) concentration maps (Appendix A and B), I have identified common elemental patterns in 

Bornite pyrite. Co is antithetic to Ni (Figure 3-4, 3-14) and Cu (Figure 3-6, 3-14) in pyrite, but 

As usually correlates with Co in some fashion (Figure 3-17, 3-19). The compositional maps 

suggest four original stages of pyrite growth:

(I) Earliest diagenetic pyrite occurring as framboids, colliform, and fine-grained massive 

textures, typically lacking measurable Co, Ni, As, and (or) Cu (Figure 3-2B,C,F; 

Figure 3-9A,D).

(II) A subsequent variably Ni-enriched pyrite. Not pervasive, and mostly preserved as 

cores in Co-rich pyrite (Figure 3-14).

(III) Later Co-rich pyrite likely contemporaneous with Cu sulfide deposition (Figure 3-9A; 

Figure 3-20D).

(IV) Finally, a variably Co-As-rich pyrite, commonly encasing earlier Co-pyrite and (or) 

Ni-enriched pyrite (Figure 3-20D).

Due to partial re-crystallization, constraining the relative timing of the various pyrite generations 

is not absolute and metamorphism could be responsible for some of the generations of pyrite. 

Clearly metamorphic pyrite (e.g., course-grained or porphyroblastic) characteristically displays 

concentric oscillatory Co zoning (Figure 3-8B,D; Figure 3-9B) and may contain inclusions of 

other pyrite types (Figure 3-14A,B).
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Previous workers have consistently argued that Co was introduced to the system prior to 

Cu, as evidenced by Co-pyrite replacement by carrollite. Most pyrite associated with carrollite is 

not systematically depleted in Co or Ni and on average pyrite occurring with carrollite is more 

Co-enriched than pyrite occurring without carrollite (Figure 3-10). Similarly, pyrite occurring 

with cobaltite is not systematically depleted in Co or As, though there are a few cases where it is 

(Figure 3-10, 3-21). As a result, Co activity likely increased with Cu activity, and thus with fS2 

(Figure 3-26). That is, Co and Cu deposition were, in fact, contemporaneous and not the result of 

two geochemically unique fluids.

In sum, multiple generations of pyrite growth are apparent, though determining the 

relative timing of the pyrite generations is difficult due to superimposed regional metamorphism. 

Cu-Co deposition did not require two different mineralizing fluids, but took place synchronously.
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Chapter 4: Co Mineral Distribution & Co Metallurgical Deportment

Sulfide distribution in the Bornite deposit is commonly depicted by the simplified 

mineral zonation scheme outlined by previous workers (e.g. Figure 1-2, 1-6; Table 1-2). The 

reality is far more complex, and delineating the Co mineral distribution is non-trivial (c.f., Tables 

2-1, 2-2, 3-1). However, Co-minerals are always associated with some Cu minerals and at least 

broadly correlate with the Cu grade (Figure 2-1). I present the cobalt mineral distribution on the 

previously shown cross-sections that represent the Upper and Lower Reef (Figure 1-14) and 

South Reef (Figure 1-15) which comprise the known extents of the Bornite deposit. Because 

cobaltite has never been identified in drill core and never identified in polished section before 

2013, my microscope- and microprobe-defined occurrences are the best available for the 

foreseeable future.

Understanding the composition and distribution of the various Co-bearing minerals is 

critical to assessing the recoverability of Co from the Bornite deposit. Although previous 

metallurgical studies have identified carrollite and cobaltite in Cu concentrates created from the 

various ore horizons in the Bornite deposit (Table 1-4, 1-5), the nature of creating a Cu 

concentrate necessitates removing large portions of pyrite from the ore, which in turn removes 

some fraction of recoverable Co. Since I have generated an extensive compositional dataset for 

the various Co-bearing minerals, and have also analyzed metallurgical pucks from previous 

studies, I present a method for computing the relative fractions of Co-minerals recovered from 

various Cu head grades and the implications for the overarching Co budget.

4.1 Co Mineral Distribution

Co-bearing minerals in the Bornite deposit are always associated with chalcopyrite + 

bornite. Of the samples I have studied, carrollite is typical in core containing some bornite, and 

to a lesser extent with only chalcopyrite (Table 2-1), thus it is more likely in areas with high wt% 

Cu (Figure 2-1). Conversely, cobaltite dominantly occurs in bornite-free assemblages (Table 2

2). Co-pyrite is common in core that contains > 0.7% Cu in (Table 3-1, Figure 2-1). As a result 

of the tendency for different Co minerals to occur with different Cu grades, it is important to 

understand the general distribution of Cu grades through the well-defined horizons (Upper, 

Lower, and South Reefs) in the two cross-sections.
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I chose Cu grade ranges of 0.5-1%, 1-2%, 2-10%, and >10% Cu on the cross-sections 

(Figues 4-1, 4-2) for contouring based on % Cu intervals used in the 2013 metallurgical study 

(ALS, 2013; Table 1-4). The 2013 study employed material solely from the South Reef; for 

consistency I used the same grade intervals to contour the Upper and Lower Reefs. Since I 

completed extensive EPMA analyses on the Cu concentrate pucks and the corresponding cleaner 

and rougher tails from each of the head grades used in the 2013 metallurgical study, 

understanding the distribution of Cu grades through the deposit is critical for delineating the Co 

mineral distribution.

The Upper Reef, which hosts the long-known Number One Orebody, consists of high

grade Cu ‘cores' grading out into increasingly lower grades (Figure 4-1). Zones containing >10% 

Cu are limited to the Number One Orebody; however, grades of >1% Cu are common (Figure 4

1). The Lower Reef contains discrete zones of elevated Cu grades, though >10% Cu grades are 

absent (Figure 4-1). Several apparently separate Cu zones are present, both separated by phyllite 

lenses and within a single marble layer (Figure 4-1).

The South Reef, which was more recently discovered (2011), generally possesses higher 

Cu grades that are more continuous and thicker (Figure 4-2) than of those seen in the Upper and 

Lower Reefs (Figure 4-1). More than two-thirds of the dolomitic South Reef hosts Cu > 0.5% 

Figure 4-2) and two highest grade (>10% Cu) zones are present, traceable through several drill 

holes (c.f., Figure 1-2). In particular, relatively high Cu grades can be traced almost continuously 

just above the (fault) contact with the Anirak schist. In addition, ‘stacks' of higher-grade zones 

occur in the SW and central parts of the cross-section (Figure 4-2).
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Figure 4-1: Cross section through the Upper and Lower Reef horizons (c.f., Figure 1-14) showing hand-drawn Cu grade contours. Contours are based on the 
assays from the drill holes shown and additional holes not otherwise used in this study.
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Figure 4-2: Cross section through the South Reef horizon (c.f. Figure 1-15) showing hand-drawn Cu grade contours. Contours are based on drill hole assays from 
the holes shown which were used in this study.



Distribution of the Co minerals in the Upper, Lower, and South Reef horizons is strongly 

influenced by Cu grades (Figure 2-1). Due to the relatively lower and non-continuous nature of 

Cu grades seen in the Upper and Lower Reef horizons (Figure 4-1), delineating distinct zones of 

the various Co minerals is difficult.

However, the Upper Reef exhibits a distinct carrollite zone (Figure 4-3) that corresponds 

with the highest Cu-grades (Figure 4-1) and to the extensively studied Number One Orebody. 

The carrollite zone is surrounded by a more or less continuous anomalous As zone (Figure 4-3), 

defined by cobaltite, As-pyrite, and tennantite-tetrahedrite occurrences. (No obvious patterns for 

the individual As bearing minerals is apparent, so these minerals are grouped together to define 

an anomalous As zone). Ni rich pyrite is rare and occurs even more distal to the carrollite zone 

(Figure 4-3).

The Lower Reef exhibits even less continuity of Co minerals (Figure 4-3). I found 

carrollite in only one sample, a high Cu grade interval in RC11-0185 (Figures 4-1, 4-3). I suspect 

the virtual absence of carrollite in the Lower Reef is a result of the lower Cu grades. However, 

cobaltite occurrences in the Lower Reef are sporadically pervasive, and present in every drill 

hole I examined in detail (Figure 4-3). Lack of distinct cobaltite zones is likely due to the lack of 

continuity of the mineralized horizons (Figure 4-1). I grouped cobaltite, As-pyrite, and 

tetrahedrite-tennantite occurrences to create apparently isolated anomalous As zones (Figure 4

3). Ni zones, defined by the presence of Ni-rich pyrite and siegenite, again appear to be distal to 

the higher Cu intervals and could be interpreted as surrounding the anomalous As zones (Figure 

4-3).
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Figure 4-3: Cross section through the Upper and Lower Reef showing trends in Co-mineral distribution. Adistinct carrollite zone is only observed in the Upper 
Reef (Number One Orebody) where Cu-grades are highest. Note the lack of continuity of the anomalous As zones, and apparent Ni-pyrite surrounding these As 
zones.
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Figure 4-4: Cross section through the South Reef showing trends in Co mineral distribution. A continuous upper cobaltite and lower carrollite zone are observed, 
with interfingered tetrahedrite-tennantite (fahlore).



Co mineral distribution in the South Reef is more distinct (Figure 4-4) than that of the 

Upper and Lower Reefs, perhaps due to the higher Cu grade continuity (Figure 4-2). Cobaltite is 

absent from the highest-Cu zones and both cobaltite and carrollite are restricted to zones 

containing > 0.5% Cu. The South Reef exhibits a distinct structurally higher cobaltite zone 

(lacking carrollite), with a carrollite zone below it that parallels the contact with the underlying 

Anirak schist (Figure 4-4). In several places the carrollite zone contains cobaltite, which I have 

depicted as ‘splays' into the carrollite zone (Figure 4-4). It is unclear if these should be displayed 

instead as separate horizons that break the carrollite zone; however, they are defined by samples 

that contain both carrollite and cobaltite (Figure 4-4). I have seen several examples of cobaltite 

replacing carrollite (Figure 2-3B, 2-8D, 2-12) and few of carrollite replacing cobaltite, 

supporting my ‘splay' interpretation.

Unlike the Upper and Lower Reef, a distinct tetrahedrite-tennantite (fahlore) zone occurs 

between and overlapping the carrollite and cobaltite zones in the NE portion of the cross section, 

and near the base and intertwined with the carrollite zone in the SW (Figure 4-4). As-pyrite is 

mostly present in the cobaltite and fahlore zones, with one sample in the purely carrollite zone 

(Figure 4-4). NiS and siegenite are restricted to outside of the >0.5% Cu zones (Figures 4-2, 4-4), 

consistent with their Cu-poor compositions (Table 2-1). In contrast, Ni pyrite shows no obvious 

pattern, variably occurring in all of the mineral zones (Figure 4-4).

