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ABSTRACT 

 
 The Kamoa copper deposit is located in the Katanga Province of the southern 

Democratic Republic of Congo outside of the area previously considered prospective for 

large copper deposits.  With a 1 % Cu cut-off, the hypogene ore zone of Kamoa spans 

over 81 km2 varying in thickness from 2 to 15 meters and is currently laterally 

unconstrained.  The deposit is hosted at the stratigraphic contact between hematitic and 

locally pyritic Mwashya Subgroup sandstones and overlying fine-grained pyritic 

diamictites of the Grand Conglomerate Subgroup.  The Mwashya sandstones appear to 

have been deposited in a fluvial to marginal marine environment. The Grand 

Conglomerate contains glacially-derived and mass flow deposits.  It appears to have been 

deposited in an active, locally anoxic marine environment.  The contact between the 

Mwashya and Grand Conglomerate units represents a major change in depositional style 

and probably represents a period of rapid subsidence or sea level rise. The majority of the 

Kamoa orebody occurs within the lowermost portion of the Grand Conglomerate 

Subgroup which contains siltstones with high concentrations of diagenetic framboidal 

and later cubic pyrite that may be indicative of early hydrothermal activity.  Later 

hydrothermal alteration mineral assemblages within the Grand Conglomerate are 

stratigraphically zoned changing from a potassic alteration and silicification assemblage 

in the lowermost stratigraphic units to a dominantly magnesian alteration assemblage 

high in the stratigraphy.  Carbonate mineralogy in this same interval changes upward 

from ankerite to calcite.  Ore stage sulfide minerals are zoned vertically away from the 

Mwashya-Grand Conglomerate contact changing from chalcocite to bornite to 

chalcopyrite to pyrite with increased stratigraphic height.  Hydrothermal alteration and 
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sulfide minerals occur as fine-grained disseminations within the diamictite matrix that 

probably represent replaced diagenetic pyrite as well as coarse-grained rims on diamictite 

clasts.  These rims are vertically oriented and tapered, often contain euhedral mineral 

grains of both alteration minerals and, within the ore zone, sulfide minerals; the rims are 

best developed in the lowermost stratigraphic units and gradually lessen in size, vertical 

elongation, and abundance up stratigraphic section.  Sulfur isotope studies indicate the 

majority of the sulfur in the copper sulfides was derived from earlier formed diagenetic 

iron sulfide.  Fluid inclusion analysis indicate that the ore forming fluid was saline, ~23-

26 wt% NaCl wt eq., and had homogenization temperatures (Th) ranging from 210 to 240 

oC.  
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CHAPTER 1 

INTRODUCTION 

The Central African Copperbelt in the southern Democratic Republic of Congo 

and northern Zambia is the world's largest sedimentary rock-hosted stratiform copper 

province, containing 190 Mt of copper in production and reserves (Hitzman et al., 2005). 

Historical exploration and mining in the Copperbelt has been concentrated within the 

Zambian Copperbelt, the Domes region of northern Zambia, and along an arc between 

Lubumbashi to Kolwezi in the Katanga Province of the southern Democratic Republic of 

Congo (Fig. 2.1).  The Kamoa deposit is located approximately 25 kilometers west of the 

world class Kolwezi Cu-Co deposits.  The deposit was discovered in an area previously 

considered unprospective for large copper deposits (Broughton and Rogers, 2010).  

While the Kolwezi deposits occur within the Neoproterozoic Mines Subgroup (François, 

1973; Cailteux, 1994), the Kamoa deposit is hosted within the stratigraphically higher 

Grand Conglomerate of the Nguba Group (Broughton and Rogers, 2010). 

The limits of the deposit are currently undefined.  Drilling indicates the deposit 

extends at least 5 km west and approximately 10 to 15 km north and south of the current 

study area.  With a 1 % Cu cut-off, the hypogene mineralized zone spans over 81 km
2
 

varying in thickness from 2 to 15 meters (Broughton and Rogers, 2010).   

The Kamoa deposit occupies a stratigraphic redox boundary at the base of the 

Grand Conglomerate, which, at Kamoa, consists of grey diamictites and interbedded, 

variably pyritic siltstones and turbiditic lenses.  The Grand Conglomerate is underlain by 

generally pale colored, locally hematitic sandstones and siltstones presumed to be part of 
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the upper Mwashya Subgroup.  The deposit displays a classical mineral zonation pattern 

of chalcocite to bornite to chalcopyrite to pyrite-(sphalerite) with increasing stratigraphic 

height above the redox boundary.  Copper sulfides occur as fine-grained disseminations 

in the matrix of the Grand Conglomerate and as coarse-grained rims around clasts in the 

diamictite.  The mineralogy of both the footwall and host rocks of the deposit have been 

modified by K-Mg-Ca alteration similar to that observed in the Zambian (Selley et al., 

2005) and Congolese copperbelts (El Desouky et al., 2009).  

This study represents the first detailed description of the geology of the Kamoa 

deposit.  The study focuses primarily on a detailed mesoscopic and petrologic description 

of the fine-grained host rocks of the deposit as well as the mineral assemblages of the ore 

sulfides and associated alteration minerals, and the paragenetic sequence of mineral 

precipitation.  The study includes sulfur isotopic analysis of both diagenetic and 

hydrothermal sulfide minerals and fluid inclusion analysis of minerals intergrown with 

hydrothermal sulfides.  These data are then utilized to compare the Kamoa deposit to 

other deposits of the Central African Copperbelt.  

 

 

 

1.1 Methodology  

This study focused on the central deposit area south of the Kamoa dome and north 

of the Makulu dome that is known as Kamoa Sud.  This study is based on detailed 

logging of two fences of drill holes through the central portion of the deposit that allowed 

construction of two perpendicular cross sections.  The Kamoa area topography is subdued 

with rolling hills and extensive cover, however, limited field mapping was undertaken to 

confirm the geology observed in drill collars.  Most drill holes penetrated about 5 meters 
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of the footwall limiting the data for the Mwashya Subgroup to the uppermost rocks of the 

unit. Samples were taken from drill core along the cross-sections at various depths 

through the stratigraphy.  Several drill holes outside of the study area penetrated below 

and above the stratigraphy of the main deposit area and were sparingly sampled. 

Polished thin-sections of samples from drill holes within the study area were 

utilized for transmitted and reflected light microscopy and Scanning Electron Microscopy 

(SEM) analysis.  The fine-grained nature of the sedimentary rocks and alteration minerals 

at Kamoa reduced the effectiveness of conventional petrography.  To better constrain 

mineralogy and textural relationships between alteration and sulfide minerals high-

resolution QEMSCAN (Quantitative Evaluation of Minerals by SCANning electron 

microscopy analysis) at the Colorado School of Mines analyses was utilzed.  The 

QEMSCAN system features Four Bruker X275HR silicon drift energy dispersive x-ray 

spectrometers (EDS) with iDiscover(R) software.  

Sulfur isotopes of both diagenetic and hydrothermal sulfides from over 100 

samples were analyzed to constrain the sources of the sulfur within the ore body.  For 

each sample, approximately 25-100 μg of sample (weight dependent on the mineral 

analyzed) derived from micro drilling was combusted at 1050°C in a Eurovector 3000 

elemental analyzer in the Colorado School of Mines Stable Isotope Laboratory.  Sample 

size was variable dependent upon mineralogy and purity, but generally less than 100 μg.  

Generated sulfur dioxide was delivered to a Micromass Isoprime stable isotope ratio mass 

spectrometer in continuous-flow mode in a stream of helium carrier gas.  The sample 

isotope ratio transient peak was compared to a laboratory working standard sulfur dioxide 

reference gas calibrated against a laboratory standard barium sulfate.  Sample data are 
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reported using the δ notation as a per mil difference from the Canyon Diablo Troilite 

(CDT) international reference (Beaudoin et al., 1994).  Calibration of the laboratory 

barium sulfate to CDT has been performed through repeated measurement against NBS-

127 barium sulfate standard reference material obtained from the National Institute of 

Standards and Technology.  This method yielded precision of 0.3‰ determined from 

blind duplicates of sample material. 

Fluid inclusions in coarse-grained quartz and carbonate minerals intergrown with 

copper sulfides were analyzed to determine the temperature and salinity of their parental 

fluids.  Fluid inclusions were analyzed on two (one single-sided and one double-sided 

polish), 30 microns thick, permanently mounted thin-sections.  The analyses were 

performed using a U.S. Geological Survey-style gas-flow heating/freezing stage mounted 

on an Olympus microscope equipped with a 40x objective (N.A. = 0.55) and 10x oculars.  

The heating/freezing stage was calibrated at 374.1 
o
C and 0.0 

o
C using synthetic pure 

H2O fluid inclusions and at -56.6 
o
C using synthetic CO2 fluid inclusions.  Thermal 

cycling was used to bracket the liquid-vapor homogenization temperatures (Th) and final 

melting temperatures (Tm) of the fluid inclusion assemblages (FIA (Goldstein and 

Reynolds, 1994)). 

Crush leach and Re-Os analysis were also attempted to identify the composition 

and absolute timing, respectively, of the sulfide forming fluid.  These data unfortunately 

were inconclusive and results are present in the appendix. 
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CHAPTER 2 

REGIONAL GEOLOGY 

 Stratiform copper deposits of the Central African Copperbelt are hosted within 

Neoproterozoic metasedimentary rocks of the Katanga Supergroup, which were deposited 

within an extensional intracratonic basin created during the break-up of the Rodinia 

supercontinent (Porada and Berhorst, 2000).  The basement of the Copperbelt is 

composed of Eburnean age granite, gneisses, and schists (c. 2200-1800; de Waele et al., 

2003) which are locally unconformably overlain by Muva Supergroup schists and 

quartzites of Kibaran age (c. 1350-950; Kokonyangi et al., 2004).  The Muva Supergroup 

is intruded by magmatic rocks such as the Nchanga Granite (c. 877 Ma; Armstrong et al., 

2005) and the Lusaka Granite (c. 865 Ma; Hanson et al., 1994) providing a lower age 

limit for deposition of the Katanga Supergroup sedimentary sequence. 

 The 5-10 km thick Katanga Supergroup (Cailteux et al., 2005b) sequence is made 

up of the Roan (R), Nguba (Ng; previously Lower Kundelungu), and Kundelungu (Ku; 

previously Upper Kundelungu) groups (François, 1993; Cailteux, 1994).  The 

terminology of the lithostratigraphic divisions of the Roan, Nguba, and Kundelungu 

Groups varies between the Zambian and Congolese copperbelts.  In Zambia, the Roan 

Group is observed to unconformably overlie basement rocks.  The Zambian Roan Group 

is divided into the Lower Roan, Upper Roan, and Mwashya subgroups.  Most of the 

copper deposits of the Zambian Copperbelt occur within the Lower Roan Subgroup along 

a transition from oxidized, hematitic sandstones, siltstones, and conglomerates to 

relatively reduced grey dolomitic siltstones (“Ore Shale”) and sandstones (Selley et al., 
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2005).  In Congo, the base of the Roan Group has not been observed.  The Congolese 

Roan Group is composed of four subgroups, the lowermost RAT ("Roches Argilo-

Talqueuses", R1), Mines (R2), Dipeta (R3), and Mwashya (R4) subgroups.  The 

lowermost rocks observed within the RAT Subgroup are pink to red, hematitic  

 

 
Figure 2.1: Generalized geologic map of the Central African Copper Belt. The Zambian 

Copperbelt in the southeast portion of the region contains major deposits such as 

Konkola, Nchanga, Nkana, and Mufulira that are hosted largely in siliciclastic 

metasedimentary rocks of the Lower Roan Group (Selley et al., 2005).  The Congolese 

Copperbelt extends in an arc from Lubumbashi in the east northward to Tenke 

Fungurume and then west to Kolwezi.  Deposits within this zone are hosted within 

carbonate rocks of the Mines Series (Cailteux, 1994).  The Domes region stretches from 

west of the Zambian Copperbelt through the Kansanshi (Broughton et al., 2002) and 

Lumwana (Bernau, 2007; Scott and Hitzman, unpub. 2010) deposits to the Kalumbila 

(Sentinel) deposit in the west (Steven and Armstrong, 2003).  Copper deposits in this 

region occur in a range of stratigraphic positions from the contact between the 

metamorphic basement and the basal Katangan siliciclastic sediments (Lumwana) to the 

Mwashya-Grand Conglomerate units (Kanasanshi). The Kamoa deposit (black star) 

occurs on the western edge of the Katangan basin adjacent to the Kolwezi deposits within 

the Grand Conglomerate Subgroup of the Roan Group, stratigraphically higher than the 

deposits at nearby Kolwezi.   
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sandstones and siltstones which commonly grade into gray-green colored, chloritic 

siltstones upsection to the base of the overlying Mines Subgroup which contains 

evaporite-rich dolomites and dolomitic-shales (Cailteux, 1994).  The base of the 

Katangan succession in the Congo Copperbelt is only seen on the edges of the basin, in 

the far southeast and northwest areas near basement domes, such as the Kamoa area.  The 

Mines Subgroup is the main ore-host of the Congo Copperbelt.  Above the Mines 

Subgroup are the Dipeta and Mwashya Subgroups, which contain shallowing-up clastic 

to carbonate and evaporitic sedimentary cycles.  The overlying Nguba and Kundelungu 

groups are both regressive sequences composed of diamictites, carbonate rocks, and 

carbonate-bearing siliclastic rocks (Batumike et al., 2006).  

Correlation of Roan Group stratigraphy between the Congo and the Zambian 

Copperbelts is contentious.  Previous models correlate the Ore Shale of the Lower Roan 

Group in Zambia with the Mines Subgroup shallow water carbonate rocks of Congo 

(Cailteaux, 2004; Cailteaux et al., 2005b).  More recent work suggests that the Mines 

Series is stratigraphically equivalent to the Upper Roan Group in Zambia (Bull et al., in 

press) and is thus stratigraphically above the sequence containing the Ore Shale.   

 Deposition of the upper Mwashya and lowermost Nguba (Grand Conglomerate) 

sediments was accompanied by significant regional extension and mafic igneous activity.  

In Zambia, igneous rocks associated with this extensional event have been dated at 750-

740 Ma in the Solwezi area, (Barron, 2003) and 765-735 Ma in the Mwinilunga area 

(Key et al., 2001).  In Congo, interbedded mafic lapilli tuffs in the upper Mwashya have 

been dated as ca. 750 Ma at Likasi (Rainaud et al., 2000).  The Kamoa area locally 

contains extrusive mafic flows within and just below the base of the Grand Conglomerate 
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(Broughton and Rogers, 2010), which, though undated, are probably of a similar age (e.g. 

~750 Ma).  

 The Grand Conglomerate of the Nguba Group and the Petite Conglomerate of the 

Kundelungu Group are correlative across the Katangan Basin and provide regional 

stratigraphic markers.  The Grand Conglomerate unit thickens southward from Nzilo to 

Kolwezi (Fig. 2.1) and then thins into Zambia (François, 1973), though interpretation of 

stratigraphic variation is complicated by later salt movement (Jackson et al., 2003; Selley 

et al., unpub. 2010).  The Grand Conglomerate is composed of variably clast-rich 

diamictites with mudstone/siltstone/sandstone interbeds and has traditionally been 

interpreted as a glacially-derived sequence (Binda and Van Eden, 1972; Wendorff and 

Key, 2009).  The Grand Conglomerate is overlain regionally by massive carbonate rocks 

(Kakontwe Limestone; Cailteaux et al., 2007) or carbonate-bearing to carbonate-poor 

siltstones and sandstones that fine from dominantly sand- and siltstones in the north to 

shales in the south (Batumike et al., 2006) and appear to represent shallow marine to 

fluvial sediments.  

The Lufilian Orogeny, ca. 590-530 Ma (John et al., 2004; Rainaud et al., 2005; 

Selley et al., 2005) has traditionally been interpreted as a north directed fold-and-thrust 

event that produced the convex-to-the-north Lufilian arc.  The Lufilian arc has been 

divided into five major tectonic domains (Fig. 2.1): the Katanga high, Synclinorial belt, 

Domes region, External fold-and-thrust belt, and the Western foreland (Unrug, 1988; 

Kampunzu and Cailteux, 1999; Porada and Berhorst, 2000; Key et al., 2001, Selley et al., 

2005).  A combination of salt tectonism and Lufilian deformation in the Congo portion of 

the basin resulted in local fragmentation and diapiric extrusion of Roan Group 
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sedimentary rocks (De Magnee and François 1988; Kampunzu and Cailteux 1999; 

Jackson et al., 2003).  Recent work suggests that the deformation observed in the Lufilian 

Arc, rather than being related to regional compression, may have been due to the crustal 

extension resulting in large-scale gravity sliding from the southern edge of the basin in 

the Domes region (Hitzman, pers. com. 2010).  The majority of the known copper 

deposits in the Congolese Copperbelt are hosted in fragments of Mines Subgroup 

carbonate rocks and mineralization is generally interpreted to have pre-dated 

fragmentation (François, 1973; Cailteux, 1994; Selley et al., 2005).   

Unlike other deposits in the Congolese Copperbelt, the Kamoa copper deposit is 

hosted in intact siliciclastic rocks of the Nguba Subgroup on the eastern edge of the 

Western Foreland (Fig. 2.1), south of the Nzilo basement block (François, 1973, 1992; 

Broughton and Rogers, 2010).  Kamoa is located adjacent to a large north-northeast 

trending structure defining the boundary between the highly tectonized external fold and 

thrust belt to the east and the flat-lying sedimentary sequence of the Western foreland to 

the west (Key et al., 2001; Fig. 2.1).  Compression during the Lufilian orogenic event 

resulted in sinistral (north-directed) movement to the east of this structure and the 

formation of a series of tight folds along this structural corridor (Broughton, pers. comm. 

