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ABSTRACT 

 

The Kansanshi Cu-(Au) mine exploits a structurally controlled deposit hosted by strongly 

deformed Neoproterozoic metasediments in the Katangan Basin of southern Africa. It is 

currently the largest active Cu mine in Africa, with a total endowment of nearly 12 Mt of Cu and 

7 Moz of Au. Copper occurs predominately as coarse chalcopyrite in large quartz-carbonate-

pyrite vein swarms and as finer-grained disseminations in carbonaceous phyllite and schist 

wallrocks. The veins and associated disseminated sulfides are concentrated in domes along the 

crest of the NW-SE trending Kansanshi antiform.  

The deposit occurs within the Domes region of the Central African Copperbelt, where 

amphibolite facies metamorphism and recumbent folding have made correlating between local 

and regional stratigraphy problematic. Between 2013 and 2015, over 100 deep exploration drill 

holes were completed across the Kansanshi mining lease with the aim of resolving outstanding 

questions surrounding the stratigraphic position of the deposit, its structural evolution, and 

controls on the distribution of ore. This study utilizes geological and geochemical data from the 

drill holes and geologic mapping in the open pits, along with nearly 600 km of prior drill hole 

data, to develop a revised structural and stratigraphic interpretation for the Kansanshi deposit. 

This work reveals a number of major, previously unrecognized, structural and stratigraphic 

features critical for understanding the genesis of this world-class copper deposit.  

Metasedimentary rocks at Kansanshi can be divided into three tectonostratigraphic 

domains separated by evaporitic breccia sequences. The Footwall Domain consists of gneiss and 

schist basement rocks overlain by >1200 m of quartzite and metaconglomerate of the Basal 

Clastic Sequence. The Footwall Domain is separated from the overlying Kansanshi Mine domain 

by the Evaporitic Sequence, a >300 m thick anhydrite-bearing sequence containing multiple 

polylithic breccia horizons interpreted as the residuum of vanished evaporites.  

The base of the Kansanshi Mine domain is represented by the Dolomitic Sequence, a 

homogeneous dolostone interpreted as a shallow water equivalent of shales in the Mwashya 

Subgroup of the Zambian Copperbelt. The Dolomitic Sequence is overlain by the Grand 

Conglomérat (Mwale Formation), a Cryogenian metadiamictite that marks the Sturtian 

“Snowball Earth” glacial epoch. Major geochemical variations in Fe, P, Mn, S, and Ti within the 

metadiamictite were used to map distinct geochemical facies over a >50 km2 area. The 
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lithogeochemical variations are interpreted to indicate a significant and rapid transition from an 

initially stratified, anoxic, ferruginous, water column in sub-ice conditions, to a mixed, oxidized 

water column associated with deglaciation. The Grand Conglomérat is overlain by the Kakontwe 

Formation, a marble dominated post-glacial ‘Cap Carbonate’ sequence. The Kakontwe 

Formation transitions upward into the Katete Formation, a rhythmically banded, locally 

anhydrite-bearing, carbonate-clastic sequence, which acted as a local décollement during 

deformation. The uppermost stratigraphic unit at Kansanshi and the principle ore host is the 

Monwezi Formation, a mixed clastic sequence dominated by carbonaceous phyllite and garnet 

schist. All of these units are recumbently folded within the Kansanshi Mine domain resulting in 

stratigraphic repetition. 

 The Kansanshi Mine domain is overlain, and locally truncated by, the ‘Mafic-breccia 

Zone,’ which is an albitized dolomitic breccia horizon containing large mafic meta-igneous 

blocks derived from the Evaporitic Sequence. These meta-igneous blocks are bound above and 

below by younger strata, suggesting that they were likely emplaced via diapirism during salt 

tectonics. The ‘Mafic-breccia Zone’ is overlain by the Upper Plate Domain, which is 

stratigraphically equivalent to the Kansanshi Mine Domain, but structurally inverted, and 

interpreted as the bottom limb of a large recumbent fold.  

The complex structural deformation in the Kansanshi area was associated with basin 

inversion and metamorphism during the Pan African orogeny. The earliest phase of deformation 

created nearly orthogonal N- and SE-verging recumbent folds, probably through progressive N 

to SE deformation. Post-orogenic collapse is interpreted to have resulted in detachment along 

evaporite horizons, resulting in pervasive boudinage and development of the Kansanshi antiform. 

Interference folding of pre-existing SE-verging recumbent folds created domes along crest of the 

antiform. Uplift and cooling during this process was associated with a ductile to brittle transition 

that resulted in rigid siliciclastic horizons forming boudins within ductile carbonate horizons at 

all scales. Initial veins developed in boudin necks of siliciclastic lithologies followed by later 

brittle veining and faulting during the final stage of mineralization. Vein patterns suggest that 

extensional boudinage controlled the initial vein geometries and introduced ore fluids into 

chemically favorable reduced carbonaceous host rocks during the waning stages of 

metamorphism.  
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CHAPTER 1 

INTRODUCTION 

 

 The Central African Copperbelt (CACB) is host to the world’s largest accumulation of 

sediment-hosted stratiform Cu deposits and is the major source of global Co production (Taylor 

et al., 2013). It is hosted by variably metamorphosed Neoproterozoic sedimentary rocks in the 

Katangan Basin of southern Africa, which straddles the border between Zambia and the 

Democratic Republic of the Congo (DRC) (Figure 1.1). The Kansanshi mine is the largest active 

Cu mine in the Copperbelt and in Africa, yet it is not a sediment-hosted stratiform deposit, 

contains very little Co, and has significant concentrations of Au. This important and poorly 

understood deposit is the focus of this study.  

 

 

Figure 1.1 - Map of the Central African Copperbelt showing the location of Kansanshi and other 
major copper deposits. Modified from GRDMinproc, 2003. 
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1.1 Regional Geologic Background 

 The CACB has been subdivided into the Congolese Copperbelt (CCB) in the DRC, the 

Zambian Copperbelt (ZCB) along the Kafue anticline, and the Domes region, a series of 

basement highs rimmed by Katangan metasedimentary rocks west of the Kafue anticline and 

south of the DRC border (Figure 1.1). Most deposits occur within the CCB and ZCB and consist 

of stratiform disseminated Cu-(Co) sulfides within reduced sedimentary rocks. These deposits 

display a broad range of early-diagenetic to post-inversion mineralization ages (~820 – 450 Ma) 

suggesting multiple and/or prolonged episodes of mineralization (Figure 1.2; Richards et al., 

1988; Barra et al., 2004; Schneider, 2007; El Desouky et al., 2008, 2009; Hitzman et al., 2010, 

2012; Munchez et al., 2015). However, within the Domes region where Kansanshi is located, the 

rocks are strongly metamorphosed and known deposits have returned tightly constrained ages of 

mineralization that are syn- to late-metamorphic (~540 – 500 Ma; Torrealday et al., 2000; 

Nowecki, 2014; Sillitoe et al., 2015; Capistrant et al., 2015). Age dates for molybdenite from a 

wide variety of deposits, consistently show similar syn-metamorphism ages (Sillitoe et al., 2017; 

Hitzman and Broughton, 2017) as do most U-bearing deposits in both Zambia and DRC (Cahen 

et al., 1971; Darnley et al., 1961; Eglinger et al., 2013; Meneghel, 1981; Decree et al., 2011). 

Kansanshi is unusual, even among deposits within the Domes region, because of its intense 

veining and significant structural control in addition to high Au grades.  

 The Katangan Basin is a Neoproterozoic intracratonic rift basin which formed in 

association with the breakup of Rodinia ~880-820 Ma (John et al., 2004). Underlying basement 

rocks consist of 2.1 to 1.1 Ga gneiss and schist with ~880 Ma granitic intrusions (Cosi et al., 

1992; Rainaud et al., 2003; Key et al., 2001; Barron, 2003; Armstrong et al., 2005; Master et al., 

2005; Rainaud et al., 2005b). The basin contains a sequence of <840 Ma (Turlin et al., 2016) 

syn-rift coarse clastic red beds overlain by carbonates and evaporites in the Lower and Upper 

Roan subgroups respectively. The contact between the Lower Roan and Upper Roan subgroups 

is interpreted to correlate with the Bitter Springs stage C-isotope anomaly ca. 812 Ma (Bull et al., 

2011). Extensive zones of breccia are observed throughout the basin and have been interpreted as 

residual materials following evaporite dissolution. The now vanished evaporite sequence may 

have been in excess of several kilometers thick and appears to have exerted a strong control on 

structural geometries throughout the basin (Jackson et al., 2003; Hitzman et al., 2012; Selley et 
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Figure 1.2 - Geochronology of the Domes region, Zambia. 
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al., 2018). The evaporitic sequences are typically overlain by fine-grained clastic rocks of the 

Mwashya Subgroup, which have been dated to ~727 Ma (Rooney et al., 2005). Overlying the 

Roan Group are the Nguba and Kundelungu groups, which are each marked at their base by 

Cryogenian “Snowball Earth” diamictite sequences representing the Sturtian and Marinoan 

glaciations respectively. The onset of the Sturtian glaciation and deposition of the Nguba Group 

diamictite is placed at 717 Ma in accordance with global correlations of Rooney et al. (2015). 

These recognizable diamictite sequences act as reliable marker horizons within the basin, which 

is otherwise dominated by fine-grained carbonate and clastic rocks. The diamictites are 

commonly overlain by a “cap carbonate” limestone or dolomite, which transition upward into 

calcareous shales and siltstones at the top of both the Nguba and Kundelungu groups.  

 The Katangan Basin was inverted during the collision of the Kalahari and Congo cratons 

during the Pan-African orogeny (~590-500 Ma), which peaked ~530 Ma, during the 

amalgamation of Gondwana (Porada, 1989; John et al., 2004; Merdith et al., 2017; Figure 1.2). 

Basin inversion and metamorphism was most significant in the Domes region, which locally 

reached amphibolite facies in proximity to the domes but decreases rapidly to greenschist or sub-

greenschist facies to the north and south (Ramsay and Ridgway, 1977). Metasedimentary rocks 

in the Katangan basin are bound to the south by the NE-SW trending, sinistral Mwembeshi shear 

zone, which separates them from more strongly metamorphosed rocks in the Zambezi belt 

(Hanson et al., 1993; Naydenov et al., 2014).  Widespread syn-orogenic bimodal igneous rocks 

occur south of the Domes region and generally increase in volume towards the Mwembeshi shear 

zone. They range in age from 570-520 Ma, with granitic rocks concentrated between 550-540 

Ma (Hanson et al., 1993; Naydenov et al., 2014; Milani et al., 2015). Post orogenic metamorphic 

cooling to muscovite closure temperatures extended to ~470 Ma in the Domes region (Berhorst 

and Porada, 1994; Torrealday, 2000; Rainaud et al., 2005a). It was during this post orogenic 

phase of uplift and cooling that the Kansanshi deposit formed with veins dated to ~512 and 502 

Ma (Torrealday et al., 2000).  

 

1.2 The Kansanshi Cu-(Au) Mine 

 The Kansanshi Cu-(Au) deposit is currently exploited via two open pits (NW Pit and 

Main Pit; Figure 1.3), producing ~250 kt of Cu and 140 koz of Au per annum, with a total 

resource of 1.44 Gt grading 0.65 wt.% Cu and 0.11 g/t Au (First Quantum Minerals, 2017). The 
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calculated pre-mining endowment comprises nearly 12 Mt Cu and 7 Moz Au. Copper occurs 

predominantly as chalcopyrite in cm- to m-scale quartz-carbonate-pyrite veins and disseminated 

in reduced carbonaceous host rocks, both in proximity to the vein as well as in stratiform 

horizons throughout the veined area. The veins are concentrated in three distinct domes along the 

crest of the NW-SE trending Kansanshi antiform and in several late NNE trending brittle fault 

zones that crosscut the antiform.  

 

 

Figure 1.3 - Satellite image of the Kansanshi Mine area showing all drill holes in the database 
used for this project and the trace of cross sections created during the project. In addition, several 
cross sections were created along cuts through the 3D geologic model. In total there are 2338 
drill holes (661,266 m); 1955 diamond core holes (617,193 m) and 383 reverse circulation drill 
holes (44,073 m). The complete list of logged drill holes is shown in Appendix A.1 and on a map 
in Figure 2.3. 

 

 
 Kansanshi was one of the first deposits in the CACB to be mined in the modern era and 

has an intriguing history that is well summarized by Broughton et al. (2002). The name 

Kansanshi translates to “the important hill.” Kansanshi Hill contained outcrops of high-grade 
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oxide copper that were known and exploited prehistorically by indigenous peoples. Mining by 

Europeans was initiated in 1906 targeting high-grade veins beneath Kansanshi Hill and 

continued intermittently through various owners until 1977 when open-pit mining began. By 

1998, roughly 80,000 tons of ore had been extracted by underground and open pit methods, all 

from the central zone around Kansanshi Hill despite recognition of nearby geochemical 

anomalies to the NW and SE. By 2000, the recognition of significant lithostratigraphic control of 

ore, and revisions to the geological model by Cyprus Amax Minerals resulted in nearly an order 

of magnitude increase in open-pit resources up to 267 Mt grading 1.28% Cu and 0.16 g/t Au. The 

deposit was subsequently acquired by First Quantum Minerals Ltd. in August 2001 and they 

further increased the mineral resources and greatly expanded the mine, reaching commercial 

production in April 2005.  

  Existing literature on the geology of the Kansanshi deposit is sparse and prior workers 

have struggled to integrate the metamorphosed and strongly deformed local geology into a 

broader regional geologic context (Torrealday, 2000; Broughton et al., 2002; Barron, 2003). 

Metamorphism and recumbent folding have made confidently recognizing stratigraphic packages 

challenging and as a result, the lithostratigraphic nomenclature used at the mine is currently 

poorly integrated with the established stratigraphic nomenclature of the Katangan Basin. 

Moreover, the inability to confidently identify stratigraphic packages has hampered structural 

interpretations. This lack of a fundamental geologic understanding in the Kansanshi area has 

limited the ability to develop a genetic model for the deposit, which is compounded by a lack of 

analogues globally.    

 

1.3 Previous Work 

 Previous published work on the geology of the Kansanshi deposit is limited. The first 

modern research was completed during the expansion of the deposit in the late 1990’s, which 

focused on detailed petrographic descriptions of alteration and mineralization (Blair, 1997; 

Masaitis, 1998; Rugless, 1999; Torrealday, 2000). Speiser et al. (1995) determined based on 

fluid inclusions that chalcopyrite precipitated from Na-Ca-Cl-CO2-(CH4) brines modified by 

fluid-rock interaction at P-T conditions of 230 - 310°C and 1.2 - 2.5 kbar. Torrealday et al. 

(2000) documented multiple vein generations and established the ages of the veins as definitively 

post peak metamorphism at 512.4 ± 1.2 Ma and 502.4 ± 1.2 Ma utilizing Re/Os geochronology 
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of molybdenite; ages corroborated by U-Pb geochronology of monazite (511.0 ± 11 Ma) and 

brannerite (503 ± 15 Ma; Darnley, 1961). The geology and exploration history of Kansanshi 

were summarized by Broughton et al. (2002), which remains the most comprehensive description 

of the deposit to date. An extensive geological and geophysical interpretation of the Solwezi 

area, including Kansanshi, was completed by Barron (2003) providing a thorough description of 

stratigraphy as well as a structural and metamorphic history. Kribek et al. (2005) suggested that 

the decomposition of graphitized organic matter in carbonaceous host rocks changed the redox 

state of Cu-bearing hydrothermal fluids leading to copper precipitation. Goodship (2010) 

described the distribution of Au within the deposit, noting a close association with Ni and Bi 

tellurides in microfractured pyrite. Nowecki (2014) studied fluid inclusions in veins from a 

number of deposits and concluded based on Cl/Br ratios that high salinity ore fluids at Kansanshi 

were derived from evaporite dissolution, while other deposits in the ZCB formed largely from 

residual brines. A variety of internal FQM projects have also been conducted on stratigraphy and 

structure (Beeson et al., 2008; Noble, 2011), petrography (Mason, 2011, 2013, 2014), and stable 

isotopes (C/O/S) (Waechter, 2013; Capistrant, 2015). Additional information on the geology and 

mining at Kansanshi is also available in First Quantum Minerals Ltd. NI 43-101 technical reports 

(Gregory et al., 2010, 2012; Gray et al., 2015).   

 

1.4 Objectives and Methods 

 From 2013-2015, more than 83,000 m of deep diamond drill holes were completed and 

analyzed for multi-element geochemistry as part of a regional exploration program aimed at 

better characterizing the structure and stratigraphy of the Kansanshi area and determining 

geochemical exploration vectors. That data, in combination with nearly 600 km of prior diamond 

core drilling data, provides the basis for this study. A combination of drill core logging and open 

pit mapping was utilized in concert with bulk-rock geochemical data, geophysical data, 

petrography, sulfur stable isotopes, and U/Pb geochronology to simultaneously develop new 

structural and stratigraphic interpretations for the Kansanshi area.  

 Geologic logging was conducted on a selection of the deepest and most widespread drill 

holes on the mining lease, and supplemented by geologic mapping in the open pits, to create a 

series of cross sections and a long section through the Kansanshi area. The new drilling data was 

also integrated into a new geologic map. The new cross sections and geologic map utilize 
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regional stratigraphic nomenclature and establish a revised stratigraphy for the Kansanshi area 

that is comparable with the rest of the CACB. The improved stratigraphic understanding allows 

for a revised structural interpretation that clarifies the structural evolution of the Kansanshi area 

and provides key insights into the nature of deformation and its role in controlling copper 

distribution.  

 Pit mapping and core logging were undertaken on site in July 2015 and May-August 

2016. Detailed geologic logging was completed on more than 13,000 meters of core from 16 key 

drill holes; and subsequently on more than 130 additional drill holes logged from core photos 

and multi-element geochemistry (Figure 1.2). Detailed pit mapping was undertaken at 1:3500 

scale in Main pit and 1:5000 scale in NW pit to supplement drill core logging, helping to 

correlate structural features in the pits that are not easily resolved in core. That data was used to 

create four detailed drill hole cross sections closely correlated to pit observations. These sections 

were then utilized in the creation of three semi-regional sections across the Kansanshi antiform 

and one long section down its axis.  These semi-regional sections incorporated 14 holes over 

1000 meters depth and one hole that ended at 2511 meters.   

 Where possible cross sections incorporate drill holes with multi-element geochemical 

data to aid in lithostratigraphic interpretations. In total, bulk rock 48-element geochemical data is 

available from 297 drill holes with more than 78,600 individual samples and average sample 

intervals of <1.5 meters (76% of samples are 1.5m or less); the majority of longer sample 

intervals were taken from homogeneous carbonate or mafic igneous rock intercepts. 

Geochemical analysis was conducted by ALS Chemex Johannesburg, using 4-acid digestion with 

ICP-AES/MS analysis (Appendix D.1). Geochemical data were also used to reveal patterns 

within the Sturtian ‘Snowball Earth’ metadiamictite sequence and geochemical facies were 

developed that helped reveal patterns of ductile deformation in the rocks and important 

information about the evolution of seawater chemistry during the Cryogenian (Chapter 4; 

Appendix C). A suite of sulfide and sulfate minerals were sampled for S-isotope analysis and 

analyzed at the U.S. Geological Survey in Denver, Colorado to investigate variations in sulfur 

isotopic ratios relative to stratigraphic position and mineralogy in both veins and wallrocks 

(Appendix D.2). U/Pb age dating of mafic igneous zircons was utilized to determine the timing 

of emplacement of mafic metaigneous rocks and relative ages of adjacent strata (Appendix D.3). 

Petrographic analysis included standard transmitted and reflected light microscopy, scanning 
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electron microscopy (SEM) and automated mineralogy which were utilized to characterize 

lithologic units and provide descriptions of alteration and mineralization (Appendix E).  

 

1.5 Thesis Organization 

 The thesis is organized into three parts (Chapters 2, 3, and 4) based on manuscripts to be 

submitted for publication. Chapter 2 documents the stratigraphy of Kansanshi, correlating 

previous lithostratigraphic nomenclature to established stratigraphy in the Katangan Basin. 

Lithologic variations within the new stratigraphic packages are documented and compared to 

equivalent strata elsewhere in the Katangan Basin. This new stratigraphic correlation establishes 

the groundwork for Chapter 3 which utilizes the revised stratigraphy to interpret the structural 

geology of Kansanshi. The paper focuses on three major structural features at Kansanshi, 1) 

evaporite related breccia horizons that separate the metasedimentary sequence into three 

tectonostratigraphic domains, 2) two nearly orthogonal sets of recumbent folds, and 3) pervasive 

boudinage and its influence on vein geometries and ore distribution in the Kansanshi deposit. 

The high degree of rheologic contrast between evaporite, carbonate, and siliciclastic lithologies, 

and its influence on deformational patterns, is an underlying theme. The paper walks through the 

evolution of structural features in the Kansanshi area and links them to regional tectonic 

processes that may be influential in forming other Kansanshi style deposits. Chapter 4 discusses 

newly discovered geochemical variations within the ‘Snowball Earth’ metadiamictite sequence at 

Kansanshi and draws significant conclusions regarding the evolution of seawater chemistry 

during this controversial time in Earth history. The geochemical patterns also provide a new way 

to subdivide the metadiamictite sequence, which significantly aided in establishing the structural 

interpretation and is discussed in Appendix C. The three manuscripts are followed by Chapter 5, 

which provides an overview of the general conclusions from this study and recommendations for 

future work. 

 Supplementary material follows the thesis body in a series of appendices. Appendix A 

includes general information about the drill holes utilized in the study (A.1) and a list of minerals 

recognized at Kansanshi (A.2). Appendix B includes two additional figures detailing the 

stratigraphy of the Katete Formation and the contact between the Dolomitic Sequence and the 

Mwale Formation. Appendix C documents the application of geochemical facies from Chapter 4 

to the structural interpretation at Kansanshi. Appendix D focuses on geochemistry, providing 



 

10 

additional information about methods of geochemical analyses and interpretation. It is separated 

into three parts: bulk-rock geochemistry (D.1), sulfur isotopic data (D.2), and geochronology of 

mafic igneous rocks (D.3). Appendix E includes results of petrographic analyses using 

automated mineralogy to investigate mineralogic and textural variations related to alteration and 

mineralization. Appendix F discusses potential analogues to the Kansanshi deposit and its 

relationship to other orogenic deposits. Appendix G outlines the supplementary digital files, 

which include 1) a list of samples and analyses performed, 2) sulfur isotope data, and 3) 

geochronology data, including U/Pb dating of mafic igneous rocks in this study and a 

compilation of prior ages dates in the Katangan Basin.  
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CHAPTER 2 

STRATIGRAPHY OF THE NEOPROTEROZOIC ROAN AND NGUBA GROUPS IN THE 

DOMES REGION AT THE KANSANSHI CU-(AU) DEPOSIT, NORTH-WESTERN 

PROVINCE, ZAMBIA 

 

A paper submitted to Economic Geology 

 

Timothy J. MacIntyre1*, Murray W. Hitzman2, Alexander P. Gysi1, Reynard Bartman3, James 

Mwale3, and Louis van Heerden3 

Abstract 

 The Kansanshi Cu-(Au) deposit is located in the western Domes region of the Central 

African Copperbelt (CACB) and is currently the largest active copper mine in Africa. The Cu ore 

at Kansanshi is hosted in deformed metasedimentary rocks of the Katangan Supergroup. 

However, amphibolite facies metamorphism and ductile deformation in the area have made it 

difficult to integrate the local geology into the regional stratigraphy of the CACB. This study 

combines drill core logging from recent deep exploration drill holes with open pit mapping at the 

Kansanshi mine to formalize the local stratigraphy and integrate it into a regional context. In the 

CACB, the Katangan Supergroup rocks are subdivided into the Roan, Nguba and Kundelungu 

Groups. At Kansanshi, only the Roan and overlying Nguba Groups are present. The Lower Roan 

Subgroup includes a thickened sequence of quartzite and meta-conglomerate (Basal Clastic 

Sequence) and an overlying anhydrite-bearing brecciated sequence consisting predominately of 

biotite schist and dolomitic marble (Evaporitic Sequence). Stratigraphic thickness and facies 

changes suggest a local fault bounded depocenter during initial deposition of the Basal Clastic 

and Evaporitic Sequences, which are equivalent to the Lower and Upper Roan Subgroups in the 

Zambian Copperbelt. This sequence is overlain by a carbonate-dominated sequence (Dolomitic 

Sequence) that corresponds to the upper portion of the Upper Roan Subgroup and the overlying 

Mwashya Subgroup. Stratigraphic correlation of the Dolomitic Sequence and an enigmatic 
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amphibole-biotite-quartz schist (‘Spangled Schist’ unit) with the Mwashya Subgroup suggests 

rapid lateral facies changes are present in the upper Roan Group. Both the Evaporitic and 

Dolomitic Sequences contain numerous large mafic igneous sills and subordinate flows 

commonly encased in polylithic albite-dolomite breccia, interpreted as the residuum after an 

evaporitic breccia. The Nguba Group is strongly folded at Kansanshi but contains a sedimentary 

sequence comparable to the less metamorphosed portions of the CACB to the northeast. Basal 

meta-diamictite of the Mwale Formation is overlain by calcite-marble and calcareous biotite 

schist in the Kakontwe and Katete Formations. This sequence is capped by carbonaceous phyllite 

and schist of the Monwezi Formation, which is the primary host of Cu ore at Kansanshi. This 

new stratigraphic understanding is critical for structural reconstructions at Kansanshi and 

throughout the Domes region, and will also facilitate better regional correlations throughout the 

Central African Copperbelt. This stratigraphic correlation indicates that Kansanshi is the 

stratigraphically highest major deposit in the CACB.  

 

2.1 Introduction 

 The Central African Copper Belt (CACB) is one of the world’s most important copper 

districts accounting for nearly 10% of global copper and a majority of the world’s cobalt 

production (Taylor et al., 2013). Copper ore in the CACB is dominated by variably 

metamorphosed sediment-hosted stratiform copper deposits containing disseminated Cu (and 

lesser Co) sulfides in Neoproterozoic rocks of the Katangan Supergroup (Hitzman et al., 2012). 

The Katangan Supergroup a sequence of carbonate, clastic, and evaporite rocks deposited in the 

intracratonic Katangan Basin during the rifting of Rodinia. Copper sulfides occur at multiple 

stratigraphic horizons with major deposits commonly located at structural highs and stratigraphic 

pinchouts near basin margins along the lowermost redox boundary within the local stratigraphic 

sequence (Broughton and Rogers, 2010; Hitzman et al., 2012).  