In summary, the Upper and Lower Reefs display a less continuous Cu grade distribution 

(Figure 4-1), as well as generally non-distinct Co mineral patterns (Figure 4-3). The Upper Reef 

contains a carrollite zone associated with the Number One Orebody, and lacks clear-cut cobaltite 

or fahlore zones (Figure 4-3). Conversely, the South Reef cross-section displays continuous 

cobaltite (upper) and carrolite (lower) zones, closely mirroring the Cu grade distribution (Figure 

4-2, 4-4). Ni-rich zones appear to be distal to the highest grades and (or) carrollite horizons and 

could be interpreted as surrounding the anomalous As or cobaltite zones (Figure 4-3, 4-4).
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4.2 Co Deportment

One of my ultimate goals in this study was to address the question of cobalt deportment: 

what is the relative (and absolute) abundance of the different Co-bearing minerals at the Bornite 

Deposit? Recognizing that the relative abundance (and compositions) of Co-bearing minerals 

varies considerably with location in the deposit (Figures 4-3, 4-4), this is a non-trivial task. One 

approach is to build on data acquired for the three metallurgical studies completed in the last 10 

years (ALS, 2013; SGS 2018; ALS 2019). These studies were initially designed to find the best 

conditions for making an optimal Cu-rich concentrate and the associated copper recovery; major 

mineralogy of the submitted samples was quantified and assays of some of the products (e.g., the 

Cu concentrates) were generated. From this data I calculated Co recovery to the Cu concentrates 

(Tables 1-4, 1-5). For the most recent study (ALS, 2019) pyrite concentrates were also prepared 

in an effort to capture a larger proportion of the contained Co, and Co recoveries were 

determined for these fractions (Table 1-5).

My objective was to use my mineral compositions together with XRF analyses of 

metallurgical products to estimate (via calculations) the relative abundances of carrollite, 

cobaltite, and Co-pyrite (and their contribution to the Co budget) in the various composite 

samples used in the metallurgical tests. I realized early in the study that the compositions of Co

bearing minerals (cobaltite, carrollite, and Co-pyrite) varied tremendously and in general were 

not well-modeled by the ‘end-member' composition (Figure 2-5; Figure 2-9; Figure 3-4, 3-5, 3

6). Thus, turning % cobaltite (for example) into grams Co is complicated by the variable 

composition of cobaltite at Bornite. I will explain my approaches and basis for calculations, then 

present the calculated Co mineralogy for the metallurgical test materials.

4.2.1 Analytical and Computational Approach

Based on my EPMA examinations and analyses, I recognized three As-bearing minerals 

at Bornite: cobaltite, fahlore (tetrahedrite-tennantite), and As-pyrite. Knowing the total As 

content of a bulk sample I can calculate cobaltite abundance if I can correct total As for the As in 

pyrite and in fahlore. The former comes from my analyses of pyrite (Appendix C); the latter 

from knowing the Sb content of the bulk sample and the mean As/Sb for Bornite fahlore (Figure 

4-5). Similarly, I recognized several Ni-bearing sulfide minerals, but principally carrollite, 

cobaltite, and Ni-pyrite. Knowing the total Ni content of a bulk sample I can calculate carrollite 
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abundance if I can correct total Ni for the Ni in pyrite and in cobaltite. Thus, the first step was to 

acquire multi-element analyses of the metallurgical composite samples.

From splits of pulverized metallurgical samples I prepared pressed pellets and analyzed 

these by WDS XRF, using the PANalytical X-Ray Fluorescence (XRF) Spectrometer at UAF's 

Advanced Instrumentation Laboratory. I used methods and analytical routines presented in 

Broman (2014). I analyzed these for major elements, including S, Fe, Cu, Zn, and Ba, and minor 

elements including Co, Ni, As, and Sb.

Cobaltite abundance calculations begin with fahlore; the compositions of which vary 

through the entire solid solution (Figure 2-16, Figure 4-5). The median value is between the two 

extremes. Given the median (wt% As/wt% Sb) of 0.85 (Figure 4-5), wt% Sb x 0.85 = estimated 

As in the bulk analysis due to fahlore.

Figure 4-5: Compositions (blue dots) of Bornite deposit fahlore, expressed as atomic % tetrahedrite component vs. 
wt% As/wt% Sb. The red square is the median value.

To calculate wt% cobaltite from bulk As, one needs to know wt% cobaltite/wt% As. I 

have shown the Bornite deposit cobaltite is commonly As-depleted and thus the As content 

varies considerably (Figure 2-10). A plot of cobaltite compositions shows that the median 

cobaltite has wt% cobaltite/wt% As of 2.77 (Figure 4-6).

Thus: wt% cobaltite = 2.77*(wt%As  - (wt%As in py*%py∕100)  - 0.85*wt%Sb).

Further, from Figure 4-6, the wt% Co contributed by cobaltite = wt% cobaltite * 0.31.
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Figure 4-6: Compositions (blue dots) of Bornite deposit cobaltite, expressed as wt % cobaltite/wt%As vs. 
wt%Co/wt% cobaltite and vs. wt%Ni/wt% cobaltite. The red squares are the median values. Rare Ni-rich 
compositions (gersdorffite) are not included in the diagram.

Carrollite abundance calculations are built around the Ni content of a bulk sample. To 

begin, the Ni contributed by cobaltite must be subtracted from the raw Ni concentration. Ni 

content of cobaltite varies considerably; As-depleted cobaltite is also low in Ni (Figure 2-10). 

Because I have found Ni-rich cobaltite (Gersdorffite) in only 3 out of 47 samples and because 

they grossly skew the Ni in cobaltite distribution, I have not included them in Figure 4-6. The 

‘median' Ni/cobaltite value is 0.012 (Figure 4-6), that is, Ni contributed by cobaltite = wt% 

cobaltite*0.012.

Carrollite compositions depend on the Cu-sulfides present (Figure 2-5, 2-6, 2-7).

Carrollite in samples with bornite is approximately Cu(Co,Ni)2S4 and carrollite in bornite absent 

samples is (Cu,Ni)(Co,Ni)2S4. Thus, the relations between adjusted bulk Ni concentration and 

carrollite depends on whether bornite is present. Figure 4-7 shows compositional parameters for 

the two cases. Because Cu-rich carrollite contains about 20% Cu whereas Cu-depleted carrollite 

contains 10-15% Cu, carrollite lacking bornite has a higher Co concentration, and thus higher % 

Co/% carrollite (Figure 3-7, Figure 4-7). Ni-poor carrollite of both types occurs, but Ni-poor 

carrollite with bornite is mostly restricted to the Number One Ore Body (Figure 4-7A); Ni-poor 

carrollite in bornite-absent samples is mostly restricted to the NW fringe of the South Reef 
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(Figure 4-7B). Because Ni-poor carrollite is rare and grossly skews % carrollite/% Ni plots, I 

calculated mean values excluding the Ni-poor data.

Using the data from Figures 4-6 and 4-7, I have created two carrollite equations:

Bornite present: wt% carrollite = 14.2*(bulk  Ni - %Ni in py*%py∕100  - 0.012*%  cobaltite) 

Bornite absent: wt% carrollite = 18.2*(bulk  Ni - %Ni in py*%py∕100  - 0.012*%  cobaltite) 

I also have factors for calculating Co contributed by carrollite (0.31 vs. 0.37), depending on 

presence of bornite.

Figure 4-7: Compositions (blue dots) of Bornite deposit carrollite, for carrollite in (A) bornite-bearing and (B) 
bornite absent samples. The red squares are the median values, neglecting the (rare) Ni-poor compositions.

The final calculation is:

wt% Co in pyrite = 100*  (bulk wt% Co - Co from cobaltite - Co from carrollite)/wt % pyrite.

The results for the overall calculations can be considered valid if the calculated % Co in pyrite is

‘reasonable', i.e. 0.1% - 1% (c.f., Table 3-1).

4.2.2 Calculated Co Deportment

Stevens (1980) investigated a composite of 8 high-grade hand specimens from the 

Number One Orebody, with a composite grade of 25.3% Cu. He concluded that 35% of the 

contained Co was from carrollite and 65% from Co-pyrite. He did not identify cobaltite, but I 

suspect that many of the ‘several micron' high-Co spots he identified with the SEM were 

cobaltite, rather than carrollite.

The first modern metallurgical study (ALS, 2013) employed sulfide-rich intervals from 

12 drill holes in the South Reef (RC12-0195 to 203; RC12-0205 to 207) composited into 4 grade 

categories: 0.5-1% Cu, 1-2% Cu, 2-10% Cu, and >10% Cu. Multi-element ICP-MS analyses 
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were completed on the initial materials and on the Cu concentrates. Cu, S, and Fe were also 

determined for the ‘Rougher tailings' (Ro tails) and the ‘Cleaner tailings' (Clnr tails). I received 

splits of the various metallurgical fractions and analyzed them by WDS-XRF for major and 

minor elements. Based on the masses of the various fractions (ALS, 2013) and their Co 

concentrations, I calculated Co recovery for the different fractions of the composites (Table 4-1).

Further calculations required knowing the pyrite abundance in the samples. Major 

mineralogy for the initial composites was determined by extensive SEM scanning of the polished 

materials (ALS, 2013). For the metallurgical fractions I calculated wt% pyrite by an iterative 

process that began by estimating the relative proportions of pyrite, chalcopyrite, bornite, 

chalcocite-digenite, and sphalerite in the Cu concentrate, Ro tail, and Clnr tail polished mounts. I 

used the wt% Cu for each sample to calculate abundances of chalcopyrite, bornite and 

chalcocite-digenite employing the estimated relative proportions. I calculated the %Fe required 

from the % chalcopyrite and bornite, subtracted that from total Fe, and calculated % pyrite from 

the Fe not present in Cu-Fe sulfides. I then calculated %S required by all the calculated sulfide 

minerals. If the calculated value was within 5 relative % of the measured %S, I accepted the 

mineral abundances. If not, I modified the relative amounts of the Cu-sulfides (with constant % 

Cu) until the calculated and measured % S agreed. (Since bornite and chalcocite-digenite contain 

less Fe than chalcopyrite, ‘converting' chalcopyrite to the other Cu sulfides ‘releases' Fe to 

become pyrite. Since bornite + pyrite contains more S than chalcopyrite (for the same amount of 

Cu), increasing the relative amount of bornite also increases the calculated wt%S.) Calculated 

wt% pyrite generally agreed with the estimated area % pyrite, suggesting that the final calculated 

wt% pyrite was a valid estimate.