2010).  The western margin of the Katangan basin extends southwest from the Kamoa 

area into northwest Zambia (Key et al, 2001) where it contains relatively undeformed 

sedimentary rocks and Mwashya-age basalts and gabbros. 
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CHAPTER 3 

LOCAL GEOLOGY 

 The Kamoa deposit area contains subcropping Grand Conglomerate rocks 

interrupted by several gentle domes exposing Roan Group hematitic sandstones and 

siltstones that form the footwall for the Kamoa deposit (Fig. 3.1, 3.2).  These sedimentary 

rocks are lithologically similar to Lower Roan Group siliciclastic rocks of the Zambian 

Copperbelt, however the stratigraphic positioning suggests correlation with the Mwashya 

Subgroup.  The Mwashya Subgroup and overlying Nguba Group host rocks dip gently (~ 

5
 o
) away from the domes.  Basement rocks exposed to the north of Kamoa within the 

Nzilo block consist of Kibaran-age quartzite, weakly metamorphosed ferruginous 

siltstone and sandstone, and minor mafic rocks (François, 1973; Broughton and Rogers, 

2010). 

Aeromagnetic data suggest that the Kamoa deposit is bounded to the east by a 

major regional north-northeast trending structure, termed the Kansoko structure, that 

forms an east dipping monocline which marks the western limit of more tightly folded 

Katangan rocks and probably marks the structural edge to the main Katagan basin.  The 

western edge of the Kamoa deposit is bounded by the west-side down West Scarp Fault 

(Fig. 3.1).  Comparison of stratigraphy across the fault suggests this fault was not active 

during deposition of the upper Mwashya Subgroup and lower Nguba Groups (Broughton 

and Rogers, 2010).  Kamoa thus appears to occupy a horst along the western edge of the 

Katangan basin.  Within the Kamoa deposit area there are conjugate faults down-

dropping to the south.  Thickening of beds within the Grand Conglomerate Subgroup 
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suggest several of these faults had syn-sedimentary movement (Fig. 3.2).  The shallowly 

dipping host rocks of the lower Nguba Group as well as the Mwashya Subgroup footwall 

are locally cut by a steep to vertical foliation that varies in intensity through the deposit. 

Basaltic flows, pillow breccias and hyaloclastite breccias, together with gabbroic 

and diabasic textured mafic igneous rocks occur within the Mwashya Subgroup near the 

base of the Grand Conglomerate directly northeast of the Kamoa deposit (Fig. 3.1; 

Broughton and Rogers, 2010).  Mafic rocks occur as clasts in some Mwashya Subgroup 

conglomerates and Grand Conglomerate diamictites but the clasts may also be derived 

from lithologically similar mafic basement rocks.  These rocks are interpreted to be 

correlative with the other mafic rock occurrences in the upper Mwashya Group of 

Zambia and Congo (Broughton and Rogers, 2010; e.g. Rainaud et al., 2000; Key et al., 

2001; Barron, 2003). 
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Figure 3.1: Generalized geologic map of the Kamoa deposit area (after Broughton and 

Rogers, 2010; Broughton, pers comm., 2011).  Sedimentary rocks are shallow dipping 

away from the Kamoa and Makalu domes.  The Kamoa deposit area is interpreted to be a 

large, west-verging monocline with the Kansoko structural zone directly to the east 

interpreted as the edge of the Katangan basin and the External fold and thrust belt. The 

location of the cross-sections of Figure 3 are indicated. Drill holes along section lines and 

others were studied.  
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Figure 3.2: Cross-sections through the central portion of the Kamoa deposit. Legend 

same as in Fig. 3.2. Drill holes along section indicated.  In both sections the lowermost, 

thin diamictite of the Grand Conglomerate (Ng 1.1.1) sharply overlies sandstones and 

siltstones of the Mwashya Subgroup and contains the majority of the ore deposit.  The 

lower portion of the Grand Conglomerate sequence contains two continuous laminated 

pyritic siltstone layers (Ng 1.1.2 and Ng 1.1.4) throughout this portion of the deposit.  

Discontinuous turbiditic lenses occur throughout the diamictite package.  These are 

interpreted to represent channel deposits.  The southward thickening of the diamictite 

package between the Ng 1.1.2 and Ng 1.1.4 laminated pyritic siltstones (cross-section B) 

suggests possible down-to-the-south syn-sedimentary subsidence though no unequivocal 

syn-sedimentary faults have been located.  
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CHAPTER 4 

STRATIGRAPHY AND LITHOLOGY 

 Two main stratigraphic groups are present in the area examined at Kamoa; the 

Mwashya Subgroup and the Grand Conglomerate Subgroup.  The basal footwall unit, 

interpreted as the upper portion of the Mwashya Subgroup (R 4.2), is composed of 

immature silty sandstone and siltstone.  It is sharply overlain by the Grand Conglomerate 

(Ng 1.1) of the Nguba Group.   

 

 

 

4.1 Mwashya Subgoup 

 The Mwashya Subgroup at Kamoa forms the footwall to the deposit and is known 

from drilling to range in thickness from several tens to possibly hundreds of meters.  In 

the northern portion of the Kamoa area this unit unconformably overlies basement 

metasedimentary rocks.  Most drilling in the deposit area has only intersected the upper 5 

to 10 meters of the footwall.  The most common Mwashya Subgroup lithology within the 

intersected uppermost layers consists of pink to grey, compositionally and texturally 

immature, silty arkosic sandstones (Fig. 4.1a) with beds ranging in thickness from 

centimeters to several meters.  Beds both fine and coarsen upwards and may display 

symmetrical and asymmetrical ripples, trough cross-stratification, planar stratification, 

and water escape structures.  The arkosic sandstones consist of rounded to sub-angular 

grains of quartz and feldspar, commonly with quartz overgrowths, cemented with 

intergranular quartz and fine mica (Fig. 4.1b,c) with rare pyrite (Fig. 4.1d,g).  Extremely 

friable layers of sandstone likely indicate the former presence of a carbonate cement now 

dissolved through supergene processes.  Thin, dark colored, biotite-rich laminated
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Figure 4.1: Mwashya footwall sandstone.  (A) Photograph of drillcore (approx. 6 cm 

diameter) of tan - pink sandstones interlayered with grey siltstones with horizontal and 

slightly wavy bedding.  The upper part of the sequence (top left of the box) consists of 

coarse-grained pink sandstone that has undergone extensive carbonate dissolution. 

DDH084, 174-176m.  (B) Plain-polarized photomicrograph of sandstone with well 

defined sub-rounded detrital grains of quartz with minor quartz overgrowths and fine-

grained intergranular cement.  DDH084, 175m.  (C) Cross-polarized photomicrograph of 

B showing the cement to be composed of fine-grained muscovite (sericite) and quartz.  

(D) Reflected photomicrograph of B and C showing very minor fine-grained pyrite.  This 

relative lack of sulfides is typical of the Mwashya footwall sandstones.  (E) Plain-

polarized photomicrograph from well sorted, horizontally layered siltstone interlayered 

with sandstones.  The grains appear to be generally unoriented. DDH084, 174m.  (F) 

Cross-polarized photomicrograph of E.  The siltstones are composed of mostly biotite, 

chlorite, muscovite, quartz, and potassium feldspar.  The sand grains are dominantly 

quartz with some detrital mica.  (G) Reflected photomicrograph of E and F.  As in the 

sandstone layers of image D, there are very few sulfides and no framboidal pyrite. 
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siltstones are locally interbedded with the sandstones (Fig. 4.1a,e,f) and do not contain 

framboidal pyrite (Fig. 4.1g).  The Mwashya Subgroup sequence in the study area also 

contains occasional pebble layers that rarely exceed 10 centimeters in thickness.  Pebbles 

are generally less than one centimeter in diameter and consist dominantly of quartz with 

lesser proportion of basement schist and gneiss, basalt, sandstone, and limestone.  The 

compositional immaturity, high and low energy traction current sedimentary structures, 

and occasional pebble conglomerates suggest the Mwashya Subgroup sediments were 

deposited in a subaerial fluvial to marginal marine environment.  

The grain mineralogy of the Mwashya Subgroup rocks in the study area includes 

primarily quartz and potassium feldspar with lesser muscovite, chlorite, and biotite as 

well as heavy minerals such as tourmaline, rutile, and magnetite.  Because of the 

similarity in mineral assemblage with the overlying diamictite, it is likely that many of 

the cements and micas in the rocks were formed as a result of secondary alteration 

processes.  

 The contact between the Mwashya Subgroup sediments and the overlying Nguba 

Group diamictites is sharp and irregular with basal loading structures and soft clasts.  

Locally the lowermost diamictite is sandy suggesting erosion of the underlying poorly 

lithified Mwashya Subgroup sediments.  Rarely, the lowermost diamictite contains mud 

chip rip-ups suggestive of minor erosion of an exposed and dried surface.  Elsewhere in 

the Katangan basin rip-up clasts of Mwashya Subgroup rocks within the Grand 

Conglomerate have been interpreted as evidence of Mwashya sediment cementation or 

lithification prior to Nguba Group sedimentation (Cailteux et al., 2007).  However, 

absence of evidence of extensive burial of Mwashya Subgroup sediments prior to Grand 
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Conglomerate deposition suggest it is unlikely that Mwashya Subgroup sediments were 

lithified at the beginning of the Grand Conglomerate deposition (Broughton, pers. comm. 

2011). 

 

 

 

4.2 Grand Conglomerate Subgroup lithofacies 

The Grand Conglomerate at Kamoa is composed of 4 lithofacies: diamictites, 

laminated pyritic siltstones, rythmites, and turbiditic lenses (Table 4.1).  The diamictites 

and siltstones create the five main stratigraphic units and are the most important 

volumetrically while the turbiditic lenses and rhythmites are volumetrically minor. 

From bottom to top the five main stratigraphic units of the Grand Conglomerate at 

Kamoa are: Ng 1.1.1, the basal diamictite; Ng 1.1.2, the lower laminated pyritic siltstone; 

Ng 1.1.3, the middle diamictite package; Ng 1.1.4, the upper laminated pyritic siltstone; 

and Ng 1.1.5, the uppermost diamictite unit (Fig. 3.2).  The uppermost diamictite is the 

thickest diamictite unit and most distal to the ore body.  The base of the lower laminated 

pyritic siltstone contains the thin rhythmite lithofacies.  All the diamictite packages 

contain discontinuous lenses of turbiditic feldspathic litharenite sandstones and siltstones.  

The ore zone is hosted within the basal diamictite and associated turbiditic lenses as well 

as locally within the base of the lower laminated pyritic siltstone layer. 
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Table 4.1: Lithofacies descriptions and interpretations of the Grand Conglomerate at 

Kamoa. 

Litho 
facies 

Geometry Key textures and sedimentary 
structures 

Composition Interpretation 

Diamictite 

 

 
 

 

Diamictites are 

volumetrically the 

most important 
lithofacies. Occur 

as laterally 
extensive 

depositional units 

across 10s of km 
with thickness of 

10 – 300 m. Units 

display abrupt 
thickness changes 

across short 

distances, with  

units above and 

below maintaining 

thickness across. 
The depositional 

units are in places 

amalgamated.  
 

Diamictites are matrix 

supported with 10-40% 

clasts; generally massive 
and structureless.  Contacts 

between flows are sharp 
and irregular with basal 

loading structures and soft 

clasts. The loading 
structures and soft clasts 

are locally rich in framboid 

pyrites. Clasts vary from 
rounded to angular in shape  

and 2mm to 3 m in size. 

Clasts are disorganized and 

do not display any 

imbrications or internal 

horizontal shear fabric. 
Matrix consists of silt (2.5 

to 20µm). One siltstone 

clast identified within the 
middle diamictite is rich in 

framboidal pyrite, contains 

planar laminations, and is 
folded.   

Clasts polylithic 

clasts of rocks 

present in the 
Katanga region 

 
Matrix: no clay 

minerals; quartz, 

feldspar, chlorite, 
micas (biotite, 

muscovite), 

carbonate 
(calcite, 

dolomite, 

ankerite), heavy 

minerals 

(tourmaline, Ti-

minerals, apatite) 
 

Some framboidal 

pyrite, up to 1% 

Glacial material (such as 

lodgement or flow tills; 

“primary till”) re-
sedimented by debris flow, 

ie. “secondary till”.  
Diamictite-diamictite contacts 

and the abrupt lateral 

thickness changes indicate 
amalgamation of multiple 

lobes within the 

depositional units.  
The diamictites indicate rapid 

deposition of large volumes 

of sediment. Sediment 

supply likely created 

during seasons of glacial 

retreat, when the glacier 
experiences mass wasting 

from increased melting. 

The scattered framboid pyrite 
formed during early 

diagenesis.  

The siltstone clast with 
framboidal pyrite is a clast 

from the underlying lower 

laminated pyritic siltstone 
that was most likely 

incorporated by loading 

processes, demonstrating 
that the laminated pyritic 

siltstones were not 

completely lithified at the 
onset of diamictite 

deposition. 

 

Turbiditic 

feldspathic 

litharenite 
sandstones 

and 

siltstones 
lenses 

The turbiditic 

feldspathic 

litharenite 
sandstones and 

siltstones occur as 

discontinuous 
lenses distributed 

irregularly through 

the diamictite 
succession. The 

lenses may be 

laterally 
continuous for up 

to ca 3 km, and are 

3 to 30 m thick. 
Individual beds are 

a few cm to 10s of 

cm thick, and in 
rare cases up to a 

few m thick. 

Most of the dark grey to grey 

beds fine upward. Grain 

size ranges from silt to 
pebbles (3µm to 2cm), 

most common grain size is 

sand (0.2-1mm) to pebbles 
(5mm-2cm). The upward 

fining beds contain graded 

bedding (normal and 
reverse); cross-laminations; 

planar and irregular 

laminations. In some cases 
up to one m thick, high 

angle normal and reverse 

and low angle reverse 
faults  and recumbent folds 

of  soft-sediment 

deformation occur, whereas 
beds above and below are 

unaffected. Bed contacts 

are sharp, except where the 
graywackes are overlain by 

diamictites. The contacts to 

diamictites display loading 
features.  

 

 
 

 

Very similar grain 

composition to 

the diamictite 
matrix – silicates, 

some carbonates, 

some heavy 
minerals, no 

clays 

 
 Variable 

framboidal 

pyrite, 0 to 40% 

The presence of sedimentary 

structures and the overall 

upward-fining of beds 
indicates deposition by 

turbidity currents. The 

composition suggests that 
turbidity currents were 

initiated by glacial outwash 

flows recurring between 
diamictite debris flows and 

mass transport. The lens 

shape indicates that the 
turbidity currents were 

channelized or simply 

confined between 
diamictite lobes. 

The loading contact suggests 

that the lenses were un-
lithified before the 

overriding diamictite 

deposition. 
Framboid pyrite formed during 

early diagenesis. 
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Table 4.1: cont’d 

Litho 

facies 

Geometry Key textures and sedimentary 

structures 

Composition Interpretation 

Laminated 

Pyritic 

Siltstone 

Laminated pyritic 

siltstones are 

laterally extensive 
for 10s of 

kilometers and 

form tabular 
depositional units 

2-40 m thick. 

Most grains extremely fine and 

of silt size (2.5 – 50µm). In 

places sandy layers, up to 
1mm thick occur. Rare 

pebble conglomerate layers 

are 5mm-2cm thick. The 
siltstones are commonly 

finely laminated, with 

occasional structureless 
intervals; normal or reverse 

graded intervals; cross-

laminations; asymmetrical 
and symmetrical ripples; 

and soft-sediment-

deformation structures that 

incorporate up to a meter of 

sediment, similar to those 

in graywackes. There are 
lithic clasts within the 

laminations that deform 

sediments below and have 
draped laminations above 

The siltstone succession 

generally coarsens up-
section. 

 

 

Silts consist of 

quartz, K-

feldspar, chlorite, 
carbonate 

(ankerite>dolomi

te) muscovite, 
biotite 

Pebble to sand 

grains commonly 
consist of quartz 

 

Abundant 
framboidal 

pyrite; 

framboidal pyrite 

is in almost all 

beds, up to 60% 

framboidal pyrite 
 

Pyrite overgrowths 

and development 
of euhedral 

pyrites is 

common within 
this facies. 

The presence of grading and 

laminations indicates 

deposition from turbidity 
currents. Some of the finer 

silts may be hemipelagic 

silts deposited by 
gravitational settling 

although this would 

constitute only a very small 
amount of the sediment  

The relatively finer grain size 

suggests deposition during 
seasons of glacial advance 

or still-stand when there 

are less massive releases of 

sediment. 

Framboid pyrite formed during 

early diagenesis.  
Secondary pyrite growth is 

indicated by overgrowths 

and development of 
euhedral pyrites.  These 

diagenetic pyrites suggest 

the sediments were anoxic 
below the sediment-water 

contact during diagenesis 

Sawlowicz, 1993; Wilkin 
et al., 1996).; abundance of 

framboids and lack of 

clusters suggests 
continuous sedimentation; 

sediments or fluids were 
rich in iron and sulfur; 

mineralizing framboidal 

pyrite during early 
diagenesis, and maintained 

minor continued secondary 

pyrite growth through later 
diagenesis. 

Clasts with deformed 

laminations above and 
below are drop stones 

which are evidence for a 

glacial environment. 

Basal 
rhythmites 

Rhytmites occur only 
at the contact 

between the basal 

diamictite and the 
lower laminated 

pyritic siltstone. 