The Kansanshi Cu-(Au) mine is currently the largest active copper mine in Africa. It is 

located in northern Zambia within the Domes region of the CACB (Figure 2.1). Unlike the 

majority of the Katangan Basin, the Domes region underwent substantial deformation and 

metamorphism during the ~550 – 500 Ma Lufilian “orogeny” (John et al., 2004). In contrast to 

the predominately stratiform Cu deposits of the CACB, Cu ore in Kansanshi occurs in large 

subvertical chalcopyrite-bearing quartz and carbonate veins with significant Au grades and  
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Figure 2.1 - Simplified regional geologic/tectonic map of the Central African Copperbelt and 
surrounding areas showing the Domes region and the location of the Kansanshi mine. Gray 
shaded area represents the variably deformed Neoproterozoic Katangan Basin sedimentary 
sequence, with form lines emphasizing the Lufilian Arc. Hatched areas are Archean to 
Mesoproterozoic basement rocks; similar age Domes region basement rocks are shaded for 
emphasis. CCB = Congolese Copperbelt; ZCB = Zambian Copperbelt; KD = Kabompo Dome; 
MD = Mwombezhi Dome; SD = Solwezi Dome; LD = Luswishi Dome; Kafue = Kafue 
Anticline. Map modified from Heijlen et al. (2008) and Naydenov et al. (2014).   
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low Co. These veins formed during post-orogenic uplift and cooling in the early Cambrian; at 

least two generations have been documented at 512.4 ± 1.2 Ma and 502.4 ± 1.2 Ma based on U-

Pb dating of brannerite and Re-Os dating of molybdenite (Darnley et al., 1961; Torrealday et al., 

2000). Fluid inclusion studies at Kansanshi suggest that the mineralizing fluids were highly 

saline CO2–rich brines and that graphitization of organic matter in carbonaceous host rocks was 

a controlling factor in the redox state of the ore fluids and likely facilitated Cu precipitation 

(Speiser et al., 1995; Torrealday, 2000; Kribek et al., 2005; Nowecki, 2014).   

The general geology and exploration history of the Kansanshi deposit were described by 

Broughton et al. (2002) and further details about the regional geology and structural framework 

of the Kansanshi area are provided by Barron (2003). The intensity of deformation and 

metamorphism overprinting the sedimentary rocks at Kansanshi has made placing the mine 

stratigraphy into a regional framework challenging (Torrealday, 2000; Broughton et al., 2002; 

Barron, 2003). From 2013 to 2015, nearly 84,000 m of drill core was obtained from deep holes 

(730 m average) in and around the Kansanshi Cu-(Au) deposit as part of a regional exploration 

program by First Quantum Minerals. In the present study, data from this deep drilling program 

are utilized to provide a comprehensive stratigraphic description of the Kansanshi Cu-(Au) 

deposit and place it within the regional context of the CACB.  

 

2.2 Geologic Background 

2.2.1 Regional Geology and Tectonic Setting 

 The Kansanshi deposit is located in the Domes region of the CACB (Figure 2.1), which 

contains a series of igneous and metamorphic Paleoproterozoic to Mesoproterozoic basement 

cored uplifts variably interpreted as anticlinal highs, slices of thrust-faulted basement, or 

basement structurally interleaved with Neoproterozoic metasedimentary rocks (e.g. Coward and 

Daly, 1984; Daly et al., 1984; Cosi et al., 1992). Drilling has demonstrated stratigraphic 

pinchouts and facies changes of Neoproterozoic sedimentary rocks in proximity to some 

basement highs, suggesting that at least some of them formed paleohighs during sedimentation 

(e.g. Mendelsohn, 1961; Barron, 2003).  

The area now hosting the CACB underwent initial extension after ~840 Ma (Turlin et al., 

2016) with the deposition of syn-rift coarse clastic “red bed” sediments across much of the 

Katangan Basin, including the Domes region (Bull et al., 2011). This was followed by a period 
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of quiescence with deposition of finer-grained siliciclastic sedimentary rocks, carbonate 

sediments, and locally significant volumes of evaporites, probably including thick sequences of 

halite (Jackson et al., 2003). Extension was reinitiated in the region contemporaneous with 

widespread volcanic and intrusive mafic igneous activity between 765 and 735 Ma (Key et al., 

2001; Barron, 2003; Rainaud et al., 2003).  A regional marker unit, the Grand Conglomérat 

diamictite (Rooney et al., 2015), was deposited during the extensional event and is correlated 

with the Sturtian (717-660 Ma) glaciation (Rooney et al., 2015). Deposition of this unit is also 

correlative with a major episode of salt tectonics in the CACB (Hitzman et al., 2012; Selley et 

al., 2018), which was likely triggered by a renewed phase of extension as well as sediment 

loading associated with increased sediment flux during glacial events. The succeeding 

sedimentary succession progresses from heterogeneous carbonate and clastic shallow-water 

sediments with minor evaporites to largely fluvial sediments. 

The CACB occurs within what has been termed the Lufilian Arc (Unrug, 1988); a region 

containing broadly northward curving folds and faults that formed on the Congo craton to the 

north of the presumed collisional zone with the Kalahari craton (Figure 2.1). The Katangan rift 

basin was inverted starting ~580 Ma during the amalgamation of Gondwana in the Pan-African 

(Lufilian-Damara-Zambezi) orogeny, which resulted in closure of the Khomas Ocean and 

collision of the Kalahari and Congo cratons to the south of the CACB (Porada, 1989; Merdith et 

al., 2017).  Peak Lufilian metamorphism within the Domes region was dated to ~530 Ma based 

on 207Pb/235U geochronology on monazite (John et al., 2004). Greenschist to amphibolite facies 

Katangan Supergroup metasedimentary and meta-igneous rocks are present in the Domes region 

along an approximately 100 km wide arcuate belt stretching from the Angola-Zambia border to 

the Kafue anticline in the Zambian Copper Belt. The Domes region contains a number of 

basement domes, including Kabompo, Mwombezhi, Solwezi, and Luswishi domes and the Kafue 

Anticline (Figure 2.1). Higher grade metamorphism and apparently more intense deformation 

occur to the west in Katangan Supergroup rocks adjacent to the Kabompo, Mwombezhi, and 

Solwezi domes. The Kansanshi deposit is located north of the Solwezi Dome near the apex of 

this arcuate trend.  The Domes region is bound to both the north and south by Katangan 

Supergroup sedimentary rocks that appear to be age equivalent of the sequence at the Kansanshi 

mine, but contain low-grade sub-greenschist facies assemblages and typically lack metamorphic 

foliation (Porada, 1989; Selley et al., 2018).  
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The geology to the south of the Domes region is poorly understood, but this area appears 

to be largely underlain by weakly metamorphosed pelites (white mica + chlorite) derived 

dominantly from siliciclastic Neoproterozoic sedimentary rocks (Hanson et al., 1993 and 

references therein) that were intruded by numerous ~550-540 Ma felsic and ~570-520 Ma 

gabbroic plutons and sills, collectively termed the Hook Batholith suite (Hanson et al., 1993; 

Naydenov et al., 2014; Milani et al., 2015). Igneous rocks of the Hook Batholith suite become 

increasingly abundant to the south towards the NE-SW oriented Mwembeshi shear zone, which 

separates the weakly deformed and metamorphosed Katangan Supergroup sedimentary rocks 

from the highly deformed and metamorphosed rocks of the Zambezi belt to the south (Hanson et 

al., 1993).  Very sparse younger 458-427 Ma alkali-granitic to nepheline-syenitic stocks occur 

northwest of Mwombezhi Dome (Cosi et al., 1992). 

 

2.2.2 Regional Stratigraphy 

 Neoproterozoic to Cambrian age sedimentary rocks of the Katangan Supergroup were 

deposited unconformably over Paleoproterozoic to Mesoproterozoic igneous and metamorphic 

basement rocks throughout the CACB. The Katangan Supergroup is subdivided into the Roan, 

Nguba, and Kundelungu Groups (Figure 2.2) and has a maximum known thickness of ~11 km in 

the Democratic Republic of Congo (DRC) (Selley et al., 2018). The Roan Group is well 

documented in the Zambian Copper Belt (ZCB), but the Nguba and Kundelungu Groups are 

generally poorly preserved. In the DRC, lower Roan Group rocks are presently exposed only as 

blocks in halokinetic breccia complexes, while the Nguba and Kundelungu Groups are well 

documented (Cailteux and De Putter, 2019). Both the Roan and Nguba Groups are known from 

the Domes region, but due to higher grades of metamorphism and local structural disruption the 

stratigraphy is not well established. In this study, the stratigraphy of the Roan Group in the ZCB 

(Mendelsohn, 1961; Selley et al., 2005; Bull et al., 2011; Woodhead, 2013) and the Nguba 

Group of the Kipushi mine area 90 km to the E-NE of Kansanshi (De Magnée and François, 

1988; Batumike et al., 2007; Heijlen et al., 2008; Turner et al., 2018) are primarily utilized for 

comparison with Kansanshi.  

 

Basement rocks: Pre-Katangan basement in the Domes region consists of Archean to 

Mesoproterozoic metamorphic rocks of the ‘Lufubu Schist’ (Mendelsohn, 1961). These 
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Figure 2.2 - Stratigraphy at Kansanshi compared to the regional stratigraphy of the Central African Copperbelt. The Roan Group 
stratigraphy is largely derived from the Zambian Copperbelt (Selley et al., 2005; Bull et al., 2011). The stratigraphy of the Nguba 
Group and above is derived from the Congolese Copperbelt (Cailteux et al., 2007; Batumike et al., 2007). The “Spangled Schist” unit 
(SpS), previously assigned to the Kundelungu Group (Barron, 2003), is interpreted as a facies change to more shallow-water clastic 
rocks within the upper Roan Group. Ages listed are compiled from Armstrong et al., (2005), Key et al. (2001), Rooney et al.  (2015), 
Bodiselitsch et al. (2005), and Master et al. (2005). The portion of the stratigraphic sequence that contains copper at Kansanshi is 
schematically illustrated in red. 
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metamorphic rocks consist of schist and gneiss with abundant granitoids and metavolcanics 

dated between 2050-1850 Ma (Master et al., 2005; Rainaud et al., 2005). In portions of the ZCB, 

the Lufubu Schist is overlain by metasedimentary rocks of the 1.3-1.1 Ga Muva Group (Selley et 

al., 2005), which is dominated by quartzite with rare argillaceous beds (Mendelsohn, 1961). 

 

Roan Group: The Roan Group comprises the basal portion of the Katangan Supergroup. It was 

deposited in a series of intracratonic rift basins during the breakup of Rodinia, which 

commenced <880 Ma (John et al., 2004), with the major phase of rifting ~760 Ma (Cawood et 

al., 2016). In the ZCB, the Roan Group has been subdivided into the Lower Roan, Upper Roan 

and Mwashya Subgroups (Figure 2.2; Selley et al., 2005). The Lower Roan Subgroup has a 

maximum age of 840 ± 13 Ma based on the youngest concordant U-Pb geochronological analysis 

of detrital zircon from the lower Roan at the Mwombezhi Dome (Turlin et al., 2016). The Lower 

Roan in the ZCB is subdivided into the Mindola Clastics Formation, comprised of coarse-grained 

hematitic sub-arkosic sedimentary rocks, and the overlying Kitwe Formation. The Kitwe 

Formation consists of marine siltstones, sandstones, sabkha facies carbonates and evaporitic 

sedimentary rocks that host most of the copper deposits in the ZCB (Cailteux, 1983; Bull et al., 

2011).  

The Upper Roan Subgroup is characterized by fining upward cycles of sandstone, 

siltstone, dolostone, and local anhydrite with intervening evaporitic breccias and mafic igneous 

bodies (Selley et al., 2005; Woodhead, 2013). In the ZCB, Upper Roan Subgroup breccias 

appear locally stratabound but show widely variable thickness from meters to hundreds of 

meters, and step downward across stratigraphy regionally (Selley et al., 2005; Woodhead, 2013).  

In the DRC, Roan Group breccias are considerably more abundant; they subcrop over large areas 

crosscut stratigraphy (François, 2006). These differences suggest that evaporitic deposits in the 

Congolese Copper Belt (CCB) may have been thicker and underwent widespread diapiric 

halokinesis during deposition of overlying sediments (Jackson et al., 2003; Hitzman et al., 2012; 

Woodhead, 2013).   

The Mwashya Subgroup (Mwashia in the ZCB) marks the transition from a carbonate- 

and evaporite-dominated sequence in the Upper Roan Subgroup into a clastic-dominated 

sequence (Cailteux et al., 2007). In the DRC, the base of the Mwashya Subgroup was 

traditionally defined by a polylithic breccia horizon with overlying strata subdivided into a lower 
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dolomitic sequence, with local igneous rocks, and an upper clastic sequence (Cailteux et al., 

1994; Selley et al., 2005). However, more recent interpretations assign the dolomitic sequence to 

the Upper Roan Subgroup (Cailteux et al., 2007). The upper clastic sequence is represented from 

bottom to top by a dolomitic silty shale/siltstone, dark gray to black carbonaceous shale, and 

feldspathic sandstone, which have been assigned to individual formations (Cailteux et al., 1994; 

2007).  The Mwashya Subgroup displays vertical and lateral lithofacies variations in both 

Zambia (Bull et al., 2011) and the DRC (Cailteux et al., 2007), which have caused confusion in 

lithostratigraphic correlations.  

 

Nguba Group: The Nguba Group contains a basal Sturtian ‘Snowball Earth’ diamictite, the 

Grand Conglomérat (Mwale Formation), which provides the best marker horizon in the 

Katangan basin (François, 1973b; Batumike et al., 2007). It varies in thickness from >1200 m to 

<100 m and consists predominantly of green-grey polylithic matrix-supported diamictite. 

Previous reports on the Kansanshi mine have referred to the metamorphosed diamictite as the 

‘Pebble Schist’ but the term Grand Conglomérat is preferred here. The Grand Conglomérat is 

overlain in most of the CACB by the Kaponda Formation (François, 1973a; Intiomale, 1982), 

which varies from a marly or sandy shale in the west and north, to banded fine-grained 

carbonaceous dolostone and dolo-micrite in more basinal locations to the south and east  

(Batumike et al., 2007).  The Kaponda Formation is typically overlain by massive, locally 

stromatolitic, limestone and dolostone of the Kakontwe Formation (François, 1973a; Intiomale, 

1982; Turner et al., 2018). Where present in the DRC, the Kakontwe Formation generally 

increases in thickness from north to south, locally reaching over 600 m thick (Batumike et al., 

2007). The Kakontwe Formation transitions upward into the largely clastic sedimentary rocks of 

the Katete Formation (Dumont et al., 1997; Batumike et al., 2007). The Katete Formation varies 

widely from a <50 m thick coarse-grained sandstone to a 1500 m thick pelite (Batumike et al., 

2007). At Kipushi, the Katete Formation is represented by a 230 m thick cyclic, rhythmically 

banded, carbonate-clastic sequence termed the “Série Récurrente” (François, 1973; Intiomale, 

1982), which locally contains a breccia of dolostone fragments with purple anhydrite in a gray 

siltstone matrix (Turner et al., 2018).  These carbonate-dominated sequences grade upward into 

silty dolomitic and carbonaceous shale of the siliciclastic-dominated Monwezi Formation 

(François, 1973b). The Monwezi Formation generally consists of pelites and siltstones ranging 
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from 70 to > 1400 m thick, with local sandstones. At Kipushi it is 100-300 m thick and 

dominated by dolomitic pelite with abundant pyrite (Batumike et al., 2007).  

 

Kundelungu Group: The Kundelungu Group overlies the Nguba Group (Batumike et al., 2007). 

The Gombela Subgroup at the base of the Kundelungu Group typically contains a basal 

Marinoan ‘Snowball Earth’ diamictite, the Petite Conglomérat or Kyandamu Formation (Dumont 

et al., 1997). The Petit Conglomérat is overlain by cap carbonate rocks of the Lusele Formation 

or Calcaire Rose (Batumike et al., 2007). The Lusele Formation is overlain by banded dolomitic 

shale and siltstone of the Kanianga Formation and dolomitic siltstone (Calcaire Oolithique) of 

the Lubudi Formation (Grosemans and Jamotte, 1937; Cailteux and De Putter, 2019). This 

sequence is overlain by a coarse-grained siliciclastic sequence of alternating pelitic to sandy 

carbonate-bearing siltstone and sandstone of the Ngule Subgroup (Batumike et al., 2007; 

Cailteux and De Putter, 2019).  The Kundelungu Group is overlain by the Biano Group, formerly 

classified as the Plateaux Subgroup (François, 1995). The Biano Group contains a sequence of 

continental clastic arkoses and conglomerates deposited unconformably over folded Katangan 

rocks; deformation is interpreted to have occurred during the Pan-African/Lufilian orogeny 

(Dumont et al., 1997; Kampunzu and Cailteux, 1999; Batumike et al., 2007; Cailteux and De 

Putter, 2019).   

 

Igneous Rocks: Mafic igneous rocks occur within the sedimentary sequence, predominately 

within the Upper Roan and Mwashya Subgroups, but also locally within the Lower Roan 

Subgroup and the lower Nguba Group. The mafic rocks consist predominantly of intrusive 

tholeiitic gabbro, with local basaltic volcanic rocks displaying pillows, flow top breccias and 

tuffs (Key et al., 2001; Rainaud et al., 2003; Broughton and Rogers, 2010). Cooling ages of 765-

735 Ma have been determined by U-Pb dating of zircon in mafic rocks from several areas of the 

CACB (Key et al., 2001; Barron, 2003). These ages correspond to a major phase of extension 

related to the breakup of Rodinia at ~760 Ma (Cawood et al., 2016). At ~560-500 Ma, mafic 

rocks in the Domes area underwent metamorphism and alkali metasomatism that commonly 

resulted in modification of whole rock compositions from tholeiitic to (sub)alkaline (Cosi et al., 

1992; Tembo et al., 1999; Barron, 2003).  Metamorphism coincided with syn-tectonic felsic, and 

minor mafic, intrusive activity in the Hook Batholith suite south of the Domes region. 
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2.3 Methods 

 The stratigraphy of the Kansanshi Cu-(Au) deposit and surrounding areas was studied by 

integrating geological mapping and drill core logging with multi-element bulk rock geochemical 

analyses of drill core to facilitate correlation of specific stratigraphic units within this complexly 

folded terrain. For this study, detailed logging was completed on >13,000 m of core from 16 drill 

holes, with more than 120 additional drill holes logged using a combination of core photos and 

multi-element geochemistry. Logged holes are aligned in fences across the deposit area with the 

longest being 17 km (Figure 2.3). The fences included 14 holes over 1000 meters depth and the 

deepest hole (2511m) drilled in the area. Geological mapping undertaken in both the Main Pit 

(1:3500 scale) and NW Pit (1:5000 scale) allowed direct correlation of stratigraphic units defined 

in drill holes with > 1 km long exposures in pit walls.   

Geochemical bulk-rock multi-element analysis was conducted on halved core (average 

sample intervals <1.5 m) by ALS Chemex Johannesburg (ME-MS61 package) using 4-acid 

digestion with ICP-MS analysis. The multi-element geochemical data was a valuable aid in 

photo logging and proved critical in defining geochemical patterns within stratigraphic units 

(MacIntyre, 2019).  Rock descriptions are based on petrographic analysis on 105 thin sections 

using optical microscopy. In this study metamorphic rocks are named with major mineral 

constituents hyphenated and listed in order of increasing abundance in front of the specific rock 

name. 

 

2.4 Geology of the Kansanshi Deposit 

 The Katangan Supergroup stratigraphy at Kansanshi has been metamorphosed and 

displays complex deformation features that are cut by post peak metamorphism Cu-(Au) 

mineralized veins (Torrealday et al., 2000; Broughton et al., 2002). Deformation features include 

inverted stratigraphy and stratigraphic repetitions due to recumbent folding and faulting 

(Broughton et al., 2002).  

The majority of the mine area occurs within recumbently folded strata, which were 

subsequently folded into a broad NW-SE trending antiform termed the Kansanshi antiform 

(Broughton et al., 2002).  This sequence is part of the lower structural plate, which is exposed in 

an erosional window along the crest of the Kansanshi antiform through an overlying upper plate 

(Figure 2.3). The two structural plates are separated by an albitized polylithic breccia horizon 
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Figure 2.3 - Simplified geologic map of the Kansanshi mine and surrounding area. The location of the NW and Main open pits and the 
SE Dome are shown along the crest of the NW-SE trending Kansanshi antiform. The deposits occur in recumbently folded lower plate 
strata within an erosional window through overturned upper plate strata. A breccia zone containing large mafic meta-igneous rocks 
marks the boundary between the two plates. The thin orange line within the Grand Conglomérat schematically denotes the location of 
ironstone horizons near the base of that unit based on geophysical data. Drill holes utilized in this study are shown with important 
holes labeled. The location for historic drill hole NK6 (mentioned in text) is not precisely known, but stratigraphy from Arthurs (1974) 
suggests the hole was collared near the center of the present-day Main Pit. Arc 1950 datum, UTM Zone 35S. 
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containing large mafic meta-igneous rock clasts. Based on drill core data on the flanks of the 

antiform, the upper plate appears to be the overturned lower limb of a large-scale recumbent 

fold.  Copper ore bodies occur in the lower plate in three small subsidiary domes along the crest 

of the Kansanshi antiform at NW Pit, Main Pit, and SE Dome (Figure 2.3). This study describes 

the intact stratigraphy of the lower plate from the Lower Roan Subgroup up into the Nguba 

Group. New names are assigned to Roan Group strata, but existing stratigraphic terminology is 

applied to Nguba Group rocks (Figure 2.2). Prior to this work the Kansanshi Mine utilized a 

local ‘Mine Stratigraphy’ nomenclature applied to the local stratigraphic sequence (Figure 2.4).  

The stratigraphic sequence at Kansanshi contains a number of structural discontinuities 

that are represented by breccia horizons. The most prominent is the breccia separating overturned 

Roan and Nguba group rocks of the Upper Plate from the normal facing Roan and Nguba group 

rocks of the Lower Plate. A structural discontinuity is also inferred within the Lower Calcareous 

Sequence that separates strongly folded overlying strata from the basal Nguba Group.  

 

2.4.1 Lithology and Stratigraphy 

Roan Group: The lower portions of the Katangan stratigraphy at Kansanshi are subdivided into 

three lithologic sequences (Figure 2.4): the quartz-rich Basal Clastic Sequence, the clastic-

dominated Evaporitic Sequence, and a carbonate-dominated Dolomitic Sequence.  

The Basal Clastic Sequence is a thick sequence of fine- to medium-grained arkosic 

quartzite and micaceous quartzite, commonly with disseminated fine-grained specular hematite. 

The sequence locally contains kyanite, phlogopite, and scapolite porphyroblasts (Figure 2.5). 

Only three drill holes have penetrated the Basal Clastic Sequence (KRX077, KRX082, and 

historic hole NK6); although KRX082 cored 1368 meters of it in an attempt to reach basement. 

This sequence is locally conglomeratic, with the proportion of conglomerates in the section 

increasing towards the base of what has currently been drilled. The sequence gradually becomes 

less arkosic and more quartz-rich in the upper ~200 m of the section, suggesting an increasing 

maturity near the top of the sequence. The top contact of the Basal Clastic Sequence is difficult 

to identify. The quartzite grades upward over ~40 m into a distinctive Ni-rich (>800 ppm) 

magnesian chlorite-kyanite-talc schist (Figure 2.6). The kyanite-talc schist appears to reflect a 

metasomatic alteration overprinting the quartzite sequence and therefore the top contact of the 

Basal Clastic Sequence is placed at the top of the kyanite-talc schist.  
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Figure 2.4 - Stratigraphic column for the Kansanshi Mine area illustrating the historic mine 
stratigraphy (Broughton et al., 2002 and Barron, 2003) and correlations to stratigraphic units of 
the CACB proposed in this study. Breaks represent structural discontinuities within the strongly 
deformed sequence. The facing column indicates which portions of the stratigraphy are 
dominantly upright or overturned. The overturned sequence is underlain by a breccia zone 
containing mafic meta-igneous rock fragments, previously interpreted as intrusions, but here 
attributed to structurally emplaced breccias of the Evaporitic Sequence. Beneath this breccia 
zone the lower plate strata is recumbently folded as depicted by the fold nose of the Mwale 
Formation within the Kakontwe Formation. Note the thicknesses indicating that the Kakontwe 
and Monwezi Formations are often missing from the upper plate sequence. 
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Figure 2.5 - Quartzite and metaconglomerate of the Roan Group, Basal Clastic Sequence . A) 
Metaconglomerate bed within quartzite, note the lack of foliation; KRX082, 2420 m. B) 
Micaceous quartzite with scapolite (Scp) porphyroblasts; KRX082, 1394 m. C) Quartzite with 
heavy mineral bands marking sedimentary structures and pale kyanite (Ky) porphyroblasts 
retrograded to muscovite; KRX077, 1359 m. D) Metaconglomerate with quartz pebbles and 
coarse-grained metamorphic biotite (Bt); KRX082, 2420 m. 
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Figure 2.6 - Upward progression from quartzite to Ni-rich kyanite-talc schist at the top of the 
Basal Clastic Sequence . A) Series of three hand samples and corresponding thin section 
photomicrographs (in XPL) showing quartzite grading upward into kyanite-talc schist in drill 
hole KRX077. Note the variations in textures and modal amounts for talc (Tlc; abundance and 
alignment increasing up section), kyanite (Ky; pristine euhedral versus corroded poikiloblastic 
crystals), and quartz (Qz; abundance decreasing vs. degree of schistosity increasing up section). 
Hm = hematite, Ms = muscovite, Drv = dravite. B) Histogram of bulk rock Ni concentrations 
around the contact between the Evaporitic Sequence and the Basal Clastic Sequence in drill hole 
KRX077, illustrating the correlation between Ni and talc abundance and the gradual progression 
from quartzite to talc schist at the top of the Basal Clastic Sequence. 
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The base of the overlying Evaporitic Sequence is marked by a thin 1-3 m albitized 

dolomitic breccia horizon. Overlying this breccia is a heterogeneous 300 to 600 m thick 

sequence containing an assortment of various schists, dolostone, and local anhydrite with 

numerous breccia horizons (Figure 2.7). The most common lithologies include biotite schist with 

abundant quartz nodules and dolomite-bearing talc-chlorite(Mg)-muscovite schist. A kyanite-talc 

schist also occurs ~60-80 m above the base of this unit similar to the one observed in the Basal 

Clastic Sequence (Figure 2.6b). The biotite schist locally contains quartz, scapolite, and/or 

feldspar pseudomorphs after nodular anhydrite. In some instances, several 15-30 m thick biotite 

schist sequences become more carbonate-rich up section and are capped by anhydrite-bearing 

dolomitic breccia, possibly indicating shallowing-upward cycles. Breccia horizons typically 

consist of pebble- to cobble-sized clasts of mafic meta-igneous rocks, dolostone, and siliciclastic 

lithologies in an albitized dolomitic matrix. More than 300 m thick mafic meta-igneous bodies in 

the Evaporitic Sequence are also commonly rimmed by breccia, suggesting that they occur 

within the breccia horizons. These igneous bodies are largely responsible for the dramatic 

thickness changes in this sequence, which varies between 270 and 800 m (Figure 2.4). Accurate 

thicknesses for the Roan Group strata are difficult to estimate due to the small number of drill 

penetrations and frequency of large mafic meta-igneous rock bodies in the sequence. Breccia 

horizons and clasts typically lack foliation and locally display a vuggy texture (Figure 2.8), even 

where surrounding rocks are strongly foliated. The Evaporitic Sequence has been intersected in 

five drill holes at Kansanshi (KRX066, 067, 077, 082, and historic hole NK6; Figure 2.3), but the 

lithologic heterogeneity and abundance of breccia within the intersections has precluded detailed 

hole to hole correlations.   