Once I had the %pyrite, I used the average As and Ni contents of the pyrites (as measured 

by EMPA, Appendix C), and the XRF-determined As, Ni, and Sb, to calculate wt% cobaltite and 

carrollite in each sample (Table 4-1). I used the average compositions of cobaltite and carrollite 

to determine the Co generated by the mineral abundances and assumed all the ‘left over' Co was 

present in Co-pyrite. Table 4-1 shows the results of the calculations for the 4 different Cu grade 

types.
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Table 4-1: Calculated Co deportment for composite samples from the South Reef (ALS, 2013).

110

category Head grade 0.5-1% Cu (40%) Head grade1-2% Cu (31%) Head grade 2-10% Cu (27%) Head grade > 10% Cu (2%)
fraction Feed CuCon clnr Tail Ro Tail Feed Cu Conclnr TailRo Tail Feed Cu con clnr TailRo Tail Feed Cu Conclnr TailRo Tail
mass % 1.5 5.7 93 3.5 10.6 85.9 14.0 12.5 73.5 53.5 13.3 33.1
%Co in fract1 8 35 57 14 42 44 39 36 25 75 24 1
% PYRITE 3.1 9 21 2 4 11 16 2 19 30 39 7 7 11 10 2.0
% cp 1.9 84 6.5 0.3 2.8 76 3.4 0.33 4.9 35 1.8 0.6 32 53 1.3 0.2
% bornite 1.7 0.1 0.30 5 0.3 0.01 3.6 16 1.5 0.5 11 20 1.1 0.1
% cv+cc 0.05 <.1 <.1 0.01 0.04 0.01 0.01 0.6 3.3 0.03 0.01 1.7 2.7 0.1 <.01
%sphalerite 0.02 0.1 0.2 0.1 1.1 6.1 0.1 0.2 1.1 1.9 0.04 0.0
%Cu 0.75 30.1 2.3 0.09 1.34 29.3 1.4 0.12 4.23 24.5 1.6 0.54 16.8 31 1.2 0.15
Cu conc fact2 40 3 22 1 6 0.4 2 0.1
%Co 0.005 0.029 0.032 0.003 0.008 0.034 0.033 0.004 0.095 0.224 0.23 0.027 0.36 0.45 0.56 0.013
%Ni 0.0009 0.0076 0.007 0.0004 0.001 0.008 0.006 0.0004 0.013 0.0312 0.03 0.002 0.08 0.09 0.11 0.0012
%As 0.0016 0.036 0.014 0.001 0.002 0.019 0.012 0.0017 0.011 0.044 0.017 0.005 0.070 0.10 0.128 0.005
%Sb 0.033 0.004 0.0003 0.007 0.004 0.0003 0.004 0.010 0.004 0.008 0.009 0.002
% cobaltite 0.003 0.037 0.014 0.0002 0.004 0.031 0.018 0.003 0.016 0.09 0.03 0.011 0.17 0.24 0.35 0.01
%carrollite 0.001 0.022 0.004 0.0000 0.002 0.038 0.007 0.001 0.07 0.30 0.18 0.001 0.9 1.0 1.3 0.001
cob conc fact2 14 5 8 4 6 2 1.4 2.1
car conc fact2 27 4 19 3 4 3 1.1 1.3
%Co from cob3 15 39 13 2 16 29 16 21 5 12 4 12 14 16 19 34
%Co from car 6 23 4 0 10 38 8 7 22 41 25 1 80 71 69 2
%Co from py 79 38 83 98 75 33 76 72 72 46 71 87 6 12 12 64

% Co in py4 0.14 0.12 0.13 0.14 0.13 0.13 0.16 0.16 0.36 0.35 0.42 0.34 0.29 0.49 0.7 0.41



Table 4-2: Calculated average characteristics and Co Deportment for the South Reef.

Notes: 1 % of the Co from the feed that is in each of the three fractions = Co recovery to those fractions. 2 
concentration in this fraction/concentration in the feed. 3 calculated % of the total Co in that fraction which is due to 
contained cobaltite. 4 calculated from the amount of Co left over after distributing Co to carrollite and cobaltite.

Fraction Feed CuCon clnr Tail Ro Tail
mass % 100 6.5 9.2 84
%Co in fract1 20 37 43
% pyrite 7.7 16 24 3
% chalcopyrite 3.6 68 4.2 0.4
% bornite 1.3 7 0.6 0.1
% chalcocite 0.2 1 <0.1 <0.1
%sphalerite 0.3 1.7 0.1 0.05
%Cu 2.2 28.4 2.3 0.22
Cu conc factor2 13 1.1
%Co 0.037 0.09 0.10 0.01
%Ni 0.006 0.02 0.02 0.001
%As 0.006 0.03 0.02 0.002
%Sb 0.001 0.02 0.004 0.0001
% cobaltite 0.010 0.05 0.03 0.004
% carrollite 0.038 0.12 0.08 0.001
cob conc factor2 5 2.6
car conc factor2 3 2
%Co from cob3 8 18 8 13
%Co from car 34 41 27 2
%Co from pyrite 57 40 64 86

%Co in pyrite4 0.28 0.24 0.26 0.27
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My calculations show, at least for the South Reef, the % Co reporting to the Cu 

concentrate (the Co recovery) increases with Cu head grade (Table 4-1; Figure 4-8). The % Co in 

the Cu concentrate due to carrollite more than triples from the lowest (23%) to highest (71%) Cu 

head grades (Figure 4-8). Although the absolute abundance of cobaltite in the Cu concentrate 

generally increases with Cu head grade (Table 4-1), the % Co in the Cu concentrate due to 

cobaltite generally decreases with increasing Cu head grade (Figure 4-8). The remaining Co is 

due to pyrite, which accounts for 12-46% of the Co in the Cu Concentrate (Table 4-1). The 

calculated % Co in pyrite also increases with Cu head grade (Figure 4-9) as seen in the EMPA 

analyses (Figure 3-12A). However, the calculated % Co in pyrite is generally highest for the 

cleaner tails and commonly lowest for the rougher tails (Figure 4-9). Pyrite EMPA analyses for 

these fractions (Figure 3-12A) do not show the same regularities, due perhaps to inadequate 

sampling or to an artifact of the calculations.

Figure 4-8: % Co in Cu Con from cobaltite and carrollite vs. % Co reporting to the Cu Con. Increasing % Co 
reporting to the Cu concentrate increases the % Co accounted for by carrollite and generally decreases the % Co 
from cobaltite.
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Figure 4-9: calculated %Co in pyrite vs. Cu head grade. Increasing Cu head grade correlates with increasing 
calculated %Co in pyrite. For the two higher Cu grade samples, the cleaner tails have higher calculated % Co in 
pyrite than the other metallurgical fractions.

I estimated the weight fraction of each of the grade intervals in the South Reef by 

determining, for all South Reef drill holes, the total length of each assay interval corresponding 

to the various head grades. This number is in with ‘category' in Table 4-1. I used these 

abundances to calculate ‘average' values for South Reef mineralization (Cu > 0.5%; Table 4-2). 

Average South Reef ‘ore' contains approximately 4 times as much Co as carrollite (34%) than as 

cobaltite (8%; Table 4-2). Much of this carrollite reports to the Cu concentrate, so that the 

rougher tails, individually and on average, contain more cobaltite than carrollite (Tables 4-1, 4

2). On average, a majority of the Co in the feed (57%) is due to pyrite. Pyrite also contributes a 

majority of the Co recovered to the average cleaner and rougher tails (Table 4-2). However, 

carrollite and pyrite equally account for Co in the average Cu concentrate, 41% and 40% 

respectively (Table 4-2).

The second metallurgical study (SGS, 2018) was based on 5 composite samples taken 

from two drill holes (230 and 232) in the upper part of the Lower Reef (Figure 4-10). 

Quantitative Co data was only given for two (Dev4 and Dev5). Mineralogy determined by 

quantitative SEM scans of the polished mounts showed that fahlore was present in all, but 
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cobaltite and carrollite were not detected. This is common in the Lower Reef (Figure 4-3), 

perhaps a bi-product of the generally lower Cu grades (Figure 4-1). I used quantitative data given 

for the combined tailings to calculate major mineralogy and Co content of the pyrite and 

calculated Co recovery for the metallurgical fractions (Table 4-2).

The two composites (Dev4 and Dev5) differ in Cu grade, and the higher Cu sample 

(Dev4) contains a higher proportion of bornite, a higher Co concentration, and higher % Co in 

pyrite (Table 4-3). Only small proportions of the feed Co were recovered to the Cu concentrate 

(Table 4-3), similar to the behavior of low-Cu composites from the first metallurgical study 

(Table 4-1). I attribute this Co to Co-pyrite present in the Cu-concentrate, as the concentrate for 

Dev-4 contains both more pyrite and higher Co-pyrite. In both cases the majority of the Co was 

recovered to the rougher tailings, in part because they constitute the highest mass fractions (81

85%, Table 4-3).

Table 4-3: Calculated Co deportment for composite samples from RC12-0232 (SGS, 2018).

sample Dev4 Dev5 sample Dev4 Dev5 sample Dev4 Dev5
DDH 232 232 % Co recovery:
m interval 2.8-75 75-137 Cu concentrate 10.7 4.5
feed: combined tails: Cleaner tails 33.3 31.9
% Cu 1.49 1.02 %Cu 0.13 0.09 Rougher tails 56 63.6
% Co 0.038 0.027 % Co 0.032 0.025
%Pyrite 20.2 17.3 %Pyrite 17 15 Mass %:
%Chalcopyrite 1.0 2.4 %Chalcopyrite 0.15 0.23 Cu concentrate 4.1 3.3
%Bornite 1.5 0.3 %Bornite 0.12 0.02 Cleaner tails 14.7 12.2
%fahlore 0.01 0.03 Rougher tails 81.2 84.5
%Co in py 0.19 0.16 %Co in py 0.19 0.16
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Figure 4-10: NW Cross-section, showing locations of composite samples used in the second (D4, D5) and third (C numbers) metallurgical studies.



The third metallurgical study employed 9 different composite samples from throughout 

the deposit, but mostly from the Lower Reef (Table 4-4; Figure 4-10). For this study both a Cu 

concentrate and a pyrite concentrate were prepared, but complete quantitative data were only 

given for the feed and the Cu concentrate.

The Lower Reef is composed of consistently lower Cu grades, and exhibits widespread 

cobaltite (Figure 4-3). Consequently, cobaltite contributes more Co than carrollite in the feed for 

Lower Reef samples (Table 4-4). Furthermore, 55-93% of the Co in Lower Reef samples (feed) 

is contained in Co-pyrite (Table 4-4); I assume that most of it reports to the pyrite concentrate. 