They are laterally 
extensive for 10s 

of kilometers and 

form a tabular 2-10 
cm thick unit. 

Rhythmites are fine-grained 
muds and consist of grain 

sizes up to 20 µm with 

parallel, light and dark 
laminations, and draped 

laminations 1 -3mm thick. 

Small (1-4mm) lithic clasts 
within the laminations 

deform sediments below 

and have draped 
laminations above. 

Mostly fine-
grained silica.  

Well laminated couplets can be 
constructed in a number of 

different depositional 

systems including 
turbidities or contour 

currents (Eyles, 1993). In 

lieu of this, this layer will 
be referred to as a non-

genetic "rhythmite" (Elyes, 

1993). 
This layer indicates the lowest 

basinal energy compared to 

the deposition of the other 
lithofacies. The parallel 

laminations are draping 
laminates on the underlying 

basal diamictite and on the 

internal laminates and rare 
drop stones deforming the 

laminations above and 

below.  
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 4.2.1 Diamictite 

Diamictite is the most volumetrically abundant lithofacies in the Grand 

Conglomerate at Kamoa.  Diamictite units range from 10 to 300 meters in thickness (Fig. 

3.2) and occur as laterally extensive depositional units that have strike lengths in excess  

of several kilometers.  Diamictite units may display abrupt thickness changes between 

drill holes (100 to 400meters).  Though most diamictite units are massive and 

structureless, rare normal and reverse grading have been observed.  In the study area 

there is commonly a clear distinction between two diamictite layers, identified by 

different clast abundances and occasionally matrix color.  The lower layer is clast rich 

(20-40 % clasts) while the upper layer is clast poor (10-20 % clasts).  In the study area 

these layers are commonly separated by an extensive (>2 km strike length) turbiditic lens.  

The diamictites are generally matrix supported with clasts comprising 

approximately 10-40% of the rock; both clast rich (Fig. 4.2a,c,d) and clast poor (Fig. 

4.2b,e,f) diamictites are present.  Clasts are disorganized and do not display any 

imbrications or internal horizontal shear fabric.  Clasts vary in size from approximately 

2mm to 3 meters in diameter and in shape from well rounded to angular (Fig. 4.2).  A 

number of clast lithologies are present including quartzite, quartz-mica schist, phyllite, 

limestone, dolostone, argillaceous dolostone, and gabbro.  Locally derived clasts include 

basalt, Mwashya Subgroup sandstone, and clasts of Grand Conglomerate siltstone, 

sandstone, and diamictite.  One siltstone clast that is rich in framboidal pyrite and 

displays folded planar laminations was identified within the middle diamictite.  This clast 

was probably derived from erosion of the underlying lower laminated pyritic siltstone.  

The clast is important in demonstrating that the diamictites were at least shallowly  
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Figure 4.2: Unmineralized Grand Conglomerate Subgroup diamictite.  (A) Clast-rich 

diamictite with abundant (20-30%) larger (> 1 cm) clasts composed of basement 

quartzites, schists, mafic rocks, and silicified dolomites.  There is no orientation of clasts 

and the matrix is dark gray and very-fine grained without evidence of bedding or 

sedimentary structures. Arrow indicates down hole (DH) direction. DDH159, 691m.  (B) 

Clast-poor diamictite with abundant small clasts (< 1 cm) and few larger clasts (10-20%).  

Clasts are unoriented and comprise of similar lithologies to those in image A.  The matrix 

is dark gray and very-fine grained without evidence of bedding or sedimentary structures. 

DDH159, 659m.  (C) Plain-polarized photomicrograph of clast-rich diamictite with 

rounded to angular clasts in a very fine-grained matrix composed of quartz, chlorite, and 

mica. DDH204, 220m.  (D) Cross-polarized photomicrograph of C illustrating that the 

clasts include plagioclase, microcline, lithics, schists, carbonates, and quartzite.  (E) 

Plain-polarized photomicrograph of clast-poor diamictite with rounded to angular grains 

within a very fine-grained matrix of similar composition as the clast-rich diamictites. 

DDH204, 178m.  (F) Cross-polarized photomicrograph of E displaying the various 

lithologies of clasts similar to the clast-rich diamictite.  
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erosive and the laminated pyritic siltstones were not lithified at the onset of diamictite 

deposition. 

The matrix of the diamictite is composed of silt (2.5 to 20 µm) that ranges from 

light to dark grey or grey-green in color (Fig. 4.2a,b).  Originally the matrix composition 

was probably consistent through stratigraphy and composed of fine-grained detrital 

quartz, potassium and plagioclase feldspars, and carbonate minerals (Binda and Van 

Eden, 1972).  Post-depositional alteration has resulted in compositional variation of the 

matrix with the most intense alteration within and proximal to the ore zone.  The least 

altered diamictite unit (the upper diamictite, Ng 1.1.5) farthest from the ore zone has a 

matrix composed of quartz, chlorite, potassium and plagioclase feldspars, micas 

(muscovite and biotite), carbonate (calcite and minor ankerite), and minor heavy minerals 

(tourmaline, Ti-minerals, apaptite).  The diamictite commonly contains a minor 

component of disseminated framboidal pyrite.  

 

 

 

4.2.2 Turbiditic feldspathic litharenite sandstones and siltstones lenses 

Lenses of feldspathic litharenite sandstones and siltstones (Fig. 4.3) are 

interbedded with all of the diamictite units.  The lenses range from approximately 3 to 30 

meters in thickness.  They are distributed irregularly through the diamictites although 

they are most common in the uppermost diamictite.  The lenses are discontinuous with 

strike lengths up to 3 km though most appear to extend less than 1 km along strike.  The 

lenses generally fine up.  The lower contacts of these lenses with diamictite are generally 

sharp and irregular with occasional loading features; upper contacts with diamictites are 

often gradational.  Lenses are dark grey to grey in color with grain sizes that range from  
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Figure 4.3: Turbiditic feldspathic litharenite sandstones and siltstones within the Grand 

Conglomerate Subgroup middle diamictites (Ng 1.1.3).  (A) Photograph of ~1/3 of an 

approximately 1 meter long length of drill core through a horizontally to sub-horizontally 

bedded lens.  The lens contains silty, sandy, congomleratic, and framboid-rich layers. 

DDH204, 435m.  (B) Plain-polarized photomicrograph showing abundant rhombic 

ankerite (some with dolomite cores) in a fine-grained sandstone layer with sedimentary 

structures including minor cross-laminations of very fine-grained material with coarser-

grained and ankerite-rich laminae. DDH204, 435m.  (C) Reflected photomicrograph of B 

showing minor framboidal and secondary pyrite which are irregularly distributed 

throughout the lenses.  (D) Plain-polarized photomicrograph of a wispy, horizontally 

layered, poorly sorted siltstone layer with framboidal pyrite and irregular to rhombic 

ankerite (most white grains).  DDH204, 435m. (E) Reflected photomicrograph of D 

showing dominantly framboidal pyrite concentrated into irregular scattered lenses 

suggestive of reworked sediment.  The framboids are of similar size, shape, and are not 

clustered. 
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silt to pebbles (3µm to 2cm).  The most common grain size is sand (0.2-1mm).  Beds 

within the lenses are a few to tens of centimeters thick and generally have sharp planar 

contacts.  The beds may be massive, contain graded bedding (normal and reverse), broad 

cross laminations (Fig. 4.3a-c), planar and irregular laminations (Fig. 4.3a,d,e), and  

asymmetrical ripples.  Textures indicative of soft sediment deformation such as 

recumbent slump folds and intrabedding faulting have been observed.  The incorporation 

of all these structures and textures indicates these lenses were deposited through turbiditic 

processes.  The composition suggests that turbidity currents were initiated by glacial 

outwash flows recurring between diamictite debris flows and mass transport.  The lens 

geometry indicates that the turbidity currents were channelized or confined between 

diamictite lobes.  Upper contacts loading structures suggest that the turbiditic lenses were 

un-lithified before the overriding diamictite deposition. 

The turbiditic lenses are compositionally similar to the mineralogy of the matrix 

in adjacent diamictites.  The mineralogy of the turbidite beds is dominated by quartz with 

lesser feldspar and some carbonates (both calcite and ankerite) (Fig. 4.3b,d), minor heavy 

minerals;  clay minerals are sparse in the turbidites.  Framboidal pyrite is common 

although not pervasive as in the siltstone layers (Fig. 4.3c,e).  

 

 

 

 4.2.3 Rythmite 

The rhythmite lithofacies is a distinctive marker horizon correlative across the 

study area.  It is located at the basal contact of the lowermost siltstone layer and drapes 

the top of the basal diamictite.  The rhythmite layer varies 2 to 10 centimeters in 

thickness and is composed of 1 to 3 millimeters thick, alternating pale and dark gray  
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Figure 4.4: Laminated pyritic siltstone (Ng 1.1.2) within the Grand Conglomerate 

Subgroup. (A) Distinctive rhythmites at base of lower siltstone layer (Ng 1.1.2) overlying 

the basal diamictite (Ng 1.1.1) DDH154, 145m.  (B) Core photo of large quartzite 

dropstone deforming underlying bedding demonstrating the glacial nature of the 

sediments. DDH205, 98m. ( C) Cross-polarized photomicrograph of interlayered fine-

grained pyritic beds (dark) and siltstone beds with coarser-grained ankerite. DDH130, 

474m.  (D) Core photo of a layer with abundant framboidal pyrite. The light colored 

lenses and thin laminae are devoid of framboidal pyrite and dominantly composed of 

silica.  The majority of the dark colored rock contains abundant framboidal pyrite, similar 

to E. DDH162, 155m.  (E) Reflected light, photomicrograph of layer with abundant 

framboidal pyrite.  The pyrite is not evenly distributed throughout the sample. DDH194, 

320m.  (F) Reflected photomicrograph from figure E. Framboids do not clump into 

framboid clusters and are generally homogenous in shape and size.  (G) Reflected 

photomicrograph of secondary cubic pyrite overgrowing framboidal pyrite with very little 

replacement.  (H) Drill core with secondary and framboidal pyrite mimicking the 

sedimentary structures (ripples, cross-stratification, grading).  In this photograph, the 

lighter colored layers contain abundant pyrite. DDH145, 530m. 
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laminations.  Rythmites are made up of muds (up to 20 um) composed mostly of fine-

grained silica; the rythmites lack diagenetic pyrite.  Rare small (1-4mm) lithic clasts 

within the rhythmites have laminations deformed below and draping above indicitative of 

dropstones, further evidence for a glacial environment at the time of sediment deposition.  

Where overlain by diamictite, the rhythmites have commonly been deformed by load 

structures (Fig. 4.4a).   

Well laminated couplets can be constructed in a number of different depositional 

systems including turbidities or contour currents (Eyles, 1993).  In lieu of this, this layer 

will be referred to as a non-genetic "rhythmite" (Elyes, 1993).  This layer was likely 

deposited from sediment settling out of the water column during a period of quiescence in 

the basin.  This layer indicates the lowest basinal energy compared to the deposition of 

the other lithofacies. 

 

 

 

 4.2.4 Laminated pyritic siltstone 

The Grand Conglomerate sequence in the study area contains two correlative 

units of laminated pyritic siltstone (Fig. 3.2,4.4).  The laminated pyritic siltstone units are 

continuous across the central deposit area and range in thickness from 2 to 40 meters. 

Individual beds vary in thickness from millimeters to centimeters and are parallel 

laminated.  They range from massive to normally or reverse graded, and occasionally 

display asymmetric and symmetric ripples  

Laminated siltstone intervals may contain minor conglomerate, diamictite, and 

sandstone beds up to 15 cm thick.  The thin diamictite beds within the laminated siltstone 

intervals are normally graded and contain poorly- to moderately-sorted, rounded to 
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subrounded clasts similar in composition to the clasts within the major diamictite units.  

The presence of grading and laminations indicates deposition from turbidity currents.  

Some of the finer silts may be hemipelagic silts deposited by gravitational settling 

although this would constitute only a very small amount of the sediment  

The laminated pyritic siltstones locally contain isolated, rounded to angular, 

“exotic” clasts 2mm to 5cm in diameter with compositions similar to those in the 

diamictites.  These clasts deform underlying beds and are draped by overlying beds (Fig. 

4.4b).  The isolated nature of the clasts and the deformation of underlying beds suggest 

that they were deposited as dropstones.  These clasts provide evidence of glacial 

sedimentation with clast deposition resulting from the melting of gravel-bearing floating 

ice.  

The laminated pyritic siltstones were likely originally composed of clay and 

micron-scale grains of detrital quartz, feldspar, mica, and carbonate minerals.  Diagenetic 

and hydrothermal alteration has resulted in recrystallization of clay and growth of 

authigenic minerals.  The siltstones now are composed of quartz, potassium feldspar, 

chlorite, carbonate (ankerite >>dolomite), muscovite, and biotite. Pebble and sand grains 

are dominantly composed of quartz.  Ankerite forms crystalline cement within these units 

(Fig. 4.4c).  Pyrite is abundant throughout the laminated siltstones and some beds contain 

over 60 vol. % pyrite (Fig. 4.4d,e).  The majority of pyrite is framboidal and ranges in 

size from less than 2 to approximately 20 microns; average framboid size is 5 to 10 

microns (Fig. 4.4e,f).  Framboids are generally distinct with no amalgamation into 

framboidal clusters.  Secondary diagenetic pyrites overgrow framboids (Fig. 4.4g).  The 

secondary pyrites are most often cubic, occasionally anhedral, and may reach 5 
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millimeters in diameter.  Secondary cubic pyrite also often occurs concentrated in 

distinct, centimeter-scale layers. 

Framboidal and secondary pyrite distribution within individual beds may be 

uniform or mimic sedimentary structures (Fig. 4.4h).  Higher percentages of framboidal 

and secondary pyrite may occur in either the coarser-grained bed tops or bottoms 

depending on whether the beds were normally or reversed graded.  Rip-up clasts of 

siltstone within diamictite layers in the Grand Conglomerate commonly contain 

framboidal pyrite indicating that pyrite precipitation took place during early diagenesis.   

Framboidal pyrite growth generally occurs during diagenesis within centimeters 

of the sediment - water interface and is largely redox dependent (Berner, 1970; 

Sawlowicz, 1993; Wilkin and Barnes, 1997).  The small size of the framboids at Kamoa, as 

well as the lack of agglomerated clumps of framboids, suggest a relatively short growth 

time, typical of anoxic sediments with rapid rates of sedimentation (Wilkin et al., 1996).  

The abundant framboids also suggests the sediments or fluids were rich in iron and 

sulfur.  Framboidal and secondary pyrite in the diamictite probably largely grew in-situ 

though some also represent detrital grains derived from erosion of underlying pyritic 

sediment. 

 

 

 

4.3 Sedimentary environment 

 The Mwashya Subgroup arkosic sandstones, siltstones and conglomerates 

represent deposition in a subaerial, fluvial to marginal marine environment.  The variable 

thickness of the Mwashya Subgroup sediments across the Kamoa area indicates 

significant syn-sedimentary production of accommodation space probably due to active 
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faulting.  These fluvial sediments are abruptly overlain by diamictites of the Grand 

Conglomerate.   

The diamictite units represent rapid deposition of large volumes of sediment.  

Sharp diamictite-diamictite contacts and the abrupt lateral thickness changes indicate 

amalgamation of multiple lobes within the depositional units.  Dropstones in the 

diamictite and siltstone layers indicate deposition took place in a glacial environment.  

The diamictites were probably composed largely of glacial material that was 

resedimented by debris flow into a subsiding basin. The large amount of sediment 

represented by the diamicites was likely generated by mass wasting of ice during 

intervals of glacial retreat (Prosser, 1990; Eyels, 1993; Lonne, 1995; Cowan et al., 1999; 

Plink-Bjorklund and Ronnert, 1999; McMechan, 2000; Knoppes and Montgomery, 

2009).  The geometry and distribution of the turbiditic lenses throughout the Grand 

Conglomerate suggests they are likely submarine channels.  

The laminated pyritic siltstones represent sedimentation likely during a glacial 

maximum when the sediment supply was limited to fine-grained sediments due to the 

lack of mass wasting from melt water at surface (Eyels, 1993; Cowan et al., 1999; 

Knoppes and Montgomery, 2009).  The abundant framboidal pyrite within the laminated 

pyritic siltstone units of the Grand Conglomerate indicate that these sediments underwent 

diagenesis in anoxic conditions, suggesting a relatively deep-water environment (Wilkins 

et al., 1996). 

The sharp contact between the Mwashya and Grand Conglomerate sediments 

represents a disconformity or unconformity and dramatic subsidence or relative sea-level 

rise in the Kamoa area.  The thick Grand Conglomerate sequence at Kamoa indicates 
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rapid formation of accommodation space.  The increase in thickness of diamictites 

between the lower and upper laminated pyritic siltstone units in the southern portion of 

the study area (Fig. 3.2b) strongly suggests local syn-sedimentary fault movement down-

stepping to the south.  Further support of local tectonic activity is provided by the 

presence of basalt flows as well as pillow and hydroclastic breccias in the Kamoa area 

north of the study area (Broughton, pers. comm. 2011). 

The Grand Conglomerate of the Katangan basin has been correlated with age 

equivalent diamictites worldwide interpreted as glacial deposits of the Sturtian Glaciation 

event (Young, 1995; Hoffman et al., 1998; Porada and Berhorst, 2000).  The Grand 

Conglomerate sedimentary sequence at Kamoa suggests that the Sturtian glacial event in 

this area was dynamic with repeated cycles of retreat and advance.  
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CHAPTER 5 

ALTERATION 

 Most of the sedimentary rocks at Kamoa are very fine-grained, thus, routine 

logging focused on the much less abundant coarse-grained minerals.  Because of the fine-

grained nature of the rocks, mineralogical characterization relied on QEMSCAN analysis 

to supplement standard petrography.  The fine grain size also made identification of 

textures and distinguishing between detrital grains, minerals precipitated during 

diagenesis, and minerals resulting from hydrothermal alteration difficult.  