Above the Evaporitic Sequence is the >250m thick Dolomitic Sequence dominated by 

massive gray dolomitic marble and dolostone with minor interbedded biotite schist (Figure 2.9). 

The upper 60-180 m of this sequence is typically a relatively homogeneous dolostone (the 

“Lower Dolomite” in previous mine terminology), but lower in the section this sequence 

contains more frequent biotite schist and breccia layers. The Dolomitic Sequence is distinguished 

from the underlying Evaporitic Sequence by a higher proportion of carbonate rocks to clastic 

intervals and breccias. Large mafic meta-igneous bodies, some of which can be over 200 m 

thick, occur in the both the Evaporitic and Dolomitic Sequences and regularly obscure the 
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Figure 2.7 - Roan Group, Evaporitic Sequence lithologies . A) Biotite schist displaying foliation boudinage; KRX082, 903 m. B) 
Dolomite-garnet-scapolite-hornblende-albite-muscovite-quartz-biotite schist with minor kyanite, staurolite, tourmaline and epidote. 
Quartz-rich clasts possibly after anhydrite nodules; KRX067, 1311 m. C) Anhydrite-rich dolomite-garnet-scapolite-hornblende-albite-
muscovite-quartz-biotite schist with minor kyanite, staurolite, tourmaline and epidote; KRX082, 900 m. D) Epidote-scapolite-albite-
hornblende-quartz-biotite-muscovite schist with minor kyanite, chlorite-(Mg), staurolite and carbonate; KRX066, 917.9 m. E)  Biotite-
quartz schist with poikiloblastic scapolite (marialitic) porphyroblasts rimmed by quartz and biotite; KRX066, 951.5 m. F) Talc-
muscovite-quartz schist with feldspar pseudomorphs after flattened nodular anhydrite; KRX066, 1477.1 m. G) Talc-biotite-muscovite-
anhydrite-dolomite schist; KRX066, 1139.1 m. The majority of anhydrite at Kansanshi has a slight purple hue. Chl = Chlorite, Scp = 
Scapolite, Anh = Anhydrite, Dol = Dolomite. 
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Figure 2.8 - Typical Roan Group, Evaporitic Sequence breccia . A) Albitized dolomite-matrix 
breccia zone displaying sharp contacts between strongly altered metasedimentary rocks (above) 
and a gabbro mega-clast (below); KRX066, 1026.1-1029.3 m. B-D) Hand sample photo and thin 
section photomicrographs of a sample from within the breccia zone; KRX066, 1026.1 m. B) 
Albitized angular clasts of gabbro(?) within an albitized carbonate matrix. C & D) Thin section 
photomicrographs in PPL and XPL respectively, showing coarse-grained albite laths and 
dolomite in the breccia matrix adjacent to an albitized clast; possibly after gabbro. 
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Figure 2.9 - Roan Group, Dolomitic Sequence lithologies . A) Banded gray dolostone with local 
boudins. The upper portion is altered to a white color as a result of alteration and carbon 
destruction around hematite lined fractures; KRX082, 585 m. B) Transition from fine-grained 
dolostone (21% Ca, 13% Mg) to coarse-grained calcite marble (36% Ca, 0.5% Mg) at the top of 
the Dolomitic Sequence; KRX068, 827 m. C) Marble with scapolite (Scp) porphyroblasts; 
SEDD004, 355 m.  D) Sugary-textured magnesite altered dolostone; KRX080B, 895.6 m. 
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contacts between the two sequences; where observed, the contacts between these sequences are 

sharp and locally brecciated. Carbonate rocks in the Dolomitic Sequence consist of light to 

medium grey dolomitic marble and dolostone (Figure 2.9). These rocks are commonly bleached 

to a light grey to white color indicating loss of minor carbonaceous material. Such bleached 

zones display sharp to gradational contacts with unbleached carbonate rocks and are locally 

related to 1-2 mm iron-oxide lined fractures. Where highly altered the dolostone is weakly 

cemented and displays a gritty/sandy texture referred to as ‘sugary’ or ‘granular.’ Local 

magnesite intervals commonly display a similar bleaching and granular texture but contain 

abundant talc and lack iron-oxide lined fractures. The upper 10-15 m of the Dolomitic Sequence 

consists of a calcite marble with occasional thin phyllite intervals. Northeast of Kansanshi, 

structurally overturned sequences contain ~10 m of phyllite and up to 40 m of calcareous 

rhythmites in the upper portion of the Dolomitic Sequence, suggesting a possible facies transition 

towards a deeper water Mwashya Subgroup facies. Rhythmites and rhythmically bedded 

sequences at this stratigraphic position are relatively common (Cailteux et al., 2007).   

 

Nguba Group: The Nguba Group is the main host to Cu ore at Kansanshi and has been 

extensively drilled. It consists, from bottom to top, of a basal metadiamictite (Grand 

Conglomérat; Mwale Formation), a marble sequence (Kaponda and Kakontwe Formations), a 

strongly banded and boudined sequence of marble and schist (Katete Formation), and a pelitic 

sequence of phyllite and garnet schist (Monwezi Formation) (Figure 2.10).  

The Mwale Formation is a 90 to 220 m thick sequence of deformed and metamorphosed 

diamictite with thin metasiltstone horizons. At Kansanshi, this formation has historically been 

termed the ‘Lower Pebble Schist’ and where it occurs in the overturned upper plate it has been 

termed the ‘Upper Pebble Schist’ (Torrealday et al., 2000; Broughton et al. 2002; Barron, 2003).  

The Mwale Formation at Kansanshi can reach thicknesses of >500 m as a result of internal 

deformation (ductile stacking), folding or fault repetition. The matrix of the metadiamictite is a 

light gray to dark green-gray to black (garnet-carbonate)-muscovite-quartz-biotite schist. 

Accessory phases include scapolite, plagioclase, amphibole, chlorite, apatite, ilmenite, rutile, 

pyrrhotite, and tourmaline. The most abundant clast types are typically derived from underlying 

strata, primarily dolostone, but also include marble, phyllite, schist, quartzite, massive quartz,  
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Figure 2.10 - Common lithologies and textures of Nguba Group metasediments . A) Low-strain 
metadiamictite containing clasts of dolostone, marble, quartzite, and phyllite in an argillaceous 
matrix; SEDD014, 65.5 m. B) Finely laminated carbonaceous phyllite with abundant 
disseminated pyrrhotite; KRX050, 511 m. C) Calcite marble with typical gray carbon-rich top 
and white altered base related to carbon destruction; KRX042, 233 m. D) Garnet schist with 
garnet porphyroblasts strongly retrograded to chlorite in hand sample from NW Pit. 
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and rare basement-derived granite and gneiss. Modal clast contents vary from ~5 to 25 %, 

averaging ~10 %.  

The Mwale Formation at Kansanshi is composed of multiple metadiamictite units which 

are separated by clast-poor to clast-free metasiltstone and rare thin conglomeratic horizons in 

some drill holes. The metadiamictite packages contain two prominent clast-free Fe- and P-rich 

horizons that commonly occur ~2 to 30 m above its basal contact with the Dolomitic Sequence. 

They are interpreted to be ironstones that originated as chemical precipitates in variably 

calcareous pelitic sediments (Hurth, 2017). These ironstones range from 2 to >10 m thick and are 

generally separated by approximately 5 m of metadiamictite. They consist of ferroan-carbonate, 

magnetite, and quartz with accessory grunerite, almandine, pyrrhotite, biotite, and apatite (Hurth, 

2017). Coarse-grained garnet and amphibole make the ironstones visually distinct so that they 

are useful as marker horizons. Locally these iron-rich intervals can also be strongly calcareous 

and commonly appear to be highly strained.  

Overlying the Mwale Formation is a 60 to 90 m thick massive gray to white calcite 

marble historically termed the ‘Lower (and Upper) Marble’ (Broughton et al., 2002; Barron, 

2003), which corresponds regionally to the Kakontwe Formation. The contact between the 

Mwale and the Kakontwe Formations ranges from sharp to gradational and may locally be 

sheared or brecciated.  The Kakontwe Formation commonly contains persistent, ~2 to 5 m thick 

carbonaceous, pyrite- and/or pyrrhotite-bearing phyllite horizons, mostly within ~10 m of its 

base or top.  In some areas, especially to the northeast of the Kansanshi mine, the Kakontwe 

Formation contains several additional carbonaceous phyllite beds, and phyllites may locally 

dominate over carbonate beds near the base of the unit; a similar stratigraphic position to the 

Kaponda Formation (Intiomale, 1982) which is present beneath the Kakontwe Formation at 

many locations in the CACB. In most drill holes to the southeast of the mine area, the lower 

portion of the Kakontwe Formation contains an up to 40 m thick package of garnet schist. It is 

unclear if this interval represents a different facies of the Kakontwe Formation or structurally 

interleaved stratigraphy from another portion of the stratigraphic sequence.   

Above the Kakontwe Formation is a 30 to 50 m zone of complex interbedded, 

boudinaged and weakly metamorphosed carbonate and clastic rocks assigned to the Katete 

Formation ('Série Récurrente' at the Kipushi mine). Locally, this sequence can be >120 m thick 

as a result of structural repetition. At Kansanshi, this unit has historically been termed the 
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‘Lower Calcareous Sequence’ (Torrealday et al., 2000; Broughton et al., 2002; Barron, 2003).  

From bottom to top it consists of a 6 to 10 m (locally >30 m thick) boudined garnet 

schist/phyllite , a 1 to 3 m thick marble, and a 10 to 15 m thick heterogeneous zone of strongly 

banded calcareous biotite schist (‘zebra rock’), marble, and thin interbedded phyllite and schist 

(Figure 2.11). The Katete Formation at Kansanshi is capped by a 1 to 10 m thick marble that has 

a sharp, possibly faulted, contact with the overlying dark carbonaceous phyllite of the Monwezi 

Formation.   

Banding within the Katete Formation at Kansanshi commonly ranges from millimeter to 

up to ~10 cm. This banding is similar to depositional banding described from the Katete 

Formation elsewhere (‘Série Récurrente’ of Francois, 1973a), but also shows evidence of 

tectonic (i.e. boudinage, shear banding) and alteration (i.e. carbon destruction, albitization) 

related genesis. Calcareous schist in the banded sequence of the Katete Formation may transition 

vertically and laterally into non-calcareous biotite schist. The banded sequence commonly 

contains a 1 to 5 m thick horizon of white, vuggy, poorly cemented, variably albitized, dolomitic 

marble with local anhydrite (Figure 2.11b) that is overlain by a ~0.5 to 2 m thick interval of 

distinctly boudined calcareous biotite schist (Figure 2.11c). Taken together, the vuggy white 

dolomitic marble and boudined calcareous biotite schist form a distinctive marker sequence.   

Overlying the Katete Formation is the Monwezi Formation, which was historically 

termed the ‘Middle (and Upper) Mixed Clastics’ (Torrealday et al., 2000; Broughton et al., 2002; 

Barron, 2003).  It is interpreted to be the youngest stratigraphic horizon preserved at Kansanshi 

and is the principle host to Cu ore.  The Monwezi Formation consists of a 30 to 80 m thick 

package of variably carbonaceous phyllite and garnet schist with occasional thin layers of 

calcareous quartzite and rare carbonate beds. In many areas the basal portion of the Monwezi 

Formation is dominated by phyllite while the upper portion of the unit is mostly garnet schist. 

The garnet schist is typically not well mineralized. The rare calcareous horizons within this 

formation often display textures indicative of both normal and inverted grading suggesting the 

unit is internally folded.  Quartzite layers in the formation are commonly calcareous with well-

defined bedding. These layers are often fractured, veined, and albitized suggesting that they 

acted as semi-rigid bodies during deformation and likely provided high permeability zones 

within an otherwise fine-grained low permeability sequence.     
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Figure 2.11 - Nguba Group, Katete Formation textures and lithologies . A) Strongly banded rock 
displaying a progression from marble at the top, to calcareous biotite schist in the middle, to 
biotite schist at the base; KRX023, 669 m. B) Vuggy, granular dolostone; KRX050, 557 m. C) 
Biotite schist “zebra rock” with boudins forming a distinctive texture common in the Katete 
Formation; KRX092A, 494 m. D) Granular “sugary” dolostone with large columnar biotite; 
KRX050, 556 m. E) Banded calcareous biotite schist with large, weakly deformed, quartz 
pseudomorphs after nodular anhydrite; KRX023, 584 m. 
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 The Monwezi Formation is the primary host for mineralization at Kansanshi. Sulfides 

occur in quartz-carbonate veins cutting the unit and as disseminations within albitized selvages 

to the veins. Intense vein proximal albitization involved the destruction of biotite and 

carbonaceous material, generating a white muscovite-rich halo. Chalcopyrite is more abundant in 

weakly albitized carbonaceous rocks beyond this halo. Sulfides also occur in bed parallel ductile 

structures and in association with boudins in the Monwezi Formation.  

 

‘Spangled Schist’ Unit: The ‘Spangled Schist’ is a visually distinctive sequence of coarsely 

crystalline schist intercalated with thin carbonate-rich and quartz-rich intervals. It was previously 

termed the ‘Solwezi Biotite Spangled Schist’ (Hatfield, 1937) and ‘Solwezi Biotite Quartzite 

Formation’ (Arthurs, 1974). In the Kansanshi area the ‘Spangled Schist’ unit consists of a 

heterogeneous sequence of (garnet)-(scapolite)-amphibole-biotite-carbonate-muscovite-quartz 

schist, lesser quartzite, and rare thin intervals of both marble and phyllite (Figure 2.12). Schists 

within the unit are variably siliceous, calcareous, and locally anhydrite-rich. The unit displays a 

strong metamorphic fabric overprinted by large (>1cm) randomly oriented porphyroblasts of 

biotite, amphibole (actinolite or hornblende), and local scapolite. Common accessory minerals in 

the schist include epidote, chlorite, apatite, kyanite, and pyrite.  

The ‘Spangled Schist’ unit outcrops over a large area to the west and south of the 

Kansanshi mine and has been intersected by several regional drill holes. In drill core the 

Spangled schist overlies structurally overturned rocks in the Dolomitic Sequence and locally the 

contact appears to be faulted. Although similar units have been described widely throughout the 

Domes region, the true stratigraphic position of the ‘Spangled Schist’ is unknown (Porada and 

Berhorst, 1998). In the Kansanshi area it was previously assumed to be equivalent to rocks 

within the Kundelungu Group (Barron, 2003), but our current understanding of the structural 

architecture of the Kansanshi area suggests that it occupies at position equivalent to the 

Evaporitic and/or Dolomitic Sequences. Spangled schist-like rocks that occur within the 

Dolomitic Sequence in some drill holes at Kansanshi (e.g. KRX067, 918-994 m). In addition, 

portions of the Evaporitic Sequence have distinctive trace element geochemical compositions 

similar to those observed in the Spangled Schist (MacIntyre, 2019). This suggests that the 

Kansanshi area may contain rapid facies changes at this stratigraphic level.  
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Figure 2.12 - Textures and mineralogy of the ‘Spangled Schist’ unit assigned in this study to the 
Evaporitic and Dolomitic Sequences in the Upper Roan and Mwashya Subgroups. A & B) Hand 
samples of biotite-muscovite-quartz schist with large amphibole porphyroblasts. C) Dolostone 
(Dol) interval with fine biotite-rich (Bt) bands; KRX100, 203.3 m. D) Anhydrite (Anh) and 
kyanite-rich (Ky) intervals in albitized (Ab) phlogopite (Phl) schist; KRX100, 1031.0 m. E) 
Randomly oriented amphibole (Amp) and biotite (Bt) porphyroblasts in a fine-grained 
muscovite-quartz schist matrix; KRX100, 177.1 m. F) Drill core showing the heterogeneity 
commonly observed within the ‘Spangled Schist’ including a calcite marble interval within 
heterogeneous garnet and amphibole-bearing biotite-muscovite-quartz schist; KRX100, 193 m. 
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Mafic Rocks: Large >300 m thick and >1 km long intrusive and extrusive mafic meta-igneous 

bodies occur locally in both the Evaporitic and Dolomitic Sequences at Kansanshi and in 

correlative sequences north of the Solwezi Dome (Barron, 2003).  Similar blocks are also present 

within the breccia zone separating the upper and lower plates at the Kansanshi mine.  

Metamorphism converted the igneous bodies into amphibolites but primary igneous textures are 

largely preserved. Their textures range from coarse-grained to aphanitic with some bodies 

becoming increasingly aphanitic towards their edges suggesting chilled margins. Other meta-

igneous bodies display apparent pillow textures (Figure 2.13).  Thus, the textures are compatible 

with formation of the bodies as both intrusive gabbroic sills and subordinate subaqueous basaltic 

lava flows.  In both instances the mafic meta-igneous bodies are regularly bound by breccias on 

their contacts. The edges of many bodies are also commonly fractured and variably altered. 

Some of the fracturing may be related to shallow intrusion into hydrous sediments (i.e. 

pepperites).  Although many mafic bodies have sharp contacts with surrounding rocks, other 

bodies display schistose hybridized margins with mafic meta-igneous rock grading into breccia 

or dolostone over meters to 10’s of meters. Barron (2003) noted minor amphibole-rich rock that 

he termed “skarn” adjacent to metagabbros in Evaporitic Sequence stratigraphy north of Solwezi 

Dome and an absence of such material adjacent to mafic meta-igneous rocks occurring in the 

breccia horizon within the Nguba Group at Kansanshi.  Zircon U-Pb geochronology from both 

locations returned similar ages of 742 Ma and 753 Ma (Barron, 2003); in agreement with 765-

735 Ma dates for other mafic igneous rocks in the basin (Key et al., 2001). These 

geochronological data indicate that the mafic igneous rocks are close in age to the Evaporitic 

sequence, which suggests that mafic igneous rocks in the breccia zone between the lower and 

upper plates may have been emplaced as rafted blocks in allochthonous halokinetic evaporites.   

 

2.5 Effects of Metamorphism on the Sedimentary Rocks at Kansanshi 

 Diagenetic to deep burial hydrothermal alteration of Katangan rocks is observed in both 

the ZCB (Darnley, 1960; Selley et al., 2005) and throughout the CACB (Hitzman et al., 2012). It 

is probable that the Katangan sequence at Kansanshi underwent modification prior to 

metamorphism though this has not been closely investigated. A distinctive feature of the 

metasedimentary rocks at Kansanshi, which is also common throughout the western portion of 

the Domes region, is the highly variable nature of metamorphic textures and mineralogy.  During  
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Figure 2.13 - Textural relationships in mafic meta-igneous rocks . A) Fine-grained basaltic 
pillow lavas; KRX077, 897 m. B) Pillowed mafic metavolcanic rock with purple anhydrite (Anh) 
between pillows; KRX077, 895 m.  C-G) examples of various textures in one 236 m thick 
intrusion intersected in the Upper Roan, Evaporitic Sequence.  C) Coarsely crystalline albite-
altered mafic meta-igneous rock consisting of primary plagioclase, ferromagnesian minerals, 
quartz, K-spar, Fe-Ti oxides, and apatite converted to metamorphic albite and actinolite with 
minor calcite, titanite, biotite, chlorite, apatite and pyrite; KRX066, 1274 m. D) Amphibole- and 
scapolite-bearing metadiabase with primary plagioclase laths replaced by metamorphic 
plagioclase and zoisite, and primary pyroxene replaced by hornblende; KRX066, 1310 m. E-G) 
Progression from coarse- to fine-grained amphibole-bearing metagabbro associated with an 
apparent chilled margin at the base of the gabbro body; KRX066, 1380 m, 1401 m, and 1428 m 
(bottom edge of the metagabbro is ~1435 m). The metagabbro contains primary plagioclase, 
pyroxene, ilmenite, and apatite and replaced by amphibole (actinolite, hornblende, and 
hastingsite), chlorite, plagioclase, epidote (zoisite), scapolite, titanite, and pyrite during 
metamorphism/metasomatism. Petrographic descriptions modified from Mason (2013).
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regional mapping, Ridgway and Ramsay (1986) noted, “in Zambia, incompatible mineral 

assemblages are common and the spatial distinction between high-and low-pressure facies series 

is not possible on a regional scale.”  

At Kansanshi, primary sedimentary and igneous textures and structures are locally well 

preserved despite ductile deformation and metamorphism. These textures include sedimentary 

bedforms in quartzites and some of the phyllites, clasts in diamictite and conglomerate, 

pseudomorphed evaporite nodules in evaporitic sequences, and pillows in mafic meta-igneous 

rocks (Figures 2.5, 2.7f, 2.10b, 2.11e, 2.13a). However, rocks with such textures are interlayered 

with coarsely crystalline schists. Thus, lower greenschist facies assemblages of fine-grained 

quartz-muscovite-bearing phyllites with remnant bedding are sandwiched between amphibolite 

facies assemblages of very coarsely crystalline amphibole-garnet-kyanite-bearing schists over 

scales of meters (Figure 2.14). Porphyroblasts in the schists range from <0.5 mm biotite and 

garnet, to >10 mm biotite, amphibole, and scapolite crystals.  Amphibole porphyroblasts greater 

than 5 cm and scapolite porphyroblasts in excess of 20 cm are locally observed. Some portions 

of the strata contain a well-developed metamorphic schistosity while the most coarsely 

crystalline rocks commonly lack mineral alignment and the largest porphyroblasts tend to be 

randomly oriented. These textural and mineralogical variations appear to have been due 

primarily to differences in lithology, although strain localization and proximity to high strain 

domains along structures also played a significant role.  

Many metamorphic minerals at Kansanshi show evidence of retrograde alteration.  

However, retrograde alteration was apparently more intense in particular portions of the 

stratigraphy (Torrealday, 2000) and could in part be related to post-metamorphic alteration. 

Kyanite and garnet are commonly retrograded to muscovite and chlorite-quartz respectively 

within the Nguba Group but are preserved in the Evaporitic Sequence and the ‘Spangled Schist’ 

unit. The Kansanshi area was affected by syn- to post-metamorphic sodic metasomatism that 

resulted in destruction of biotite-phlogopite and carbonaceous material and significant 

precipitation of albite and ferroan carbonate minerals (Torrealday et al., 2000). 

 

2.6 Discussion 

 Stratigraphy at Kansanshi fits comfortably within what is known from the rest of the 

CACB. Katangan metasedimentary rocks at Kansanshi are broadly similar to rocks rimming 
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Figure 2.14 - Examples of metasedimentary rocks at Kansanshi showing the variations in 
metamorphic facies, mineralogy, and textures . A) Typical finely-laminated carbonaceous 
quartz-muscovite phyllite in the Nguba Group, Monwezi Formation with abundant pyrite and 
minor chalcopyrite (0.1% Cu), derived from a carbonaceous shale protolith; KRX050, 418.1 m. 
B) Kyanite-rich (Ky) carbonaceous quartz-muscovite phyllite in the Roan Group, Dolomitic 
Sequence, presumably derived from a similar shale protolith to (A), but with lower amounts of 
carbonaceous material and/or subjected to a higher metamorphic grade or alteration; KRX098, 
799 m. C) Garnet-biotite-muscovite-quartz schist in the Nguba Group, Mwale Formation (Grand 
Conglomérat), derived from a diamictite protolith. Garnet (Grt) has undergone retrograde 
alteration to chlorite and calcite with minor quartz; KRX066, 559 m. D) Dolomitic garnet-
biotite-muscovite-quartz schist of the Roan Group, Evaporitic Sequence likely derived from a 
calcareous siltstone protolith; KRX066, 724.7 m. E) Biotite-albite-garnet-grunerite-quartz schist 
of the Nguba Group, Mwale Formation (Grand Conglomérat), derived from an ironstone 
protolith at the base of the diamictite sequence; SEDD014, 268.9 m. F) Dolomitic garnet-
actinolite-quartz schist in the ‘Spangled Schist’ unit of the upper Roan Group, possibly derived 
from a calcareous siltstone protolith; KRX100, 1129.5 m. Act = actinolite, Bt = biotite, Dol = 
dolomite, Grt = garnet, Gru = grunerite, Ky = kyanite, Po = pyrrhotite. 
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domes throughout the Domes region and follow a typical intracratonic rift progression from 

subaerial syn-rift coarse clastic sediments to shallow marine evaporite-rich sediments to more 

carbonate-rich sediments up section. However, distinct differences in lithofacies occur at the 

stratigraphic level of the Mwashya Subgroup in the Kansanshi mine area and more broadly 

within the Domes region. At Kansanshi the typical phyllite-dominated Mwashya Subgroup 

equivalent is represented by a carbonate-rich section (Dolomitic Sequence), which appears to 

correlate laterally to the ‘Spangled Schist’ unit. The Nguba Group sequence in the Domes region 

remains poorly known but the section at Kansanshi suggests it is broadly similar to that present 

in the southern DRC at Kipushi.  The preponderance of metamorphic/metasomatic dolomite, 

magnesite, magnesian chlorite, talc, kyanite, scapolite, phlogopite, albite, and dravitic tourmaline 

throughout the sequence highlights the evaporitic character of the basin and resulting high 

salinity of the metamorphic fluids (Moine et al., 1981; Yardley and Graham, 2002; Henry et al., 

2008; Warren, 2016). 

 

2.6.1 Comparison of Kansanshi stratigraphy to the northern edge of the Solwezi Dome 

 Detailed geologic mapping conducted by Arthurs (1974) and Barron (2003) shows that 

the Solwezi Dome is rimmed by an ~150 m thick section of quartz-rich schist that dips gently 

away from the dome. These rocks commonly contain thin conglomerate beds and may display 

large-scale cross-bedding. The boundary between the quartz-rich schist and underlying basement 

is commonly occupied by a several meter-thick zone of kyanite schist that obscures the presumed 

unconformity (Arthurs, 1974) and may represent a structurally deformed contact (Eglinger et al., 

2016).  