The calculated % Co in pyrite generally increases with increasing Cu grade (Table 4-4; Figure 4

11), although the degree of increase differs with different composites. Since carrollite in the NW 

part of the Bornite deposit is basically restricted to the Number One Orebody (Figure 4-10), 

carrollite and cobaltite contribute the majority of the Co present in the feed from that sample 

(Table 4-4).

For composites from the Lower Reef, the majority of Co was recovered to the pyrite 

concentrate + tailings (Table 4-4), with lower proportions of Co reporting to the Cu concentrate 

(Table 4-4). The calculated Co contribution from carrollite in the Cu concentrate is always lower 

than that of cobaltite (Table 4-5). Most of the Co recovered to the Cu concentrate is attributed to 

pyrite; only in comp 4 does cobaltite account for a majority of the recovered Co (Table 4-5). 

Comp 4 also has the highest Cu content (2.2%, Table 4-4) of the Lower Reef composites, which 

is presumably linked to the relatively high abundance of cobaltite in the sample (Figure 2-1). 

Calculated % Co in pyrite from the Lower Reef Cu concentrate broadly agree with those from 

the feed (Tables 4-4, 4-5), both increasing with increasing feed grade.

For the 2019 study, 11-49% of the Co was recovered to the Cu concentrate (Table 4-4; 

Figure 4-12). Conversely, the pyrite concentrate recovered 31-71% of the total Co, in many cases 

tripling the Co recovered (Table 4-4; Figure 4-12). In total, 51-86% of the contained Co was 

recovered to the Cu + pyrite concentrates (Figure 4-12). Increased abundance of carrollite + 

cobaltite (reflected by higher Cu grade) increased the amount of Co recovered to the Cu 

concentrate (Table 4-4). Furthermore, total Co recovery is broadly linked to Cu grade, such that, 

increasing Cu grade increases the total Co recovered (Figure 4-12).
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Figure 4-11: calculated wt% Co in pyrite vs. wt% Cu in the sample feed for 9 composite samples (ALS, 2019).

Figure 4-12: % Co recovered vs. % Cu for 9 composite samples (ALS, 2019). In all but one case, a majority of the 
Co is was recovered to the pyrite concentrate.
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Table 4-4: Co deportment and feed characteristics for nine composite samples (ALS, 2019).

Sample 3 2 6 4 1 5 7 8 9
drill hole 229 186 186 218 221 182 224 214 216
length (m) 30 35 108 28 57 105 100 49 55

LR- U&LR- SR- SR-
Location1 SW ULR LLR LLR LR #1OB NE SW NE

%Cu2 1.1 1.0 0.8 2.2 1.6 1.9 2.1 3.1 4.5
%Co 0.027 0.026 0.017 0.080 0.051 0.039 0.028 0.065 0.028
%pyrite 10 17.2 6.2 5.3 6.2 3.8 6.5 5.7 3.9
%chalcopyrite 3.7 1.4 2.2 5.1 3.3 5.4 6 9.7 4.5
%bornite 0 0.2 0.1 0 0.4 0.2 0.2 0.3 2.6
%fahlore 0.001 0.003 0.008 0.007 0.001 0.006 0.002 0.003 0.009
%As 0.0047 0.0035 0.0049 0.0486 0.0091 0.0209 0.0145 0.0332 0.0024
%Ni 0.0033 0.0057 0.0029 0.0038 0.0068 0.0029 0.0024 0.0045 0.0102
%Sb 0.0016 0.001 0.0022 0.0076 0.0003 0.0013 0.0068 0.0013 0.0002

% calc cob3 0.006 0.004 0.01 0.12 0.022 0.05 0.03 0.09 0.001

% calc car3 0.0001 0.003 0.002 0.0000 0.005 0.022 0.001 0.012 0.044

%Co from cob 7 5 15 45 14 43 29 41 1
%Co from car 0 4 4 0 6 21 1 7 59
%Co from Co-py 93 92 80 55 80 36 70 52 40

%Co in py 0.25 0.14 0.22 0.84 0.66 0.37 0.30 0.59 0.29

%Co rec-py con4 60 66 52 60 71 49 49 59 34
%Co rec-Cu con5 11 17 14 29 16 20 32 24 49
%Co rec-tails 30 17 34 12 13 30 18 17 17

Notes: 1 LR = Lower Reef, UR = Upper Reef, SR = South Reef, #1OB = Number One Orebody (Upper Reef). 2 All 
data except the last two rows is for the original samples (feed). 3 wt% cobaltite (cob) and carrollite (car) calculated 
from the assay data (see text). 4 % of the original Co recovered to the pyrite concentrate. 5 % of the original Co 
recovered to the Cu concentrate.
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Table 4-5: Cu concentrate characteristics and Co deportment for nine composite samples (ALS, 2019).

Sample 3 2 6 4 1 5 7 8 9
LR- U&LR- SR- SR-

Location1 SW ULR LLR LLR LR #1OB NE SW NE
%Cu 25 16.7 20.5 27.2 25.8 29.8 24 28.5 34.2
%S 34.8 38.7 35.5 33 32.8 32.6 37.6 33.7 31.7
%Fe 29.9 31.3 29.3 27.9 26.4 27.9 31.1 28 22.8
%Zn 0.56 5.1 0.66 2.5 2.6 0.23 0.37 1.16 0.04
%As 0.018 0.039 0.023 0.18 0.032 0.13 0.04 0.12 0.009
%Co 0.052 0.109 0.123 0.215 0.152 0.147 0.116 0.159 0.123
%Sb 0.0136 0.0154 0.0041 0.0062 0.0021 0.1045 0.0067 0.0099 0.0042

Cu conc factor2 24 16 25 12 16 16 12 9 8

% fahlore3 0.11 0.12 0.03 0.05 0.02 0.8 0.05 0.08 0.03
%sphalerite 0.83 7.6 0.98 3.73 3.87 0.34 0.55 1.73 0.06
%chalcopyrite 72 43 47 79 56 77 49 74 40
%bornite 2.6 6.5 10 4.7 11 4.5 32
%pyrite 17 38 30 9 18 8 32 11 15
%cobaltite 0.025 0.049 0.05 0.49 0.083 0.17 0.09 0.31 0.002

cob conc factor4 4.3 12.4 6.0 4.1 3.8 3.1 3.5 3.5 4.2

~%carrrollite5 0.003 0.04 0.030 0.001 0.05 0.19 0.01 0.06 0.27

%Co from cob 15 14 13 68 16 35 24 58 1
%Co from car 2 10 8 0 11 39 2 13 68
%Co from py 83 76 80 32 73 26 74 29 31
%Co in pyrite 0.25 0.22 0.32 0.81 0.62 0.46 0.27 0.43 0.25

% Co rec-Cu con6 11 17 14 29 16 20 32 24 49

Notes: 1 LR = Lower Reef, UR = Upper Reef, SR = South Reef, #1OB = Number One Orebody (Upper Reef). 2 wt% 
Cu in Cu concentrate/wt% Cu in feed. 3 wt% minerals calculated from the assay data and average mineral 
compositons. 4 wt% cobaltite in Cu concentrate/wt% cobaltite in feed (Table 4-3). 5 estimated from % carrollite in 
feed and Cu concentration factor, representing a likely maximum concentration. 6 % of the original Co recovered to 
the Cu concentrate.
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4.3 Discussion

Although carrollite and Co-pyrite have long been documented as occurring in the Bornite 

deposit (Number One Orebody), the distribution of the Co minerals at Bornite is nearly 

unknown. Bernstein & Cox (1986) indicated that carrollite is most abundant in the core zone and 

decreases outward (Table 1-2), and Hitzman (1986) stated that Co-pyrite is exclusive to upper 

late B dolomite, which also lacks carrollite. Further, cobaltite was not identified until the 2013 

metallurgical study (ALS, 2013), limited to composites from the South Reef. My data indicates a 

distinct Co mineral zonation in the South Reef (Figure 4-4) and Number One Orebody (Figure 4

3) and a broad elemental zonation in the Lower Reef (Figure 4-3). Additionally, metallurgical 

studies have highlighted problems with Co recovery. I have attempted to better understand Co 

deportment by calculating Co mineral abundances for 15 different composite samples and their 

metallurgical fractions.

Co mineral occurrences at the Bornite deposit are strongly influenced by Cu grades 

(Figure 2-1). Similarly, Cu grades are closely linked to the Cu minerals present, i.e., increased 

abundance of Cu rich minerals increases the Cu grade. As a result, zones of carrollite are closely 

linked to higher Cu grades (Figure 4-1, 4-2, 4-3, 4-4). The Upper and South Reef horizons, 

exhibit distinct carrollite zones coinciding with the highest Cu grades (Figure 4-1, 4-2, 4-3, 4-4), 

which likely represents the ‘cores' outlined by Bernstein & Cox (1986). In the Upper Reef, the 

carrollite core is then surrounded by an anomalous As zone defined by the presence of cobaltite, 

Co-As-pyrite, and (or) tetrahedrite-tennantite, with an apparent Ni zone even more distal (Figure 

4-3). This zonation is mimicked by the South Reef, however, instead of a carrollite core, the 

South Reef displays a basal carrollite zone, which is structurally overlain by a cobaltite zone, 

with an intermediate fahlore zone (Figure 4-4). These broad patterns support a gradient in Co 

activity, with the highest Co activity corresponding to the carrollite zone, grading out into the 

cobaltite and (or) anomalous As zones (Figure 3-26).

The South Reef-Number One Orebody zonation is not evident in the Lower Reef (Figure 

4-3), which is likely a result of the overall lower Cu grades present (Figure 4-1). The lack of a 

clear zonation in the Lower Reef, and the generally lower Cu grades indicates the South and 

Lower Reefs are fundamentally different. In fact, the Co and Cu zonation observed in the South 

Reef is more like that of the Number One orebody in the Upper Reef, although the ‘stacking' of 

carrollite and cobaltite zones is only seen in the South Reef. That is, the 3 major horizons show 
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contrasting Co minerals and zonation, and can't be easily correlated. Structural dismemberment 

of the original deposit has resulted in the present configuration, but the original configuration 

remains unknown and perhaps unknowable.