Diagenetic minerals were distinguished by their presence in lithofacies throughout 

the stratigraphy.  In contrast, minerals precipitated during hydrothermal alteration are 

most abundant lower in the stratigraphy.  The mineralogy of Grand Conglomerate is 

systematically zoned over the approximately 1,200m of section observed in the study 

area.  The percentage of higher temperature alteration minerals, i.e. muscovite, biotite, 

potassium feldspar, quartz, and copper sulfides, increase downward through the 

stratigraphic section and are most abundant in the basal portions of the Grand 

Conglomerate and in the underlying rocks of the Mwashya Subgroup.  The stratigraphic 

units most distal to the ore zone, i.e. the upper diamictite Ng 1.1.5 and upper siltstone Ng 

1.1.4, are the units least affected by the hydrothermal alteration.  The mineralogical 

compositions of these upper units were utilized to evaluate the relative abundance of 

detrital, diagenetic, and hydrothermal alteration minerals throughout the section.  
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5.1 Diagenesis and hydrothermal alteration of Mwashya and Grand 

Conglomerate rocks 

The Mwashya Subgroup sandstones, siltstones, and conglomerates likely 

originally contained detrital quartz, feldspar, and clay.  The Grand Conglomerate 

diamictites and siltstones were likely composed mostly of detrital grains of primarily 

quartz and feldspar as well as a variable assemblage of lithic clasts.  Burial diagenesis of 

these rocks at shallow depths (< 2 km) and low temperatures (< ~100°C) would have 

resulted in quartz and possibly feldspar overgrowths, precipitation of quartz and 

carbonate cements, and recrystallization of clays to chlorite (Morad et al., 2000; Tucker, 

2001).  With increased burial and temperature, albitization of feldspar would be expected 

to have occurred together with dolomitization of calcite (Morad et al., 2000; Tucker, 

2001).  Mineral assemblages similar to those formed during deep burial could also have 

been formed at shallower depths with an increased temperature gradient resulting from an 

external heat input such as mafic volcanism, a high heat flow basin, or the influx of 

hydrothermal fluids.  

  

 

 

5.1.1 Mwashya Subgroup 

 The Mwashya Subgroup rocks that form the footwall to the Kamoa deposit 

consist of interbedded sandstones, siltstones, and conglomerates.  The sandstones are now 

dominantly composed of quartz, potassium feldspar, and muscovite (Fig. 5.1a-c) while 

the siltstones consist of quartz, potassium feldspar, calcite, biotite, and muscovite (Fig. 

5.1d).  Quartz is the most abundant mineral in the sandstones and occurs as subrounded 

to subangular detrital grains ranging from 1 to 0.1mm in diameter.  Quartz also forms  
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Figure 5.1: Mwashya Subgroup rocks.  (A) Plain-polarized photomicrograph of Mwashya 

Subgroup sandstone with subrounded detrital quartz and potassium feldspar grains.  The 

quartz grains have irregular shapes due to quartz overgrowths (Qog).  These detrital 

grains are set within a matrix of quartz cement (Qc) with muscovite and calcite. 

DDH084, 172m.  (B) Cross-polarized photomicrograph of A with detrital quartz and 

potassium feldspar grains in a muscovite and quartz (Qc) cement.  (C) QEMSCAN 

image, 2.5 micron resolution, of Mwashya Subgroup sandstone illustrating that the rock 

consists largely of quartz and potassium feldspar with lesser muscovite.  Rounded, 

detrital shapes of both quartz and potassium feldspar are recognizable but are obscured 

by significant secondary quartz and potassium feldspar.  Most potassium feldspar appears 

to be growing between detrital grains and is therefore late.  This potassium feldspar, 

together with secondary quartz, occludes original porosity.  Muscovite forms irregular 

clots between original detrital grains.  This muscovite probably replaced sedimentary and 

diagenetic clays.  Muscovite also occurs along vertically-oriented veinlets.  The sample 

contains minor subhedral to euhedral pyrite. DDH084, 172m.  (D) QEMSCAN image, 

2.5 micron resolution, of Mwashya Subgroup siltstone.  The image shows distinct detrital 

quartz and potassium feldspar grains that are much smaller than the detrital grains in C 

above.  The absence of detrital plagioclase suggests that it was replaced by potassium 

feldspar.  Quartz also forms overgrowths and occurs as cement.  The detrital grains occur 

within a calcite and biotite matrix.  Minor muscovite also occurs with biotite.  Potassium 

feldspar forms irregular zones that appear to be occluding porosity or replacing other 

minerals in the rock, probably clays.  Ankerite replaces calcite, especially adjacent to 

zones with abundant potassium feldspar. DDH159, 946m. 
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anhedral to euhedral overgrowths to detrital quartz grains (Fig. 5.1a,b) and is locally 

present as cement.  Potassium feldspar (orthoclase) is present as subrounded grains (Fig. 

5.1c,d) made up of single crystals or fine-grained crystal aggregates, rhombic 

overgrowths on detrital feldspar grains, and anhedral fine-grained aggregates between 

detrital grains.  Muscovite forms vertically oriented microveinlets within the sandstone 

matrix that wrap around detrital grains (Fig. 5.1a-c).  Sulfides, where present, are 

intergrown with fine-grained quartz and potassium feldspar (Fig. 5.1c).  Calcite was 

likely also precipitated as a cement but was dissolved or replaced during hydrothermal 

alteration and/or later supergene alteration. 

The Mwashya Subgroup siltstones contain quartz and minor potassium feldspar 

and calcite grains in a matrix of biotite and calcite with lesser muscovite.  The finer 

grained siltstones preserve original detrital grain shapes and sedimentary textures better 

than the Mwashya Subgroup sandstones.  Quartz and potassium feldspar grains are fine-

grained with minor overgrowths.  Minor grains of calcite are present and often display 

ankerite replacement rims.  Biotite in the matrix of the siltstones is generally very fine 

grained and is commonly intergrown with coarser (up to 0.2mm long) muscovite grains.  

Locally biotite is replaced by fine-grained, dark colored, probably iron-rich, chlorite.  

Diagenetic alteration of the Mwashya Subgroup resulted in the formation of 

overgrowths on detrital quartz and potassium feldspar grains and the precipitation of 

quartz and calcite cements.  Continued diagenesis is marked by the alteration of 

plagioclase grains to potassium feldspar, the precipitation of potassium feldspar cement, 

and continued quartz cementation that locally occluded porosity.  Clay was converted to 
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muscovite and potassium feldspar and, biotite in the siltstones.  Calcite was progressively 

replaced by ankerite.   

The absence of significant plagioclase and the abundance of potassium feldspar 

and biotite in the Mwashya Subgroup rocks suggest that they have undergone potassic 

alteration similar to that observed in the lower portions of the Roan Group in the 

Zambian Copperbelt (Selley et al., 2005).  The presence of ankerite suggests relatively 

high temperature alteration in the presence of reduced pore fluids (Hendry et al., 2000; 

Kranjewski, 2002; Kranjewski and Wozny, 2009).   

 

 

 

5.1.2 Grand Conglomerate Subgroup 

 The uppermost unit of the Grand Conglomerate in the study area is the upper 

diamictite (Ng 1.1.5) that contains lithic clasts in a matrix of grains ranging in size from 2 

mm to 2.5 microns in diameter (Fig. 5.2a).  The matrix contains both detrital and 

secondary mineral grains.  Quartz is the most abundant detrital mineral followed by 

plagioclase.  Quartz grains are angular to subrounded and commonly display irregular 

edges suggestive of both quartz dissolution and precipitation (Fig. 5.2a).  Detrital 

plagioclase grains are subrounded; many display rims of potassium feldspar.  The finest 

grained portion of the diamictite matrix consists of chlorite with lesser calcite, quartz, 

potassium feldspar, biotite, and ankerite.  Phyllosilicate minerals are generally 

unoriented.  Lithic clasts in the diamictite dominantly consist of quartzite, dolomite, 

gneiss, and basalt.  There appears to be little to no alteration of minerals within these 

clasts. 
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Figure 5.2: Grand Conglomerate Subgroup rocks.  (A) QEMSCAN image, 2.5 micron 

resolution, of uppermost diamictite unit (Ng 1.1.5), over 750 meters above the ore zone.  

Clasts in this image are composed dominantly of quartz, calcite, plagioclase, and 

potassium feldspar in a matrix of mostly fine-grained and Fe-rich chlorite.  Ankerite rims 

calcite grains and crystals. DDH159, 170m.  (B) QEMSCAN image, 10 micron 

resolution, of the upper laminated pyritic siltstone layer (Ng 1.1.4) showing the 

compositional variability of laminations, mostly defined by ankerite, pyrite, biotite, and 

chlorite abundance.  Laminations are planar parallel and exhibit minor normal grading 

most visible in ankerite abundance due to larger pore spaces associated with larger grains. 

DDH130, 479m.  (C) QEMSCAN image, 2.5 micron resolution from upper ankerite rich 

lamination of B. Ankerite forms large aggregates overgrowing framboidal pyrite and 

intergrown with chlorite.  Some ankerite rhombs have dolomite cores.  Chlorite is fine-

grained but locally clumps together.  (D) QEMSCAN image, 2.5 micron resolution, of 

the middle diamictite unit (Ng 1.1.3), about 300 meters above the ore zone, with a 

notable increase in biotite and potassium feldspar compared to the uppermost diamictite 

unit (Fig. 5.2A). Ankerite rims dolomite clasts or crystals. Plagioclase is rimed by 

potassium feldspar.  Biotite is more abundant here compared to the uppermost diamictite 

(Fig. 5.2A) and calcite is largely replaced by dolomite and ankerite. DDH204, 446m.  (E) 

QEMSCAN image of a turbiditic lens, 10 micron resolution, within the middle diamictite 

unit (Ng 1.1.3) illustrating soft-sediment load structures around clasts. Laminations vary 

compositionally with concentrations of ankerite and/or biotite, similar to the laminations 

in the upper siltstone unit. DDH204, 443m.  (F) QEMSCAN image of lower laminated 

pyritic siltstone unit (Ng 1.1.2), 2.5 micron resolution, showing large, unoriented 

muscovite grains. Ankerite crystals are anhedral to subrhombic and are intergrown with 

and overgrow chlorite.  Chlorite occurs predominantly as clumped grains.  Potassium 

feldspar is abundant as grains and cement and is occasionally euhedral.  Compared to the 

upper siltstone unit (Fig. 5.2 b,c) there is considerably more potassium feldspar and larger 

and more abundant muscovite grains. DDH145, 538m. 
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The upper siltstone (Ng 1.1.4), underlying the uppermost diamictite unit, is 

composed of fine-grained (<0.05mm) quartz, chlorite, biotite, ankerite, and potassium 

feldspar with minor muscovite. Detrital grains of quartz and feldspar range up to 0.03mm 

in diameter.  Potassium feldspar is the only feldspar in the upper siltstone suggesting 

complete replacement of detrital plagioclase.  Very fine-grained quartz and potassium 

feldspar with unoriented muscovite, biotite, and chlorite replaced the original clay 

component of the rocks. The siltstones contain distinct ankerite and pyrite-rich beds (Fig. 

5.2b,c).  Ankerite is most common in distinct beds where it forms aggregates of grains 5 

to >100 microns in diameter that overgrow framboidal pyrite and less commonly chlorite 

(Fig. 5.2c).  Larger, commonly euhedral, ankerite grains may contain calcite or dolomite 

cores suggesting that ankerite replaced calcite and dolomite.  Framboidal and secondary 

pyrite is most abundant within, and sometimes adjacent to, ankerite-rich bands (Fig. 

5.3b,c).  The mineral assemblage in the upper siltstone differs from that in the overlying 

Ng 1.1.5 diamictite in containing no plagioclase, less calcite, less chlorite, and more 

abundant pyrite, ankerite, and biotite. 

The middle diamictite (Ng 1.1.3) contains lithic clasts in a matrix of quartz, 

potassium feldspar, biotite, chlorite, muscovite, ankerite, and minor plagioclase (Fig. 

5.2d); turbiditic lenses within the middle diamictite display a similar mineralogy (Fig. 

5.2e).  Detrital grains include quartz, potassium and plagioclase feldspar, and carbonate 

minerals.  Lithic clasts are lithologically similar to those in the diamictite unit above (Ng 

1.1.5).  Much of the detrital plagioclase is partially replaced and rimmed by potassium 

feldspar.  Ankerite is present as anhedral to euhedral grains from 5-100 microns in 

diameter; it commonly replaces dolomite (Fig. 5.2d).  A mixture of fine grained biotite 
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and chlorite with minor quartz, potassium feldspar, and muscovite comprises the matrix 

of the diamictite matrix and the bulk of the turbiditic lenses (Fig. 5.2d,e).  It is unclear 

whether chlorite precipitated prior to biotite, replaced biotite, or has both relationships.  

This middle diamictite unit (Ng 1.1.3) differs mineralogically from the uppermost 

diamictite (Ng 1.1.5) in containing mostly dolomite and ankerite rather than calcite, 

containing significantly more abundant biotite and quartz, and having potassium feldspar 

as the dominant feldspar.  Mafic minerals in lithic clasts within the middle diamictite are 

commonly altered to an assemblage of chlorite +/- biotite and ankerite.   

The lower pyritic siltstone layer (Ng 1.1.2) is comprised of fine-grained quartz, 

potassium feldspar, chlorite, biotite, muscovite, and ankerite (Fig. 5.2f).  In coarser 

grained layers sub-rounded and probably originally detrital grains of quartz, potassium 

feldspar (some possibly replacing detrital plagioclase), and carbonate minerals are 

present.  Rare dolomite cores overgrown by euhedral to anhedral ankerite suggest nearly 

complete replacement of original carbonate grains.  Framboidal pyrite up to 20 microns 

in diameter occurs as an intergranular mineral throughout the siltstone but is concentrated 

into specific beds where it may account for over 60% of the rock by volume (Fig.4.4 d,e).  

Much of the siltstone is composed of a combination of fine-grained quartz, potassium 

feldspar, chlorite, and biotite (Fig. 5.2f).  Chlorite is intergrown with and appears to 

replace fine-grained biotite.  It also overgrows pyrite, potassium feldspar, and quartz 

suggesting a late stage of precipitation.  Muscovite is disseminated throughout the 

siltstone and forms grains up to 100 microns in length that are oriented both parallel and 

perpendicular to bedding.  The lower siltstone contains significantly more potassium 

feldspar and muscovite than the upper siltstone unit.  Pyrite contents of both siltstones are  
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Figure 5.3: Mineralized Grand Conglomerate Subgroup rocks.  (A) QEMSCAN image, 

10 micron resolution, of the basal diamictite (Ng 1.1.1) bornite zone.  Image shows a 

clast of unknown original composition that has likely experienced silicification and 

ankerite alteration with minor biotite/chlorite alteration.  The clast has rims around the 

top and bottom edges which are composed of chlorite, bornite, and concentrations of 

biotite within the matrix.  Bornite and biotite with chlorite are also partially replacing the 

clast.  Muscovite grains are elongated and concentrated around the clast's edges, best seen 

on the lower right corner of the clast. Bornite also completely replaces smaller clasts 

within the matrix and rims chalcopyrite.  Foliation, oriented from the top left to bottom 

right of the image, is visible by the alignment of the fine-grained matrix materials, 

primarily muscovite, and the parallel clast rim orientation. DDH204, 746m.  (B) 

QEMSCAN image, 2.5 micron resolution from image A, of basal diamictite showing the 

alignment of muscovite and the abundance of potassium feldspar in the matrix. Many 

clasts are completely replaced by bornite which is intergrown with chlorite and ankerite. 

A clast in the upper left corner of the image has been fully replaced by sulfides and has a 

chlorite rim. Immediately below is another clast completely replaced by sulfides, 

ankerite, and chlorite, which lacks a mineral rim.  (C) QEMSCAN image, 2.5 micron 

resolution, of a well mineralized turbiditic lens in the basal diamictite (Ng 1.1.1).  

Chalcopyrite is largely the same size as matrix grains suggesting replacement.  Much of 

the intergranular material is potassium feldspar, quartz, and muscovite.  Minor supergene 

kaolinite is present in this sample. DDH099, 96m.  (D) QEMSCAN image, 10 micron 

resolution of image C, of a well-mineralized turbiditic lens in the basal diamictite (Ng 

1.1.1).  Similar to other turbidite lenses, there are abundant soft-sediment deformation 

structures and a variety of grain sizes.  Size of chalcopyrite minerals varies proportionally 

with the grain size of the silicate, carbonate, and pyrite grains suggesting replacement of 

grains by copper sulfides.  This image shows that the mineralogy is dominated by quartz, 

potassium feldspar, muscovite, and chalcopyrite. 
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similar except where the lower pyritic siltstone occurs within the ore zone; in such areas 

the lower pyritic siltstone contains elevated amounts of pyrite and locally some copper 

sulfides and/or sphalerite.  

The basal diamictite (Ng 1.1.1) comprises the main ore zone in the study area.  It 

contains subrounded quartz lithic clasts in a matrix of quartz, sulfide minerals, potassium 

feldspar, muscovite, chlorite, biotite, and ankerite (Fig. 5.3a,b).  Recognizably detrital 

feldspar grains are uncommon and feldspar within the basal diamictite is exclusively 

potassium feldspar.  Dolomite grains are rimmed by and commonly completely replaced 

by ankerite (Fig. 5.3b).  Subrounded chlorite aggregates have similar sizes to 

demonstrably detrital grains. Some of these chlorite aggregates contain minor amounts of 

biotite.  It is unclear whether these chlorite aggregates represent small completely altered 

lithic clasts or detrital feldspar grains or whether they are chlorite precipitated in pores or 

voids.  