The quartz-rich schist adjacent to the northern edge of the Solwezi Dome is a thin 

equivalent of the >1.2 km thick Basal Clastic Sequence at Kansanshi.  As at Kansanshi, the top 

of this quartz-rich schist section grades into a 20-30 m thick (60-70 m at Kansanshi) pale 

greenish monazite- and hematite-bearing kyanite-talc schist that marks the transition into the 

overlying Evaporitic Sequence (Upper Roan of Arthurs, 1974). At Kansanshi, the abundance of 

both kyanite and talc increase up section, with the most talc-rich rocks displaying large pristine 

kyanite porphyroblasts, while kyanite in deeper strata appears corroded and contains abundant 

inclusions. Similar rocks to the west at Mwombezhi Dome and on the eastern edge of the 

Kabompo Dome have been described as having undergone syn- to post-metamorphic 
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metasomatism (Bernau, 2007; Capistrant et al, 2013). A number of kyanite occurrences in 

greenschist facies rocks of the CCB have also been attributed to hydrothermal alteration 

(Lefebvre and Patterson, 1982). Williams and Nisbet (2017) attribute localized whiteschist 

metamorphism at this horizon to tectonic overpressure associated with the competency contrast 

between quartzite and overlying evaporites; similar to the effects of differential stress 

emphasized by Mancktelow (2000) and Wheeler (2014).   

Rocks overlying the Basal Clastic Sequence are not well exposed near the Solwezi Dome. 

Arthurs (1974) indicates that this portion of the stratigraphy consists of muscovite-biotite-quartz 

schists with minor banded ironstone quartzite and massive yellow quartzite. However, recent 

work by Williams and Nisbet (2017) indicates that there is no regional geophysical evidence for 

ironstones or magnetic quartzite in this portion of the stratigraphy. Arthurs (1974) assigned this 

sequence to the Mwashya Subgroup with the carbonate sequence termed the Chafugoma Marble 

Formation. The data from Kansanshi suggest that this portion of the stratigraphy is occupied by 

equivalents of the Evaporitic and Dolomitic Sequences.  While the irregular outcrop patterns and 

thickness variations at this stratigraphic level were attributed by Arthurs (1974) to incompetent 

calcareous rocks during deformation, the presence of evaporites within this sequence likely 

played a larger role in the stratigraphic heterogeneity. As at Kansanshi, fine-grained 

carbonaceous shale typical of the Mwashya Subgroup in the ZCB is absent along the northern 

edge of the Solwezi Dome (Barron, 2003). Thus, the Dolomitic Sequence at Kansanshi appears 

to represent a local carbonate-rich facies of the Mwashya Subgroup.   

Nguba Group strata are thin or absent near the Solwezi Dome and are only described 

from the “fold belt” north of the dome (Arthurs, 1974). The basal Mwale Formation Grand 

Conglomérat metadiamictite is not known to outcrop near the Solwezi Dome, but has been 

observed in drill holes northeast of the dome where it is thin (<30 m), discontinuous, and 

strongly deformed. In some drill holes there is a breccia at the level of the missing 

metadiamictite suggesting that it may have been structurally displaced. Similarly, the Kakontwe 

Formation does not crop out in the immediate vicinity of the Solwezi Dome.  Carbonaceous and 

calcareous pelitic units with interbedded quartzite, similar to the Monwezi Formation, are 

described above the level of the Mwale Formation near the dome, but mapping is insufficient to 

establish their true distribution and stratigraphic relationships. The lower Nguba Group sequence 

around the Solwezi Dome appears to be overlain by a ‘Spangled Schist’ unit lithology (Arthurs, 
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1974; Barron, 2003), similar to the one observed at Kansanshi. However, mapping of this 

lithology indicates that it shares contacts with a number of different units, which has led to 

considerable confusion about its true stratigraphic position (Porada and Berhorst, 1998). The 

apparent equivalence of the “Spangled Schist” unit around Solwezi Dome with the Evaporitic 

and/or Dolomitic Sequences at Kansanshi suggests the area contains rapid facies changes similar 

to those documented in upper portions of the Roan Group in some other portions of the CACB 

(Hitzman et al., 2012). 

 

2.6.2 Comparison of Kansanshi stratigraphy to the western Domes region (Mwombezhi 

and Kabompo Domes) 

 The geology of the western Domes region remains poorly understood. Despite significant 

industry activity in this area during the past decade, little geological data has been published. 

Published work to date has focused on the Lumwana deposit at the Mwombezhi Dome located 

65 km west-southwest of Kansanshi (Benham et al., 1976; Scott et al., 2010; Bernau et al., 2013; 

Turlin et al, 2016), and the Sentinel (Kalumbila) and Enterprise deposits at the Kabompo Dome 

located 120 km west-southwest of Kansanshi (Steven and Armstrong, 2003; Meighan, 2015; 

Capistrant et al., 2015) (Figure 2.1). 

The Lumwana deposit is interpreted to occur within folded and altered basement rocks 

along a shear zone within the Mwombezhi Dome (Bernau et al., 2013).  Mapping along the 

edges of the dome shows a similar stratigraphy to that along the flanks of the Solwezi Dome.  

Metamorphic basement rocks are unconformably overlain by a quartzite (the Rimming Quartzite 

unit). The contact between the basement and overlying quartzite is marked by a metasomatic 

hematite-kyanite-talc-quartz-muscovite schist that grades into a talc-kyanite schist (Bernau, 

2007). This talc-rich horizon is interpreted to have acted as a décollement (Cosi et al., 1992; John 

et al., 2004). The basal quartzite unit is overlain by a series of intercalated metacarbonate, 

metapelite, and metagabbroic rocks of supposed Upper Roan Subgroup age (Scott et al., 2010) 

that appear to be the equivalent of the Evaporitic Sequence at Kansanshi. The overlying Nguba 

and Kundelungu Groups are not well described around Mwombezhi Dome. Scott et al. (2010) 

described the lithologies as “argillite and shale” and Williams and Nisbet (2017) documented 

several magnetic marker horizons, which they interpreted as ironstones in the Mwale Formation 

at the base of the Nguba Group.  
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The stratigraphy along the eastern edge of the Kabompo Dome is similar to the 

Mwombezhi Dome with some notable exceptions.  The Lower Roan Subgroup clastic sequence 

shows significant thickness variations (100-500 m) and grades upward to a talc-kyanite schist 

(Capistrant, 2013) similar to that capping the Basal Clastic Sequence at Kansanshi. The Upper 

Roan Subgroup contains a >200 m thick sequence of breccia, which has been extensively drilled 

at the Enterprise deposit (Capistrant et al., 2015). These breccias are similar to those in the 

Evaporitic Sequence at Kansanshi. Overlying this breccia horizon is a dolostone similar to the 

Dolomitic Sequence. However, unlike the stratigraphic section at Kansanshi, the dolostone 

sequence along the eastern Kambompo Dome is overlain by a thick package of metamorphosed 

dolomitic siltstone and black shale, including the Kalumbila phyllite, which hosts the Sentinel 

Cu deposit (Steven and Armstrong, 2003). Though the Kalumbila phyllite was ascribed to the 

Lower Roan Subgroup by Steven and Armstrong (2003), more recent work suggests it may be 

stratigraphically equivalent to the Mwashya Subgroup (Capistrant, 2013). The sequence at the 

Kabompo Dome is capped by the Mwale Formation and overlain by marble of the Kakontwe 

Formation.  

 

2.6.3 Comparison of Kansanshi stratigraphy to the Zambian Copperbelt (ZCB) at the 

Kafue Anticline 

 The stratigraphy of the ZCB along the flanks of the Kafue anticline has been well 

documented (e.g. Mendelsohn, 1961; Selley et al., 2005; Bull et al., 2011; Woodhead, 2013 and 

references therein). Along the margins of the Kafue anticline stratigraphic packages are grossly 

similar, although local variations exist, particularly facies changes and stratigraphic pinchouts 

within the Lower Roan Subgroup and at the level of the Mwashya Subgroup. Many of the 

stratigraphic changes in the Lower Roan Subgroup were instrumental in controlling the 

distribution of Cu ore bodies (Selley et al., 2005).  

In the ZCB, the Lower Roan Subgroup consists of the Mindola Clastics and Kitwe 

Formations, with the dolomitic carbonaceous “Ore Shale” of the Copperbelt Orebody Member at 

the base of the Kitwe Formation. The Basal Clastic Sequence at Kansanshi is lithologically 

similar to the Mindola Clastics Formation and displays similar thickness variations to those 

observed around the Kafue anticline. The lack of Copperbelt Orebody Member equivalent strata 
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above the Basal Clastic Sequence at Kansanshi may be similar to dolomite-rich “barren gaps” in 

the ZCB (Selley et al., 2005).  

The Evaporitic Sequence at Kansanshi is likely the stratigraphic equivalent of the Kitwe 

Formation and the basal portion of the Upper Roan Subgroup in the ZCB (Figure 2.2); though it 

may contains less carbonate than the ZCB section. Apparent shallowing upward sequences 

within some portions of the Evaporitic Sequence at Kansanshi are similar to those present in the 

upper portion of the Lower Roan Subgroup and the lower portion of the Upper Roan Subgroup in 

the ZCB (Selley et al, 2005, Bull et al., 2011; Woodhead, 2013). Evaporite Sequence breccias 

locally capping these cycles are lithologically similar to breccias in the ZCB that have been 

interpreted as being derived from evaporite dissolution and halokinesis (Selley et al., 2005; 

Broughton, 2014). 

The Dolomitic Sequence at Kansanshi appears to encompass stratigraphic equivalents of 

the Mwashya Subgroup and portions of the Upper Roan Subgroup in the ZCB; though it 

apparently contains less evaporitic material. However, at Kansanshi and along the northern edge 

of the Solwezi Dome (Barron, 2003) the Dolomitic Sequence does not contain thick siltstones or 

black shales like the Mwashya Subgroup does in much of the CACB, suggesting it represents a 

carbonate-rich facies.  

The absence of well described Nguba Group facies in the ZCB, with the exception of the 

Mwale Formation, makes comparison with the Kansanshi section difficult. 

 

2.6.4 Comparison of Kansanshi stratigraphy to the Kipushi Mine, DRC 

 The Kipushi Mine is located 90 km east-northeast of Kansanshi and contains the most 

well documented Nguba Group sequence in close proximity to Kansanshi (e.g. Intiomale and 

Oosterbosch, 1974; Intiomale, 1982; De Magnée and François, 1988; Batumike et al., 2007; 

Cailteux et al., 2007; Heijlen et al., 2008; Van Wilderode et al., 2013; Turner et al., 2018). The 

rocks at Kipushi are weakly to non-metamorphosed allowing for better interpretation of the 

sedimentary sequence. At Kipushi, diamictites of the Mwale Formation form a >300 m thick 

sequence overlain by a >500 m thick section of carbonate rocks that have been subdivided into 

the Kaponda, Kakontwe, and Kipushi Formations (Batumike et al., 2007). Although in many 

portions of the CCB the basal Kaponda Formation is clastic-dominated, it undergoes an 

important change in lithofacies from detrital in the north to carbonate in the south. At Kipushi 
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this formation is composed entirely of fine-grained micritic dolostone with interbedded 

carbonaceous dolomitic shale beds (Batumike et al., 2007).  Kansanshi displays a similar 

carbonate-rich lithofacies at the stratigraphic position of the Kaponda Formation such that it is 

not possible to differentiate it from the overlying Kakontwe Formation. The rapid facies changes 

now recognized at the level of the Kakontwe Formation at Kipushi (Turner et al., 2018) may also 

explain some of the carbonate to clastic transitions in the Kansanshi area.  The alternating 

sequence of dolostones and dolomitic shales known as the ‘Série Récurrente’ (Katete Formation) 

and the dominantly siliciclastic Monwezi Formation at Kipushi (Heijlen et al., 2008) are 

lithologically similar, though apparently thicker, than the stratigraphically equivalent units at 

Kansanshi.  

 

2.7 Conclusions 

 The abundance of drill cores from the Kansanshi mine area have allowed construction of 

a robust stratigraphic section (Figure 2.2), which represents the most complete section described 

to date from the Domes region of the CACB. The Roan Group stratigraphic section at Kansanshi 

largely follows that known from the ZCB. At Kansanshi the Roan Group is subdivided into a 

Basal Clastic Sequence, Evaporite Sequence, and Dolomitic Sequence. The Basal Clastic 

Sequence displays a rapid northward thickening from <200 m at the Solwezi Dome to greater 

than 1200 m at Kansanshi, indicating the generation of significant accommodation during 

deposition of the Lower Roan Group and suggesting the presence of a major depocenter beneath 

the Kansanshi mine area. The Evaporitic Sequence at Kansanshi appears to have contained more 

evaporite than the stratigraphically equivalent section in the ZCB and likely served as a regional 

dislocation surface during Lufilian deformation. The Dolomitic Sequence at Kansanshi is a 

relatively homogeneous sequence of dolomitic marble that represents shallower water deposition 

relative to the dominantly deeper water pelitic sedimentary rocks of the age equivalent Mwashya 

Subgroup of the ZCB. The ‘Spangled Schist’ unit present outboard of the Kansanshi deposit at 

an apparently equivalent stratigraphic position suggests the Kansanshi mine area may have been 

a paleohigh near the end of Roan Group deposition, similar to the carbonate platform envisioned 

in the Domes area by Porada and Berhorst (2000). Both the Evaporitic and Dolomitic Sequences 

contain intrusive and extrusive mafic meta-igneous rocks that were emplaced close in age to their 

enclosing sediments ~753-742 Ma (Barron, 2003).  
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Nguba Group stratigraphy at Kansanshi is strongly metamorphosed and recumbently 

folded but can be correlated with less deformed sequences to the north along the southern border 

of the DRC at Kipushi. As in other parts of the basin, the Grand Conglomérat metadiamictite 

(Mwale Formation) provides a reliable marker horizon at the base of the Nguba Group sequence. 

The absence of a well-developed Kaponda Formation above the Mwale Formation suggests that 

the Kansanshi area remained a relative paleohigh into Nguba Group time.  The Kakontwe 

Formation at Kansanshi is overlain by the Katete Formation which contains anhydrite-bearing 

dolostone intervals also indicative of continuing shallow marine deposition. The uppermost 

portion of the stratigraphy preserved at Kansanshi is dominated by variably carbonaceous pelitic 

metasediments and thin interbedded calcareous quartzite of the Monwezi Formation, which is the 

major ore host at Kansanshi, making it the stratigraphically highest major Cu deposit in the 

Central African Copperbelt. 
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CHAPTER 3 

STRUCTURAL GEOLOGY OF THE KANSANSHI CU-(AU) DEPOSIT, NORTH-WESTERN 
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Timothy J. MacIntyre1*, Murray W. Hitzman2, Alexander P. Gysi1, Reynard Bartman3, 

Louis van Heerden3, and James Mwale3 

 

Abstract 

 The Kansanshi Cu-(Au) deposit in the western Domes region of the Katangan Basin 

contains chalcopyrite bearing veins and disseminated sulfides hosted in metamorphosed and 

deformed Neoproterozoic metasedimentary rocks. The complex nature of deformation in the 

Domes region has been challenging to interpret and has hampered efforts to correlate 

stratigraphic units and interpret the genesis of ore deposits in the region. In this study, numerous 

deep drill holes and exposures in open pits of the Kansanshi mine have revealed the presence of 

three major tectonostratigraphic domains, here termed the Footwall, Kansanshi Mine, and Upper 

Plate domains. The Footwall domain includes basement rocks and overlying coarse-grained 

clastic sediments. It is separated from the overlying Kansanshi Mine domain by an evaporitic 

sequence containing numerous low-angle breccia horizons that acted as detachment surfaces. 

The Kansanshi Mine domain contains a strongly folded metasedimentary sequence overlain by a 

major evaporite-derived breccia body that separates this domain from the overlying and 

structurally inverted Upper Plate domain. Deformation at Kansanshi involved two apparently 

progressive phases of syn-metamorphic recumbent folding, followed by broad open folding 

which generated the Kansanshi antiform and is associated with pervasive boudinage. Vein 

patterns and spatial relationships between veins and domes along the crest of the antiform 

suggest that the first phase of veining and mineralization was related to extensional boudinage 
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during the generation of the Kansanshi antiform. Large meter wide veins occur almost 

exclusively within siliciclastic rocks and terminate abruptly at adjacent carbonate horizons 

suggesting that they formed as boudin neck veins. These veins and associated disseminated 

mineralization make up the bulk of Cu ore at the mine.  Later brittle veining and faulting along 

NE trending fault zones was associated with a second phase of mineralization with smaller, more 

traditional veins that cross cut multiple lithologies and are associated with broad zones of albite 

alteration. The evaporite-derived breccia zone separating the Kansanshi Mine from the Upper 

Plate domain indicates that Roan group evaporites in the mine area moved upwards through the 

stratigraphy. The occurrence of similar mineral assemblages in veins spanning the transition 

from ductile to brittle deformation suggests a prolonged period of mineralization from peak 

metamorphism through cooling. 

 

3.1 Introduction 

 The Kansanshi Cu-(Au) deposit is located ~12 km north of Solwezi, Zambia in the 

Domes region of the Central African Copperbelt. It is the largest active copper mine in Africa, 

currently producing ~250 kt of Cu and 140 koz of Au per annum from two open pits, with a total 

resource of 1.44 Gt grading 0.65 % Cu and 0.11 g/t Au (First Quantum Minerals, 2017). The 

deposit has an estimated metal endowment of 12.0 Mt Cu and >6.9 Moz Au based on combined 

historical production and current resources.   

 The Kansanshi deposit occurs within the Neoproterozoic Katangan Basin, host to the 

world’s premier sediment-hosted copper district, the Central African Copperbelt (CACB) 

(Taylor et al., 2013).  It is one of several Neoproterozoic ‘saline giant’ basins with formerly thick 

evaporite sequences (Jackson et al., 2003; Warren, 2016). Copper sulfides in the CACB occur 

primarily as stratiform disseminations in reduced strata. Mineralization in the CACB is attributed 

to redox reactions between oxidized, highly saline metal-bearing fluids derived from residual 

evaporitic brines with rocks containing in-situ or migrated reductants (Hitzman et al., 2005; 

2012). Geochronological studies have returned a wide range of ages (~820 Ma – 450 Ma) from 

early diagenesis to post basin inversion and metamorphism (Richards et al., 1988; Barra et al., 

2004; Schneider et al., 2007; Decrée et al., 2011; Nowecki, 2014; Capistrant et al., 2015; 

Muchez, et al., 2015; Sillitoe et al., 2017) suggesting a prolonged history of mineralization (El 

Desouky et al., 2008, 2009; Hitzman et al., 2010, 2012).  
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Kansanshi differs from other major CACB deposits in containing significant gold, 

occurring high in the stratigraphic sequence, and having sulfides largely within or in proximity to 

near vertical vein swarms (Torrealday et al., 2000; Broughton et al., 2002; Hitzman et al., 2012).  

It is hosted by complexly deformed Neoproterozoic metasedimentary rocks characteristic of the 

western Domes region and the intense deformation and amphibolite facies metamorphism at 

Kansanshi have made constraining the structural evolution and its relationship to mineralization 

difficult (Torrealday, 2000; Broughton et al., 2002; Barron, 2003). The structural evolution of the 

Domes region also remains contentious (e.g. Unrug, 1983; Coward and Daly, 1984; Daly et al., 

1984; Porada, 1989; Cosi et al., 1992; Kampunzu and Cailteux, 1999; Porada and Berhorst, 

2000; Barron, 2003; John et al., 2004; Meighan et al., 2013; Eglinger et al., 2014b, 2016; Turlin 

et al., 2016; Koegelenberg et al., 2019).  

New information from numerous recent deep exploration drill holes in and around the 

Kansanshi mine have allowed for the development of a revised stratigraphic interpretation, and 

integration of the previous mine stratigraphy into a regional framework (MacIntyre et al., in 

review).  In the present work, the revised stratigraphic interpretation is utilized in the preparation 

of new geologic maps and cross sections based on interpretations from drill core logging and 

open pit mapping in conjunction with whole rock geochemical data. These geological 

observations have been utilized to develop a revised history of deformation and mineralization 

for the  Kansanshi Cu-(Au) deposit.  

 

3.2 Geologic Background 

 The Central African Copperbelt is informally subdivided into the Congolese Copperbelt 

(CCB), Zambian Copperbelt (ZCB), and the Domes region which hosts the Kansanshi deposit 

(Figure 3.1). Most sediment-hosted copper deposits in the CACB consist of stratiform 

disseminations and occasional veinlets of Cu-sulfides in reduced argillaceous to calcareous 

rocks, evaporitic carbonate rocks, or locally arenaceous host rocks (Hitzman et al., 2005; 2012). 

In the ZCB, Cu deposits occur in dominantly autochthonous strata along the flanks of the Kafue 

anticline (Mendelsohn, 1961; Selley et al., 2005).  In the CCB, most Cu deposits occur in 

allochthonous mega-fragments incorporated into breccias interpreted as the residuum after 

diapiric salt structures (François, 1974; Jackson et al., 2003; Hitzman et al., 2012).  Copper 

deposits in the western Domes region are all hosted by high-grade metamorphic rocks, but 
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Figure 3.1 - Simplified regional geologic/tectonic map of the Central African Copperbelt and 
surrounding areas (modified from Heijlen et al., 2008 and Naydenov et al., 2014). Deposits 
referenced in the text are labeled. Gray shaded area represents the variably deformed 
Neoproterozoic Katangan Basin sedimentary sequence with form lines added to emphasize the 
Lufilian Arc. The zone of higher-grade metamorphic assemblages in Katangan rocks extends 
from east of the Solwezi Dome to the southwest end of the Kabompo Dome. Hatched areas are 
Archean to Mesoproterozoic basement rocks; similar age Domes region basement rocks are 
shaded for emphasis. CCB = Congolese Copperbelt; ZCB = Zambian Copperbelt; KD = 
Kabompo Dome; MD = Mwombezhi Dome; SD = Solwezi Dome; LD = Luswishi Dome; Kafue 
= Kafue Anticline. In this paper the ‘western Domes region’ refers to areas west of the Luswishi 
Dome. 
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vary considerably from structurally to lithologically controlled, pre- to syn- to post-

metamorphism, and disseminated to veinlet sulfides (Lumwana deposits: Benham et al., 1976; 

Bernau, 2007; Scott and Hitzman, 2010; Bernau et al., 2013; Sentinel/Kalumbila: Steven and 

Armstrong, 2003; Kansanshi: Torrealday et al., 2000; Broughton et al., 2002). 

  The sedimentary rocks throughout the CACB were deposited in an intracratonic basin 

during the rifting of Rodinia <840 Ma (Turlin et al., 2016). The Katangan Basin displays a 

typical rift basin filling pattern of basal subaerial siliciclastic sedimentary rocks (“red beds”) 

followed by shallow marine sedimentary rocks that grade upwards to a carbonate-dominated 

sequence that appears to have contained locally thick sections of evaporites (Selley et al., 2005; 

Woodhead, 2013; Selley et al., 2018). A later extensional phase was associated with mafic 

igneous activity (~765-735 Ma) throughout the CACB (Cosi et al., 1992; Tembo et al., 1999; 

Kampunzu et al., 2000; Key et al., 2001; Barron, 2003) and the production of additional 

accommodation space.  Halokinesis appears to have been initiated in portions of the Katangan 

basin in association with this second extensional event (Hitzman et al., 2012; Selley et al., 2018; 

Twigg, 2019).   

 Inversion of the Katangan basin occurred during the Pan-African assembly of Gondwana 

between 590-500 Ma (Berhorst and Porada, 1998; John et al., 2004; Rainaud et al., 2005; 

Eglinger et al., 2016).   A convex-northward array of folds and faults to the north of the Domes 

region (Figure 3.1) has traditionally been termed the ‘Lufilian Arc’ (Garlick, 1961; Unrug, 1988) 

and has been interpreted to reflect northward or northwestward tectonic transport (e.g. 

Kampunzu and Cailteux, 1999). More recent interpretations suggest Lufilian deformation may 

have involved only minimal shortening but significant halokinesis (Selley et al., 2018).   

Metamorphic grade and deformation styles vary widely in the CACB from sub-

greenschist facies and largely upright folds in the CCB (Selley et al., 2018) to local amphibolite 

facies and overturned recumbent folds in the western Domes region (Mendelsohn, 1961; Arthurs, 

1974; Coward and Daly, 1984; Daly et al., 1984; Cosi et al., 1992; Porada and Berhorst, 2000) 

(Figure 3.1).  In the western Domes region, basement and Katangan Supergroup rocks are 

generally thought to have been decoupled along a talc-kyanite schist horizon at the basement 

contact (e.g. Cosi et al., 1992; John et al., 2004).  Rocks above this contact commonly display 

prominent flattening fabrics recently interpreted to have formed during post-orogenic 

gravitational collapse (Eglinger et al., 2016). 
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Peak metamorphism in the western Domes region occurred at ~530 Ma (John et al., 

2004), with subsequent uplift and cooling ~510-460 Ma based on K-Ar and Rb-Sr dating of 

biotite and muscovite (Cosi et al., 1992; Berhorst and Porada, 1994; Torrealday, 2000; John et 

al., 2004; Rainaud et al., 2005).   

 

3.3 Methods 

 This work is based on data from deep exploratory drilling undertaken by First Quantum 

Minerals between 2013 and 2015, and involves detailed physical logging on >13,000 m of core 

from 16 drill holes and logging of an additional 120+ drill holes from core photos in combination 

with multi-element geochemistry (Appendix A.1). For multi-element geochemical analysis, the 

majority of drill core was split in half and sent to ALS Chemex Johannesburg for bulk rock 

geochemical assay using a 4-acid digestion and ICP-MS analysis (Appendix D). Core logging 

was supplemented by geological mapping in the Main and NW pits at 1:3500 and 1:5000 scale 

respectively. Logging and geological mapping were utilized to create a series of cross-sections 

across and along the Kansanshi antiform. Cross-sections were created in various orientations as 

necessary to display the variable fold geometries present at Kansanshi.  A structure contour map 

was manually created in 3D modeling software Leapfrog Geo on the top of the Grand 

Conglomérat to help visualize the structure of the Kansanshi antiform and folding within the 

Nguba Group.   

 

3.4 Kansanshi Stratigraphy 

 The Katangan metasedimentary rocks that host the Kansanshi deposit consist of the 

Roan, Nguba, and Kundelungu groups, which rest unconformably on Mesoproterozoic to 

Neoproterozoic gneiss, schist and granite (Figure 3.2). The Roan Group stratigraphy is best 

known from the ZCB (e.g. Selley et al., 2005) while the Nguba and Kundelungu groups are best 

known from the CCB (e.g. Hitzman et al., 2012).  Correlation of the stratigraphy between the 

northern (Congolese) and southern (Zambian) portions of the Katangan basin has proven 

challenging, especially at the level of the Roan Group (Woodhead, 2013).   