Previous metallurgical studies (ALS, 2013; SGS, 2018; ALS, 2019) have characterized 

the initial samples (‘feed') but none of the metallurgical fractions. Consequently, speculation 

concerning why one sample yields higher Co recovery to a particular fraction than another is 

truly speculation. I have attempted to mineralogically characterize the various fractions for the 

different samples using ICP-MS and (or) WDS XRF analyses of the fractions and the 

compositional properties of the various Co-Ni-As minerals at Bornite (Tables 4-1 to 4-5). This 

approach is based on the ‘average' compositions of the relevant minerals, which vary 

tremendously through the Bornite deposit. For example, fahlore compositions span the range 

from 1% to 99% tetrahedrite (Sb) component (Figure 2-16). Consequently, the calculated Co 

mineral abundances and compositions (Tables 4-1 to 4-5) must be viewed as ‘best current 

approximations' rather than absolute truth. The calculated wt% Co in pyrite depends critically on 

how much Co is ‘assigned' to the other minerals and consequently is the least reliable of the 

calculated values. However, the similarities in calculated % Co in pyrite for different fractions of 

the same sample (Tables 4-1, 4-2, 4-4, 4-5) and to the EMPA measured values (Figure 3-10) is 

an indication that the calculations are valid approximations. Nevertheless, they are most valid for 

large samples (for which ‘average' compositions are most appropriate) and would be 

inappropriate for a single assay interval or XRF analysis.

Previous metallurgical studies have shown that Co variably reports to the Cu concentrate 

(ALS, 2013 and 2019; SGS, 2018). However, my calculations indicate that carrollite and 

cobaltite only account for most of the recovered Co in the high grade (>10% Cu) interval (Table 

4-1, 4-4, 4-5), which only represents a small portion of the overall resource (e.g., 2% of the 

South Reef). Although carrollite and cobaltite do report to the Cu concentrate, so does Co-pyrite, 

and a large fraction of the contained Co is lost from the Cu concentrate as Co-pyrite and lesser 

cobaltite (Table 4-1, 4-3). The ALS (2019) study created an additional pyrite concentrate, which 

captured much of the Co-pyrite that was previously lost to the tails (Table 4-4). The total 

combined concentrates account for 68-92% Co recovery (Figure 4-11); thus, maximizing Co 

recovery requires a pyrite concentrate in addition to the Cu concentrate.
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In general, the calculated (Figures 4-9, 4-11) and measured (Figure 3-10) concentrations 

of Co in pyrite increase with Cu head grades, with a variable dependence. Similarly, calculated 

% Co recovered from carrollite increases with Cu grade (Figure 4-8), at least for samples from 

the South Reef. If Co-pyrite was consumed to produce carrollite, one would instead expect Co 

concentrations in pyrite to decrease with increasing Cu head grades and increasing carrollite 

abundance. For South Reef composite samples, the calculated Co contribution from cobaltite to 

the Cu concentrate decreases with increasing Cu grade (Figure 4-8); it increases with Cu head 

grade for samples from the Lower and Upper Reefs (Table 4-4, 4-5). Finally, total Co recovery 

to the Cu concentrate is broadly linked to Cu grade, so increasing the Cu grade increases the Co 

recovered to the Cu concentrate (Table 4-1, Figure 4-12). These pattens reinforce my assertion of 

concurrent Co-Cu deposition in the Devonian.

Cobaltite at Bornite is more widespread than carrollite (Figure 4-3, 4-4). It should follow 

that cobaltite accounts for a larger fraction of the contained Co than carrollite. This is true in the 

Lower Reef, which generally lacks carrollite (Figure 4-3; Table 4-4, 4-5). However, carrollite 

can contribute more Co to the Co budget than cobaltite, and typically is subequal in importance 

(Table 4-1). This apparent discrepancy is likely due to the nature of cobaltite vs. carrollite 

occurrences: cobaltite typically occurs as tiny (3-10 micron) grains (Table 2-2) and carrollite is 

typically larger porphyroblasts (Table 2-1). So, even though cobaltite is more widespread than 

carrollite, its relative contribution can be lower, and depends on location in the Bornite deposit.

The degree to which carrollite and cobaltite report to the Cu concentrate is likely 

controlled by the intrinsic properties of each mineral. Carrollite recovery is mostly restricted to 

the Cu concentrate (Table 4-1, 4-5), since carrollite is a Cu sulfide mineral. Furthermore, 

carrollite almost never occurs as inclusions in pyrite, so it is less likely to be ‘trapped' and 

separate out with pyrite.

The variability in cobaltite recovery to the Cu concentrate between the Upper and Lower 

Reef vs. the South Reef is likely a combination of its composition, grain size, and assemblage. 

Cobaltite (ideally CoAsS) does not contain Cu and thus behaves more like pyrite and will not 

float with Cu minerals. However, it is unclear how early As poor cobaltite behaves compared to 

later near stoichiometric cobaltite. Generally, cobaltite recovery to the Cu concentrate increases 

with Cu grade in the Upper and Lower Reef (Table 4-4, 4-5) and decreases with increasing Cu 

grade in the South Reef (Table 4-1). Since the South Reef exhibits higher, more continuous Cu 
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grades (Figure 4-2) attributed to increased abundance of Cu rich minerals (bornite and 

chalcocite), cobaltite occurrence is more restricted than in the Upper and Lower Reefs. 

Increasing the Cu grade in the South Reef leads to a greater abundance or carrollite rather than 

cobaltite. Conversely, increasing Cu grade in the Lower Reef leads to increasing cobaltite since 

carrollite is virtually absent. Additionally, cobaltite partitioning to the Cu concentrate is likely 

controlled by grain size. Larger cobaltite (>50 μm) will likely break free from Cu minerals 

during milling and settle out with pyrite during froth flotation. Conversely, tiny cobaltite (<10 

μm), usually included in chalcopyrite, will not be liberated and will float with the surrounding 

chalcopyrite.

4.4 Conclusions

Co mineral distribution at Bornite depends on location in the deposit (Figure 4-3, 4-4). 

The Upper Reef displays a distinct carrollite zone surrounded by an anomalous As zone with a 

Ni fringe (Figure 4-3). In contrast, the South Reef exhibits a basal carrollite horizon structurally 

overlain by a cobaltite zone with an intermediate and overlapping fahlore horizon (Figure 4-4). 

The lower grade Lower Reef almost never contains carrollite and exhibits non-continuous 

anomalous As horizons separated by phyllite (Figure 4-3). Co mineral distribution is different in 

each of the three known Reefs, and their original relationship is unknown. Structural 

dismemberment of a single large body is not an adequate explanation. However, Co mineral 

patterns (Figure 4-3, 4-4) and Cu grade distribution (Figure 4-1, 4-2) support my assertion that 

Devonian gradients in Co and Cu activity (Figure 2-19, 3-26) resulted in the current sulfide 

zonation seen in the Bornite deposit. Furthermore, since Co mineral zonation is closely tied to 

Cu grade, it is likely that Co and Cu deposition were contemporaneous and not the result of two 

different mineralizing fluids.

Co mineral zonation or lack thereof, complicates extracting Co from the Bornite deposit. 

Although carrollite and cobaltite generally report to the Cu concentrate, there is considerable 

variability in the degree to which they are partitioned (Table 4-1, 4-4, 4-5; Figure 4-8). Carrollite 

dominantly reports to the Cu concentrate (Table 4-1, 4-5), and cobaltite can report to the Cu 

concentrate, though it is highly variable and dependent upon location in the deposit (Table 4-5). 

Generally, the Cu concentrate only accounts for a small proportion of the Co budget with Co

pyrite and to a lesser extent cobaltite lost (Table 4-1, 4-5: Figure 4-12). Maximizing Co recovery 
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requires producing a pyrite concentrate (Figure 4-12). Lastly, the Co content of pyrite typically 

increases with the Cu grade (Table 4-1, 4-4, 4-5; Figure 4-9), if Co was, in fact, introduced prior 

to Cu during the Devonian, one would expect Co content in pyrite to be independent of Cu 

grade, further indicating Devonian Co and Cu mineralization were concurrent.
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Chapter 5: Summary and Conclusions

Through extensive handheld XRF, petrographic, and EPMA based investigations I have 

attempted to better understand the nature of Co mineralization at the Bornite deposit. My work 

has shown extensive compositional variability of the various Co-Ni-As minerals in the Bornite 

deposit along with complex textural patterns and mineral associations. Additionally, I have 

shown that the spatial zonation of Co minerals in the deposit is complicated, and cannot be easily 

explained by dismemberment of a single body. Furthermore, I have highlighted the importance 

of recognizing partial recrystallization from metamorphism as a significant factor controlling the 

texture of sulfide minerals in the Bornite deposit.

5.1 Summary

Although the Bornite deposit has been extensively drilled and studied, the nature of high

grade mineralization as it relates to the genetic and metamorphic framework is still poorly 

understood. Devonian Cu-Co mineralization at Bornite is mostly hosted by dolomitic marble 

(Figure 1-14, 1-15). Numerous attempts to reconstruct a paragenetic sequence (e.g., Figure 1-7) 

and define the mineralizing fluid conditions have been made based on the assumption that the 

interfingered phyllites took up the bulk of the strain during regional metamorphism, leaving the 

sulfides undisturbed. Furthermore, outside of identifying the presence of Co bearing minerals 

(carrollite and Co-pyrite), little has been done to address the modes of occurrence, compositions, 

and spatial distribution of the various Co minerals at Bornite. I have presented mineral 

associations, textures, compositions, and spatial distributions of the various Co minerals 

observed in the Bornite deposit to better understand the Co budget, while simultaneously 

highlighting previously unrecognized metamorphic signatures.

Co occurs in the Bornite deposit predominately as carrollite, cobaltite, and Co-pyrite with 

lesser siegenite and Co-pentlandite (Table 2-1, 2-2, 3-1). Gersdorffite and millerite are minor 

additional Ni phases (Table 2-2). The Co-bearing minerals all display a wide range in 

compositions, and commonly reflect the mineral assemblage in which they occur and (or) 

metamorphic conditions (Figure 2-5, 2-9). These Co-bearing minerals also display significant 

textural variability, with metamorphic overprinting of original Devonian textures due to partial 

recrystallization (Figure 2-2, 2-8, 3-2). Distinct zonation of Co-minerals is evident in the South 
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Reef, with less clear and continuous zonation in the Upper and Lower Reefs (Figure 4-3, 4-4). 

The combination of compositions, textures, and spatial zonation makes clear the extensive 

recrystallization due to regional metamorphism.

Carrollite occurs as a basal zone in the South Reef, with a cobaltite zone structurally 

above and an intermediate and overlapping fahlore zone (Figure 4-2, 4-4). In contrast, the 

Number One Orebody in the Upper Reef exhibits a carrollite-bearing zone associated with the 

highest Cu grades, surrounded by an anomalous As zone (Figure 4-1, 4-3). Finally, the Lower 

Reef is comprised of lower Cu grades and laterally non-continuous anomalous As zones and 

essentially lacks carrollite (Figure 4-1, 4-3). Higher Cu grades are due to increase in abundance 

of Cu-rich minerals, i.e., bornite becomes more abundant than chalcopyrite. Carrollite, is stable 

with both bornite + pyrite and chalcopyrite (Figure 2-19), however, carrollite is more abundant 

and occurs as larger porphyroblasts in bornite + pyrite bearing assemblages (Table 2-1). 