The matrix of the basal diamictite is comprised of fine-grained intergrown quartz 

and potassium feldspar with lesser chlorite, muscovite, ankerite, and biotite (Fig. 5.3a,b).  

The matrix also contains abundant fine- to medium-grained sulfide minerals.  Minor fine-

grained biotite is locally present but is commonly replaced by Mg-rich chlorite.  

Muscovite occurs as randomly oriented flakes and vertically oriented microveinlets, 

similar to those in the Mwashya Subgroup rocks of the footwall.  The muscovite 

microveinlests, which may contain minor sulfide minerals and biotite, are most common 

near or immediately adjacent to lithic clasts.  

Lithic clasts in the basal diamictite are often partially to completely altered (Fig. 

5.3a,b).  Quartz-rich clasts display recrystallization of large quartz grains to fine-grained 
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quartz aggregates, sometimes with minor intergrown potassium feldspar.  

Carbonate clasts are partially to completely replaced by fine-grained quartz and/or 

ankerite.  Basaltic clasts are commonly completely altered to chlorite with subsidiary 

biotite, sulfide minerals, and potassium feldspar. Quartzite clasts are commonly rimmed 

by alteration minerals and sulfides but unaltered.   

The extensive turbiditic lenses within the basal diamictite contain quartz, 

potassium feldspar, and muscovite but lack abundant chlorite (Fig. 5.3c).  Detrital grains 

of quartz are prominent and display apparently corroded grain boundaries.  Though 

probably originally present, detrital feldspar and carbonate grains are difficult to 

distinguish in the turbiditic lenses.  The fine-grained portion of these rocks consists of 

intergrowths of potassium feldspar with muscovite and quartz.  Muscovite also forms 

large, unoriented grains.  Chlorite is relatively rare in the turbiditic lenses compared to 

the surrounding diamictite.  Despite the growth of secondary minerals the turbidite lenses 

commonly preserve megascopic sedimentary structures. 

 

 

 

5.2 Mineralogy of rims to lithic clasts within Grand Conglomerate 

diamictites 

 Lithic clasts throughout the Grand Conglomerate diamictites at Kamoa often 

display prominent rims of coarse-grained minerals.  Such rims are thickest and most 

abundant in and proximal to the ore zone within the basal diamictite.  The mineral 

assemblage in these rims changes vertically throughout the stratigraphic sequence.  In the 

upper units of the Grand Conglomerate rims contain Fe-rich chlorite and/or calcite; rims 

within the ore zone toward the base of the Grand Conglomerate commonly contain Mg-

rich chlorite, biotite, potassium feldspar, ankerite, quartz, and copper sulfides.  The   
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Figure 5.4: Clast rims in Grand Conglomerate Subgroup diamictite.  (A) Core photo of 

uppermost diamictite (Ng 1.1.5) clasts with dark, Fe-rich, chlorite alteration rimming a 

calcite clast. DDH204, 201m.  (B) Core photo of well-mineralized diamictite (Ng 1.1.1) 

in the chalcopyrite zone.  Chalcopyrite forms rims primarily on the tops of clasts but also 

occasionally rims the entire clast. Image is about 6 cm across. DDH145, 551m.  (C) Core 

photo of a quartzite clast (Ng 1.1.1) with symmetric chalcopyrite rims on the top and 

bottom edges with slight sense of shear (dextral in this image).  The matrix contains 

abundant fine-grained elongate chalcopyrite which is generally oriented parallel to the 

rims.  The oriented chalcopyrite defines the foliation within the rock. DDH084, 166m.  

(D) Core photo of large rim on top of mafic clast (Ng 1.1.1) composed of bornite 

intergrown with ankerite, potassium feldspar, quartz, and minor biotite and chlorite.  

Pale, Mg-rich, chlorite forms an outer rim about 2mm thick, fibrous, and perpendicular to 

the rim. Core is about 6 cm across, DDH098, 186m.  (E) Core photo of basal diamictite 

(Ng 1.1.1) in the chalcopyrite zone with a fibrous, light, Mg-rich, chlorite outer rim. 

Chlorite is rimming a chalcopyrite-dominated rim on the top and bottom of the silica 

clast. Core is about 6cm in diameter. DDH148, 202m.  (F) Plain-polarized 

photomicrograph of intergrown fibrous chlorite, sulfides, and biotite on clast rim (Ng 

1.1.1).  Biotite is enclosed by chlorite suggesting biotite has been replaced or overgrown 

by chlorite.  Chalcopyrite is intergrown with the biotite-altered chlorite. DD130, 762m.  

(G) Plain-polarized photomicrograph of rim (Ng 1.1.1) with coarse-grained and generally 

sub-euhedral intergrown potassium feldspar, ankerite, chlorite, and chalcopyrite. 

DDH098, 186m.  (H) Cross-polarized photomicrograph showing intergrown chlorite, 

quartz, ankerite, and potassium feldspar in a clast rim (Ng 1.1.2).  The combination of 

undulose extinction in the quartz and apparently bent chlorite crystals together with the 

undeformed appearance of the ankerite and potassium feldspar suggest syn-rotational 

mineral growth. DDH204, 668m. 
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coarse-grained rim mineralogy mirrors the fine-grained alteration mineral assemblages in 

the diamictite matrix except that the rims rarely contain muscovite.   

The rims also become thicker, more abundant, and display more elongate 

morphologies with depth and proximity to the ore zone.  In the uppermost diamictite unit 

(Ng 1.1.5) only about 15% of the lithic clasts have coarse mineral rims.  These mineral 

rims are often composed of dark, Fe-rich chlorite (Fig. 5.4a) or intergrown chlorite and 

commonly euhedral calcite.  These mineral rims commonly completely enclose clasts and 

display a uniform thickness (Fig. 5.4a); the long axes of rim grains are oriented 

perpendicular to clast edges.  

Mineral rims on clasts are more common in the middle diamictite unit than the 

upper diamictite layer (Ng 1.1.3).  The mineral rims of the middle diamictite layer are 

dominated by chlorite, especially in the upper portions of the unit.  They may also 

contain commonly euhedral ankerite, potassium feldspar, and pyrite.  The mineral rims 

commonly display an outer layer of chlorite with a mixed inner mineral assemblage.  

Mineral rims are most abundant and well developed in the lowermost diamictite 

(Ng 1.1.1), particularly near the ore zone, where commonly over 40% of the lithic clasts 

display mineral rims  Mineral rims range from 1mm to 5cm in maximum thickness and 

commonly display irregular thicknesses with thicker rims on the tops and bottoms of 

clasts (Fig. 5.4e-g).  Minerals forming the rims within the lower diamictites include pale, 

Mg-rich chlorite, copper sulfides and more rarely pyrite, ankerite, potassium feldspar, 

quartz, and biotite.  Within well-mineralized zones clasts may have mineral rims that are 

dominated by, or entirely composed of sulfides (Fig. 5.4e,f).  Mineral rims commonly 

have an outer layer of chlorite (Fig. 5.4b) that can be up to 2mm thick.  Beneath the outer 
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chlorite rims the mineral assemblage is generally mixed and may contains small grains of 

biotite (Fig. 5.4c).  The minerals that make up the rims range from 0.01mm up to about 

two millimeters in length.  The minerals in the rims are commonly euhedral (Fig. 5.4d) 

and often have their long axes oriented either perpendicular to the clast edge or parallel to 

the sides of the clasts.  Some well-developed elongate rims display textures that suggest 

clast rotation during mineral growth (Fig. 5.4f,h). 
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CHAPTER 6 

SULFIDE MINERALIZATION 

The grey to dark grey Grand Conglomerate appears to be relatively reduced 

compared to the immediately underlying earthy hematitic Mwashya Subgroup sandstone.  

The redox boundary at the contact between these units is the fundamental control on 

copper sulfide precipitation at Kamoa.  Copper sulfide mineralogy at Kamoa is vertically 

zoned with respect to this redox boundary.  Chalcocite and/or bornite occurs at the base 

of the Grand Conglomerate, chalcopyrite higher in the section, followed stratigraphically 

upwards by pyrite and minor sphalerite and/or galena.  This sulfide mineral zonation is 

typical of sedimentary rock-hosted stratiform copper deposits (Hitzman et al., 2005).  A 

similar zonation may occur laterally at Kamoa but is more poorly constrained due to the 

current extent of drilling. Within the study area copper grades and the thickness of the 

mineralized zone increases toward the east.  The total thickness of the hypogene sulfide 

zone at a 1% Cu cutoff ranges from 2 to 15 m in the study area.  

There were two main stages of sulfide precipitation at Kamoa.  The earliest was 

during diagenesis and formed abundant framboidal and cubic pyrite.  Framboidal and 

secondary cubic pyrite are most abundant in the laminated pyritic siltstones.  While 

significant framboidal and secondary cubic pyrite may occur in some turbitidic lenses 

they appear to be relatively rare in diamictite layers.     

A later period of dominantly copper sulfide mineralization affected the uppermost 

Mwashya Subgroup rocks, the lower diamictite unit of the Grand Conglomerate, and 

locally the lower siltstone unit.  This event resulted in the precipitation of copper ore 
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minerals including chalcocite, bornite, and chalcopyrite as well as pyrite, 

sphalerite, and galena.  Ore stage pyrite is distinguished from secondary cubic pyrite by 

its more irregular and anhedral shape as well as occurrences in mineral rims to lithic 

clasts.  Unlike secondary cubic pyrite whose distribution appears to be controlled largely 

by lithofacies, ore stage pyrite is zoned vertically and is most abundant near the base of 

the Grand Conglomerate.  Copper sulfides both overgrow (Fig. 6.1a,b), and replace the 

diagenetic framboidal and secondary cubic pyrite often mimicking the pyrite shape (Fig. 

6.1c,d).   

Chalcocite, bornite, and chalcopyrite are concentrated in the lower diamictite (Ng 

1.1.1) unit of the Grand Conglomerate where they may account for between 5 to 10% by 

volume of the rock.  These sulfides occur as both very fine-grained (<50 microns) 

disseminations throughout the diamictite matrix and as coarse-grained crystals that rim 

or, particularly in the case of the mafic igneous clasts, partially to completely replace 

clasts.  Fine-grained sulfides are usually anhedral and generally equi-dimensional.  The 

sulfide mineral assemblage is generally similar in both the fine-grained disseminated 

sulfides and the coarse-grained clast rim sulfides at a particular location suggesting that 

both were precipitated simultaneously.  Vein-hosted sulfide minerals are rare to absent at 

Kamoa.   

Copper sulfides occur preferentially along coarser-grained, more permeable layers 

particularly within the basal turbiditic lens.  Similar relationships in the sedimentary rock 

hosted copper deposits of the Zambian Copperbelt have been interpreted to indicate 

mineralization prior to complete lithification of the host rocks (Selley et al., 2005) or  
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Figure 6.1: Framboidal and secondary pyrite within the Grand Conglomerate Subgroup. 

In frames A,B, and D, the lighter yellow color is pyrite and the darker shades are 

chalcopyrite. Frame C the purple and pink colors are bornite.  (A) Reflected light 

photomicrograph of coarse-grained chalcopyrite overgrowing framboidal pyrite grain 

within the lower laminated siltstone (Ng 1.1.2). DDH130, 766m.  (B) Reflected light 

photomicrograph of coarse-grained chalcopyrite overgrowing secondary cubic pyrite 

within the lower laminated siltstone (Ng 1.1.2). DDH194, 320m.  (C) Reflected light 

photomicrograph of bornite that has largely replaced framboidal pyrite within the basal 

diamictite (Ng 1.1.1). DDH145, 558m.  (D) Reflected light photomicrograph of incipient 

chalcopyrite replacement of framboidal pyrite in a lower turbiditic lens (Ng 1.1.1). 

DDH194, 320m. 
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mineralization within alteration-generated porosity (Hitzman pers. comm., 2011).  Thus, 

the copper sulfide mineral textures may indicate that mineralization took place relatively 

early, perhaps while the Grand Conglomerate was still being deposited.  

Coarse-grained copper sulfides and pyrite in rims to lithic clasts within the lower 

diamictite are often intergrown with and locally appear to replace chlorite, biotite, 

potassium feldspar, quartz, and ankerite.  The rim sulfides are generally anhedral, 

massive, and may form crystals up to 5cm in length.  Though these coarse-grained copper 

sulfides visually catch the eye they generally represent less than 10% of the total sulfide 

content of the rocks. 

Though relatively uncommon in the study area, elsewhere in the deposit sphalerite 

and galena are present stratigraphically above zones with well-developed copper sulfides.  

Sphalerite and galena form both disseminated grains and occasionally are present as 

coarse grains within clast rims.  Their textures mimic those of the copper sulfides.  

 

 

 

6.1 Sulfide mineral zonation 

Ore stage copper sulfides and pyrite display a distinct vertical zoning. Within the 

footwall, copper sulfide zonation is poorly developed below the Grand Conglomerate-

Mwashya contact.  The sequence is the same as seen in the diamictite, chalcocite to 

bornite to chalcopyrite to pyrite, though it progresses downward from chalcocite to 

chalcopyrite.  Mineralized thicknesses in the footwall sandstones rarely exceed 1 meter 

and grades are generally low.  

The mineral zonation from the contact of the footwall sandstone upwards through 

the lower diamictite (Ng 1.1.1) to the lower pyritic siltstone (Ng 1.1.2) defines the classic 
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sequence (hematite-) chalcocite-bornite-chalcopyrite-pyrite.  Hematite zones are rare and 

the chalcocite and bornite zones are not always well developed.  There is typically an 

overlap between individual sulfide zones which is most easily observed in the mineral 

rims.  Where mineral zones overlap more copper-rich sulfides are observed to rim or 

replace more copper-poor sulfides.  

The outer pyrite zone, locally with abundant sphalerite, commonly extends 

hundreds of meters above the copper ore zone.  Trace element geochemistry indicates 

that minor enrichments of Pb and Co occur at the outer edge of the copper zone such that 

the overall metal zoning pattern moving outward is Cu-Co-Pb-Zn (Broughton and 

Rogers, 2010).  

 

 

 

6.2 Mineral alignment of alteration minerals and sulfides in the diamictite 

 Secondary minerals in the lowermost diamictite unit (Ng 1.1.1) of the study area 

including muscovite, sulfides, chlorite, biotite, and ankerite locally display a steeply 

dipping elongation and alignment (Fig. 5.4e,f).  Although this fabric is best developed 

within the mineralized zone similar textures are locally present within the uppermost 

footwall sandstones of the Mwashya Subgroup and within the lower siltstone unit of the 

Grand Conglomerate Subgroup (Ng 1.1.2).  Mineral grains with similar orientations are 

rarely observed in the middle diamictite unit (Ng 1.1.3) and appear to be absent above 

this stratigraphic level.  The fabric appears to strike parallel to the NNE-trending 

structure to the east of the Kamoa deposit (Fig. 3.1) and dip to the west. 

Where the alignment is strong, fine-grained disseminated sulfides and alteration 

minerals (ankerite and phylosilicates most commonly) display elongation within the 
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matrix.  This fabric is particularly well developed in diamictite matrix adjacent to clasts 

and in some rim minerals.  Minerals growing on the top or bottom of a clast would 

experience less horizontal stress than minerals growing on the sides of clasts due to the 

strain shadow effect of the rigid clasts. Thus, the processes that formed this fabric may 

have been an important control on the growth of minerals on the tops and more rarely on 

the bottoms of clasts.   

Texturally this fabric resembles a foliation.  However, its restricted occurrence 

within a particular stratigraphic level coincident with mineralized zones and its 

heterogeneous development within this zone suggest it did not form as a typical, 

deformation-related foliation.  

 

 

 

6.3 Paragenetic sequence of alteration and mineralization 

Both fine- and coarse-grained mineral assemblages are zoned relative to the redox 

contact between the Mwashya Subgroup and the Grand Conglomerate (Fig. 6.2).  The 

positions of these mineral assemblages indicates that the hydrothermal fluids responsible 

for alteration and mineralization at Kamoa entered the Grand Conglomerate sequence 

along this contact. 

The fine-grained hydrothermal alteration mineral assemblage (quantified from the 

QEMSCAN analysis; Table 6.1) changes from an assemblage dominated by calcite and 

Fe-rich chlorite at the top of the altered zone to an assemblage of quartz, muscovite, 

potassium feldspar, biotite, Mg-rich chlorite, ankerite, and sulfides at the base of the 

altered zone.  The assemblage of coarse-grained minerals forming rims on lithic clasts  
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Figure 6.2: Schematic distribution of alteration minerals and sulfides through the 

uppermost Mwashya Subgroup and the lower Grand Conglomerate Subgroup in the study 

area of the Kamoa deposit.  These abundances are data from QEMSCAN quantitative 

results of thin-section analysis (Table 6.1).  There is a disparity of the amount of data 

available between different stratigraphic units that is indicated in the far right column.  