In the western Domes region, the Katangan metasedimentary rocks are strongly 

metamorphosed and deformed in proximity to basement cored uplifts forming the so-called 

‘domes’.   This has made stratigraphic correlations of the Katangan rocks in the Domes region 
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Figure 3.2 - Regional Stratigraphy of the Central African Copperbelt compared to Kansanshi area stratigraphy .  Roan group largely 
derived from the Zambian Copperbelt (Selley et al., 2005; Bull et al., 2011), Nguba and above derived from the Congolese Copperbelt 
(Cailteux et al., 2007; Batumike et al., 2007). Ages from Armstrong et al., 2005; Key et al., 2001; Rooney et al., 2015; Bodiselitsch et 
al., 2005; and Master et al., 2005. The Cu-bearing sequence at Kansanshi is schematically illustrated in red; mineralization is dated to 
512-502 Ma (Torrealday et al., 2000). 
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with other portions of the CACB problematic.  However, recent work has shown that the Roan 

Group strata in the western Domes region can be grossly correlated with stratigraphy in the ZCB, 

while Nguba Group strata in the Domes region generally correlate with CCB stratigraphy 

(MacIntyre et al., in review).   

 At Kansanshi, the Roan Group is readily subdivided stratigraphically into a Basal Clastic 

Sequence, an Evaporitic Sequence, and a Dolomitic Sequence (MacIntyre et al., in review; 

Figure 3.2). The Basal Clastic Sequence is >1200 m thick and consists of quartzite and 

micaceous quartzite with rare thin metaconglomerate bands, especially at the lowest level of 

existing drilling. It is broadly similar to the Mindola Clastics Formation of the ZCB. Outcrops of 

the Basal Clastic Sequence around Solwezi Dome 12 km south of Kansanshi preserve well 

defined cross bedding and only weakly deformed conglomerate clasts (Arthurs, 1974; Barron, 

2003). The overlying Evaporitic Sequence varies from 270 – 800 m thick and consists of 

interlayered scapolite-rich biotite schist, calcareous biotite schist, dolomitic talc-magnesian 

chlorite-muscovite schist, dolostone, and dolomite-albite breccia horizons. The breccia horizons 

regularly contain clasts of 760 – 742 Ma intrusive and extrusive mafic meta-igneous rocks 

(Barron, 2003; MacIntyre, 2019b) which appear to have inflated the section and may be partially 

responsible for the large thickness variations.  

 The Dolomitic Sequence is a 250 to 350 m thick dolomite-rich sequence with minor 

interbeds of biotite schist and thin dolomitic breccia horizons. The upper 60 to 110 m of the 

sequence is typically a relatively homogeneous dolomitic marble, which is equivalent to the 

historical Lower Dolomite unit (Figure 3.3). A stratigraphically equivalent, but much thicker 

sequence occurs in a structurally overturned sequence overlain (stratigraphically underlain) by 

the ‘Spangled schist’ unit. This unit is interpreted to represent metamorphosed argillaceous 

shales and siltstones of the Mwashya and Upper Roan subgroups (MacIntyre et. al., in review).   

 Roan and Nguba group rocks are strongly deformed, commonly have sheared lithologic 

contacts, and display highly variable thicknesses.  The original stratigraphic thickness of the 

Nguba Group at Kansanshi is inferred to have been approximately 400 m, but is difficult to 

accurately determine due to deformation. The base of the Nguba Group is a metadiamictite of the 

Mwale Formation ‘Grand Conglomérat,’ deposited during the Neoproterozoic Sturtian glaciation 

(<717 Ma; Rooney et al., 2015). This stratigraphic unit provides an excellent regional marker 

horizon throughout the CACB. At Kansanshi this unit has historically been termed the Lower,
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Figure 3.3 - Kansanshi Mine tectonostratigraphic domains defined in the text with the 
stratigraphic units and corresponding formations present within each domain. Mine stratigraphy 
modified from Broughton et al., 2002 and First Quantum Minerals Ltd.  Thicknesses include 
typical ranges as well as extremes. Note that the Lower Dolomite as historically defined is 
equivalent only to the dolostone at the top of the larger Dolomitic Sequence (MacIntyre et al., in 

review). MBx Zone = ‘Mafic-Breccia Zone’ 
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Middle, and Upper Pebble Schist (Broughton et al., 2002; Figure 3.3) depending on its current 

position in the folded stratigraphy.  

The Mwale Formation is overlain by the Kakontwe Formation, a ‘cap carbonate’ 

sequence of calcite marble with minor interbeds of carbonaceous phyllite. This unit has 

historically been termed the Lower, Upper and Top-most Marble at the Kansanshi mine 

(Broughton et al., 2002; Figure 3.3).  The siliciclastic-rich Kaponda Formation that commonly 

separates the Grand Conglomérat and Kakontwe formations is not well developed in the 

immediate vicinity of the Kansanshi mine. However, siliciclastic-rich material at this 

stratigraphic position in more distal drill holes suggests the formation may be present regionally 

(MacIntyre et al., in review).   

The Kakontwe Formation transitions upward into the Katete Formation. The Katete 

Formation, historically termed the Lower Calcareous Sequence (Figure 3.3), consists of marble, 

strongly deformed (boudined) phyllite and schist, and a thin vuggy dolomite marker horizon that 

locally contains minor anhydrite. The finely laminated nature of this anhydrite bearing 

calcareous interval likely allowed it to act as a preferred plane of weakness during deformation. 

The Katete Formation has not been recognized in the structurally overturned sequence (Figure 

3.3). 

 The Monwezi Formation is the stratigraphically youngest unit at Kansanshi.  It shares a 

sharp contact with older marbles in the Katete or Kakontwe Formation (Figure 3.3) and consists 

of interlayered and variably carbonaceous phyllite, garnet schist, and thin calcareous quartzite 

horizons. The Monwezi Formation is the major Cu ore host at Kansanshi, particularly in 

carbonaceous phyllite horizons. The Monwezi Formation was historically termed the Upper and 

Middle Mixed Clastics unit (Broughton et al., 2002). 

Regionally the Monwezi Formation is typically stratigraphically overlain by a second 

metadiamictite, the Marinoan ‘Petit Conglomérat,’ which forms the base of the Kundelungu 

Group (François, 1973; Master and Wendorff, 2011). Although two or more metadiamictite 

horizons are commonly observed in drilling at Kansanshi, they are interpreted as structural 

repetitions. No Nguba or Kundelungu group strata are currently recognized above the Monwezi 

Formation in the Kansanshi mine area.  
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3.5 Kansanshi Structural Geology 

The geology of the Kansanshi mine area can be subdivided into three tectonostratigraphic 

domains separated by two breccia-bearing detachment horizons (Figures 3.3, 3.4). The domains 

consist of the Footwall, Kansanshi Mine, and Upper Plate domains, with major detachment 

horizons recognized in the Evaporitic Sequence and Mafic-Breccia Zone. Minor internal 

detachment occurs within the Katete Formation and to a lesser degree along many of the 

carbonate horizons. The Upper Plate Domain represents the structurally overturned plate 

mentioned previously, where a portion of the Kansanshi Mine domain rocks occur in an inverted 

sequence above the Mafic-Breccia Zone (Figure 3.3). The Footwall domain consists of basement 

rocks (not observed at the mine) and the overlying Basal Clastic Sequence, consisting of 

metamorphosed coarse-clastic sedimentary rocks of the Lower Roan Subgroup.  The Kansanshi 

Mine domain occurs between the Upper Plate and Footwall domains and contains a strongly 

folded sequence of Roan and Nguba group metasedimentary rocks. The Upper Plate domain also 

contains recumbently folded strata, but with less apparent stratigraphic repetition. 

 Structural observations were primarily made within the Kansanshi Mine domain which is 

well exposed by mining operations along the crest of the Kansanshi antiform and has been 

densely drilled (Figure 3.4). Major structural features within the Kansanshi Mine domain include 

large-scale tight to isoclinal recumbent folds with kilometer long limbs in two prominent 

orientations that can be recognized in geologic cross-sections (Figures 3.5, 3.6). The most 

prominent folds are SE verging recumbent folds affecting the entirety of the Nguba Group 

sequence (Figure 3.5a, b). These large folds are nearly orthogonal to a series of N-NE verging 

recumbent folds and minor associated bed parallel detachments (Figure 3.5c). Both sets of 

recumbent folds were subsequently folded by the broad, NW-SE trending, doubly plunging 

Kansanshi antiform. Along the crest of the Kansanshi antiform are three small subsidiary domes 

that are the locus for Cu mineralized vein swarms (Figure 3.6). These veins, together with 

associated stratiform disseminated sulfides, constitute the three main ore bodies of the Kansanshi 

Mine at NW Pit, Main Pit, and SE Dome (Figure 3.4). The antiform is also cut by two prominent 

NNE trending discontinuous brittle fault zones, the 4800 and 5400 zones, which are also well 

mineralized.   
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Figure 3.4 -Kansanshi geologic map (modified from MacIntyre et al., in review). The majority of this map consists of rocks from the 
Upper Plate domain (UP domain); Kansanshi Mine domain (KM domain) rocks occur only within the fault bounded window west of 
center. Inside the window, structural features in the KM domain are projected to the surface. The breccia separating the UP and KM 
domains is the ‘Mafic-Breccia Zone;’ it is unclear if breccias further to the NE are equivalent. Mapped FN fold noses are shown in 
yellow, FSE fold noses are projected to surface and dashed light-green. NW-SE trending fold axes associated with the Kansanshi 
antiform are approximated by dashed black lines. 
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Figure 3.5 - Geologic cross-sections through the Kansanshi antiform, no vertical exaggeration. Section A is a straight-line schematic 
section derived from a large number of drill holes along a 400 m thick slice through a digital 3D model; several drill holes directly 
along the cutting line are noted for reference. Sections B and C are fence sections created from individual drill holes most of which are 
noted on the sections. White up-arrows denote facing directions. The shape and distribution of mafic meta-igneous rocks in each 
section is largely schematic, based on several drill hole intersections and geophysical map patterns.  Note the change in the overall 
geometry of each section as they progress from sub-parallel to the Kansanshi antiform and shallowly dipping in A, to perpendicular to 
the antiform and more steeply dipping, in C. A) WNW-ESE schematic section roughly perpendicular to FSE fold axes and passing 
through the over-steepened dome (‘pimple’) in Main Pit. Two fold noses are visible in the Mwale Formation on the NW half and one 
in the Kakontwe Formation to the SE. The NW verging reverse fault is visible in the SE, cutting up into the Mwale Formation and 
terminating beneath Main Pit. Form lines indicate the ductile folding of the Mwale Formation around the fault tip. The 2016 pit shell 
of Main Pit is shown with high concentrations of mineralized rock shaded in red.  B) E-W cross-section between NW Pit and Main Pit 
that bisects the large mafic meta-igneous mega-clast in the Mafic-Breccia Zone NNE of Main Pit. Dramatic thickening of the Katete 
and Mwale formations is visible in the center-left of the section where they are recumbently folded. The Kakontwe Formation thins in 
the same areas but thickens SE of fold noses in the Mwale Formation. All units thin significantly beneath the mafic meta-igneous 
clast, especially the Katete Formation; an exception is the Mwale Formation where it is folded around the reverse fault.  C) NE-SW 
cross-section SE of Main Pit that extends a considerable distance to the SW where KRX100 drilled 1150 m within the ‘Spangled 
Schist’ unit. This section is roughly perpendicular to the FN fold axes. A quartzite bed within the Monwezi Formation has been traced 
in yellow on this section to depict the FN folding (this same bed forms a recumbent fold nose where it is exposed in Main Pit). 
KRX082 near the center of the section drilled ~1250 m into the Basal Clastic Sequence and is the deepest hole in the area. A facies 
change is schematically depicted on the SW end of the section where the Dolomitic and Evaporitic sequences are proposed to 
transition into a more clastic-dominated sequence equivalent to the Spangled Schist unit. Note how the Mafic-Breccia Zone cuts 
stratigraphy in the Upper Plate domain and potentially also in the Kansanshi Mine domain. The Katete Formation and lower 
occurrence of the Monwezi Formation pinch out to the southwest. The 5400 zone is depicted left of center. 
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Figure 3.6 - Generalized geologic map showing the trace of cross sections, and a geologic long-section through the Kansanshi 
antiform. The NW-SE section is roughly parallel to the axis of the Kansanshi antiform and cuts through NW Pit, Main Pit, and SE 
Dome before deflecting to a N-S orientation SE of the Kansanshi area to incorporate two deep holes (KRX097 and KRX098). On the 
SE end of the section the geology is complex and drill control is limited. Because this section is along the anticlinal crest, much of the 
Upper Plate domain stratigraphy was projected according to known geology further down dip. As in Figure 3.5c, prominent quartzite 
beds are annotated in yellow within the Monwezi Formation. Where the fold nose in the Kakontwe Formation pinches out to the SE it 
changes from marble to calcareous biotite schist, which is denoted by a change from blue to light blue in the section. The Mwale 
Formation thickens beneath NW Pit and Main Pit as a result of recumbent folding. The Mafic-Breccia Zone appears to dip steeply in 
the SE and abruptly truncate stratigraphy, although there are not many drill holes in the area, and geology becomes considerably more 
complicated with many breccias along lithologic contacts. In the NW, the Katete and Monwezi formations are strongly folded and 
thicken considerably. The Monwezi Formation in the overturned upper limb of the FSE fold is interpreted to truncate against the 
Mafic-Breccia Zone. White arrows denote facing directions. UD = undefined 
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3.5.1 Tectonostratigraphic Domains 

Footwall Domain: The Footwall domain consists of the Basal Clastic Sequence and underlying 

basement. At the mine the basement has not been drilled and the Basal Clastic Sequence is 

known only from two deep drill holes (and one historic hole), but it is easily correlated with 

outcrops along the northern edge of the Solwezi Dome (Arthurs, 1974; Barron, 2003). At 

Solwezi Dome (and Mwombezhi Dome) the basement contact consists of a kyanite-talc schist 

horizon interpreted as a regional detachment surface (Arthurs, 1974; Cosi et al., 1992; Barron, 

2003; Bernau et al., 2013; Eglinger et al., 2016). The top of the Basal Clastic Sequence at 

Kansanshi is capped by a mineralogically similar kyanite-talc schist horizon that may have also 

acted as a detachment. A thin breccia horizon above the kyanite-talc schist marks the transition 

into the overlying Evaporitic Sequence detachment zone, which separates the Footwall domain 

from the Kansanshi Mine domain (Figure 3.3).    

 

Kansanshi Mine Domain: Kansanshi Mine domain rocks are exposed in a ~7 km by 3 km 

erosional window through Upper Plate rocks along the crest of the Kansanshi antiform (Figure 

3.4).  Rocks within the Kansanshi Mine domain are strongly folded (Figures 3.5b, 3.7), with 

phyllites and schists displaying numerous bed parallel detachment surfaces. Shearing is also 

common along carbonate-clastic contacts and along fold limbs. 

 

Upper Plate Domain: A major breccia body, the ‘Mafic-Breccia Zone’ separates the Kansanshi 

Mine domain from the overlying and inverted Upper Plate domain (Figures 3.5, 3.6, 3.8).  Rocks 

of the Upper Plate domain subcrop in the Kansanshi area outside the window of Kansanshi Mine 

domain rocks and are locally exposed in upper portions of Main open pit (Figure 3.4). The 

stratigraphic sequence present in the Upper Plate domain is equivalent to that present in the 

Kansanshi Mine domain and interpreted as the lower limb of a large recumbent fold.  Although 

data are limited to widely spaced drill holes and sporadic outcrops, rocks within the Upper Plate 

domain appear to contain similar structures, with similar orientations to those in Kansanshi Mine 

domain lithologies.   
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Figure 3.7 - Images of folds. (A) FN recumbent folds in the Monwezi Formation with low angle 
detachment surfaces; Kansanshi Mine domain, SE side of Main Pit. (B) FN small scale 
recumbent folds in Monwezi Formation carbonaceous phyllite with subhorizontal axial planar 
cleavage (SN) and numerous detachment surfaces; KRDD0524, 164m. (C) Albitized phyllite in 
the Monwezi Formation with FN folds displaying both veined and un-veined detachment 
surfaces; KRDD0799.  Veins are pyrrhotite + quartz + calcite as described by Broughton et al., 
2002. Note the weak development of a crenulation cleavage in fold noses. (D) Folded dolomite 
clast and scapolite (Scp) porphyroblasts in the Mwale Formation metadiamictite from within a 
FSE fold nose; KRX050, 147m.  Outside of fold noses, clasts in the metadiamictite  are typically 
flattened. (E) FSE folding on the north side of a mafic meta-igneous megaclast in the ‘Mafic-
Breccia Zone’ on the NE wall of Main Pit (bench faces are 5 m high and strike ~300°). Upper 
Plate Monwezi Formation phyllite and schist as well as the ‘Mafic-Breccia Zone’ are folded 
beneath the north side of the clast. (F) Drag folding in Monwezi Formation phyllite in the 
Kansanshi Mine Domain beneath the ‘Mafic-Breccia Zone.’ View is to the north. 
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Figure 3.8 - Polylithic albitized dolomite-matrix breccias from the Evaporitic Sequence and 
‘Mafic-Breccia Zone’. A) Typical Evaporitic Sequence breccia above a large gabbro body; core 
length ~60 cm; KRX082, 744m. B) Vuggy breccia within the Evaporitic Sequence; core 
diameter ~5 cm; KRX082, 897m. C) Close up view of typical albitized dolomite-matrix breccia 
from within the ‘Mafic-Breccia Zone;’ KRX098, 1042.6m. Albitized clasts are faintly visible, 
large darker clast shows faint banding suggesting a sedimentary protolith. D) Typical appearance 
of the ‘Mafic-Breccia Zone’ in core. Abundant mafic or biotite schist fragments and coarse-
grained scapolite crystals in pale albitized carbonate matrix. Orange color is minor weathering of 
the Fe-dolomite matrix; KRDD365, 73m.  E) Highly strained, tectonically banded, portions of 
the ‘Mafic-Breccia Zone’ beneath a large mafic clast; core diameter ~6 cm; KRDD792, 266m. 
Appearance is similar to strongly attenuated and sheared portions of the ‘Mafic-Breccia Zone’ 
distal from large mafic clasts.  Strongly banded and folded rock above with coarse scapolite 
crystals and possible clasts below. 
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3.5.2 Regional Scale Detachments 

 The three tectonostratigraphic domains are separated by two regional scale detachments 

related to evaporites as outlined below.  

 

Roan Evaporitic Sequence Detachment Zone: The Evaporitic Sequence at Kansanshi contains 

anhydrite-bearing biotite schist and dolomitic talc-magnesian chlorite-muscovite schist 

interleaved with extensive breccia horizons (MacIntyre et al., in review).  Evaporitic Sequence 

breccias consist of pebble to cobble sized clasts of mafic meta-igneous rocks, dolomite, and 

siliciclastic lithologies in an albitized dolomitic matrix (Figure 3.8a,b) interpreted as the 

residuum after dissolution of thicker evaporite layers.  The breccia matrix is not foliated, and 

locally contains large vugs, even where adjacent lithologies have a well-developed metamorphic 

foliation. Breccias in the Evaporitic Sequence are lithologically similar to breccias elsewhere in 

the CACB that have been interpreted as relict evaporitic breccias (Hitzman et al., 2012; 

Woodhead, 2013; Selley et al., 2018). The presence of a non-foliated matrix suggests that 

evaporite minerals formed the bulk of breccia matrix until at least late in the metamorphic event. 

The Evaporitic Sequence is interpreted as a thick detachment zone containing numerous salt-

related detachments that structurally isolated the Footwall domain from the Kansanshi Mine 

domain.  

 

‘Mafic-Breccia Zone’ Detachment: The ‘Mafic-Breccia Zone’ is a polylithic breccia zone that 

cuts across stratigraphy and forms a major structural boundary separating the Kansanshi Mine 

domain from overturned rocks in the Upper Plate domain (Figure 3.4).  It contains prominent 

megaclasts of mafic meta-igneous rock within an albitized dolomite matrix containing smaller 

clasts of various lithologies. It is well exposed in the NE wall of the Main open pit (Figure 3.9) 

and has been traced in drill holes throughout the area. Pit mapping of the ‘Mafic-Breccia Zone’ 

shows it to be sub-parallel to stratigraphy in the adjacent structural domains. However, over the 

larger area, geologic profiles (Figures 3.5, 3.6) show that this zone gradually cross-cuts 

stratigraphy, and in more complex areas to the southeast dramatically truncates stratigraphy 

(Figure 3.6); though geological control is poor in this area. The ‘Mafic-Breccia Zone’ and its 

entrained mafic meta-igneous clasts are lithologically indistinguishable from the breccia horizons
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Figure 3.9 - Images of the ‘Mafic-Breccia Zone’ separating the Kansanshi Mine domain from the Upper Plate domain in Main Pit.  A) 
NE pit wall showing a megaclast (~200m thick) of meta-gabbro and thick breccia zones in adjacent pressure shadows (orange). Black 
form-lines illustrate folding of overturned Upper Plate metasedimentary rocks around the megaclast. Note that gabbro body is exposed 
in both the wall and floor of the pit, which impacts its shape in the image. B) Breccia clasts within orange weathered ferroan dolomite 
breccia matrix in the pressure shadow of the meta-gabbro megaclast. C) Thinned breccia horizon SE of the megaclast with shearing on 
margins and several large clasts of phyllite (phy) and mafic (maf) with a boudin-like appearance; white form lines show the variable 
orientation of foliation in the phyllite clasts. D) Un-weathered breccia with fractured meta-gabbro clasts within albitized dolomite 
matrix. E) Scapolite-rich albitized dolomite within the breccia with boudined and folded clastic bands. F) Clasts of bedded 
metasedimentary rocks, probably derived from the Monwezi Formation, within the breccia showing variable orientation. The breccia 
matrix lacks a well-developed metamorphic foliation.  White spots in the orange matrix are weathered scapolite porphyroblasts. 
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and meta-igneous clasts intersected in deep drill holes into the anhydrite-rich Evaporitic 

Sequence.   

The mine exposures in the Main open pit show that the ‘Mafic-Breccia Zone’ can vary 

dramatically in thickness and composition from >300 m thick and clast-rich in the pressure 

shadow of large mafic meta-igneous clasts (Figure 3.9), to <2 m thick in clast-poor carbonate 

intervals. In drill holes the breccia (minus meta-igneous clasts) is typically 1-10 m thick, but may 

locally thin to <1 m and appear as a thin marble interval or zone of banded albitized dolostone 

with scapolite crystals, which can make it indistinguishable from a thin stratigraphic carbonate 

horizon (Figure 3.9). In the open pit, thick breccia zones adjacent to the large mafic meta-

igneous clasts generally consist of an orange weathering ferroan dolomite matrix speckled with 

white clay pseudomorphs after scapolite or albite, and often lack a prominent foliation (Figure 

3.9f). In areas more distal from large clasts, the ‘Mafic-Breccia Zone’ narrows and the breccia 

becomes more strongly foliated along its edges (Figures 3.8e, 3.9c). Shearing may be present 

along the margins of the breccia horizon, but is not distinctive from shearing along other 

carbonate/clastic contacts in the area, except where folded beds can be observed (Figure 3.7f). 

Banding and alteration along the breccia zone margins can make precisely locating the boundary 

between wallrock and the breccia zone difficult (Figure 3.8e).  Rocks adjacent to the ‘Mafic-

Breccia Zone’ are commonly also albitized and locally contain abundant scapolite.   

Clasts in the breccia are subangular to rounded and typically <10 cm, but can vary from 

<1 cm to 10’s of meters, with outsized mafic meta-igneous megaclasts over 2 km in diameter.   

Most clasts are metasedimentary rocks (Figures 3.8c, 3.9f) though albitization typically limits 

detailed identification of the protolith.  Where exposed by mining, large blocks in the ‘Mafic-

Breccia Zone’ exhibit apparent boudin-like morphologies (Figure 3.9c). The clasts themselves 

are generally undeformed, but pressure shadows formed around the clast give the appearance of 

a boudin-like geometry. The mafic meta-igneous megaclasts are not foliated, and typically show 

fracturing and alteration along their margins (Figure 3.9d). Elongate metasedimentary clasts can 

show a weak alignment subparallel to the trend of the shear zone, particularly near its upper and 

lower boundaries.  Elongate clasts are also occasionally folded, possibly indicating ductile 

deformation or soft-sediment deformation within the breccia horizon (Figure 3.9e).   

Metasedimentary rocks in both the Kansanshi Mine and Upper Plate domains are 

deformed around the large mafic meta-igneous clasts of the ‘Mafic-Breccia Zone’ (Figure 3.9a). 
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On the NE side of Main Pit, upper plate Monwezi Formation rocks are locally overturned 

beneath the NW edge of a large mafic meta-igneous rock clast (Figure 3.7e), but drape gently 

over a breccia filled pressure shadow on the SE side of the clast (Figure 3.9a).  Similar 

asymmetries are apparent, though less well defined, around other mafic meta-igneous megaclasts 

and suggest that the ‘Mafic-Breccia Zone’ was associated with, or was deformed by, a NW-SE 

oriented deformational event.  

The mafic meta-igneous rocks within the ‘Mafic-Breccia Zone’ were previously 

interpreted as having been derived from intrusions into Katangan sedimentary rocks  (Broughton 

et al., 2002; Barron, 2003).  However, recent exposures in the open pits and correlations with 

regional drill holes demonstrate that the mafic meta-igneous rocks along the contact between the 

Kansanshi Mine and Upper Plate domains occur entirely as clasts within the ‘Mafic-Breccia 

Zone’ (Figure 3.5b).  

 

3.5.3 Structural Deformation History 

 The key features of the Kansanshi Mine and Upper Plate domain rocks based on 

exposures in the open pits can be summarized as early recumbent folding followed by later broad 

folding and dome formation. Boudinage is associated with both folding events, with most veins 

forming during the later broad folding that generated the Kansanshi antiform. Later brittle fault 

zones cutting across the antiform are the final major structural feature.  

 The degree of deformation in metasedimentary rocks at Kansanshi varies depending on 

the composition and thickness of the units. Calcite marble units or thinly bedded carbonate-rich 

clastic sequences such as the Katete Formation are most strongly deformed. Deformation within 

carbonate horizons can be difficult to recognize due to its homogeneous character and post 

deformation recrystallization. Finely laminated siliciclastic rocks, especially carbonaceous and or 

calcareous rocks deformed readily through bed parallel shear which produced a variety of small-

scale folds. Thick, relatively homogenous and poorly bedded siliciclastic sequences such as the 

Mwale Formation metadiamictite appear the least deformed, yet geochemical patterns with this 

unit indicate they are internally folded as a result of locally intense plastic deformation 

(MacIntyre, 2019a).  
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Early Recumbent Folding (FN and FSE): Recumbent folds at Kansanshi occur with two 

prominent orientations, ~E-W trending (280-290°) north verging (FN), and ~NNE-SSW trending 

(015-020°) SE verging (FSE) (Figure 3.4). Broughton et al. (2002) stated that structural fabrics 

related to FN folds were deformed by FSE folds.  This is supported by the variability of FN fold 

orientations in proximity to SE verging (FSE) folds and the deformation of FN folds around large 

mafic meta-igneous blocks.  It is also supported by the observations of Cosi et al. (1992) at the 

Mwombezhi Dome that fabrics associated with north-verging recumbent folds are cut by fabrics 

developed in SE verging recumbent folds, although such cross cutting relationships were not 

directly observed in this study.  