Furthermore, carrollite that occurs with bornite is essentially Cu saturated and approximated by 

Cu(Co,Ni)2S4 (Figure 2-7). Carrollite occurring with chalcopyrite is Cu depleted and best 

described as (Cu,Ni)(Co,Ni)2S4 (Figure 2-6).

Moving up (South Reef) or out (Number One Orebody) from the carrollite zone are 

decreasingly Cu-rich assemblages (Figure 4-3, 4-4), dominated by chalcopyrite + pyrite and 

cobaltite. Cobaltite occurrence in assemblages containing bornite are rare, likely due to the 

instability of cobaltite with bornite + pyrite (Figure 2-19). The mineral zonation along with Cu 

grade distribution and the variable compositions of carrollite suggest a gradient in Cu and Co 

activity that increases with fS2 (Figure 2-18, 3-26). This gradient reflects the growth and 

evolution of the mineralizing system.

Cobaltite and pyrite compositions can be used as geothermometers based on experimental 

data from Klemm (1965), placing constraints on metamorphic temperatures (Figure 2-9, 3-3). 

Although cobaltite compositions are highly variable, they can be used to characterize two 

generations of cobaltite: a) early (likely Devonian) As-depleted and Ni-poor cobaltite ranging 

from (Co,Fe)As0.5S1.5 to (Co,Fe,Ni0.06)As0.88S1.12 (Figure 2-10, 2-11), and b) late (metamorphic) 

near stoichiometric cobaltite described as (Co,Fe,Ni0.01)As0.9S1.1 to (Co,Fe,Ni0.94)As1S1 (Figure 

2-13). Since the early As-depleted cobaltite is metastable, its composition is not useful for 

defining metamorphic temperatures. However, compositions of the late Ni-cobaltite suggest 

formation temperatures of 400-500oC which is consistent with Upper Blueschist to Greenschist 
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conditions (Figure 2-9). Furthermore, Klemm (1965) experimentally showed solid solution in 

pyrite is highly temperature dependent (Figure 3-1). High Co pyrite that lacks significant As 

(<1%) requires temperatures of 400 to 500oC, which is again consistent with Upper Blueschist to 

Greenschist conditions (Figure 3-3).

Pyrite is perhaps the most compositionally and texturally complex Co-bearing mineral in 

the Bornite deposit. Pyrite occurs in nearly all assemblages and thus is commonly associated 

with cobaltite and carrollite. Previous workers have vociferously argued that Co-pyrite occurred 

early and prior to Cu mineralization, and as such, was the source for Co to form carrollite. My 

investigation has shown that pyrite that occurs with carrollite and cobaltite is not systematically 

depleted in Co (Figure 3-10). Although pyrite can be Co depleted when occurring with cobaltite 

and carrollite this appears to be the exception and not the rule. In fact, pyrite occurring with 

carrollite or cobaltite is typically Co-enriched (Figure 3-10). Consequently, I assert that pyrite is 

usually not the source of Co needed to form carrollite or cobaltite. This further supports a 

gradient in Co metasomatism such that Co-pyrite + carrollite + bornite is also associated with the 

highest fS2 (Figure 3-26). That is, Co and Cu deposition were, in fact, contemporaneous and not 

the result of two geochemically unique fluids.

Due to the apparent effects of thermal metamorphism of sulfides at Bornite, 

reconstructing an original paragenetic sequence is likely not possible. However, variations in 

pyrite compositions and textures suggests multiple generations of pyrite, though untangling the 

relative timing of the generations is difficult. I propose four stages of pyrite growth at Bornite: 

(I) early (Silurian-Devonian?) diagenetic pyrite lacking measurable Co, Ni, As, and (or) Cu 

occurring with framboidal, colloform, and (or) massive fine grained textures (Figure 3-2B,C,F; 

Figure 3-9A,D), (II) a subsequent (Devonian?) relatively rare Ni-enriched pyrite, preserved as 

cores in Co-rich pyrite (Figure 3-14), (III) later (Devonian?) Co-rich pyrite likely concurrent 

with Cu sulfide deposition (Figure 3-9A; Figure 3-20D), and (IV) finally (Devonian? Mesozoic?) 

variably Co-As-rich pyrite commonly encasing earlier Co-pyrite and (or) Ni-enriched pyrite 

(Figure 3-10D). Due to partial recrystallization it is unclear which generations are a result of 

metamorphism, however, metamorphic pyrite (e.g., course grained or porphyroblastic) clearly 

displays concentric oscillatory Co zoning (Figure 3-8B,D; Figure 3-9B).

Ultimately, the question driving this investigation is whether the various Co minerals can 

be recovered to produce a saleable Co product. Although carrollite and cobaltite generally report 
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to the Cu concentrate, the degree to which they are partitioned is highly variable (Table 4-1, 4-4, 

4-5; Figure 4-8). Carrollite dominantly reports to the Cu concentrate as it contains Cu, and is 

rarely present as inclusions in pyrite (Table 4-1, 4-5). Conversely, cobaltite can report to the Cu 

concentrate, though it is highly dependent upon location in the deposit (Table 4-5). Generally, 

the South Reef possesses higher Cu grades (Figure 4-2), and given the proclivity of carrollite to 

occur with bornite, increasing Cu grades increases the abundance of carrollite over cobaltite 

(Table 4-1). The Lower Reef exhibits lower grades suggesting chalcopyrite is dominant, so 

cobaltite is favored in leu of carrollite, leading to greater cobaltite abundance. Furthermore, 

cobaltite recovery to the Cu concentrate is also dependent upon grain size, such that larger grains 

(>50 μm) will likely be liberated from Cu minerals and settle out with pyrite during flotation. In 

contrast, tiny cobaltite (<10 μm), usually included in chalcopyrite, will not be freed and will float 

with the surrounding chalcopyrite.

Additionally, the Cu concentrate only accounts for a small portion of the Co budget (11

49%), particularly in lower Cu grade samples (Table 4-1, 4-4, 4-5). Consequently, much of the 

contained Co is lost to the tails as Co-pyrite and lesser cobaltite (Table 4-1, 4-4, 4-5). 

Maximizing Co recovery necessitates creating a pyrite concentrate in addition to the Cu 

concentrate, increasing total combined Co recovery to 68-92% (Figure 4-11). Finally, if Co was 

in fact introduced prior to Cu, one would expect Co concentrations in pyrite to be independent of 

Cu grade. However, the Co content of pyrite typically increases with Cu grade (Table 4-1, 4-4, 4

5; Figure 4-9), further suggesting that Co and Cu mineralization was synchronous.

5.2 Proposed Work

My investigation has shown associations between Cu grades and Co mineralization, as 

well as highlighting the significance of regional metamorphism as it pertains to sulfide 

partitioning and distribution. As with all exploration, the question is always “where are there 

more deposits like this?” In terms of exploration within the Cosmos Hills, I propose reassessing 

soil data for As anomalies that could, in part, reflect anomalous As zones seen in the Upper and 

Lower Reef (Figure 4-3), or the cobaltite zone seen in the South Reef (Figure 4-4). Additionally, 

Ni could prove useful; however, distinguishing soil anomalies from mafic and metasedimentary 

rocks could be problematic and would need validation. I did not collect samples from the deep 

siderite and pyrrhotite zone defined by Hitzman (1986). However, if sphalerite is present with 
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pyrite and pyrrhotite, the sphalerite barometer could be employed to better constrain 

metamorphic conditions.

5.3 Conclusions

In sum, my work has helped untangle the complicated history of the Bornite deposit, and 

has added considerable understanding to the Co distribution and budget. Devonian Cu and Co 

deposition were, in fact, simultaneous and not the result of two separate mineralizing fluids. 

Consequently, the growth and evolution of the system is defined by gradients in Co and Cu 

activity in conjunction with fS2, reflected by mineral associations and Co mineral and Cu grade 

zonation. Perhaps most significantly, cobaltite and pyrite compositions have placed metamorphic 

temperatures between 400-500C, consistent with Upper Blueschist to Greenschist conditions, 

indicating the sulfide minerals have responded to regional metamorphism (contrary to previous 

assertions). Furthermore, compositions of porphyroblastic carrollite, along with the scarcity of 

cobaltite (or gersdorffite) and tetrahedrite-tennantite in bornite bearing samples, indicate original 

sulfide assemblages buffered the sulfidation state and Cu and Co activities, enabling the system 

to maintain partial equilibrium with few changes in mineralogy during regional metamorphism. 

In short, previously unrecognized regional metamorphism played a significant role in the 

evolution of sulfide textures at Bornite.

Lastly, Co recovery from Bornite is highly dependent upon location in the deposit. A 

small proportion of the Co budget is captured by a Cu concentrate as carrollite and cobaltite. 

However, significant Co-pyrite and lesser cobaltite is lost to the tails; so that maximizing Co 

recovery from the Bornite deposit mandates creating a pyrite concentrate along with a Cu 

concentrate.
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Appendix A: Quantitative Co Concentration Maps
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Appendix A, continued: Quantitative Co Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, car = carrollite, bn = bornite
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Appendix A, continued: Quantitative Co Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, bar = barite, cb = carbonate, bn = bornite
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Appendix A, continued: Quantitative Co Concentration Maps

138



Appendix A, continued: Quantitative Co Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, cob = cobaltite, cym = cymrite, cb = carbonate

139



Appendix A, continued: Quantitative Co Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, bn = bornite, gl = galena, cb = carbonate
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Appendix A, continued: Quantitative Co Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, bn = bornite
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Appendix A, continued: Quantitative Co Concentration Maps

Notes: py = pyrite, bn = bornite, cb = carbonate
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Appendix A, continued: Quantitative Co Concentration

Notes: py = pyrite, cp = chalcopyrite, car = carrollite, bn = bornite, cb = carbonate
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Appendix A, continued : Quantitative Co Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, car = carrollite, bn = bornite, cb = carbonate
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Appendix A, continued: Quantitative Co Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, car = carrollite, bn = bornite, cb = carbonate, cym = 
cymrite
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Appendix A, continued: Quantitative Co Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, cob = cobaltite, cb = carbonate
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Appendix A, continued: Quantitative Co Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, cb = carbonate
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Appendix A, continued: Quantitative Co Concentration Maps

Notes: py = pyrite, cb = carbonate
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Appendix B: Semi-quantitative Co-As-Ni Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, carb = carbonate, max = estimated maximum
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Appendix B, continued: Semi-quantitative Co-As-Ni Concentration Maps
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Appendix B, continued: Semi-quantitative Co-As-Ni Concentration Maps

151

Notes: py = pyrite, cp = chalcopyrite, cob = cobaltite, carb = carbonate, max = estimated 
maximum concentration



Appendix B, continued: Semi-quantitative Co-As-Ni Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, carb = carbonate, max = estimated maximum concentration
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Appendix B, continued: Semi-quantitative Co-As-Ni Concentration Maps



Appendix B, continued: Semi-quantitative Co-As-Ni Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, cob = cobaltite, carb = carbonate, bar = barite, max = 
estimated maximum concentration
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Appendix B, continued: Semi-quantitative Co-As-Ni Concentration Maps

Notes: py = pyrite, cp = chalcopyrite, carb = carbonate, max = estimated maximum concentration
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Appendix C: WDS Microprobe Analyses

Table C-1: Average Pyrite WDS analyses as wt% elements.