Fine-grained alteration minerals change from quartz-muscovite-potassium feldspar-

ankerite in the footwall and basal diamictite (ore host) to biotite-calcite-chlorite with 

increasing stratigraphic height.  Biotite drops off sharply above the Ng 1.1.4 siltstone and 

is replaced by chlorite.  Though biotite is replaced by chlorite at Kamoa, petrography 

suggests that significant biotite did not grow above Ng 1.1.4.  Ankerite is most abundant 

in the laminated pyritic siltstones and likely represents alteration of original diagenetic 

carbonate (dolomite or calcite) cement.  The coarse-grained rim alteration minerals show 

a similar pattern of mineralogy from quartz-ankerite-potassium feldspar-biotite 

dominated in the basal diamictite to calcite-chlorite dominated in the upper stratigraphic 

layers.  Muscovite is absent in clast rim mineral assemblages and abundant in the lower 

diamictite (Ng 1.1.1) matrix.  The footwall Mwashya Subgroup sedimentary rocks 

contain minor hematite.  Framboidal pyrite is most abundant in the laminated pyritic 

siltstones although it is present in the diamictite layers above the ore zone.  Framboidal 

pyrite in the matrix of diamictites and within siltstone layers was replaced by copper 

sulfides within the ore zone.  Copper sulfide minerals show a typical progression from 

chalcocite to bornite to chalcopyrite up-section through the mineralized zone in the 

diamictite as well as a similar zonation downward into the footwall. Copper sulfides are 

also present to a limited degree in the Ng 1.1.2 siltstone.  Sphalerite is rare although it 

does occur throughout the upper stratigraphic layers; it is most common within the upper 

laminated pyritic siltstone. 
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Table 6. 1: QEMSCAN quantitiatve data.  Lithology codes: SSL-siltstone, SSD-

sandstone, SDT-diamictite, TL-turbiditic lens, LPS-laminated pyritic siltstone. 
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within diamictite units display a similar vertical systematic pattern.  Mineral rim shape, 

size, and abundance also change systemmatically with depth.   

 The mineral assemblages in the alteration zone at Kamoa suggest that three types 

of hydrothermal alteration (potassic alteration, silicification, and magnesian alteration) 

affected the rocks.   

Potassic alteration is characterized by the increased abundance and mineral size of 

potassium feldspar and biotite in the matrix and in rims as well as the increase of 

muscovite in the matrix toward the base of the Grand Conglomerate.  These minerals are 

concentrated within and adjacent to the ore zone and are intergrown with sulfides.  This 

mineral assemblage is similar to that observed throughout the Zambian Copperbelt 

(Selley et al., 2005).  The coarse-grained quartz in rims and silicification of clasts 

towards the base of the Grand Conglomerate suggests that silicification also occurred at 

Kamoa.  Silicification is a common alteration type in the copper deposits within the 

Mines Series Group rocks throughout the Congolese Copperbelt (Muchez et al., 2008; El 

Desouky et al. 2009).   

Chlorite commonly forms the exterior layer on clast rims indicating it is 

paragenetically late relative to potassic alteration, silicification, and sulfide precipitation 

(Fig. 6.3).  Chlorite is pervasive throughout the stratigraphic sequence at Kamoa, unlike 

potassium feldspar and biotite which are most common the lower stratigraphic units.  

Chlorite is commonly associated with mineralized assemblages in the Mines Series 

deposits and is taken as evidence of magnesian alteration associated with copper 

mineralization (Selley et al., 2005; Muchez et al., 2008; El Desouky et al. 2009).  

However, chlorite at Kamoa appears to have been precipitated after most sulfides.  Thus,  
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Figure 6.3: Paragenetic sequence of diagenetic, alteration, and sulfide minerals at Kamoa.  

The timing relationship between diagenesis and hydrothermal alteration is not known.  

Ankerite would have formed during diagenesis with elevated basin fluid temperatures.  

Chlorite formed from diagenetic alteration in fine-grained sediments as well as a late 

hydrothermal alteration mineral forming the outer mineral layer on rims throughout the 

stratigraphy and changes changing from Mg-rich to Fe-rich chlorite up stratigraphy.  The 

majority of the minerals formed during hydrothermal alteration were precipitated at the 

same time and concentrated in the basal diamictite unit along with the copper sulfides.  

The precipitation of ore-stage pyrite was likely long-lived due to its extensive presence 

within the stratigraphy and it was replaced completely within the ore body.  Sphalerite 

precipitated both late and distally to the ore body. 
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textural evidence suggests that potassic alteration and silicification occurred with sulfide 

mineralization while magnesian alteration was likely a post-ore event. 

The age of hydrothermal alteration and copper mineralization at Kamoa is poorly 

constrained.  Copper sulfides replace diagenetic pyrite and occur along vertically oriented 

microveinlets that locally impart a mineral alignment to the rocks.  However, this 

foliation is best developed only in the basal portion of the Grand Conglomerate 

suggesting it is not related to a regional tectonic event but rather to localized fluid escape. 

Copper sulfides at Kamoa occur preferentially along coarser-grained, more permeable 

layers suggesting that mineralization took place relatively early.  Deposition of the Grand 

Conglomerate occurred at approximately 750 Ma, concurrent with initial salt diapirism 

(Selley et al., 2010).  Compression related to salt movement may have induced escape of 

heated basinal brines along basin edges at locations like Kamoa.  Thus, mineralization at 

Kamoa may have been initiated during relatively shallow burial of the host rocks to the 

deposit. 

 

 

 

6.4 Supergene alteration 

Where the Kamoa ore zone intersects the present day surface a typical supergene 

leached cap with local zones of oxide enrichment have developed.  The leached zone has 

a vertical thickness of approximately 10 to 50m, and contains only trace amounts of 

copper.  Feldspar within this commonly vuggy zone is often altered to clay.  Secondary 

chalcocite, with minor native copper and cuprite, defines a supergene enriched zone that 

locally extends to as much as 250m vertical depth.  Supergene assemblages are best 

developed and extend to greater depths within fracture zones and along the basal 
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diamictite-sandstone contact.  Grades of >5% Cu are common within supergene zones.  

Malachite and chrysocolla occur locally, generally after chalcocite.  Though the 

breakdown of pyrite in the hanging wall of the copper mineralized zone, combined with 

weathering of copper sulfides, allowed copper to be mobilized within the supergene 

environment, the lack of abundant carbonate or an obvious reductant in the host rocks 

apparently limited the development of a significant copper enriched blanket.  
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 CHAPTER 7 

SULFUR ISOTOPES 

The sulfur isotopic compositions of sulfides and sulfates were investigated to 

better constrain sources of sulfur in the Kamoa system (Fig. 7.1).  Samples of footwall 

pyrite as well as framboidal pyrite, secondary cubic pyrite, fine-grained and coarse-

grained copper sulfides, sphalerite, and ore-related pyrite in the Grand Conglomerate 

were analyzed together with pyrite, bornite, and sphalerite within the extrusive mafic 

rocks to the northeast of the deposit.  Anhydrite from several beds in the footwall 

Mwashya Subgroup siliciclastic rocks in the southern Kamoa deposit area were also 

analyzed. 

 Framboidal pyrite within the lower pyritic siltstone (Ng 1.1.2) displays light δ
34

S 

sulfur isotopic values of between -11 and -5 ‰ (Fig. 7.2a,b).  Framboidal pyrite in the 

upper siltstone (Ng 1.1.4) is isotopically heavier, ranging from -5 to +3 ‰ (Fig. 7.2a).  

Secondary pyrite within the lower siltstone layer has a range of isotopic values similar to 

those of framboidal pyrites (Fig. 7.2b). Sulfides within the ore zone have δ
34

S values 

between -12 and +3‰ with most values between -12 to -5‰, overlapping the values of 

framboidal pyrite in the lower pyritic siltstone.  Copper sulfides in the basal diamictite 

(Ng 1.1.1) have δ
34

S sulfur isotopic values that range from -11 to 0 ‰ with the majority 

concentrated between -11 and -5 ‰ (Fig. 7.2a,b).  Ore-stage coarse-grained rim pyrite in 

the middle diamictite unit (Ng 1.1.3) that is texturally similar to copper sulfides has δ
34

S 

sulfur isotopic values that range from -6 to 0 ‰, slightly heavier than the copper sulfides 

and diagenetic pyrite of the lower units and slightly lighter than the diagenetic pyrite of  
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Figure 7.1: Frequency plot of sulfate and sulfide mineral sulfur isotopic data. Anhydrite 

from the Mwashya Subgroup has values clustering around a δ
34

S value of 20‰, typical of 

Neoproterozoic seawater (Claypool et al., 1980; Strauss et al., 2001).  Pyrite above δ
34

S 

16‰ and the sphalerite are from the basaltic rocks north of the Kamoa deposit.  The 

pyrite between δ
34

S 10‰ and δ
34

S 13‰ are from the footwall Mwashya samples.  The 

majority of sulfides from the Kamoa ore body have sulfur isotopic values between -12 

and -5‰.  

 

the overlying siltstone unit (Fig. 7.1b).  Pyrite from the footwall sandstones at Kamoa has 

δ
34

S values ranging from +10 to +12‰.  Disseminated and vein-controlled pyrite, 

bornite, and sphalerite within the extrusive mafic rocks emplaced to the northeast of the 

deposit near the base of the Grand Conglomerate display the heaviest δ
34

S sulfur isotopic 

values observed at Kamoa ranging from 0 to +29‰ with bornite at 0‰, pyrite +15 to 

+17‰, and sphalerite +20 to +29‰ (Fig. 7.1).  Anhydrite from the Mwashya Subgroup 

has δ
34

S sulfur isotopic values ranging from +16 to +21‰ and averaging approximately 

+20‰ (Fig. 7.1). 

 The δ
34

S sulfur isotopic composition of seawater during the Neoproterozoic at the 

onset of the Sturtian glaciation was +15 to +25 ‰ (Claypool et al., 1980; Strauss et al., 

2001), similar to the values obtained from anhydrite at Kamoa (+16 to +21‰) and 

elsewhere in the Zambian Copperbelt (Selley et al., 2005).   
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 The light isotopic signature of the framboidal pyrite is likely a product of bacterial 

sulfate reduction (BSR) of seawater sulfate (Ohmoto and Rye, 1979; Ohmoto et al., 

1990).  The framboidal pyrite displays a general trend toward heavier sulfur isotopic 

values upward through the Grand Conglomerate section, from the basal diamictite to the 

upper pyritic siltstone (Fig. 7.2a).  This trend could be due to sedimentation within an 

enclosed or restricted basin with depletion of available sulfate through time.  A 

progressive decrease in seawater mixing could have resulted from extensive glaciation; 

however, the tubiditic environment of sediment deposition represented by the Grand 

Conglomerate should have been conducive to seawater mixing.  The trend could also 

reflect a global change in the sulfur isotopic composition of seawater through time.  

Sulfate in carbonates overlying Sturtian glacial deposits reach isotopic values of +40 δ
34

S 

‰ (Hurtgen et al., 2002, 2004, 2005) indicating that seawater sulfate became heavier at 

the end of the Sturtian glacial event as sulfate   

Within the lower stratigraphy of the Grand Conglomerate at Kamoa diagenetic 

(both framboidal and secondary cubic) pyrite and copper sulfides display overlapping 

isotopic values (Fig. 7.2b) suggesting that copper sulfides inherited reduced sulfur from 

earlier formed diagenetic pyrite.  Inheritance of sulfur during copper sulfide replacement 

is supported by the textures of some fine-grained copper sulfides in the diamictite matrix 

and siltstones that are similar in size and shape to framboidal pyrite.  Coarse-grained 

copper sulfides share these light sulfur isotopic values as well, suggesting that they also 

derived at least some of their reduced sulfur from framboidal pyrite.  
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Figure 7.2: Sulfur isotopic values of sulfides in relation to stratigraphic position at 

Kamoa.  Diagenetic pyrite, framboidal (fr py) and cubic (cb py), sulfur isotopic values 

cluster between -12 and -5‰, suggesting biogenic sulfate reduction of seawater as a 

source of reduced sulfur.  Copper sulfides and ore-stage pyrite (rim py) display values 

similar to those of pyrite suggesting much of their sulfur was inherited from earlier 

formed pyrite.  (A) All sulfides display a general trend towards heavier isotopic values up 

section.  (B) Expanded view of the ore zone with the footwall and basal part of the 

hanging wall.  This shows the consistency between the diagenetic, framboidal and cubic, 

pyrite of the hanging wall pyritic siltstone and the copper sulfides of the basal diamictite 

and turbiditic lens.  Sulfides at the base of the Grand Conglomerate get heavier towards 

the contact suggesting at least partial derivation of sulfur from the footwall Mwashya 

sulfur.  The Mwashya pyrite sulfur might be sourced from anhydrite or mafics. 
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There is a trend toward heavier sulfur isotopic values in copper sulfides adjacent 

to the lower contact of the basal diamictite (Fig. 7.2b).  These relatively heavy sulfur 

isotopic values suggests that sulfur was derived at least in part from dissolution of 

isotopically heavy anhydrite within the underlying Mwashya Subgroup rocks.  This 

reduced sulfur was probably produced through thermochemical sulfate reduction (TSR).  

Sulfides within the mafic volcanic rocks in the Kamoa area also display relatively heavy 

sulfur isotopic values that probably reflect TSR of seawater sulfate. 

 Sulfides at Kamoa display a relatively homogeneous distribution of sulfur isotopic 

values compared with deposits in the Zambian Copperbelt (Selley et al., 2005).  Sulfur 

isotopic values in sediment-hosted sulfides from throughout the Central African 

Copperbelt range from approximately -19 to +18 ‰ (Dechow and Jensen, 1965; Annels, 

1989; Sweeney and Binda, 1989; McGowan et al., 2003; Lerouge et al., 2005; Selley et 

al., 2005; Haest et al., 2009).  This wide range of isotopic values is attributed to 

derivation of reduced sulfur from seawater sulfate through both BSR and TSR over a 

long period of time (Selley et al., 2005).  

 Diagenetic (framboidal) pyrite from the Nkana (Muchez et al., 2010) and 

Nchanga (McGowan et al., 2006) deposits in the Zambian Copperbelt have sulfur isotope 

values of -16 to -9 ‰ similar to diagenetic pyrite at Kamoa.  However copper sulfides in 

these deposits are generally isotopically heavier than those at Kamoa suggesting different 

mechanisms for the generation of reduced sulfur during copper mineralization.  

Framboidal pyrite from the giant Kamoto Cu-Co deposit, hosted in the Mines Series of 

the Upper Roan Group, immediately east of Kamoa have δ
34

S values that range from -

28.7 to 4.5 ‰ (El Desouky et al., 2010), a much larger range than observed at Kamoa.  
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Copper sulfides from Kamoto have an even wider range of δ
34

S values (-20 to +21 ‰; 

Dechow and Jensen, 1965; El Desouky et al., 2010) suggesting multiple sulfur sources 

and production of reduced sulfur from seawater sulfate by both BSR and TSR (El 

Desouky et al., 2009).  

The sulfur isotopic data from Kamoa suggest that the majority of reduced sulfur 

in the rocks was formed during early bacterial sulfate reduction and recycled during 

copper mineralization.  Minor amounts of reduced sulfur from thermochemical reduction 

of both evaporitic anhydrite and seawater sulfate were fixed in sulfides in the upper 

Mwashya Subgroup rocks and in volcanic rocks.  However, unlike most other deposits of 

the Central African Copperbelt, Kamoa appears to represent a single pulse of intense 

copper mineralization and lacks a heterogenous sulfur isotopic pattern typical of a multi-

stage mineralization process.  

  



69 

 

CHAPTER 8 

FLUID INCLUSIONS 

Samples for fluid inclusion analysis were selected from the chalcopyrite zone of 

the ore horizon within the basal diamictite (Ng 1.1.1) in two drill holes (DD098, DD145).  

The fluid inclusions analyzed are hosted in coarse-grained ankerite crystals within a 

mineralized alteration rim around a diamictite clast.  The rim contains coarse-grained 

chalcopyrite with euhedral ankerite, quartz, potassium feldspar, chlorite, and biotite.  

Multiple fluid inclusion assemblages (FIAs, Goldstein and Reynolds, 1994) from crystal 

growth zones were measured within each ankerite crystal.  Inclusions within FIAs are 

small (2 - 5 µm), of equant to irregular shape, and two phases with consistent liquid to 

vapor ratios and thus consistent homogenization temperatures.  FIAs from DD145 

contain primary fluid inclusions (Fig. 8.1); the FIAs from DD098 are probable primary 

fluid inclusions. 

 The FIAs yield homogenization temperatures (Th) of 230 - 240 
o
C in DD145 and 

210 - 220 
o
C in DD098.  Salinity measurements were the same for the FIAs in both 

samples.  Final hydrohalite melting occurred at ~ -20 
o
C, corresponding to salinities of 

~23-26 wt% NaCl wt eq..  The eutectic melting point occurred at approximately -45 
o
C 

indicating a mixed Na-Ca brine; other elements may also be present within the fluids.  

Fluid inclusions of unknown origin within the DD145 crystal yielded similar results. 

 The fluids responsible for precipitation of the sulfide and silicate minerals in the 

clast rims in the diamictite were highly saline and heated beyond what would be expected 

for shallow burial.  Using an average geothermal gradient of 15
o
C/km, a fluid  
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Figure 8.1: Fluid inclusions photomicrographs  (A) Plain-polarized photomicrograph of 

primary fluid inclusions analyzed in ankerite intergrown with chlorite and chalcopyrite in 

clast rim.  The red dashed line outlines the inner, fluid inclusion-rich crystal core which is 

surrounded by an outer growth zone devoid of abundant fluid inclusions.  DDH145, 

552m.  (B) Plain-polarized photomicrograph from image A with arrows indicating some 

of the measured fluid inclusions. The inclusions are all located at the edge of the crystal 

core. 
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temperature of 220 
o
C gives a burial depth of approximately 14 kilometers, which is 

highly unlikely from the currently known stratigraphy of the region.  Mineral textures 

suggest that copper sulfides and gangue minerals were precipitated from the same fluid 

so the fluid inclusion data from the ankerite is assumed to be representative of the rim 

mineralizing fluids.   