 FN folds are observed primarily within phyllites and schists in the Monwezi Formation, in 

both the Kansanshi Mine and Upper Plate domains. FN folds deformed bedding (S0) into W-NW 

to E-SE trending tight to isoclinal recumbent folds (Figure 3.7a). A subhorizontal axial planar 

cleavage (SN) was developed in association with the folding. The SN foliation is subparallel to 

bedding (S0) on fold limbs, and generates an S0/SN intersection lineation (LN) parallel to the FN 

fold axes at fold noses (Figure 3.7b). Crenulation cleavage was also developed in FN fold noses 

where slip along axial planar cleavage (SN) offset bedding (S0) (Figure 3.7c). Parasitic folding 

was also developed along FN fold limbs and within FN fold noses indicating a top to the north 

sense of shear. Larger scale FN folds are only observed in the Main pit area (Figure 3.4) or in 

cross-sections (Figure 3.5c) where they are defined by more competent calcareous quartzite beds. 

FN folds are largely defined by quartzite horizons because of the difficulty in recognizing folding 

within relatively homogeneous Monwezi Formation sequence, but also because deformation 

within phyllites appears to have been largely accommodated by internal small-scale bed parallel 

deformation and fold transposition. Folds in these finely laminated units are typically limited to 

millimeter- to centimeter-scale recumbent fold noses and subsequent deformation in the form of 

bed parallel shear largely resulted in fold transposition. 

In larger scale FN folds, strong rheologic contrasts between lithologies (carbonaceous 

phyllite, garnet schist, and quartzite) resulted in FN folds that show characteristics of both 

flexural slip and flexural flow.  More easily deformed carbonaceous horizons show thickening at 

fold noses and thinning along fold limbs (flexural flow), whereas more competent quartz-rich 

horizons show non-mineralized quartz filled tension gash veins and shear along their edges 

(flexural slip). Carbonaceous phyllite horizons within the larger FN folds appear to have 
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accommodated significant strain through internal deformation in the form of bedding plane slip 

and small-scale folding (Figure 3.7a-c).  This combination of bedding plane slip and folding 

generated ‘hook folds’ comprised of mesoscopic FN folds truncated by microfaults and 

detachment surfaces subparallel to the axial plane. Some of the microfaults are occupied by 

quartz-carbonate-pyrrhotite veinlets (Broughton et al., 2002; Figure 3.7c). Progressive 

deformation led to fold transposition and development of a subhorizontal foliation. Locally, 

abundant fracturing and brecciation occurred in front of FN fold noses, possibly as a result of 

overpressure. 

 FSE folds are megascopically similar to FN folds and display similar features related to 

lithological rheological contrasts. Large scale FSE folds are present throughout the Kansanshi 

mine area (Figure 3.4) and appear to have affected both the Kansanshi Mine and Upper Plate 

domains (Figures 3.5, 3.6). These folds locally impart a subtle crenulation folding that overprints 

FN folds (Broughton et al., 2002) and are most easily recognized by mapping fold noses in the 

Mwale Formation metadiamictite. Recent deep drilling in the broader mine area reveals two 

prominent large-scale recumbent fold noses in the Mwale Formation with consistent NNE-SSW 

trending fold axes and gently NW dipping fold axial planes (Figure 3.10). Flattened clasts with 

‘Z’ or ‘S’ shapes related to parasitic folding are present and relatively common near the FSE fold 

noses (Figure 3.7d). In the northern portion of the mine area these FSE fold noses thicken and 

become more complex, with the fold axis appearing to turn slightly clockwise from NNE-SSW 

(~015°) to a NE-SW (~040°) orientation (Figure 3.10).  Mwale Formation metadiamictite 

thickens in the folds, but is strongly attenuated at the immediate fold noses, locally thinning to 

<2 meters, which is interpreted to result from plastic deformation; an interpretation supported by 

geochemical variations within the metadiamictite that have been used to define an internal 

geochemical stratigraphy (MacIntyre, 2019a). To the north, both folds are thicker (less 

attenuated) and contain a number of individual parasitic fold noses, rather than one prominent 

termination (Figure 3.10).  The surrounding recumbently folded Kakontwe Formation marbles 

are thinned along the fold limbs, but thicken to the SE beyond the fold noses (Figure 3.5b).  

Extensive boudinage is visible along the metadiamictite/marble contact in the nose of a large-

scale FSE fold exposed by mining in NW open pit. In the Monwezi Formation, Broughton et al. 
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Figure 3.10 - Series of cross-sections through the Kansanshi antiform perpendicular to the trace of FSE recumbent fold axes illustrating 
thickness variations of the Mwale Formation in the Kansanshi Mine domain.  The trace of the two prominent fold noses is shown in 
plan view in Figure 3.4. The Mwale Formation in the Upper Plate domain is not shown. Dashed lines indicate inferred contacts. The 
open pits are marked by gray dashes. Trace of this axis along the crest of the Kansanshi antiform is marked with a short blue dashed 
line where it crosses each section. 
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 (2002) also documented mesoscopic crenulation of SN foliation and a spaced crenulation 

cleavage related to small-scale FSE folds. The trend of the FSE folds is paralleled by a NE-SW 

striking, SE dipping reverse fault, which cuts up into the base of the Mwale Formation and 

terminates beneath the Main Pit (Figures 3.5, 3.6). The internal geochemical stratigraphy of the 

Mwale Formation (MacIntyre, 2019a) shows that the metadiamictite folded plastically around 

the tip of the fault indicating that it formed during ductile deformation. Wallrocks adjacent to the 

fault zone are highly strained (tectonically banded), sheared and commonly contain coarse 

scapolite. The fault zone contains a complex assemblage of blocks or lenses of metasedimentary 

rocks, locally altered by hematite or magnetite, and polylithic albitized breccia in a dolomitic 

matrix. Polylithic breccias within the fault zone are often lithologically indistinguishable from 

those in the ‘Mafic-Breccia Zone’ and the Evaporitic Sequence.  

 

Later Broad Folding – (Kansanshi Antiform and Domes): FN and FSE folds, as well as the reverse 

faults associated with the FSE folds, and the ‘Mafic-Breccia Zone’ are broadly folded into a NW-

SE trending (~310°) doubly plunging antiform termed the Kansanshi anticline (Figure 3.4).  The 

antiform extends over a ~12 km strike length and parallels the Solwezi syncline to the southwest 

(Broughton et al., 2002).  A structural contour map of the top of the Mwale Formation in the 

Kansanshi Mine domain (Figure 3.11) shows that the limbs of the Kansanshi antiform are 

roughly symmetrical and dip gently (~10-15°; 20° maximum).  Overall plunge along the axis of 

the antiform is gentle (~5-10°) through the mine area and increases abruptly to 17° and 22° on 

the NW and SE ends respectively.  There was no new metamorphic mineral growth or foliation 

during antiform formation, though folding may have resulted in differential thinning 

(boudinage). Folding of earlier formed recumbent folds and fold thickened sequences generated 

an interference pattern with three distinct domes along the crest of the Kansanshi antiform. These 

domes are approximately equally spaced along the antiform and host the main Kansanshi ore 

bodies at NW Pit, Main Pit, and SE Dome (Figures 3.10, 3.11).  

The NW open pit is underlain by recumbently folded and thickened Mwale Formation 

metadiamictite (Figure 3.10). Structure contour mapping of the top of the Mwale Formation 

shows a 2.5 x 1.4 km NE-SW trending ovoid dome, as expected from refolding of the preexisting 

NE-SW trending recumbent fold (Figure 3.11).  Interestingly the Mwale Formation thickens at 
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Figure 3.11 - 3D structure contour maps on the top of the Mwale Formation in the Kansanshi Mine domain constructed from drill hole 
intersections. Most contour lines on overturned strata between NW Pit and Main Pit have been removed for clarity. White contour 
lines are on the underside of the northwestern-most FSE fold. A) Plan view showing the trace of the FN (yellow) and FSE (green) fold 
noses, pit outlines (white), reverse fault plane (blue), generalized vein trends (red), and location of the 4800 and 5400 zones (red 
shading). Major vein trends are based on blast hole grade control drilling combined with historic maps of Gregory et al. (2010). B) 
Oblique view looking down ~30° to the WSW, 1.5x vertical exaggeration. C) Oblique view looking down ~5° to the N, 1.5x vertical 
exaggeration. Semi-transparent pit shells are shown, with blue shading indicating the underside of the pit shell. 
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the crest of the Kansanshi antiform and thins on the limbs, while the Kakontwe Formation 

marble thickens on the limbs and thins at the crest.  Near the top of the dome is a 150 x 250 m 

structural apex with more steeply dipping sides and ~30 m of relief. To the SE between NW Pit 

and Main Pit is a NE-SW oriented saddle that separates the domes.  The low point in the saddle 

occurs just beyond the SE verging recumbent fold nose in the Mwale Formation where the 

metadiamictite is considerably thinner (no fold repetition) and the more ductile Kakontwe 

Formation marble is thicker (Figure 3.5b).  

The Main open pit occurs beyond the southeastern-most recumbent fold nose of the 

Mwale Formation and overlies an area where metadiamictite is thickened as a result of FSE 

folding and fault repetition around the low angle reverse fault (Figures 3.5a, 3.10).  Refolding of 

this thickened sequence generated the 2.2 x 2.0 km dome geometry seen in the structure contour 

map beneath Main pit (Figure 3.11). Similar to areas underlying NW Pit, the Mwale Formation 

shows moderate thickening near the crest of the antiform (Figure 3.10), but unlike in the NW the 

Kakontwe Formation does not show significant thickness changes from the crest to the limbs of 

the antiform. Beneath Main Pit, doming in the Mwale Formation has a circular map pattern, 

rather than the NE-SW trend expected from refolding of the NE-SW trending recumbent folds. 

This may reflect the buttressing effect of the large rigid mafic igneous block in the overlying 

‘Mafic-Breccia Zone’ to the north (Figures 3.4, 3.5b). At the top of the dome is a distinct 

circular, ~300 m diameter over-steepened central dome, colloquially termed the Main Pit 

‘pimple,’ where the gentle dome turns up abruptly with over 80 m of relief (Figures 3.5a, 3.10). 

Within this over-steepened dome the Monwezi Formation is intensively cut by veins. Although 

the area above the over-steepened dome is mined out, observations on its shoulder suggest that 

veining in the Monwezi Formation above the over-steepened dome may represent incipient 

boudinage, with the underlying marble locally doming up to fill the boudin neck (Figure 3.12). 

Between Main Pit and the SE Dome the anticlinal axis of the Kansanshi antiform plunges 

gently to the SE, before reaching a minor ~ENE-WSW trending saddle that bounds the northwest 

side of SE Dome (Figures 3.10, 3.11). This saddle corresponds to the maximum fold thickening 

of the Monwezi Formation associated with the FSE recumbent folds (Figure 3.5d). The SE 

orebody overlies a minor dome (1.1 km x 0.5 km) in the underlying Mwale Formation that is 

elongate roughly parallel to the trend of the Kansanshi antiform.  The relatively uniform 
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Figure 3.12 - Photograph showing prominent multiple-layer boudinage of the Katete Formation, and the oversteepened western flank 
of the Main pit ‘pimple,’ in the deepest portions of Main pit (2018). View is to the southwest. The pit wall trends ~NW-SE, 
approximately parallel to the trend of the Kansanshi antiform. Bedding dips away from the viewer to the southwest. Different beds in 
the Katete Formation have been outlined for emphasis. From base of the Katete Formation upwards the lithological sequence is: a 
strongly boudined garnet schist (outlined), a banded calcareous biotite schist, a thin boudined phyllite/schist sequence (outlined), and a 
thin marble horizon, the top of which is traced in blue. Intense veining and alteration (red outline) occurred above the Katete 
Formation within the Monwezi Formation, especially above the over-steepened dome, at a position that is suggestive of incipient 
boudinage. Note that meter-wide veins cutting the Monwezi Formation stop abruptly at the thin marble band capping the Katete 
Formation. Pale boudin neck veins within the Katete Formation contain quartz and carbonate minerals, minor pyrite and chalcopyrite, 
and have white albitic selvages. Abundant thin late veins also cut the Kakontwe Formation in the over-steepened dome, but are 
relatively rare elsewhere. Benches are 5 meters high and some mining equipment is visible in the upper third of the image for scale. 



 

98 

thickness of the Mwale Formation at this location suggests that it was not significantly affected 

by the FSE folding event (Figure 3.6). This lack of major folding in the FSE event accounts for the 

orientation of SE dome parallel to the Kansanshi antiform. At the crest of SE dome there are two 

parasitic domes in the Mwale Formation, a small (~200 m diameter) circular structure to the 

northwest and a larger (200 x 400 m) elongate structure to the southeast (Figure 3.11).  Monwezi 

Formation rocks above these structural apices are strongly veined.  However, unlike the over-

steepened dome at Main pit, the highest concentration of veins does not occur above these small 

structural highs in the Mwale Formation, but instead over a thickened Kakontwe Formation 

sequence between these smaller domes (Figure 3.6). At this location the overlying Monwezi 

Formation is domed considerably, which is also reflected in the geometry of the Mafic-Breccia 

zone and rocks in the Upper Plate domain. The shape and location of over-steepened domes at all 

stratigraphic levels in SE Dome appear to reflect buttressing by several large mafic igneous 

bodies in the overlying ‘Mafic-Breccia Zone’ to the south and east. 

 

Boudinage: Boudinage is a common feature at Kansanshi and is difficult to assign to a specific 

time interval. The nature of boudinage includes the full spectrum of boudinaged elements 

(Goscombe et al., 2004) from object-boudinage (Figure 3.13a), to single-layer boudinage (Figure 

3.13b-d), to multiple-layer boudinage (Figure 3.12), and foliation boudinage (Figure 3.13e).  

Boudinage is fractal, occurring from mm’s to 10’s of meters and possibly at kilometer scale. 

Boudin trains are typically foliation-parallel. Individual boudins are typically symmetric types 

(Goscombe et al., 2004) with both drawn (tapered) and torn (blocky) geometries according to the 

degree of competency contrast between the boudin blocks and host material. Individual boudin 

geometries were not analyzed in detail, but where observed generally lack a pronounced 

asymmetry, suggesting pure-shear related flattening.  

 Single-layer boudinage is related to rheologic contrasts in layered rocks where a 

competent layer forms boudin blocks in a less competent host (Goscombe et al., 2004). Single-

layer boudinage is the most common style at Kansanshi, typically occurring as boudined 

siliciclastic horizons within carbonate units. It is especially common as thin carbonaceous 

phyllite layers in marble of the Kakontwe Formation, frequently near lithostratigraphic contacts 

(Figure 3.13c). Similar boudins also occur in quartzite beds hosted within phyllite or schist in the 

Monwezi Formation. Multiple-layer boudinage involves a packet of thin competent layers within 
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Figure 3.13 - Images of various styles and scales of boudins. (A) Transmitted light 
photomicrograph showing microboudinage of a biotite grain in carbonaceous schist from the 
Monwezi Formation in NW Pit. (B) Banded calcareous schist in the Katete Formation showing a 
thin boudined siliciclastic band (black) in white calcareous mica schist with calcite filling the 
boudin necks; KRX092A, 506.7m. (C) Torn boudins of carbonaceous phyllite within marble of 
the Kakontwe Formation in Main Pit. This sample illustrates the progression from straight face 
vein infill to bow-tie vein infill during inflow of the host marble. Initially torn boudins progress 
to a secondary drawn component during continued extension due to the reduction in competency 
contrast between inter-boudin vein infill (calcite) and enveloping calcite marble.  (D) Large-scale 
boudins of more rigid altered schist within the ‘Mafic-Breccia Zone’ in Main Pit showing 
abundant brittle deformation of the rigid boudins. (E) Foliation boudinage in a strongly albitized 
carbonaceous phyllite from the Monwezi Formation north of NW pit (KRX050, 416m); the 
boudin neck is filled by carbonate (blue) and sulfides (red). 
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a larger packet of layers defined by an enveloping surface (Goscombe et al., 2004). This style of 

boudinage occurs predominantly within the thinly bedded heterogeneous carbonate-clastic 

sequence in the Katete Formation. The sequence is bound on either side by calcite marble 

horizons and is extensively boudined and tectonically banded (Figure 3.12). Contacts between 

siliciclastic units and carbonate units throughout Kansanshi frequently display similar zones of 

boudinage and tectonic banding suggesting bed parallel slip. This is particularly common at the 

Mwale Formation metadiamictite to Kakontwe Formation marble contact observed in outcrop in 

NW Pit and in drill core. In non-layered foliated rocks, where there is no rheologic contrast, 

foliation boudinage may form (Arslan et al., 2008). At Kansanshi foliation boudinage occurs 

predominantly within finely laminated phyllites of the Monwezi Formation (Figure 3.13e). It is 

especially prominent in Main Pit where several 1-3 m thick distinctly boudined horizons appear 

to be related to recumbent fold limbs.    

 Many of the boudins at Kansanshi contain inter-boudin veins that fill the necks in boudin 

trains. The inter-boudin veins vary from simple ‘lozenge’ shapes to more complex ‘bow-tie’ 

(Figure 3.13c) or ‘fish-mouth’ (Figure 3.13e) geometries. The shapes vary according to the 

competency contrast between the boudin blocks, matrix, and vein materials as predicted by 

Samanta et al. (2017). In plan view the inter-boudin vein patterns form a rectilinear ‘chocolate 

block’ style pattern (Figure 3.14); an indication of high rheologic contrast between the boudin-

block material and the matrix (Abe et al., 2013; Samanta et al., 2017; Rodrigues and Pamplona, 

2018). These patterns are strikingly similar to Cu-mineralized vein patterns in the open pits 

(Figure 3.15). Inter-boudin veins also display mineralogy that is locally analogous to mineralized 

veins, containing coarse-grained calcite and quartz with minor pyrite and chalcopyrite. The 

presence of chalcopyrite in boudin necks suggests that some boudinage was synchronous with 

mineralization. Copper mineralized inter-boudin veins are particularly prevalent in the Katete 

Formation, where they are associated with notable albitization of adjacent boudin blocks (Figure 

3.12). Even larger veins that formed above the over-steepened dome at Main Pit suggest that 

incipient boudinage of the entire Monwezi Formation occurred.  

 

Veining: Copper-bearing veins display a wide variety of mineralogic compositions, 

morphologies, and orientations, but consist mostly of coarse-grained quartz, calcite and/or 

ferroan dolomite (ankerite) with lesser chalcopyrite, pyrite, pyrrhotite, and local molybdenite 
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Figure 3.14 - Boudinage textures on bedding and foliation planes. (A-B) Foliation boudinage 
style veins in thin phyllitic layers within Kakontwe Formation marble; inset B shows a profile 
view through one of the inter-boudin veins containing biotite, pyrite, and chalcopyrite in a calcite 
matrix. Note the propensity for the largest veins to form across the crest of small anticlinal folds. 
(C) Extensive foliation boudinage within the Katete Formation. In core drilled across this 
horizon ~1 x 3 cm biotite boudins are separated by thin white carbonate veins. (D) ‘Chocolate 
block’ boudinage of strongly albitized calcareous schist within the ‘Mafic-Breccia Zone’ beneath 
a large mafic meta-igneous clast. Boudin necks are filled with pyrite. 
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Figure 3.15 - Maps of gridded blast hole geochemistry within the Kansanshi Mine Domain 
showing vein patterns for three depth slices from NW pit (left column; acid soluble Cu) and 
Main pit (right column; total Cu). Gridded data is a 30 m composite, 15 m on either side of the 
named interval, therefore annotated geology may not align precisely.  The polygonal vein 
patterns in NW pit are entirely within the Monwezi Formation (Mz.), which is considerably 
thicker than at Main Pit. In the Main Pit 1350 m depth slice a circle of Katete Formation (Kt.) 
denotes the core of the ‘over-steepened dome.’ Vein patterns in the surrounding Monwezi 
Formation are radial and gradually transition to a polygonal pattern to the north, especially in the 
1325 m depth slice (not shown). Strongly anomalous Cu in the Kakontwe Formation (Kak.) is 
largely secondary and occurs within residual material in strongly weathered and karstified 
marble, particularly at contacts with the Monwezi Formation. Upper (Upr.) and Lower (Lwr.) in 
the labels refer to the top and bottom limb of the FSE fold respectively; all slices are within the 
Kansanshi Mine Domain. 
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 (Figure 3.16); rare veins rich in anhydrite and magnetite are also present. Large veins may be 

vertically zoned from quartz-carbonate-sulfide assemblages downward into carbonate dominated 

assemblages (Broughton et al., 2002). The largest and most common veins cut carbonaceous 

phyllites of the Monwezi Formation (Figures 3.16a-c, 3.17a) and are surrounded by prominent 

>1 m wide white albite alteration selvages; other veins lack visible alteration selvages (Figure 

3.16d). Where present, albitization is intense (Figure 3.16b) and is characterized by near total 

destruction of graphite, biotite and garnet in the wall rocks with concurrent formation of 

muscovite and ferroan dolomite (ankerite) (Torrealday, 2000). Minor chalcopyrite is commonly 

present as fine disseminations in albitized wallrock, with higher concentrations outboard of 

albitization disseminated in carbonaceous phyllites. Lesser chalcopyrite occurs in thin bands and 

veinlets parallel to S0/SN in both albitized and unaltered wallrocks adjacent to veins (Figure 

3.16c).  

 These mineralized Cu-bearing veins are concentrated in the domes along the crest of the 

Kansanshi antiform. Individual veins range from <1 cm to >5 m in width  and can be traced from 

<100m to >700 m along strike up to 50 m down dip (Figures 3.12, 3.16). Veins are typically 

subvertical (± 20°) and predominately strike ~N-NE or E-SE, generally perpendicular (or 

parallel) to FN and FSE recumbent fold axes.  Bed or foliation parallel veins are less common and 

typically small (<0.2 m) (Figure 3.16c).  The orientation of bedding/foliation may change 

significantly across large veins suggesting they accommodated strain and are not simply related 

to open space filling.   

Vein patterns mapped from grade-control drilling reflect N-NE and E-SE patterns (Figure 

3.15), but also reveal an apparent radial vein pattern within the Monwezi Formation surrounding 

the over-steepened dome in Main pit (Figure 3.15 – Main Pit, 1350m).  Veins are largely 

concentrated within phyllite and schist horizons of the Katete and/or Monwezi formations and 

terminate abruptly at contacts with the Kakontwe Formation (Figure 3.15 – NW Pit, 1400m; 

17a); though some veins did cut the Kakontwe Formation at the Main pit over-steepened dome 

(Figures 3.12, 3.15-Main Pit, 1400, 1375m). Vein terminations at marble contacts commonly 

display a flaring out or “blowout” of alteration at the marble contact.  

Mineralized veins locally cut the ‘Mafic-Breccia Zone’ and extend into the Upper Plate 

structural domain. Due to the carbonate matrix of the breccia, veins that cut across it are 

interpreted to be the same generation of veins that cut carbonate rocks elsewhere at Kansanshi.  
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Figure 3.16 - Kansanshi veins . A) Large 2 m wide weathered vein with a white albite alteration 
selvage in the Monwezi Formation from the SW corner of Main pit. The steeply dipping, highly 
altered beds of Monwezi Formation rocks on the left side of the image are folded beneath a large 
mafic meta-igneous clast in the ‘Mafic-Breccia Zone’. B) Chalcopyrite lining fractures in 
albitized phyllite(?) in the Katete Formation in Main pit. C) Foliation parallel quartz-calcite-
pyrite-chalcopyrite vein with albitic alteration selvage containing minor disseminated 
chalcopyrite in carbonaceous Katete Formation phyllite. D) Weakly mineralized calcite-
pyrrhotite-chalcopyrite vein with no alteration selvage cutting Katete Formation biotite schist.
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Figure 3.17 - Two prominent styles of veining at Kansanshi . A) Large quartz-carbonate-chalcopyrite veins, many of which display 
prominent albitic alteration selvages, cutting the Monwezi Formation and terminating at marbles in the Kakontwe and Katete 
formations. B) Later fracture-controlled veins with extensive albite alteration halos (white), commonly along the 4800 and 5400 
zones; here occurring along the upper contact of the ‘Mafic-Breccia Zone’ in the north end of Main Pit. 
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Mineralized strata are locally observed within the ‘Mafic-Breccia Zone’, but it is unclear whether 

it was mineralized before or during vein formation.  

 

Late Faults: Late faulting consists of three major sub-vertical N-NE trending zones of highly 

fractured, veined and mineralized rocks, and two sets of minor post-mineral normal faults 

trending NE and NW. The three N-NE (10-20°) trending zones of highly fractured and veined 

rock are important parts of the orebody at Kansanshi and were named according to their position 

on the current mine grid as the 4800, 5200, and 5400 zones (Figures 3.4, 3.11a). Initial historic 

open pit mining in 1977 took place at Kansanshi Hill along the 5200 zone (Broughton et al., 

2002) and currently only the 4800 and 5400 zones remain.  

The 4800 zone occurs north of the center of the present day Main open pit.  It trends to 

the NNE (015°) and extends over 1200 m, with widths up to ~200 m (Figure 3.15– Main Pit, 

1375m, 1350m), vertical extent up to 300 m, and an overall graben geometry (Broughton et al., 

2002). The zone narrows at depth and to the south.  Its extent to the north is unknown due to 

limited drilling beneath a large mafic meta-igneous rock mass, but it appears to be partially 

deflected around the north end of the block. Recent pit mapping by First Quantum suggests this 

zone accommodated overall right lateral and east-side down normal displacement with total 

offset of 1-10 m.  The 5200 zone at the former Zambia Consolidated Copper Mines (ZCCM) pit 

was described as a 100 m wide subvertical sheeted vein swarm striking 010° to 020°, with 

individual veins striking from NW to NE and dipping moderately E to moderately W (Broughton 

et al., 2002).  The 5400 zone occurs along the south edge of the present-day Main pit.  It trends 

to the NE (035°) and has similar dimensions to the 4800 zone but extends further to the SW and 

tapers out near the center of Main pit.   