Sample %Fe %Co %Ni %As %Cu %S Sum
181-294.50 44.7 1.81 0.05 0.06 0.06 53.2 99.8
181-297.31 42.6 4.06 0.03 0.05 0.15 53.5 100.4
181-412.81 44.9 1.49 0.04 0.15 0.13 53.4 100.1
181-462.96 46.1 0.31 0.04 0.02 0.05 53.5 100.0
181-562.72 45.1 1.08 0.01 0.04 0.09 52.8 99.1
182-123.76 45.3 0.73 0.20 0.03 0.34 52.6 99.2
182-215.30 41.7 4.87 0.02 0.52 0.04 52.6 99.8
182-276.81 45.6 0.94 0.08 0.09 0.07 53.7 100.5
185-150.76 44.9 0.60 0.05 0.07 0.43 52.4 98.4
185-187.20 44.8 1.67 0.07 0.08 0.32 53.1 100.0
185-297.40 45.5 0.73 0.06 0.02 0.02 52.9 99.3
185-306.34 46.1 0.24 0.04 0.01 0.02 53.3 99.7
186-145.8 46.0 0.28 0.21 0.03 0.12 53.5 100.2
186-161.76 43.9 1.97 0.02 0.04 0.23 52.7 98.9
186-190.84 44.1 2.12 0.03 0.03 0.10 52.8 99.2
186-31.28 45.5 0.42 0.06 0.03 0.09 52.7 98.8
186-324.65 43.8 2.73 0.03 0.03 0.08 52.8 99.5
186-33.09 46.0 0.04 0.03 0.01 0.39 53.6 100.1
187A 44.3 2.29 0.02 0.75 0.10 53.1 100.5
187B 42.0 4.60 0.03 0.04 0.04 53.3 100.0
187D 45.1 1.16 0.07 1.05 0.24 52.1 99.7
187E 41.7 4.75 0.07 0.48 0.11 52.8 100.0
187G 46.1 0.12 0.01 0.01 0.15 53.4 99.8
187H 45.2 0.54 0.41 0.02 0.27 53.3 99.7
187I 44.8 1.15 0.23 0.92 0.11 52.2 99.4
187J 45.5 0.49 0.06 0.04 0.07 52.9 99.1
187K 41.7 4.99 0.07 0.09 0.04 53.3 100.1
187L 45.5 0.22 0.04 0.02 0.44 53.3 99.6
187M 47.1 0.01 0.01 0.01 0.02 53.9 101.1
187N 46.4 0.23 0.13 0.01 0.01 53.6 100.4
194A 45.8 0.16 0.05 0.02 0.15 52.8 98.9
194A* 46.2 0.21 0.08 0.00 0.05 54.2 100.8
194B 45.4 0.57 0.12 0.10 0.19 52.9 99.3
194C 46.3 0.08 0.02 0.01 0.17 53.4 100.0
194C* 45.1 1.57 0.03 0.02 0.11 54.2 101.0
194D 45.5 0.20 0.05 0.05 0.24 52.6 98.6
194E 43.8 2.40 0.02 0.10 0.16 53.0 99.6
194F 45.7 0.14 0.01 0.04 0.25 52.8 99.0
194G 45.5 0.94 0.01 0.04 0.20 53.3 100.0
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Table C-1, continued: Average Pyrite WDS analyses as wt% elements.

Sample %Fe %Co %Ni %As %Cu %S Sum
194H 45.4 0.52 0.08 0.50 0.25 52.7 99.4
194I 46.4 0.22 0.06 0.01 0.02 53.4 100.0
194J 45.6 0.65 0.04 0.01 0.21 53.2 99.7
194K 45.4 0.64 0.07 0.02 0.18 52.8 99.1
194L 45.6 0.43 0.06 0.01 0.24 53.3 99.7
200-491.28 44.5 1.34 0.07 0.46 0.15 52.8 99.3
200-498.25 41.7 4.67 0.01 1.62 0.22 51.8 100.0
200-537.94 45.6 0.07 0.01 0.01 0.29 52.8 98.8
200-586.71 42.9 2.78 0.10 0.24 0.14 52.5 98.7
200-588.89 44.1 1.67 0.10 0.08 0.31 52.8 99.0
200-670.41 44.9 0.92 0.21 0.07 0.06 52.8 99.0
209A 46.4 0.09 0.07 0.04 0.04 53.4 100.0
209B 46.1 0.04 0.14 0.01 0.01 53.1 99.4
209C 43.1 3.15 0.05 0.23 0.06 52.7 99.3
209D 46.0 0.26 0.09 0.01 0.09 53.2 99.6
211-1 43.5 2.96 0.05 0.04 0.34 54.3 101.1
211A 46.0 0.48 0.02 0.01 0.32 53.8 100.7
211B 43.5 2.98 0.05 0.04 0.21 53.5 100.3
214-520.8 45.1 1.64 0.05 0.03 0.41 54.3 101.6
214A 45.9 0.62 0.04 0.03 0.28 53.7 100.6
214A1 42.7 3.85 0.12 0.39 0.09 53.0 100.1
214B 46.3 0.12 0.05 0.02 0.28 53.6 100.3
214C 45.9 0.95 0.04 0.01 0.05 53.7 100.6
214D 43.9 2.73 0.04 0.20 0.04 53.4 100.2
214E 46.0 0.61 0.18 0.01 0.14 53.8 100.7
218A 45.3 0.93 0.03 0.29 0.04 52.8 99.4
218B 45.7 0.71 0.02 0.02 0.08 52.9 99.5
218C 45.9 0.14 0.02 0.03 0.12 52.8 99.1
218D 45.8 0.16 0.04 0.01 0.24 53.1 99.4
220A 45.1 0.37 0.07 0.05 0.41 52.8 98.8
220B 45.3 0.09 0.01 0.01 0.86 53.4 99.6
220C 45.8 0.10 0.06 0.01 0.14 53.2 99.3
220D 45.1 0.02 0.00 0.01 0.62 52.4 98.2
220E 44.8 0.56 0.03 0.16 0.13 52.5 98.2
220F 44.2 0.69 0.16 0.06 0.61 52.5 98.2
220G 44.9 1.15 0.24 0.02 0.08 53.3 99.8
220H 44.8 0.36 0.13 0.02 0.48 52.6 98.4
220I 45.0 0.52 0.07 0.01 0.17 52.6 98.3
224-7 44.7 1.45 0.00 0.02 0.04 53.6 99.8
224A 45.6 0.11 0.01 0.05 0.41 53.4 99.6
224B 43.6 1.07 0.21 0.60 1.43 53.0 99.9
224C 46.8 0.06 0.03 0.15 0.10 53.9 101.0
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Table C-1, continued: Average Pyrite WDS analyses as wt% elements.
Sample %Fe %Co %Ni %As %Cu %S Sum
224D 44.2 1.89 0.09 0.92 0.14 52.9 100.1
224E 45.0 0.36 0.01 0.12 0.46 52.7 98.6
224F 43.7 1.80 0.07 1.52 0.23 52.3 99.6
224G 44.8 0.63 0.06 0.38 0.28 52.4 98.5
224H 43.7 2.09 0.01 0.04 0.13 52.5 98.4
224J 45.2 0.06 0.01 0.04 0.40 52.3 98.0
224K 43.4 2.15 0.02 0.68 0.12 52.0 98.4
224L 44.9 0.92 0.02 0.07 0.05 52.6 98.6
224M 43.7 2.14 0.05 0.10 0.01 52.7 98.7
224N 45.4 0.71 0.07 0.03 0.07 53.2 99.4
233A 45.5 0.45 0.04 0.10 0.25 53.5 99.8
233B 46.3 0.15 0.01 0.09 0.07 53.7 100.3
233C 46.0 0.11 0.02 0.09 0.11 53.5 99.8
233D 44.1 0.90 0.37 0.21 0.64 52.9 99.1
233E 44.8 1.17 0.02 0.03 0.17 53.2 99.4
233F 45.4 0.48 0.04 0.02 0.10 52.9 99.0
233G 45.2 0.68 0.11 0.35 0.10 53.1 99.6
233H 45.7 0.31 0.06 0.02 0.07 53.4 99.6
233I 45.9 0.19 0.07 0.02 0.06 53.4 99.7
233J 45.9 0.31 0.03 0.02 0.04 53.5 99.8
233K 44.9 1.46 0.01 0.08 0.01 53.4 99.9
234-978.6 46.8 0.65 0.06 0.00 0.11 53.3 100.9
234-978.7 46.7 0.65 0.04 0.01 0.22 54.6 102.2
234-978.9c 45.4 0.91 0.08 0.01 0.12 54.1 100.7
234A 45.9 0.36 0.03 0.13 0.18 53.0 99.6
234B 45.9 0.10 0.34 0.05 0.15 53.3 99.8
234C 45.7 0.34 0.04 0.12 0.13 52.8 99.2
234D 43.9 1.93 0.27 0.31 0.18 52.7 99.4
234E 44.1 2.28 0.12 0.09 0.07 52.9 99.6
234F 44.0 0.70 1.54 0.04 0.20 52.8 99.2
235w-880.2 46.2 0.10 0.18 0.08 0.45 54.2 101.3
239-882.34 45.9 0.25 0.06 0.00 0.17 53.9 100.2
239-885.7 46.2 0.46 0.03 0.00 0.11 54.0 100.8
49 Cleaner 45.1 0.18 0.02 0.04 0.09 54.6 100.0
49 Ro Tails 45.3 0.13 0.03 0.02 0.26 54.3 100.0
50 Cleaner 45.2 0.08 0.03 0.01 0.12 54.5 100.0
50 Ro Tails 45.1 0.08 0.03 0.01 0.13 54.7 100.0
51 Cleaner 45.4 0.15 0.05 0.00 0.25 54.2 100.0
51 Ro Tails 46.0 0.15 0.05 0.00 0.29 53.5 100.0
Comp 12 47.0 0.30 0.02 0.00 0.13 54.7 102.2
Comp 13 46.5 0.66 0.02 0.00 0.13 54.6 101.9
Comp 2 46.7 0.51 0.03 0.00 0.12 54.7 102.0
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Table C-1, continued: Average Pyrite WDS analyses as wt% elements.
Sample %Fe %Co %Ni %As %Cu %S Sum
Comp 8 44.6 1.70 0.05 0.02 0.50 54.5 101.4
Comp 9 46.4 0.51 0.04 0.00 0.19 54.4 101.6
CuCon 51 45.5 0.38 0.05 0.00 0.55 53.6 100.1
CuCon 49 45.8 0.04 0.02 0.00 0.47 53.1 99.4
CuCon 50 46.4 0.10 0.03 0.00 0.40 54.0 100.9
Dev 4 clnr tail 46.5 0.17 0.03 0.00 0.04 53.2 100.0
Dev 4 CuCon 45.9 0.34 0.02 0.00 0.56 53.2 100.0
Dev 4 Ro tails 45.8 0.29 0.03 0.00 0.12 53.8 100.0
Dev 5 CuCon 46.0 0.13 0.03 0.00 0.48 53.4 100.0
Dev 5 Ro Tails 46.5 0.03 0.02 0.00 0.07 53.4 100.0
Dev 5 clnr tail 46.2 0.04 0.02 0.00 0.05 53.7 100.0
No.1-10 46.2 0.15 0.00 0.00 0.41 53.5 100.3
OB#1-1 44.4 1.21 0.06 0.14 0.50 53.6 99.9
OB#1-10 43.5 2.60 0.03 0.04 0.23 54.2 100.7
OB#1-2 44.0 2.68 0.02 0.59 0.07 53.5 100.9
OB#1-7 46.7 0.16 0.00 0.00 0.04 53.9 100.8
T45 clnr tails 45.3 0.40 0.07 0.02 0.03 54.2 100.0
T45 Cu Con 44.7 0.33 0.07 0.01 0.58 54.3 100.0
T45 Ro tails$ 43.5 0.02 0.01 0.00 0.77 55.7 100.0