Fluid inclusion studies throughout the Central African Copperbelt have provided a 

wide range of results (Fig. 8.2).  The studies most proximal to Kamoa are from the 

Kamoto mine in the Kolwezi dome area.  Fluid inclusions in dolomite from an 

unmineralized cherty dolomite layer of the Mines Series at Kamoto yielded 

homogenization temperatures of 200 to 240 
o
C and salinities approximately 40 wt% NaCl 

wt eq. (Pirmolin, 1970, Dewale, 2008).  Later work reported these measurements to be 

from stretched inclusions and therefore suspect (Dewale, 2008).  Inclusions in quartz 

associated spatially associated with sulfides at Kamoto provided homogenization 

temperatures between 140 to 162 
o
C and salinites between 8 and 18 wt% NaCl wt eq. 

(Dewale, 2008).  El Desouky et al. (2009) in a subsequent fluid inclusion study at 

Kamoto reported finding two different fluid populations.  The earlier fluid inclusion 

population was interpreted to have been trapped during an early hydrothermal diagenetic 

event associated with "typical" stratiform copper sulfides.  This group of inclusions has a 

Th of 115 to 220 
o
C and 11 to 21 wt% NaCl wt eq..  Fluid inclusions in quartz and 

carbonate veins associated with a later, possibly syn-orogenic, hydrothermal event have 

Th’s of  270-320 
o
C and salinities of 35 to 40 wt% NaCl wt eq..  

 The probable long-lived nature of the Copperbelt mineralizing system (Hitzman et 

al., 2010) likely produced a variety of different fluids through time.  Fluid inclusion 
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assemblages must be carefully related to specific mineral assemblages to ensure 

knowledge of exactly what event the fluid inclusions represent.  While the fluid inclusion 

data from throughout the Copperbelt displays a wide range of results there are two 

general groupings, a lower temperature (80 to 220 
o
C), low to high salinity fluid and a 

higher temperature (260 to 389 
o
C), high salinity fluid.  Unfortunately these groups of 

fluids do not appear to be easily divisible into distinct geological events within the 

district.  For example, late, or orogenic related, fluids from Nkana are reported to be 

lower temperature and low salinity (Muchez et al., 2010) while orogenic-related fluids at 

Kamoto are reported as high temperature and high salinity (El Desouky, 2009).  

 The fluids at the Kamoa deposit appear to be intermediate between the two 

generalized groupings of fluid inclusion data from the Central African Copperbelt.  Due 

to the apparent simplicity of the Kamoa mineralizing system relative to other Copperbelt 

deposits, at least based on the sulfur isotopic data, it is likely that the robust fluid 

inclusion data from this study represents a truly reliable data set on mineralizing fluids 

from this mineralized district.  However, the data from Kamoa is not representative of the 

mineralized district because the other deposits of the CACB likely include multiple 

hydrothermal and mineralizing events. 
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Figure 8.2: Plot of available fluid inclusion salinity and homogenization temperatures 

from throughout the Central African Copperbelt.  The green boxes are data from Zambian 

Copperbelt deposits (Annels, 1989; McGowan et al., 2003, 2006; Greyling et al., 2005; 

Muchez et al., 2010) while the blue boxes are data from deposits in the Congolese 

Copperbelt (Richards, et al., 1988; Heijlen et al., 2008; Haest et al., 2009).  Many of these 

studies give a wide range of either salinities and/or 
o
C Th.  The red box is the data from 

the Kamoa deposit.  The Kamoa data is more highly constrained than many of the other 

data sets and does not fit within the two general clusters of regional data, hot and saline 

or cool with variable salinity. 
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CHAPTER 9 

DISCUSSION 

 The Kamoa copper deposit is a Kupferschiefer-type sedimentary rock-hosted 

stratiform copper deposit situated in a classic basin margin position.  The Kamoa ore 

body is located within relatively reduced strata of the Grand Conglomerate diamictites 

that directly overlie oxidized Mwashya sedimentary rocks.  This stratigraphic oxidation-

reduction boundary appears to have formed the first order control on copper sulfide 

precipitation.  The deposit is hosted in a non-traditional sedimentary unit for deposits in 

the Central African Copperbelt, although it is lithologically and structurally similar to 

many siliciclastic-hosted deposits in the Roan Group of the Zambian Copperbelt.   

 The Grand Conglomerate diamictites, turbiditic lenses, and siltstones were 

deposited during the global glacial Sturtian event with a maximum age for sediment 

deposition of ca. 750 Ma defined by the age of mafic volcanic rocks interlayered with the 

Grand Conglomerate unit throughout the Central African Copperbelt (Rainaud et al., 

2000; Key et al., 2001; Barron, 2003).  At Kamoa the Grand Conglomerate sequence 

locally contains unusually high amounts of early diagenetic framboidal pyrite suggesting 

that warm iron-rich fluids debouched into the sediments, perhaps focused in this area due 

to a lateral pinch-out of the footwall sediments at the edge of the main Katangan paleo-

basin.  The increase in sulfur isotopic values of diagenetic pyrite upwards through the 

Grand Conglomerate stratigraphic succession at Kamoa suggests sediment deposition and 

pyrite formation within a relatively closed basin due to glacial ice coverage.   
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Diagenetic sulfide precipitation was followed by an intense potassic alteration and 

silicification event focused in the lower stratigraphic units of the Grand Conglomerate 

producing potassium feldspar, quartz, muscovite, and biotite as well as altering original 

diagenetic carbonates to, and also precipitating, ankerite.  This event was at least in part 

temporally associated with copper mineralization.  This association of copper sulfides 

with potassic alteration is similar to that observed in the deposits of the Zambian 

Copperbelt (Selley et al., 2005).  Potassic alteration, silicification, and copper sulfide 

mineralization is zoned vertically at Kamoa.  The most intense alteration and 

mineralization occurs at the base of the Grand Conglomerate indicating that the 

hydrothermal fluids utilized the underlying Mwashya Subgroup siliciclastic rocks as an 

aquifer.   

A pervasive magnesian alteration event followed potassic alteration and early 

copper mineralization.  This event produced extensive chlorite alteration in 

stratigraphically higher levels in the Grand Conglomerate than those affected by the 

earlier potassic alteration and silicification event.  Copper mineralization continued 

during this alteration event as evidenced by chlorite intergrown with copper sulfides.  

This later magnesian event is similar to alteration prominent in the deposits of the 

classical Congolese Copperbelt (Hitzman, 2010; Muchez et al., 2010; Selley et al., 2010). 

Hydrothermal fluids responsible for copper precipitation at Kamoa were 

moderately saline (~23-26 wt% NaCl wt eq.,) and had temperatures of approximately 

210-240 
o
C.  These values are intermediate to those reported from many other Copperbelt 

deposits.  The sulfur isotopic composition of the copper sulfides at Kamoa is similar to 

that of diagenetic pyrite suggesting that the reduced sulfur for the copper-mineralizing 
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event was derived from pre-existing framboidal pyrite.  However, while fine-grained 

copper sulfides in the Grand Conglomerate can occasionally be observed to replace 

diagenetic pyrite and fine-grained copper sulfides are similar in size to diagenetic pyrite, 

petrographic analysis has not demonstrated that the Grand Conglomerate contained a 

sufficient volume of diagenetic pyrite to account for the observed volumes of both fine- 

and coarse-grained copper sulfides.  Kamoa differs from most other Central African 

Copperbelt deposits in displaying a relatively restricted range of sulfur isotopic values 

suggesting that unlike many Copperbelt deposits it was produced during a single 

mineralizing event. 

There is contradictory textural evidence as to the degree of lithification of the host 

rocks at Kamoa at the time of mineralization. The abundance of fine-grained and 

disseminated sulfides and alteration minerals suggests the rocks were relatively 

permeable during mineralization.  In contrast, vein-like open space precipitation textures 

of alteration and sulfide minerals around lithic clasts points to more lithified conditions.  

The observed textures may be the result of the long time frames for lithification of 

interlayered turbidite lenses, siltstones, and shales (Buryakovskiy et al., 1991).  

Nonetheless, the overall impression from mineral textures is that alteration and 

mineralization at Kamoa occurred relatively early after deposition of the Grand 

Conglomerate sequence.  The relatively simple sulfur isotopic composition of the sulfides 

also supports such a conclusion. The relatively high temperatures of the rim-forming 

hydrothermal fluids probably reflect either their formation in a much deeper portion of 

the basin to the east or local heating of basinal fluids due to a higher geothermal gradient 

or magmatic activity.  Fluid movement within the Katangan basin may have been 
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instigated by either or both the onset of salt movement during Grand Conglomerate 

deposition or magmatic activity. 

The Kamoa deposit is distinguished from the nearby giant Kolwezi deposits in 

terms of stratigraphic location, intensity of alteration stages, and metal content.  The 

Kamoa deposit is located high in the stratigraphic section relative to Kolwezi.  Unlike 

Kolwezi, which occurs within dominantly carbonate rocks within the Katangan Basin, 

Kamoa is located in siliciclastic rocks on the basin margin.  Copper sulfides at Kamoa 

appear are primarily associated with potassic alteration though copper mineralization 

continued into the period of magnesian alteration.  At Kolwezi and many of the other 

Congolese deposits copper mineralization appears to be roughly contemporaneous with 

silicification and magnesian alteration (Hitzman, 2010; Muchez et al., 2010; Selley et al., 

2010).  The Kamoa deposit is copper-rich with geochemically significant zinc, lesser 

lead, and insignificant cobalt.  In contrast, the Kolwezi deposits contain abundant cobalt 

and little to no zinc or lead (Dewale et al., 2007; El Desouky et al., 2009).  Despite the 

differences, both deposits appear to have formed primarily through oxidation-reduction 

reactions with precipitation of sulfides as an oxidized, saline ore fluid traversed a redox 

boundary.  At Kamoa it appears the reductants were in-situ while at Kolwezi there is a 

suggestion that mobile reductants moved into the sequence that was later mineralized 

(Selley et al., 2010).  Kamoa is more similar to a Zambian-type stratabound deposit than 

to the nearby classic Congolese deposits typified by the Kolwezi deposits. 
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CHAPTER 10 

CONCLUSION 

 The Kamoa copper deposit is a world-class sedimentary rock-hosted copper 

deposit.  It is located outside the area previously considered prospective for large copper 

deposits in the Central African Copperbelt.  The Kamoa copper deposit is controlled by a 

local redox boundary created by the stratigraphic contact of the Mwashya Subgroup 

fluvial to marginal marine sandstones with the overlying fine-grained, pyritic glacially-

derived diamictites of the Grand Conglomerate Subgroup.  This contact represents a 

period of rapid subsidence or sea level rise. 

The first sulfide mineralization event at Kamoa resulted in precipitation of 

abundant diagenetic framboidal and cubic pyrite and is suggestive of early hydrothermal 

activity.  The second sulfide mineralization event created the Kamoa copper ore body, the 

majority of which occurs within the basal diamictite, the lowermost portion of the Grand 

Conglomerate Subgroup.  Copper sulfides occur as fine-grained disseminations that 

appear to largely replaced diagenetic pyrite as well as coarse-grained rims on diamictite 

clasts.  Copper mineralization was accompanied potassic alteration, silicification, and 

later magnesian alteration creating a mineral assemblage dominated by potassium 

feldspar, quartz, muscovite, biotite, chlorite, and ankerite.  

Both the gangue mineral assemblage and sulfide mineralogy is zoned vertically 

away from the Mwashya – Grand Conglomerate contact indicating hydrothermal fluid 

movement upwards from the contact.  Fluid inclusion analysis indicate that the ore 

forming fluid was saline, ~23-26 wt% NaCl wt eq., and had homogenization 
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temperatures (Th) ranging from 210 to 240 
o
C. Sulfur isotope studies indicate the majority 

of the sulfur in the copper sulfides was derived from the earlier formed diagenetic pyrites.  

Textural and sulfur isotopic evidence suggests the deposit formed during deposition of 

the Grand Conglomerate sequence as essentially a single-pass system. 
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APPENDIX A 

LASER ABLATION ICP-MS PYRITE ANALYSIS 

A LA-ICP-MS study was conducted to assess the possibility of separating stages 

of pyrite growth using trace element signatures.  Four thin-sections were chosen that 

contained representative pyrites and six different samples of pyrite were analyzed: 

framboidal pyrite and minor cubic pyrite (Ng 1.1.4: DD130, 474.60m;  Ng1.1.2: DD151, 

192.75m) , large cubic pyrite layer (Ng 1.1.2- DD130, 741.25m), and a pyrite rim (Ng 

1.1.1-DD204, 667.6m). 

 

 

 

A.1 Methods 

Four polished thin-sections were analyzed using Laser Ablation Inductively 

Coupled Plasma Mass Spectrometry (LA-ICP-MS).  The LA-ICP-MS facility operates 

two quadrupole ICP-MS systems, a Perkin-Elmer Sciex Elan 6000 quadrupole mass 

spectrometer attached to a CETAC LSX500 laser system.  Two different beam sizes (10 

and 50 um diameter) were calibrated for use in order to accommodate various grain sizes.  

U.S.G.S. sulfide standard MASS-1 was used for the calibration standard. 

The concentrations, all reported in ppm, of 24 elements (Na, Mn, Fe, Co, Ni, Cu, 

Zn, Ga, As, Se, Mo, Pd, Ag, Cd, In, Sn, Sb, Te, Pt, Au, Hg, Tl, Pb, and Bi) were 

quantified (Table A-1).  The trace-element data gathered from the thin-sections includes: 

10 data points from the pyrite rim and cubic pyrite layer, 22 and 23 data points from Ng 

1.1.4 and Ng 1.1.2 framboidal pyrites, respectively, 7 data points from rare cubic pyrites 
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overgrowing framboids in the Ng 1.1.4 layer, and 2 data points from minor cubic pyrites 

overgrowing framboids in the Ng 1.1.2 layer.   

 

 

 

A.2 Results 

The six pyrite groups have distinct trace element signatures (Table A-1).  

Framboidal pyrite has high Pb values relative to the other pyrite analyzed and generally 

higher As, Cu, Mn, and Zn values (Fig. A-1).  The framboidal pyrites in the Ng 1.1.2 

lower pyritic siltstone have lower Ni values than those in Ng 1.1.4 upper pyritic siltstone. 

Nickel values are generally elevated in the rim pyrite (average approximately 1000 ppm) 

relative to other pyrites that generally have Ni contents below 100 ppm (Fig. A-1). Cobalt 

content is highest in the framboidal and cubic pyrite from the lower pyritic siltstone 

averaging over 1000 ppm while framboidal and cubic pyrite from the stratigraphically 

higher Ng 1.1.4 siltstone generally contain less than 100 ppm Co (Fig. A-1). Arsenic and 

antimony appears to be elevated in stratigraphically higher pyrite though rim pyrite also 

displays values approaching 1000 ppm As (Fig. A-1).  Framboidal pyrite from the upper 

pyritic siltstone also has elevated silver values relative to other pyrite samples.  All of the 

pyrites analyzed contained very minor Hg, Mo, and Te and little to no Pd, Pt, Cd, Ga, and 

Au.  The highest gallium content was a rim pyrite that contains 0.2 ppm Ga.   
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Table A-1: LA-ICP-MS data. The six pyrite groupings are separated by the horizontal 

lines. The beam size used during analysis is noted on the farthest left column. Numerical 

values have been rounded to one decimal place. 

 

 
 

 

 

 



91 

 
Figure A-1: Graphs from the ICP trace element data. These four elements are the most 

consistently abundant elements within the data set.  Both show distinct clustering of the 

six major pyrite groups.  a) Graph of Pb vs Ni values on a log scale.  b) Graph of As vs 

Co values on a log scale, an order of magnitude larger than graph a. 
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APPENDIX B 

STABLE δ
13

CVPDB AND δ
18

OSMOW ISOTOPES 

 Forty-six samples of shallow marine carbonate sediments of the upper Nguba 

Group (Kakontwe Subgroup) and 4 samples from the underlying Roan Group, probably 

Mwashya Subgroup, sediments were analyzed for the carbon and oxygen isotopic values 

(Table B-1).  The Nguba core samples included calcite cement in sandstones, calcite 

layers in siltstones and sandstones, and calcite stromatolites; the Roan Group core 

samples are from carbonate beds and layers with calcite cement in sandstones and 

siltstones. 

 

 

 

B.1 Methods 

Sample preparation for analysis was conducted using the same techniques as for 

the sulfur isotope analysis.   

Analysis was conducted at Colorado School of Mines Stable Isotope Laboratory. 

From each sample, ~ 90 micrograms of carbonate mineral were quantitatively acidified in 

vacuo using 100% orthophosphoric acid at 90 °C in an on-line autosampler. The reaction 

created carbon dioxide which was cryogenically purified and, using a Micromass 

Isoprime stable isotope ratio mass spectrometer with traditional dual-inlet techniques, 

analyzed for stable carbon and oxygen isotopes simultaneously. 

 The laboratory standard reference gas has been calibrated with calcium carbonate 

powder from the Colorado Yule Marble (CYM), which in turn has been calibrated with 
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the NBS-18 and NBS-19 standards from the National Institute of Standards and 

Technology.  

 

Table B- 1:  δ
13

C and δ
18

O isotope data.  