These high-angle zones include mineralized veins in intensely albitized and complexly 

faulted and broken rock mass (Figure 3.17b). Timing relationships between the brittle faulting 

and veining are complex and appear to include multiple overlapping episodes of veining and 

brecciation. Veining within these zones has been described as en-echelon (Broughton et al., 

2002), but the orientation of veins varies considerably and has not been well constrained. Veins 

within these zones, unlike veins elsewhere in the deposit, extend from at least the base of the 

‘Mafic-Breccia Zone’ down into the Mwale Formation, cutting multiple carbonate horizons in 

the Kakontwe and Katete Formations; a feature not observed outside these zones. The continuous 
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and highly fractured nature of the rock mass allowed deep weathering (Figure 3.17b) and 

development of secondary copper minerals, which form an important component of the resource 

at Kansanshi (Figure 3.15 – Main Pit, 1350m). Minor later normal fault sets trend 050° and 140° 

with offsets typically <10 m, such that they do not significantly impact the ore body. Local joints 

and fractures show a similar orientation.   

   

3.6 Discussion 

3.6.1 Structural Evolution and Controls on Mineralization 

 Structural and stratigraphic observations in the Kansanshi area suggest that the evaporite-

bearing carbonate and clastic-rich sedimentary sequence (with strong rheologic contrasts) 

underwent a series of deformational events culminating in the generation of domed recumbently 

folded strata with complex breccia-bearing detachment horizons (Figure 3.18). The first widely 

preserved structures at Kansanshi are recumbent FN folds (Figure 3.7), which are interpreted to 

have preceded nearly orthogonal FSE recumbent folds based on the subtle overprints documented 

by Broughton et al. (2002). The presence of two nearly orthogonal ~E-W and ~NNE-SSW 

trending fold orientations is also in line with the complex structure described at Mwombezhi 

Dome west of Kansanshi (Cosi et al., 1992; Bernau, 2007; Eglinger et al., 2016). However, the 

absence of distinctive metamorphic assemblages associated with the different fold orientations 

suggests both sets of folds were formed at nearly equivalent P-T conditions and may have 

resulted from progressive deformation rather than different tectonic events. A similar 

interpretation was recently advanced for the structural evolution of the ZCB by Torremans et al., 

(2018). During recumbent folding, boudinage likely occurred on fold limbs and locally in the 

core of the folds as foliation boudinage (Figure 3.13). Bed parallel detachments formed within 

finely laminated phyllites as well as along fold limbs (Figure 3.7). The NW verging breccia-

cored reverse fault beneath Main Pit was emplaced during FSE folding as evidenced by NE-SW 

oriented internal folding within the Mwale Formation (MacIntyre, 2019a). The geometry of folds 

adjacent to large meta-igneous blocks in the ‘Mafic-Breccia Zone’ (Figure 3.7e,f) suggest that 

this detachment zone was also deformed during the FSE deformational event.  

 Following syn-orogenic recumbent folding, deformation in the Kansanshi area 

transitioned into a phase of uplift and cooling that eventually lead to post-orogenic gravitational 

collapse (Eglinger et al., 2016; Figure 3.18).  The uplift and cooling stage is associated with a 
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Figure 3.18 - Fish diagram depicting the evolution of key structural features associated with 
basin inversion and metamorphism. 
 
 
transition from compressional to extensional deformation. During this stage boudinage is 

pervasive, with chocolate block textures suggestive of pure shear related flattening (Figure 3.14). 

Flattening would have exaggerated earlier recumbent folds, such as those in the Mwale 

Formation, substantially thinning and elongating them. This stage is probably responsible for the 

< 2 m thick terminations of Mwale Formation metadiamictite fold noses. Rheologic contrasts 

played a large role during this stage, allowing detachment sliding along ductile carbonate and/or 

evaporite horizons (e.g. Evaporitic Sequence and Katete Formation), while more rigid 

siliciclastic strata formed boudins (e.g. Monwezi Formation). During large scale detachment 

sliding, buttressing of the sequence likely generated the Kansanshi antiform with the domes 

along its axis generated by interference folding between prominent NNE trending FSE recumbent 

folds and the NW trending antiform (Figures 3.10, 3.11). Inverted basin bounding normal faults 

are the most likely potential buttresses. Extensional deformation would have been concentrated 

along the crest of the Kansanshi antiform with maximal stretching over the top of the domes, 

which created the parasitic oversteepened domes (i.e. ‘pimples’).  
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 The spatial association between copper ore and domes along the crest of the Kansanshi 

antiform suggests that mineralization occurred in the latter stages of deformation during the 

formation of the antiform and its domes. Veins and associated copper minerals are concentrated 

at structural highs within the domes where chalcopyrite occurs in the veins and disseminated in 

reduced carbonaceous siliciclastic host rocks (Figures 3.5a, 3.11a). Disseminated mineralization 

in the Monwezi Formation is concentrated in foliations, crenulations, and fold hinges at all scales 

suggesting that pre-existing Fe-sulfides were remobilized during recumbent folding and 

subsequently replaced by chalcopyrite during mineralization. Significant disseminated sulfides 

have not been recognized beyond the Kansanshi antiform, suggesting it is unlikely that a 

preexisting stratiform deposit was remobilized into veins. However, Cu-bearing veins with minor 

disseminated chalcopyrite do occur at multiple horizons over a broad area, with documented 

chalcopyrite bearing veins in boudins and sheared contacts more than 3 km from the crest of the 

antiform.    

 Most veins mapped in the open pits at Kansanshi show a rectilinear orthogonal pattern 

(Figure 3.16) that is strikingly similar in appearance to mesoscopic chocolate-block style 

boudinage found within thin siliciclastic horizons between carbonate beds (Figure 3.14). Veins 

with differing orientations do not display cross cutting relationships.  Meter-scale veins are often 

confined to siliciclastic units and stop abruptly at carbonate horizons or turn parallel to the 

carbonate contact and taper out over a short distance.  Thus, the large veins appear to essentially 

represent open space fillings in boudin necks of siliciclastic horizons where the carbonate rocks 

were too plastic to maintain an open fracture. The large-scale vein patterns at Kansanshi strongly 

suggest that siliciclastic lithologies deformed in a brittle manner while carbonates continued to 

deform plastically during the post-peak metamorphic ductile to brittle transition.  High 

concentrations of veining and copper mineralization occur within the Mwale Formation 

immediately above the reverse fault beneath Main pit and in late NNE trending brittle fault 

zones, which appear to have acted as preferential flow paths for mineralizing fluids.  

Veins that cut both carbonate and clastic horizons are relatively rare and concentrated in 

late fault zones (e.g. the 4800 and 5400 zones). These veins are generally smaller, more 

discontinuous, and associated with broader albite alteration halos (Figure 3.17) than those 

associated with boudinage.  
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3.6.2 Ductile Deformation and Boudinage 

 Boudinage at Kansanshi was pervasive and fractal in nature with its development 

strongly dependent on the composition and thickness of individual lithological units. All 

metasedimentary rocks at Kansanshi show evidence of plastic deformation, while mafic meta-

igneous rock masses acted as rigid bodies around which metasedimentary rocks deformed. At 

peak metamorphic temperatures of >500°C that appear to have occurred in the Domes region 

(Cosi et al.,1992; John et al., 2004; Meighan, 2015; Eglinger et al., 2016) carbonate rocks, 

especially those composed primarily of calcite, would have been extremely plastic (Talbot, 

1999).  This is clearly demonstrated by abundant tabular boudinage of 1-3m thick phyllite 

horizons within marble sequences, indicating a significant rheologic contrast (Goscombe et al., 

2004; Figure 3.14a), as well as meters to 10’s of meters scale siliciclastic boudins with 

mineralized necks within the finely-laminated calcareous-clastic Katete Formation. Siliciclastic 

units appear to have formed boudins between carbonate horizons at a variety of scales ranging 

from sub-millimeter to hundreds of meters (Figure 3.12). Pervasive veining within the Monwezi 

Formation above the Main pit ‘pimple’ suggests that it may represent incipient boudinage of the 

entire siliciclastic package, where it is folded between Kakontwe Formation marbles. Although 

no longer present, the evaporites (now represented by carbonate-rich breccias) that formerly 

made up much of the stratigraphic section would have behaved even more ductilely than the 

carbonate lithologies.  

 

3.6.3 Low-angle Breccia horizons and Evaporites 

 Breccias in both the Evaporitic Sequence and the ‘Mafic-breccia Zone’ at Kansanshi are 

similar to breccias that occur throughout the CACB. Lithologically such breccias typically 

consist of a heterogeneous collection of sub-rounded fragments of (meta)sedimentary rock in a 

calcareous matrix; sometimes with conspicuously rounded clasts. Mafic meta-igneous rocks 

similar in composition, texture, and age to those that occur in breccias at Kansanshi are common 

in breccias from the ZCB (Selley et al., 2005), but are comparatively rare in the breccias in the 

CCB. The breccias have been interpreted as a residuum of entrained materials after dissolution of 

a much larger halite- and anhydrite-rich halokinetic evaporite sequence (De Magnée and 

François, 1988; Jackson et al., 2003; Selley et al., 2005; Hitzman et al., 2005; Hitzman et al., 

2012; Schuh et al., 2012; Broughton, 2014; Byrne, 2017; Selley et al., 2018; Twigg, 2019). In the 
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CCB these breccias subcrop over broad areas and are regularly exposed by mining activities. 

They have been interpreted to form transgressive to allochthonous halokinetic bodies derived 

from multiple evaporite horizons in the Roan Group (Jackson et al., 2003; Hitzman et al., 2012; 

Schuh et al., 2012; Selley et al., 2018). In Zambia the breccias have only been observed in drill 

core and are generally described as low-angle stratiform horizons (Selley et al., 2005), but are 

locally recognized to crosscut stratigraphy (Woodhead, 2013; Broughton, 2014).  

 The ‘Mafic-Breccia Zone’ at Kansanshi is the first low-angle breccia horizon in Zambia 

to be exposed by mining and mapped in three dimensions. In the Main open pit the ‘Mafic-

Breccia Zone’ ranges in thickness from <2m to >300m and  forms a major structural boundary 

between the Kansanshi Mine domain and the overlying and inverted Upper Plate domain 

(Figures 3.5, 3.6), both of which display recumbent folding. In many areas the breccia zone 

appears to be sub-parallel to stratigraphy in the adjacent structural domains, however, over the 

area of the mine it clearly cross-cuts stratigraphy (Figures 3.5, 3.6).  In the southeast portion of 

the mine area available data suggests that the ‘Mafic-Breccia Zone’ may sharply truncate 

stratigraphy (Figure 3.6).   

 U-Pb geochronology of zircon from a gabbro block within the ‘Mafic-Breccia Zone’ in 

the open pit returned an age of 753 ± 9 Ma (Barron, 2003), which is within error of two age dates 

of mafic meta-igneous rocks in the Evaporitic Sequence from drill core at Kansanshi (745 ± 9 

Ma, MacIntyre, 2019b) and outcrop north of Solwezi Dome (742 ± 8 Ma; Barron, 2003). These 

ages are considerably older than the ages of rocks underlying the breccia zone in the Monwezi 

Formation (<698 +/- 7 Ma) based on U/Pb dating of detrital zircons (J. Mwale, pers. comm., 

2019), and the Mwale Formation (~717 Ma, Rooney et al., 2015). Thus the present geometry of 

the ‘Mafic-Breccia Zone’ indicates that the evaporitic material that formed the breccia underwent 

upward movement and may represent a former halokinetic evaporite.  

 The current flat lying geometry of the majority of the Kansanshi breccias is similar to 

breccias associated with halokinetic complexes of the northwest CCB at Kolwezi, which have 

been interpreted to represent either salt diapir extrusion (“salt glaciers”) (Jackson et al., 2003) or 

diapiric uplift of a previously formed mini-basin during compression (Selley et al., 2018).  

Because evaporites are the weakest parts of the rock volume they are preferentially squeezed and 

commonly extruded under compression (Rowan and Vendeville, 2006). Areas immediately to 

the north of Kansanshi show deformed halokinetic mini-basin like geometries in airborne 
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geophysical surveys (Barron, 2003) and ~50 km to the northwest, 5-15 km long, 2-6 km wide 

lozenge shaped geometries have been mapped as synclines separated by Roan Group breccias 

(Francois, 1973). The stacked structural packages separated by breccia at Kansanshi were likely 

formed by the diapiric movement of evaporites, possibly involving both syn-sedimentary and 

syn-metamorphism halokinesis, with subsequent flattening under post-tectonic extension. The 

differing recumbent fold orientations observed at Kansanshi may also be related to changes in 

local compressional regimes and differential compaction due to the available accommodation 

space and movement of evaporites adjacent to halokinetic mini-basins (Jackson and Hudec, 

2017). 

 

3.7 Conclusions 

 The Katangan basin is envisioned to have been a rift basin with basin wide evaporite 

deposition characteristic of Neoproterozoic ‘saline giant’ basins (Warren, 2016). Metamorphism 

in the Domes region has largely obscured the halokinetic geometries present to the north in the 

DRC. The stratigraphy at Kansanshi demonstrates that Upper Roan Subgroup evaporitic breccias 

exist within stratigraphically younger sequences and that these rocks were subsequently 

deformed during high temperature metamorphism. Structural and stratigraphic observations in 

the Kansanshi area suggest that the evaporite-bearing carbonate and clastic-rich sedimentary 

sequence (with strong rheologic contrasts) underwent a series of deformational events 

culminating in the generation of domed recumbently folded strata with complex breccia-bearing 

detachment horizons. Boudinage and bed parallel detachments related to ductile deformation are 

pervasive and fractal in nature, and appear to have had a major longstanding influence on overall 

structural geometries, including vein orientations, at Kansanshi. Syn-metamorphism ductile 

deformation progressed through two orientations of recumbent folding (i.e. FN and FSE), 

followed by broad open folding (i.e. Kansanshi antiform) and dome formation associated with 

interference folding along the anticlinal crest. The spatial relationship between domes and veins 

suggests that the major phase of veining was largely synchronous with dome formation and the 

transition from ductile to brittle deformation during post-metamorphic uplift and cooling (Figure 

3.18).  

 Mineralization occurred during uplift and cooling under extensional conditions associated 

with post orogenic gravitational collapse. Buttressing of the collapsing strata generated the 
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Kansanshi antiform and interference patterns from earlier recumbent folds generated domes 

along the crest of the antiform, where mineralizing fluids were concentrated. Vein patterns 

suggest that extensional boudinage controlled the vein geometries and concentrated veins in 

more rigid siliciclastic horizons deforming between ductile carbonate layers. Later NNE trending 

brittle faults crosscut both carbonate and clastic horizons likely associated with continued strain 

accommodation, during a final phase of transpression, associated with what appears to have been 

WNW-ESE directed lateral torsion. Late brittle veining and faulting was associated with the final 

stage of mineralization. 
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CHAPTER 4 

NEOPROTEROZOIC SEAWATER CHEMISTRY DEDUCED FROM TRACE ELEMENT 

VARIATIONS IN THE STURTIAN ‘SNOWBALL EARTH’ DIAMICTITE SEQUENCE IN 

NORTHWESTERN ZAMBIA 

 

A paper for submission to Geology 

 

Abstract 

 The return of ironstones to the geologic record in the Cryogenian after a nearly 1.0 Ga 

hiatus has been interpreted as an indication of extreme fluctuations in seawater chemistry related 

to ‘snowball Earth’ episodes. However, relatively little published work considers other elements 

in adjacent strata which may be useful in constraining depositional conditions during this 

controversial time in Earth history. In the Neoproterozoic Katangan Basin, Sturtian diamictite 

within the ‘Grand Conglomérat’ locally contains highly ferruginous (and sulfidic) intervals near 

the base of the sequence, including well developed ironstone at the Kansanshi Cu-(Au) mine.   

 In this study, over 21 km of metadiamictite from diamond core drilling at the Kansanshi 

mine was analyzed for 48 major, minor, and trace elements using bulk rock geochemistry (4-acid 

digest, ICP-MS/AES). The data was categorized into nine geochemical facies within four major 

geochemical zones based on trends observed from Fe, Mn, S, P, and Ti concentrations. A typical 

Sturtian diamictite sequence at Kansanshi can be subdivided into a basal S-rich zone, an upper S-

poor zone, and a Mn-rich transitional zone. The S-rich interval is 40-60 m thick and typically 

contains a 10-20 m thick Fe+P-rich zone near its base, which includes two 1-5 m thick 

ironstones. The upper S-poor interval is > 50 m thick and contains no identifiable geochemical 

patterns.  The S-rich and S-poor intervals are separated by a 5-15 m thick Mn-rich interval that 

shows systematic peaks in P, Fe, and Mn up section. The geochemical facies are laterally 

persistent and have been recognized over >50 km2.  

 Observed geochemical variations within the metadiamictite provide insights into the 

evolution of seawater chemistry during ‘Snowball Earth.’ Initial diamictite deposition appears to 

have occurred in sub-ice conditions in a stratified anoxic ferruginous ocean with local euxinia at 

or above the sediment-water interface.  Ironstones within the S-rich metadiamictite interval 
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record influxes of oxygenated water that locally overwhelmed the reducing capacity of 

microorganisms in pore water. Later glacial retreat lead to mixing and oxygenation of the water 

column resulting in deposition of a thin sequence of Mn-rich rocks and later deposition of 

diamictite lacking preserved geochemical patterns. These internal subdivisions of the ‘Grand 

Conglomérat’ provide new opportunities to link geochemical variations to depositional 

environments throughout the Katangan Basin.   

 

4.1 Introduction 

 Widely distributed low latitude diamictites and interbedded ironstones in Neoproterozoic 

Cryogenian period sequences have been interpreted as evidence of global glaciations during the 

Sturtian (717-659 Ma) and Marinoan (~645-635 Ma) epochs as part of the ‘Snowball Earth’ 

event (Kirschvink, 1992; Hoffman et al., 1998; Rooney et al., 2015; Hoffman et al., 2017). The 

return of ironstones to the geologic record for the first time since the ‘Great Oxidation Event’ >1 

Gya prior has been attributed to major fluctuations is seawater chemistry related to the buildup of 

Fe2+ in a stratified largely anoxic ocean isolated from the atmosphere by glacial ice (e.g. 

Kirschvink, 1992; Klein and Beukes, 1993). However, the precise mechanism for the genesis of 

diamictites and ironstones and the role of sea ice has been the subject of ongoing debate (e.g. 

Young, 2002; Eyles and Januszczak, 2004; Cox et al., 2013; Lechte and Wallace, 2016). Recent 

work in the Katangan Basin of south-central Africa has suggested that the diamictites are 

debrites lacking any direct glacial influence and that reworking during deposition destroyed any 

primary record of glacial climate (Kennedy et al., 2019). This study utilizes geochemical data 

from over 21 km of drill core through metadiamictite horizons at the Kansanshi mine on the 

Zambian side of the Katangan Basin to demonstrate that locally well preserved geochemical 

patterns in Sturtian diamictites reveal important clues about the evolution of seawater chemistry 

in the early Cryogenian related to fluctuations in sea ice cover.   

 

4.2 Geologic Setting 

 The Katangan Basin is an intracratonic rift basin that straddles the border between 

Zambia and the Democratic Republic of Congo (Figure 4.1). Sediments deposited in the basin 

span the Neoproterozoic, from initial coarse clastic redbeds deposited <840 Ma (Turlin et al., 

2016) through more than 10 km of marine sediments into the youngest alluvial arkosic sandstone 
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and shale deposited <573 Ma (Master et al., 2005; Cailteux and DePutter, 2019).  The basin 

contains diamictite sequences associated with both the Sturtian and Marinoan glaciations, the 

Grand Conglomérat and Petite Conglomérat, respectively. The Petite Conglomérat is a thin 30 to 

50 m diamictite sequence with relatively limited distribution, while the Grand Conglomérat is 

typically >150m thick, ranging from <70 m to over 1500 m, and provides a reliable marker 

horizon throughout the basin.  The basin was inverted in association with the Pan African 

Lufilian orogeny (Unrug, 1983), which peaked ~530 Ma (John et al., 2004). Metamorphism 

increases from sub-greenschist in the north to local amphibolite facies metamorphism in the 

Domes area of northwestern Zambia where the Kansanshi mine is located (Ramsay and 

Ridgway, 1977; Cosi et al., 1992).  

 

 

 

Figure 4.1 - Location map and simplified stratigraphic column for the intracratonic Katangan 
Basin on the southern margin of the Congo craton.  The stratigraphic column shows the two 
Cryogenian ‘Snowball Earth’ diamictite horizons and cap carbonate sequences of which only the 
lower Sturtian diamictite is present at Kansanshi. The location of the Kansanshi and Kamoa 
copper deposits is shown on the map. Modified from Kampunzu and Cailteux, 1999. 
 
 



 

125 

 The Kansanshi Cu-(Au) mine is an active open pit mining operation located ~12 km 

north of Solwezi, Zambia. Katangan stratigraphy at the mine is locally recumbently folded as a 

result of deformation during the Pan-African orogeny (Broughton et al., 2002; Barron, 2003). 

The Sturtian Grand Conglomérat has been metamorphosed into a (garnet-calcite)-muscovite-

quartz-biotite schist and typically contains two prominent ironstone horizons at its base 

(MacIntyre et al., in review). The ironstones are typically finely laminated, mostly free of clasts, 

and consist predominantly of magnetite, siderite, and quartz, with lesser hematite and ankerite 

(Hurth, 2017). The dominance of magnetite over hematite likely resulted from metamorphism. 

The ironstone horizons average >18 wt% Fe and also contain strongly anomalous P 

concentrations (commonly >1 wt%) which occurs as fine-grained disseminated apatite. 

Correspondingly low Al concentrations (~3 wt%) and an inverse correlation between Fe and Al 

suggests that the ironstones contain minimal clastic material. Where thin interbedded clastic 

horizons are present, abundant disseminated pyrrhotite and annite occur with prominent 

porphyroblasts of almandine and grunerite that formed during metamorphism of the more Si- and 

Al-rich protolith. Metadiamictite adjacent to the ironstones is also highly ferruginous (~8-10 

wt% Fe) but not visually distinctive.   

 

4.3 Methods 

 During this study over 100 drill holes that intercepted the metadiamictite at Kansanshi 

were geochemically analyzed, with detailed logging and thin section petrography of select 

intervals. Multi-element bulk rock geochemical analysis was conducted on 10,674 samples 

(21,775 m) of metadiamictite from halved drill core utilizing a 4-acid/near complete digestion 

followed by a combination ICP-AES/MS analysis at ALS Chemex Johannesburg (ME-MS61 

package; Appendix D). The geochemical data were evaluated in ioGASTM software by utilizing 

bivariate plots and the point density tool to distinguish unique populations from this large data 

set.  The data were subdivided into geochemical facies based on key elements (S, Mn, Fe, Ti, and 

P; Figure 4.2). First all samples logged as metadiamictite (less outliers; Appendix D) are plotted 

on a S vs. Mn plot to identify S-rich and Mn-rich populations. Next all samples (including the S- 

and Mn-rich populations) are plotted on an Fe vs. P plot, to identify ironstones and other Fe(P)-

rich samples typically spatially associated with ironstones. The Fe(P)-rich samples are then 

further subdivided on a Fe vs. Ti plot that allows separation of the ironstone trend and a high-Ti 
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population from the remaining Fe(P)-rich samples. Finally, the Mn-rich population identified in 

the first step is plotted on a Mn vs. Fe (or Ti) plot, where it can be subdivided into four 

populations. When viewed spatially in drill holes these Mn-rich sub-populations form an upward 

continuum from: high Fe(Ti), low Mn → high Fe(Ti), high Mn → low Fe(Ti), high Mn → low 

Fe(Ti), low Mn.  

 

4.4 Results 

 The geochemical data allowed subdivision of the Kansanshi metadiamictite into four 

geochemical zones consisting of nine geochemical facies (Figure 4.3). The geochemical zones 

can be traced for over >50 km2 suggesting that they resulted from widespread fluctuations in 

seawater chemistry and have not been significantly modified by metamorphism. The lower 

portions of the diamictite are S-rich and typically contain two thin ironstone horizons within a 

thicker ferruginous diamictite near the base. Iron and P maximums are strongly correlated in the 

ironstones suggesting that the P was adsorbed on iron oxyhydroxide precipitates (Wheat et al., 

1996; Feely et al., 1998). The upper portions of the diamictite are S-poor and do not contain 

easily divisible geochemical variations. Between the S-rich and S-poor zones is a 5-15 m thick 

Mn-rich interval. This Mn-rich zone is preceded by a spike in S concentration and then displays 

sequential spikes in P, Fe, and Mn concentration. The S high corresponds to a moderate increase 

in Fe, suggesting that it is probably associated with pyrite, but the Fe concentrations continue to 

rise beyond the S maximum. The P maximum corresponds to a spike in Ca concentration 

suggesting that it occurs within apatite. Iron and Mn continue to increase in parallel until a 

maximum Fe concentration is reached. Beyond the Fe maximum, Mn concentrations continue to 

increase sharply before reaching a maximum, above which Mn, Fe, P, and S fall to background 

concentrations.  

 

4.5 Discussion 

 Anoxic ferruginous ocean waters are known to have existed leading up to and during the 

Sturtian glaciation (Canfield et al., 2008) and the deposition of ironstones was interpreted to 

result from mixing of a stratified sub-ice ferruginous ocean during a period of ice breakup (e.g. 

Klein and Beukes, 1993). However, ironstones are relatively limited in extent compared with the 

distribution of glaciogenic diamictites.  Recent work suggests that most iron formations occur in  
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Figure 4.2 - Key bivariate element plots illustrating the procedure for isolating unique populations in the geochemical data set of 
metadiamictite from Kansanshi. All plots are color coded by point density. A) S vs. Mn plot of all logged metadiamictite (less outliers) 
showing distinctly S-rich and Mn-rich populations outside the majority of samples which plot near the origin. B) Fe vs. P plot of all 
samples (including the S- and Mn-rich populations) to identify Fe(P)-rich samples. C) Fe(P)-rich samples isolated from (B) on a Fe vs. 
Ti plot to separate the ironstone trend and a high-Ti population from the remaining Fe(P)-rich metasedimentary rocks. D) Mn vs. Fe 
plot of the Mn-rich population identified in (A), which can be subdivided into four populations with gradational boundaries from high 
Fe, low Mn → high Fe, high Mn → low Fe, high Mn → low Fe, low Mn.  
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Figure 4.3 - Geochemical facies of Sturtian metadiamictite at Kansanshi and their distribution 
within a representative drill hole. Concentrations of P, Fe, S, and Mn are plotted next to the drill 
hole.  

 
 
semi-restricted rift basins where meltwater influx at the base of outlet glaciers mixed with dense 

ferruginous anoxic brines at a redoxcline (Canfield et al., 2008; Halverson et al., 2011; Baldwin 

et al., 2012; Cox et al, 2016; Lechte and Wallace, 2016; Hoffman et al., 2017; Lechte et al., 

2018). The presence of oxide facies ironstones within a thick sequence of otherwise reduced 

sulfidic rocks at Kansanshi supports this interpretation, as does the limited extent of iron 

formations in the Katangan Basin. However, ironstones within sulfidic diamictite sequences 

suggestive of euxinic conditions have not been previously reported in the literature.   