Notes: * = inherited sample of same name as collected; $ = only one pyrite analyzed

160



Table C-2: Average Cobaltite WDS analyses as wt% element.

Sample %Fe %Cu %Ni %As %Co %S Sum
182-181.5 3.89 0.42 7.22 39.9 25.1 22.3 98.8
185-150.76 5.89 0.21 1.73 37.7 29.1 23.9 98.4
185-162.8 6.94 0.04 1.68 38.9 27.8 23.9 99.3
186-161.76 5.03 0.88 2.18 41.3 27.7 21.5 98.4
187A 5.90 0.49 0.11 34.1 31.8 27.3 99.7
187C 5.48 0.74 0.13 36.0 31.1 25.6 99.0
187D 4.60 0.67 2.98 41.6 27.3 20.9 98.1
187E 5.23 0.33 4.35 37.7 27.1 24.4 99.1
187I 4.19 0.29 2.36 40.1 29.2 22.1 98.3
187J 3.64 0.45 0.98 36.1 32.3 25.4 98.9
187M 4.49 0.09 3.19 41.3 28.1 21.6 98.6
187N 6.10 0.47 0.58 31.7 31.3 28.7 98.8
194A 5.96 0.23 0.63 38.9 29.8 23.5 99.0
194C 5.08 0.26 2.24 40.8 28.6 22.1 99.1
194D 6.09 0.33 1.25 38.4 29.0 23.7 98.8
194E 6.46 0.21 0.40 38.5 29.5 23.5 98.6
194F 5.13 0.09 0.77 38.6 30.5 23.1 98.2
194G 5.54 0.33 0.05 36.1 31.4 25.6 99.1
194H 5.55 0.17 0.41 38.1 30.5 23.7 98.4
200-491.28 6.56 0.37 1.93 39.6 28.1 23.3 99.9
200-498.25 5.84 0.46 1.43 30.4 31.4 29.0 98.6
200-498.37 5.88 0.59 0.60 34.7 31.3 26.6 99.7
200-498.6 4.81 0.61 0.59 34.5 32.2 26.3 98.9
200-586.71 7.17 1.64 0.09 28.1 31.2 30.5 98.7
200-588.89 4.81 0.40 7.31 41.4 23.7 21.5 99.2
200-589 4.70 0.43 12.36 43.8 18.3 19.9 99.5
214D 8.57 0.14 14.81 42.6 12.1 21.0 99.2
218A 8.78 0.04 1.12 40.1 26.4 23.5 99.9
218B 6.16 0.25 0.40 38.6 29.7 23.5 98.6
220B 5.18 0.25 0.18 34.7 32.1 26.5 98.9
220F 6.06 0.16 0.49 35.4 30.6 25.7 98.4
224B 5.67 0.40 0.28 34.2 31.8 27.3 99.7
224F 5.08 0.30 0.25 38.0 31.4 24.3 99.3
224G 7.08 0.11 0.44 30.3 31.2 29.3 98.4
224J 5.22 0.25 0.20 33.7 32.2 27.0 98.6
224K 5.59 0.15 0.18 37.1 31.0 24.3 98.4
233D 6.01 0.28 0.55 35.8 30.7 25.7 99.1
233G 5.86 0.02 2.01 42.6 28.0 21.2 99.7
234D 6.03 0.13 0.18 35.4 30.8 25.4 98.0
234F 5.94 0.20 2.66 32.9 29.4 27.8 98.9
OB#1-10 5.73 0.46 1.80 38.9 28.1 23.1 98.1
235W-880.2 5.59 1.09 0.47 34.1 31.4 26.9 99.3
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Table C-3: Average carrollite and siegenite WDS analyses as wt% element.

Sample %Co %Fe %Cu %Ni %S Sum
181-294.5 34.4 1.10 19.8 1.65 40.6 97.5
181-297.31 35.1 0.49 20.1 1.91 41.3 98.8
182-215.3 37.4 0.80 15.1 3.99 40.9 98.1
185-187.20 28.6 0.94 12.3 15.2 41.3 98.4
187-489.7 31.2 0.60 18.4 7.53 41.2 98.9
187-490.7 28.6 0.44 19.7 8.66 42.6 100.0
187B 40.9 2.10 8.8 5.24 41.1 98.2
187G 31.4 0.37 19.3 6.83 41.0 98.9
187H 31.4 0.29 18.9 7.05 40.8 98.5
187K 35.2 0.89 14.9 6.78 41.2 98.9
187L 28.1 0.31 18.7 10.3 40.8 98.2
194J 30.6 0.81 20.4 5.92 41.0 98.7
194K 31.1 0.44 20.3 5.57 40.6 98.1
194L 30.1 0.28 19.6 7.74 40.9 98.6
200-537.94 36.4 0.39 16.6 3.93 41.0 98.4
200-586.71 41.0 1.10 11.6 3.39 41.2 98.3
202-548.9 34.9 0.43 19.6 2.21 40.7 97.7
209C 34.7 0.51 15.2 6.63 40.6 97.6
211B 33.0 0.76 19.9 4.86 41.4 99.9
214-520.8 32.6 0.44 18.9 5.56 42.0 99.6
214A 27.0 0.35 13.8 16.1 41.1 98.3
214A* 15.3 3.00 0.4 39.1 42.1 99.9
214C 27.4 1.05 11.2 18.1 41.5 99.3
214D 38.1 0.36 12.4 6.31 41.0 98.1
214D* 34.1 3.69 2.9 16.7 41.8 99.1
214E 32.2 1.05 14.1 10.6 41.3 99.2
220F 39.7 0.39 14.6 2.66 40.9 98.2
220H 29.8 0.24 18.1 9.69 41.0 98.8
224M* 29.9 4.30 0.5 21.8 41.3 97.8
224N* $ 27.9 4.51 1.8 22.8 41.7 98.7
234-978.6 29.0 0.36 18.5 9.8 42.5 100.1
234-978.7 28.8 0.32 18.4 9.71 41.8 99.2
234-978.9 28.7 0.30 18.2 9.41 41.7 98.3
234F 36.5 0.26 16.6 4.37 41.0 98.8
Comp 8$ 32.1 4.98 15.0 5.51 43.1 100.6

Notes: $ = only one carrollite analyzed; * = siegenite
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Table C-4: Average tetrahedrite-tennantite WDS analyses as wt% element.

Sample %Fe %Cu %As %S %Sb %Zn Sum
282-276.81 0.64 42.8 17.8 28.0 3.11 7.66 100.0
181-274.54 1.18 41.8 16.9 27.5 4.73 7.88 100.0
182-181.8 2.11 39.7 5.32 26.0 21.3 5.57 100.0
185-187.2 1.64 39.9 9.07 26.2 16.0 7.26 100.0
186-161.76 1.60 39.1 4.17 25.7 23.5 5.96 100.0
186-31.28 0.90 42.3 18.9 27.7 1.47 8.67 100.0
186-33.09 2.41 40.7 10.2 26.7 14.5 5.44 100.0
187F 3.03 40.8 5.59 25.7 20.5 4.41 100.0
187I 6.19 43.4 20.0 27.9 0.19 2.32 100.0
187M 3.02 41.6 8.72 26.6 16.2 3.95 100.0
200-537.94 1.21 42.6 19.0 28.0 1.71 7.29 100.0
200-588.89 0.24 37.9 0.85 24.9 27.8 8.11 100.0
214-520.8 0.92 42.9 18.0 28.1 2.78 7.27 100.0
214A1 0.43 40.4 11.6 26.5 12.1 8.82 100.0
220C 2.91 40.5 9.40 26.4 15.4 5.43 100.0
220D 1.52 40.0 7.25 26.0 18.5 6.68 100.0
220G 4.40 42.2 15.8 27.6 6.39 3.51 100.0
224A 3.00 40.0 6.98 26.1 19.1 4.77 100.0
224C 5.32 42.0 15.0 27.4 7.62 2.56 100.0
224F 5.81 42.8 18.0 28.0 3.46 1.87 100.0
224G 4.41 43.2 19.4 28.2 1.43 3.34 100.0
233C 3.20 41.4 12.8 27.0 10.8 4.84 100.0
234E 3.85 41.8 14.0 27.2 9.01 4.10 100.0
234F 5.02 43.3 19.8 28.2 0.65 2.65 100.0
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Appendix D: Niton XRF Plots
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Appendix D, continued: Niton XRF Plots
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Appendix D, continued: Niton XRF Plots
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Appendix D, continued: Niton XRF Plots
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Appendix D, continued: Niton XRF Plots
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Appendix D, continued: Niton XRF Plots
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Appendix D, continued: Niton XRF Plots
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Appendix D, continued: Niton XRF Plots
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