  

 

Per mil values of δ
13

C and δ
18

O are calculated relative to the Vienna PeeDee 

Formation Belemnite (VPDB) international reference standard. Contribution of δ
17

O in 

all data is corrected using the equations outlined in Craig, 1957.  Repeated analysis 

yielded precision of 0.05‰ for carbon and 0.08‰ for oxygen.  The δ
18

OVPDB data was 
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converted to δ
18

OSMOW using the Freidman and O’Neil equation (1977) [δ
18

OSMOW = 

1.03086(δ
18

OVPDB) + 30.86.] for comparison with other published studies (i.e. Bull et al., 

2011).  

 

 

 

B.2 Results 

The δ
13

CVPDB values of the Nguba carbonate rocks range between 0 and -9 ‰ 

averaging approximately -4‰ δ
13

CVPDB.  The δ
18

OSMOW data ranges between 14 and 26‰ 

with an average of approximately 20‰ δ
18

OSMOW.  The Roan Group rocks range between 

-2 and -5 ‰ δ
13

CVPDB and between 14 and 16 ‰ δ
18

OSMOW (Fig. B-1).  Both the δ
13

CVPDB 

and the δ
18

OSMOW values become slightly lighter progressing upwards in the Roan Group 

and are heavier above the Grand Conglomerate (Fig. B-2).  

 Bull et al. (2011) note that some of their data shows strongly decoupled C and O 

isotopic values which they interpreted resulted from post-depositional hydrothermal 

alteration.  Using this screen for the Kamoa data it appears that the samples analyzed 

were not subjected to significant hydrothermal alteration. 

 The carbon and oxygen isotopic values display a stratigraphic patterns similar to 

those observed in other sections covering the Sturtian glacial event (Bull et al., 2011). 

δ
13

CVPDB and δ
18

OSMOW isotopic values become lighter at the Sturtian boundary, ca. 740 

Ma.  (i.e. the Grand Conglomerate Subgroup in the Central African Copperbelt).   
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Figure B-1: Scatter plot of δ
13

CVPDB vs δ
18

OSMOW from the Kamoa area representing 

samples from both Roan Group sediments (Mwashya Subgroup) and the Nguba Group, 

likely Kakontwe Subgroup.  
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Figure B-2: Stratigraphic plot of the δ
13

CVPDB and δ
18

OSMOW data from the Kamoa area. 

The Roan Group and Nguba Group carbonates are separated by the Grand Conglomerate 

Subgroup which hosts the Kamoa deposit at its base.  The δ
13

CVPDB and δ
18

OSMOW data 

are strongly coupled. Carbon and oxygen values trend to slightly lighter values upwards 

in the Roan Group and are somewhat heavier in the Nguba Group carbonates above the 

Grand Conglomerate that represents the Sturtian glacial event. 
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Figure B-3: Overlay of the Kamoa and Bull et al. (2011) δ
13

CVPDB and δ
18

OSMOW isotope 

data showing an overlap of isotopic values. Kamoa carbon isotopic values are lower than 

the majority of samples from the Bull et al. (2011) data set from the Central African 

Copperbelt.    
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APPENDIX C 

CRUSH-LEACH ANALYSIS 

Bulk analysis of fluid inclusions within sulfides using a crush-leach process was 

used in attempt to constrain the source of saline ore fluids.  The values and ratios of the 

ions within fluid inclusions in the rock, particularly the Cl/Br and Na/Br ratios, can help 

distinguish the source of the salinity, e.g. dissolved evaporites, residual brines from 

seawater evaporation, or hydrothermal magmatic brines.  A crush-leach process leads to 

mixing of fluids from primary and secondary fluid inclusions, it therefore represents an 

approximation of the fluids that may have been responsible for alteration and 

mineralization.  In order to focus on fluids responsible for mineralization, sulfide samples 

were utilized for the analysis.  Massive chalcopyrite and bornite from clast rims in the 

basal diamictite from nine samples (DD231, 429.5m; DD204, 745.3 and 746.3m; DD193, 

616.6m; DD 148, 204.7m; DD130, 761.6; DD098, 186.9, 184.7, and 184.6m) were 

analyzed, as well as chalcopyrite and albite from a large (~1 ft drill length intercept) post-

ore (?) vein (DD020, 614.4m, also used for Re-Os dating). 

 

 

 

C.1 Methods 

A USGS Dual Ion Chromatograph was used to identify major and minor cations 

(e.g. Li
+
, Na

+
, K

+
, NH

4+
, Mg

2+
, Ca

2+
, Sr

2+
, Ba

2+
) and anions (e.g. CH3OH

-
, F

-
, Cl

-
, Br

-
, I

-
, 

HS
-
, SO4

2-
, S2O3

2-
, CO3

2-
, PO4

2-
) in fluids  extracted from ~0.5 gram mineral separates.  A 

stream of pure water (>18 Megohm resistance) was added during crushing.  The fluid 

consisting of the pure water and the fluid from decrepitated fluid inclusions in the sample 
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was then split into two separate injection valves, one with a cation trap and one with an 

anion trap.  The traps were cleared of the accumulated ions with eluents. The ions were 

separated on cation and anion exchange columns and then analyzed with conductivity 

detectors.  Calibration curves were generated from standard samples following the same 

process outlined above.  Data are reported as atomic ratios to chloride because the 

amount of water used through the process is not determined. 

 

 

 

C.2 Results 

 Not all of the data from all the samples have been received and the available data 

is inconclusive (Table C-1).  There is high ratio variability between samples and many do 

not fall within the known global salinity dataset.  More data is necessary before 

interpretation is useful.  
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Table C- 1: Dual Ion Chromatograph analysis data. 
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APPENDIX D 

Re-Os ANALYSIS 

Seven samples from within the Kamoa deposit were submitted for Re-Os analysis, 

three chalcopyrite rim samples (DD123, 294.80m; DD145, 552.00m; DD098, 184.60m), 

one fine-grained chalcopyrite sample (DD194, 321.45m), one bornite rim sample 

(DD231, 429.00m), one cubic pyrite sample (DD157, 127.80m), and one chalcopyrite 

sample from a late vein cutting the Kamoa mineralized zone (DD020, 614.50m) (Table 

A-1).  Several of these samples were analyzed several times (indicated by letters A, B, C; 

Table A-1).  The chalcopyrite and bornite rim samples are from within the ore zone basal 

diamictite and the fine-grained chalcopyrite sample is from the turbiditic lens within the 

basal diamictite.  The pyrite sample is a coarse-grained secondary cubic pyrite in the 

lower pyritic siltstone layer.  The vein sample is from a vein that contains albite, quartz, 

fibrous hematite, and chalcopyrite and is thought to be related to the Lufilian orogenic 

event responsible for creating many vein-hosted deposits in the Central African 

Copperbelt.   

 

 

 

D.1 Methods 

Re-Os chemistry and analysis was performed at Colorado State University in the 

AIRIE low-level laboratory.  Sulfides were drilled out from core samples.  
185

 Re and 
190

 

Os spikes are added to several hundred milligrams of purified mineral separate from the 

samples.  Alkaline fusion is used to dissolve both rhenium and osmium. Osmium is 

separated as OsO4 from an H2SO4±H2O2 solution using a double distillation sequence 
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followed by a microdistillation.  Two anion-exchange steps recovers and purifies the 

rhenium from the remaining solution.  The isotopic composition of the purified rhenium 

and osmium are determined using negative thermal ion mass spectrometry.  Analysis of 

the samples used a Faraday cup or an electron multiplier on NBS 12-inch (90°) mass 

spectrometers.  Total analytical blanks are 48 pg for Re and 3 pg for Os with a 187 

Os/188 Os ratio of 0.4943.  Details on the Re-Os chemistry and analytical methods are 

given by Morgan and Walker (1989) and Walker et al. (1994). 

 

 

 

 D.2 Results (by Dr. Holly Stein, 2012, internal report) 

There are several features that immediately stand out in this data set (Table D-1).  

First, many of the Re and Os concentrations are extremely low with samples near or at 

blank level.  In one case (LL-556), the blank correction generates a negative Re 

concentration and (
187

Re/
188

Os).  Of course it is not possible to have negative 

concentration data, but with any blank comes an uncertainty in the blank value; the 

negative number results from a small overcorrection for blank.  More importantly, the 

result tells us that the Re concentration is nearly zero.  This conclusion is substantiated 

for several other samples with very low Re and Os concentrations (LL‐555, LL‐570, 

LL‐575) after blank correction.  The samples with Re concentrations in the gray boxes 

(see table) clearly show that the sulfide analyzed is extremely low in Re.  The blank 

correction data used is specific to batches of samples and/or based on a running average 

for a specified interval of time in the lab; blank values used are in the table footnotes.  

Bottom line – It is untenable to expect discerning Re‐Os data from samples with 

near blank level Re and Os concentrations. 
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Second, while two additional samples have measurable but low Re and Os 

(LL‐557, LL‐574), the remaining four samples contain workable levels of Re and Os 

(runs LL‐566, LL‐567, LL‐568, LL‐569).  Reasons for these higher levels of Re and Os 

are discussed later. 

Bottom line – Our focus should be on samples with solidly measurable Re and Os 

concentrations. 

Third, it is immediately apparent that the age results for duplicate or triplicate 

runs based on individual sulfide separates from the same sample do not replicate well (see 

table and photos).  Geologically speaking, this could be interpreted as an indication of 

(1) a complexly sourced or changing sedimentary environment during Cu deposition, (2) 

diverse and/or mixed processes during ore deposition, and/or (3) a complex 

post‐depositional history for the Kamoa copper mineralization as suggested by the 

labeled “flat array” on the isochron diagram.  Based only on the samples I have seen, 

and based on recent work in sedimentary and glacial environments, my geologic instinct 

is that the Re‐Os data could include components of all three suggestions above.  There 

may be ways to further test this, but for now we focus on the ten Re‐Os analyses we have 

in hand, which cover seven different samples representing several different 

mineralization types. 

The mineralization types used for this initial Re‐Os study include (1) 

coarse‐grained vertically elongate copper sulfide beards on diamictite pebbles (DD098 

184.60m, DD123 294.77m, DD145 552.00m, DD231 429.00m), (2) coarse‐grained pyrite 

(DD157 127.75m), (3) fine‐ grained copper sulfides (DD194 321.45m), and (4) 

chalcopyrite from an albitite vein (DD020, 614.50m).  Re‐Os analyses of framboidal 
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pyrite samples were not undertaken as organic‐rich hosting sedimentary rock would also 

contribute to the Re‐Os budget.  This is a non‐issue IF the framboidal pyrite is 

syngenetic or very early diagenetic; however, if the framboidal pyrite exchanged Re and 

Os with fluids marking a significantly later event or events, the Re‐Os data set would 

almost certainly be complicated by that/those event(s). 

Bottom line – continued work on Kamoa should test the Re‐Os systematics on 

framboidal pyrite and other fine‐grained early sulfide, selecting host rock that indicates 

solidly euxinic conditions; this approach allows drilling of sulfide with included shale 

contaminant that should not affect the Re‐Os isotope systematics. 

Fourth, there is something more to think about with these data.  Back to the Re 

concentrations – it is clear that the three runs with the highest Re (24‐34 ppb) and total Os 

(281‐311 ppt) are from a single sample (DD194 321.45m).  The sulfide was excavated 

from small network‐like disseminated blebs in an organic‐rich host, rather than the 

obvious and spectacular sulfide beards on diamictite pebbles.  However, in drilling out 

this particular sulfide occurrence, it was unavoidable to incorporate some of the host 

rock; in fact, for all three runs, my post‐doc, Gang Yang, visually estimated an 

unavoidable 50% contamination of host rock on drilling the sulfide separate.  This is 

only a problem IF syngenetic sulfide has acquired or exchanged Re and Os during 

subsequent orogenic event(s). Lack of isochoneity suggests this could be the case, and 

this sample is classified as fine‐grained sulfide, 

and not framboidal sulfide.  Any original framboidal texture, if initially present, has 

been largely lost in this sample.  As a footnote to this discussion, runs LL‐557 and 
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LL‐574 (two separates from DD157 127.75m), with 2.718 and 5.644 ppb Re had an 

estimated few percent contamination from the hosting organic‐rich shale. 

Bottom line – based on our observations during sulfide excavation, we interpret 

“elevated” Re concentrations as coming from included organic‐rich material, rather than 

sulfide; therefore, we can conclude that Kamoa sulfide has extremely low Re and Os 

concentrations; the why explanation for this could be very interesting, particularly if 

biogenic fractionation is at play in the formation of sulfide beards. 

Other issues affect the Re and Os data.  One of those issues is the proportion of 

added isotopic spike.  Samples with the highest Re and Os concentrations (three runs of 

DD194, 321.45m) are somewhat underspiked.  We spike subsequent runs based on 

knowledge from previous runs – when we undertook analyses for this sample (DD194), 

we expected sub to low ppb level Re but the drilled separates turned up 24‐34 ppb. We 

can and perhaps should run these samples again with corrected spiking, but I would not 

expect this to change the interpretation in the paragraphs above.  To further demonstrate 

the spiking point, in the same batch we also ran DD098 184.60m which was far better 

spiked since it had somewhat less Re at 11 ppb.  You can quickly see the cycle required 

for analytically perfect data for these kinds of samples; separates with unpredictable 

concentrations such as these require a large time investment for repeated runs, and this 

must be balanced with finding samples most likely to have closed Re‐Os isotope 

systematics and yield unequivocally interpretable data. Note that the error associated 

with overspiking (or underspiking) shows up in the uncertainty for the Re concentration; 

this error is propagated into the uncertainty on a reported Re‐Os age. 
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With this explanation laid out, there is one sample that best meets the 

requirements, analytically and geologically, for a good age result. That sample is DD098 

184.60m and constitutes AIRIE Run LL‐569 (see table).  While the general character of 

the sulfide in this sample is similar to DD194, the estimated contamination from host 

rock is <10%, and the host rock does not appear to be as organic‐rich as DD194; in other 

words, host‐rock contamination is minimal and the contaminant has less Re and Os to 

contribute.  Both are in our favor.  Sample DD098 is very LLHR (Low Level Highly 

Radiogenic; Stein et al. 2000).  The LLHR character is captured in the high 
187

Re/
188

Os 

(6220) coupled with the high 
187

Os/
188

Os (68).  This combination requires high Re/Os 

combined with low common Os during sulfide deposition.  This is the only sample that 

has a low common/radiogenic Os ratio (about 1 part in 10); all other samples with 

measurable Re have much higher common/radiogenic Os (about 1 part in 2).  Selection of 

the initial 
187

Os/
188

Os ratio (e.g. 0.2 or 2.0, see table) has little effect on the age 

calculation for a LLHR sample (Stein et al. 2000).  An initial 
187

Os/
188

Os of 1‐2 is a 

reasonable selection for diamictite, although the ratio depends on the composition of the 

eroding continental material feeding the diamictite and the degree of catchment versus 

mixing with the open ocean. 

Bottom line – this LLHR sample (LL‐569) suggests a Marinoan age of about 635 

Ma (at an initial 
187

Os/
188

Os at 2.0).  Selection of lower initial 
187

Os/
188

Os ratios increases 

the age (e.g.0.6 yields 649 Ma).  It is not possible to have a Sturtian age (~720 Ma), but 

increasing the initial Os ratio to about 7.5 would yield a Gaskiers age.  The analytical 

error that we can report for the 635 Ma age is ± 7 m.y., but geologic uncertainty is a 

major factor for accuracy; that is, we need to confirm the Marinoan age as a primary 
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depositional age for the organic material. In my view and based on my macroscopic 

examination of the core and photomicrographs, the textural features of DD098 184.60m 

could be interpreted as early diagenetic sulfide. 

I have included a traditional 
187

Re/
188

Os versus 
187

Os/
188

Os plot (Figure D-1).  In 

sum, the Re‐Os data reported here provide us with much interesting information, 

permitting speculation on several processes, complex in time, which may have 

contributed to the outcome we observe as a copper deposit today.  Were the sulfides 

without Re and Os from the beginning, or did they lose their Re and Os during 

subsequent orogenic events?  In either case we can learn more about the origin of the 

deposit with these answers. 

Next strategy – I suggest we go after the clearly framboidal pyrite. If truly 

framboidal and chemically intact the framboids should carry the same signal as their 

hosting euxinic shale, providing robust Re‐Os depositional ages for drilled mixtures of 

framboidal pyrite + shale.  It seems urgent to establish if the sediments themselves are 

Marinoan age.  As I read the literature, firmly establishing the age of the host rock 

would provide a significant geologic leap in knowledge that would feed into any ore 

deposit model.  We may be able to date the host rock‐framboidal combination.  
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Table D- 1: Re-Os data.
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Figure D- 1: Summary plot of Re-Os data. 
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APPENDIX E 

LIST OF HOLES LOGGED 

DKLE_DD002 

DKLE_DD003 

DKMC_DD045 

DKMC_DD047 

DKMC_DD056 

DKMC_DD078 

DKMC_DD079 

DKMC_DD080 

DKMC_DD081 

DKMC_DD082 

DKMC_DD084 

DKMC_DD085 

DKMC_DD088 

DKMC_DD098 

DKMC_DD099 

DKMC_DD130 

DKMC_DD145 

DKMC_DD148 

DKMC_DD150 

DKMC_DD151 

DKMC_DD153 

DKMC_DD157 

DKMC_DD159 

DKMC_DD160 

DKMC_DD162 

DKMC_DD176 

DKMC_DD181 

DKMC_DD184 

DKMC_DD186 

DKMC_DD191 

DKMC_DD193 

DKMC_DD194 

DKMC_DD196 

DKMC_DD197 

DKMC_DD198 

DKMC_DD199 

DKMC_DD200 

DKMC_DD202 

DKMC_DD203 

DKMC_DD204 

DKMC_DD205 

DKMC_DD206 

DMAK_DD005 

DTJ1_DD002 
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