 The existence of an anoxic stratified Neoproterozoic ocean without the progression to 

euxinic conditions is enigmatic. In the modern ocean, and throughout much of the 

Mesoproterozoic Era, stratification and deep water anoxia leads to euxinia as sulfate reducing 

bacteria metabolize organic matter and sulfate to produce H2S. Canfield et al. (2008) attribute 

anoxia without euxinia to low seawater sulfate, which limited the rate of sulfide production by 

sulfate-reducing prokaryotes. In the Katangan basin the existence of abundant pyrite in the 
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Sturtian diamictite suggests that sulfate was not limited. This may be due in part to the 

dissolution of diapiric evaporites, which could have provided a local source of sulfate in addition 

to typical mid ocean ridge volcanic vents and weathering. Thick evaporite sequences have been 

inferred to account for the extensive breccia bodies and fold geometries in the basin (Jackson et 

al., 2003), and diapirism during the deposition of the Sturtian diamictite may account for some of 

the rapid thickness variations observed (Selley et al., 2018). The dissolution of evaporites would 

also be associated with the accumulation of hypersaline brines in bathymetric depressions, which 

may account for the local preservation of highly carbonaceous diamictite noted at several 

locations within the Katangan basin.   

 Episodic mixing of oxidized subglacial cryogenic brine and meltwater plumes with 

anoxic ferruginous and locally euxinic bottom waters likely created the isolated ironstone 

horizons within sulfidic rocks at Kansanshi during a period of ice break-up (Figure 4.4a,b). The 

rarity of hematite/magnetite ironstones in comparison to pyrrhotite and siderite bearing 

ironstones may be the result of deposition into euxinic conditions. At times iron-oxides may have 

temporarily overwhelmed the reducing capacity of sulfate reducing bacteria, in part due to 

insufficient organic substrate to support microbial sulfate reduction (Goldhaber, 2003; Mikucki 

et al., 2009). After deposition of the iron formations the return of permanent sea ice cover 

resulted in the resumption of stratified conditions and deposition of pyritic diamictite in low 

sediment flux conditions. 

 Similar to other Neoproterozoic iron formations, ironstones at Kansanshi display 

anomalously high P/Fe ratios, which can be directly correlated to the buildup of P in the water 

column (Feely et al., 1998; Planavsky et al., 2010). Phosphorous buildup was favored during the 

Sturtian glaciation by enhanced glacial weathering (Filippelli et al., 2006; Föllmi et al., 2009), 

erosion of P-rich continental shelves during glacially induced lowstands(Broecker, 1982 in 

Filippelli, 2008), and limited biologic productivity under glacial conditions (Hoffman et al., 

2011; Planavsky et al., 2010). The direct correlation between Fe and P maxima in the ironstones 

and lack of a corresponding Ca enrichment indicative of P precipitation as carbonate-fluorapatite 

suggests that P was adsorbed on iron oxyhydroxides precipitated from the water column (Wheat 

et al., 1996; Ruttenberg, 2014).  

 The transition from S-rich (0.8 wt% S) to S-poor (0.2 wt% S) sediments at Kansanshi 

appears to reflect a transition from anoxic bottom/pore waters to mixed/oxic ocean conditions  
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Figure 4.4 - Proposed genetic model for the evolution of geochemical facies in the diamictite at 
Kansanshi. A) Initial S-rich euxinic poorly mixed sub-ice conditions. B) Ironstone deposited 
during temporary ice break-up and influx of oxygenated cryogenic brines with P adsorbed on 
iron oxyhydroxides. Iron-oxide precipitation locally overwhelms the reducing capacity of sulfate 
reducing bacteria resulting in ironstones within S-rich sequences. C) Summary of the various 
processes involved in development of the Mn-rich transition zone during ice breakup. Chemical 
constituents of the transition zone are numbered by the order in which they appear: 1. sulfur, 2a. 
organic carbon (inferred in association with phytoplankton bloom, but not observed directly), 2b. 
organic phosphorous, 3. iron, 4. manganese. See text for further discussion. Modified from 
Lechte et al., 2018.  
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 (Figure 4.4c). This change may reflect the break-up of low latitude ice sheets, influx of glacial 

meltwater and sediment, and subsequent mixing and oxidation of the water column (Hoffman et 

al., 1998). The initial stages of this transition would be accompanied by ventilation and oxidation 

of surface waters and generation of a photosynthetic cyanobacterial bloom in the photic zone 

owing to the high concentrations of dissolved phosphate built up under glacial conditions 

(Planavsky et al., 2010). Initially, this process would result in eutrophication as the limited O2 is 

consumed during biomass decomposition, but continued ventilation and mixing would consume 

abundant atmospheric CO2, while contributing O2 to the ocean, which would become 

progressively more oxidized.  In the sedimentary record this process might initially involve high 

sediment-flux and deposition of P-rich organic matter from the cyanobacterial bloom. However, 

P would initially be lost from the anoxic sediments and returned to the water column 

(Tribovillard et al., 2006). Instead the influx of sulfate and organic matter would likely promote 

pyrite generation by sulfate reducing bacteria. As bottom waters became more oxidized, P 

associated with primary organic carbon would eventually be preserved. The gradual oxidation of 

the water column would cause precipitation first of Fe and later Mn oxides due to their differing 

redox potential (Kirschvink et al., 2000; Maynard, 2003; Johnson et al., 2016).  

 The geochemical patterns at Kansanshi closely mirror those predicted above (Figure 4.3). 

The start of the Mn-rich transitional zone between S-rich and S-poor metadiamictite is preceded 

by a spike in S concentrations, likely associated with increased sulfate flux related to ice breakup 

and resumption of significant fluvial input into the oceans (Canfield and Raiswell, 1999). This 

increase in S in the rock record is paralleled by a gradual increase in Fe suggesting deposition as 

pyrite, but the steady increase in Fe (without a high that parallels the S maximum) indicates that 

non-sulfide iron precipitation continued after S was exhausted and/or bottom waters were no 

longer euxinic. On the tail end of the S maximum is a P maximum indicating that pore waters 

had become oxic and favorable for P preservation. Unlike the strong correlation between P and 

Fe in the Fe-P rich zone near the base of the metadiamictite, the P maximum that precedes the 

Mn-rich transition zone is independent of Fe and corresponds to elevated Ca suggesting an 

association with carbonate-fluorapatite, a likely product of diagenesis from P-bearing organic 

matter (Defforey and Paytan, 2018). Manganese concentrations begin to increase in conjunction 

with the P peak and roughly parallel increases in Fe until the Fe maximum, after which Mn 

concentrations increase rapidly as predicted following removal of Fe from the water column 
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(Kirschvink et al., 2000). This pattern points toward the progressive oxidation of the water 

column following Sturtian sea ice breakup.  

 Although ironstones are not widespread in the Katangan Basin, sulfidic basal portions of 

the Grand Conglomérat have been documented at several diamictite-hosted Cu deposits where 

drill holes into fresh rocks document copper sulfides replacing early diagenetic pyrite 

(Broughton and Rogers, 2010; Schmandt et al., 2013; Hendrickson et al., 2015).  At the 

unmetamorphosed Kamoa deposit in the DRC, sulfide abundance is highest within lower 

portions of the Grand Conglomérat, especially within thin pyritic siltstone horizons which may 

contain up to 30% pyrite, and decreases rapidly above the highest pyritic siltstone horizon 

(Schmandt et al., 2013; Twite et al., 2019). These finely laminated pyritic siltstones contain 

abundant framboidal pyrite with local soft sediment deformation and drop stones indicating 

deposition in a relatively stable, euxinic, low energy environment; consistent with sub-ice shelf 

deposition (Le Heron, 2015; Lechte and Wallace, 2016). The uppermost pyritic siltstone appears 

to mark the transition from high to low sulfide abundance suggesting that it may be equivalent to 

the Mn-rich transition zone at Kansanshi and may have formed in association with 

eutrophication related to the cyanobacterial bloom. The transition from pyrite-rich to pyrite-poor 

strata at Kamoa also regularly corresponds to a change in sedimentary facies (Kennedy et al., 

2019) as would be expected during the transition to ice-free conditions. The influence of sea 

level fluctuations and sedimentary facies changes on the distribution of these geochemical 

patterns will be an important consideration for future research. 

 

4.6 Conclusions 

 Geochemical analysis of samples from the Sturtian metadiamictite at Kansanshi has 

allowed definition of nine geochemical facies that appear to preserve signatures documenting the 

evolution of Cryogenian seawater chemistry. The patterns suggest that the oldest S-rich 

diamictite was deposited under euxinic conditions, with local influx of oxidized cryogenic brine 

plumes that induced precipitation of ironstones, likely in sub-ice conditions similar to the model 

of Lechte and Wallace (2016). Following continued deposition of S-rich diamictite under anoxic 

conditions, there was a shift to more oxidized conditions and deposition of low-S diamictite. The 

shift from S-rich to S-poor diamictite is marked by a thin transitional zone containing a 

predictable geochemical progression most likely associated with mixing and oxygenation of the 
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water column in relation to ice breakup. Initial influx of meteoric waters contributed sulfate that 

produced an initial peak in sulfide deposition. This was followed by a cyanobacterial bloom that 

contributed to a P peak apparently unrelated to adsorption on iron-oxyhydroxides. Oxygen 

contributed by the cyanobacterial bloom oxidized the water column sequentially depositing Fe 

and Mn according to their redox potential.  Glacial retreat liberated huge volumes of sediment 

and as sea level rose subsequent diamictite was deposited as debrites with little if any record of 

glacial climate. Further work will be required to determine the extent of these geochemical facies 

in the Katangan basin and in other Neoproterozoic basins worldwide.    
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CHAPTER 5 

CONCLUSIONS 

 

 The integration of new data from exploration drilling and bulk rock geochemistry 

together with geologic mapping in open pits has allowed for the development of a revised 

structural and stratigraphic interpretation for the Kansanshi mine area. Previous lithostratigraphic 

nomenclature specific to the Kansanshi mine has been integrated with the established 

stratigraphic nomenclature of the Katangan Basin and a revised structural interpretation has been 

developed utilizing this new stratigraphic interpretation. This work shows that recumbently 

folded metasedimentary rocks at the Kansanshi mine can be correlated with the Roan Group 

strata in the ZCB and Nguba Group strata in the CCB. Interpretation of the stratigraphic 

packages suggests early rift related normal faulting in the Kansanshi area accommodated thick 

syn-rift clastic and evaporite sequences, the Footwall Clastic Sequence and Evaporitic Sequence 

respectively (Figure 5.1). Later carbonate-rich facies in the upper Roan Group (Dolomitic 

Sequence) and lower Nguba Group (Kaponda Formation stratigraphic position) suggest a 

transition to a local shallow water depositional environment possibly related to halokinetic uplift. 

The enigmatic Spangled Schist unit is interpreted as a lateral facies change from carbonate 

dominated to siliciclastic dominated sediments within the upper Roan Group. Thus, it would not 

form part of the upper Kundelungu Group as it had been previously interpreted.  

 Snowball Earth diamictite sequences in the Mwale Formation at the base of the Nguba 

Group preserve pronounced geochemical fluctuations suggesting initial deposition occurred in a 

stratified anoxic to euxinic ferruginous ocean, likely related to widespread sea ice cover, 

followed by later deposition under more typical mixed ocean conditions interpreted as post ice 

breakup. These geochemical patterns are widespread and helpful in interpreting structural 

deformation. Halokinesis and salt dissolution during deposition of the Nguba group likely 

contributed sulfate and brine to the local sea floor environment and also positioned older rocks 

within the stratigraphically younger sequence, possibly culminating with allochthonous salt 

sheets at the paleosurface during deposition of the Monwezi Formation. The upward movement 

of evaporites introduced deformed and brecciated sedimentary and igneous rocks, originally 

interbedded with the evaporites, into younger stratigraphic sequences in a style analogous to 
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Figure 5.1 – Schematic cartoon stratigraphic column depicting facies changes and structural 
features of the various structural domains at Kansanshi. SpS = Spangled Schist unit, Dol = 
dolostone, PS = metadiamictite ‘pebble schist,’ Mar = calcite marble, MC = mixed clastic 
(phyllite and schist), ES = evaporitic strata (i.e. breccias), SS = meta-sandstone, DS = Dolomitic 
Sequence, Mw = Mwale Fm., Ka = Kakontwe Fm., Kt = Katete Fm., Kk = Kakontwe and Katete 
Fms., Mz = Monwezi Fm., MBx = Mafic-breccia Zone. Age dates from Torrealday et al., 2000; 
Key et al., 2001; Barron, 2003; Rainaud et al., 2003; John et al., 2004; Master et al., 2005; 
Armstrong et al., 2005; Rooney et al., 2015; Turlin et al., 2016; J. Mwale, pers. comm., 2019.  
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interpretations from the La Popa Basin of Mexico (Giles and Lawton, 2002) and the Willouran 

Ranges of South Australia (Hearon et al., 2015). 

 Metamorphism during the Pan-African orogeny resulted in a complex sequence of 

deformational features in the Kansanshi area (Figure 5.2). The earliest phase of deformation 

created nearly orthogonal N-verging and SE-verging recumbent folds, probably from progressive 

N- to SE-verging deformation analogous with folding in the ZCB (Torremans et al., 2018). 

Strain was largely isolated in ductile carbonate and evaporite units resulting in relatively minor 

overprinting of the earlier N verging folds by later SE verging folds. Earlier halokinetic breccias 

that crosscut stratigraphy were strongly deformed during this deformational event resulting in 

elongated subhorizontal breccia horizons containing large rigid blocks of Roan Group 

(Evaporitic Sequence) meta-igneous rocks residing in thin breccia horizons subparallel to 

younger Nguba Group strata. The recumbently folded rocks of the Kansanshi Mine domain are 

overlain by the inverted lower limb of a much larger recumbent fold in the Upper Plate domain, 

which is reminiscent of structural geometries in the Helvetic nappes of Switzerland (Figure 5.3; 

Escher et al., 1993; Pfiffner, 1993, 2011; Cardello and Mancktelow, 2014). However, the 

symmetry of onlapping Katangan metasedimentary rocks around the basement domes south of 

Kansanshi, the lack of upright structural fabrics, and the rapid metamorphic facies changes are 

seemingly inconsistent with observations from the Alps and more analogous to relationships 

observed in Tibetan gneiss domes formed during post orogenic uplift and extension (Lee et al., 

2004; Horton et al., 2014).  At Kansanshi, decoupling along the thick evaporite sequences in the 

sedimentary package produced a system of evaporite lubricated detachments similar to the 

Basque-Cantabrian Pyrenees (Canérot et al., 2005; Carola et al., 2015) and Salt Ranges of 

Pakistan (Cotton and Koyi, 2000). 

 The growth of basement domes in the Domes region was associated with post orogenic 

uplift and collapse, which involved the development of pervasive boudinage. Enhanced 

topography associated with the uplifted basement led to detachment along ductile evaporite and 

carbonate horizons in the upper Roan Group (Evaporitic Sequence) and associated allochthonous 

evaporitic breccias. The Kansanshi antiform developed during this phase of orogenic collapse 

likely from buttressing of the detached (Kansanshi Mine and Upper Plate domain) sequences 

against inverted syn-rift normal faults within the basement (Footwall Domain). Domes along the 

crest of the Kansanshi antiform resulted from interference folding of earlier SE verging  
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Figure 5.2 - Simplified Kansanshi area geologic timeline. 
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Figure 5.3 - Simplified schematic regional geologic cross section from Solwezi Dome north through the Kansanshi area. Basement is 
depicted as a series of inverted normal faults to emphasize basin inversion and similarities to the Pyrenees analogues (e.g. Carola et 
al., 2015). However, very little is known about the basement structure in this area and ductile deformation may have removed any 
evidence of brittle faulting (e.g. Eglinger et al., 2016). Orange dashed line indicates current topography. Drill hole traces are estimated 
projections onto the section line to illustrate the extent of drill control and should be considered as schematic. The Basal Clastic and 
Evaporitic sequences are interpreted as syn-rift, while the Dolomitic Sequence and Mwale Formation mark the transition from syn- to 
post-rift. 
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recumbent folds. Uplift and cooling during this phase of deformation resulted in a progression 

from ductile to brittle deformation and led to the creation of boudin style veins in brittle 

siliciclastic horizons deforming between plastic carbonate sequences. High salinity Cu-bearing 

brines exploited these structural discontinuities, as well as low angle breccia zones and sheared 

lithologic contacts to infiltrate reduced carbonaceous phyllite host rocks where redox processes 

contributed to chalcopyrite precipitation (Kribek et al., 2005). Veining was concentrated in the 

topographic highs (domes) along the crest of the Kansanshi antiform.  

 The nature of mineralization and the structural position of the Kansanshi mine shares 

many similarities with the Onganja deposit in Namibia and the Bidjovagge deposit in Norway 

(Appendix F). These structurally controlled, post-peak metamorphism Cu-Au deposits may 

represent a previously unrecognized style of Cu-rich orogenic deposit. They seem to differ from 

more well-known orogenic Au deposits in their association with metamorphism in evaporitic 

basins containing dominantly oxidized strata, which results in generation of an oxidized CO2-

rich brine more susceptible to transporting Cu than Au. During post-orogenic relaxation these 

mineralizing fluids are concentrated in structural highs and precipitate Cu and Au in reduced 

carbonaceous sediments, along with albite and carbonate alteration minerals.  

 

5.1 Future work 

 A full appreciation for the role of evaporites in the evolution of the geology of the 

Katangan Basin has yet to be grasped. In this study the high degree of rheologic contrast during 

basin inversion was a major factor in the resulting structural geometries at Kansanshi. Yet the 

metamorphic grade and structural patterns transition rapidly to the north of Kansanshi into 

greenschist facies rocks with geophysical patterns reminiscent of squeezed halokinetic mini-

basins. Further work will be needed at a regional scale to test some of the models proposed here 

to fully resolve the complex geometries and structural history of the Domes region and its 

relationship to the rest of the Katangan Basin. A detrital zircon study of the Spangled Schist unit 

is recommended to test the hypothesis that it represents a facies change within the upper Roan 

Group. 

 During this study a multitude of different vein styles and mineralogies were noted in 

addition to the dominant quartz-carbonate-pyrite-chalcopyrite types and others previously 

described. Our understanding of the geochemistry of the Kansanshi system would benefit from a 
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thorough study characterizing the different veins and their spatial distribution. In particular, their 

age, orientation, cross-cutting relationships, host lithology, and vertical and lateral mineralogic 

variations in the vein and alteration halo. This is especially pertinent to ongoing mineral 

exploration where “Kansanshi style” quartz-carbonate-sulfide veins with large albite alteration 

halos are often discovered lacking Cu-sulfides. Prior work by Torrealday et al. (2002) should 

also be reviewed in light of new concepts to determine if the ~512 Ma age may correspond to 

early boudin neck veins and the ~502 Ma age may correspond to late brittle veins.   

 The revised structural and stratigraphic understanding at Kansanshi also provides an 

opportunity to reinterpret and expand on prior C, O, and S stable isotope studies. Prior 

investigations into “Snowball Earth” related C-isotope fluctuations may be more easily 

understood in light of the revised folding model. Similarly, S-isotope variations should be 

reviewed in light of the internal geochemical variations of the Grand Conglomérat; for example, 

‘superheavy’ S-isotopes are not anticipated to occur in S-poor facies above the Mn-rich 

transition zone because sulfate flux should have increased following glacial retreat. Finally, the 

presence of calcite marble around evaporite related dolomitic breccia horizons should be 

investigated to determine if it contains an anomalously light C-isotope signature that may 

indicate the presence biogenic carbonate caprock.  

 Geochemical investigations from this study have established the background 

geochemistry of various lithologies (Appendix D) as well as some pronounced geochemical 

variations within the stratigraphic package interpreted as depositional (ironstones and 

geochemical facies in metadiamictite), metasomatic (Ni-rich talc-kyanite schist; magnesite) and 

alteration (bleaching in marble and dolomite; albitization, sericitization, and carbonitization in 

proximity to veins). Future work should attempt to map out these variations, starting with visible 

changes such as bleached carbonates and albitized phyllites, and progressing to more subtle 

indications of hydrothermal fluid flow (e.g. Cu/Zn ratios in phyllites) or mica/albite ratio in 

carbonates.  
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APPENDIX A 

GENERAL INFORMATION 

 

A.1  Drill Holes Examined 

Table A.1 - Drill holes examined 
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Table A.1 - Drill holes examined (continued) 

 
 

  Table A.1 - Legend for logging types: 

FULL whole line is bold = hole logged in full on site 

PART hole ID is bold = part logged on site, part logged w/ photos 

PHOTO no bold = logged from photos 

(PHOTO) italics = only partial or quick photo log 

Gchem Y = hole with 48 element geochemistry (some incomplete) 
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A.2  Minerals of Kansanshi 

List of known minerals, their abbreviations and chemical formulas: 
 

General Minerals 
Quartz (qz) – SiO2 
Albite (ab/plag) - NaAlSi3O8 
 Oligoclase - Na0.8Ca0.2Al1.2Si2.8O8 
Epidote (ep)- Ca2(Al,Fe)2(SiO4)3(OH) 
 Zoisite (zoi) - Ca2Al3(SiO4)(Si2O7)O(OH) 
Amphibole - (Ca,Na,K)2-3(Mg,Fe2+,Fe3+,Ti,Al)5(Si,Al)8O 
 Hornblende (hbl) - (Ca,Na)2–3(Mg,Fe,Al)5(Al,Si)8O22(OH,F)2 
 Actinolite (act) - Ca2(Mg,Fe)5Si8O22(OH)2 

Tremolite (trm) - Ca2Mg5Si8O22(OH)2 

Cummingtonite (cum) – Fe2Mg5Si8O22(OH)2 
Grunerite (gru) - Fe7Si8O22(OH)2 
Hastingsite – NaCa2Fe2+3Fe3+

4Al2Si6O22(OH)2  
 Dashkesanite - (Na,K)Ca2(Fe,Mg)5(Si,Al)8O22Cl2 (a Cl-rich Hastingsite) 
Taramite - Na(Na,Ca)(Mg3Al2)(Al2Si6O22)(OH)2 

Pyroxene (px) - (Na,Ca)(Mg,Fe,Al)(Al,Si)2O6  
 Diopside (di) - CaMgSi2O6 
Muscovite (ms) and ‘sericite’ - KAl2(AlSi3O10)(F,OH)2, or (KF)2(Al2O3)3(SiO2)6(H2O) 

V-Mica/Roscoelite (V-ms) - K(V3+,Al,Mg)2AlSi3O10(OH)2 
Fuchsite (Cr-ms) - K(Al,Cr)2(AlSi3O10)(OH)2 

Biotite (bt) – K(Fe,Mg)3AlSi3O10(F,OH)2 
Phlogopite (phl) – KMg3AlSi3O10(F,OH)2 

Scapolite (scp) - (Na,Ca)4((Al,Si)3Si6O24)(Cl,CO3,SO4) 
 Meionite (mei) – Ca4Al6Si6O24(CO3) 
Anhydrite/Gypsum (anh/gyp) - CaSO4·2H2O 
Talc (tc) - Mg3Si4O10(OH)2 
Carbonate minerals (carb) 
 Calcite (cal) - CaCO3 
 Siderite (sid) - FeCO3 
 Dolomite (dol) - CaMg(CO3)2 
 Ankerite (ank) – Ca(Fe2+, Mg, Mn2+)(CO3)2 
 Magnesite (mag) - MgCO3 
 Strontianite – SrCO3 
Chlorite (Mg-rich) (chl) – (Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6 
 Clinochlore (Pennine) (chl-Mg)  – Mg5Al(AlSi3O10)(OH)8 
Serpentine 
 Amesite – Mg2Al(SiAlO5)(OH)4 
  var. Cronstedtite – Fe4SiO5(OH)4 
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Garnet (gar/grt) 
 Almandine (alm) - Fe3Al2(SiO4)3 
 Spessartine (sps) – Mn3Al2(SiO4)3 
Kyanite (ky) - Al2SiO5 
Andalusite (and) - Al2SiO5 
Staurolite (st) - Al2SiO5 
Cordierite (crd) - (Mg,Fe)2Al3(Si5AlO18) 
Apatite (apa) - Ca10(PO4)6(OH,F,Cl)2 
Hematite (hem) - Fe2O3 
Magnetite (mgt) - Fe3O4 
Mushketovite (msk) – Fe3O4 
Martite (mar) - Fe2O3 
Carbon/Graphite (C) - C 
Rutile (rut) – TiO2 
Sphene (tit) - CaTiSiO5 
Ilmenite (ilm) - FeTiO3 
Tourmaline (tou) – (Al,Fe,Li,Mg,Mn)3(Al,Cr, Fe,V)6(BO3)3(Si,Al,B)6O18(OH,F)4 
 Dravite (drv) – NaMg3Al6(BO3)3Si6O18(OH)4 
Xenotime (xen) – YPO4 
Monazite (mnz) – (Ce,La,Nd,Sm)PO4  
Bastneasite (bst) – (Ce,La,Y)(CO3)F 
Zircon (zir) – ZrSiO4 
 

Sulfides, Vein Minerals, and other heavy Minerals 
Pyrite (py) – FeS2 
Pyrrhotite (po) - FeS 
Chalcopyrite (cpy) – CuFeS2 
Bornite (bn) - Cu5FeS4 
Molybdenite (mo) – MoS2 
Sphalerite (sph) – ZnS 
Galena (gn) - PbS 
Pentlandite (pn) – (Fe,Ni)9S8 
Bravoite (bv) – (Ni,Fe)S2   
Millerite (mlr) – NiS 
Violarite (vio) – Ni2FeS4 
Mackinawite (mak) – (Fe,Ni)S 
Melonite (mel) – NiTe2 
Bi-, Ni-, Mo-tellurides – Bi-Te, Ni-Te, Mo-Te 
Uraninite (Pitchblende)(ur)  – UO2 (oxidizes to U3O8) 
Brannerite (bra) –  UTi2O6 
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Schreyerite (scy) – V2Ti3O9 
Thorianite (th) – ThO2 
 

Weathering Products 
Chalcocite (cc) – Cu2S  
Digenite (dg) – Cu9S5  
Cuprite (fibrous var. chalcotrichite) (cup) – Cu2O 
Chrysocolla (ccl)– Cu1.75Al0.25H1.75(Si2O5)(OH)4·0.25(H2O) 
Malachite (mal) – Cu2(CO3)(OH)2 
Brochanite – Cu4(SO4)(OH)6  
Plancheite – Cu8(Si8O22)(OH)4·H2O  
Cornetite – Cu3(PO4)(OH)3  
Goethite (goe) - FeO(OH) 
Jarosite (jar) - KFe3(SO4)2(OH)6 
Clay minerals (cly) 
 Smectite Group  
  Montmorillonite - Na0.2Ca0.1Al2Si4O10(OH)2(H2O)10 
 Yakhontovite - Ca0.2K0.01Cu0.8Fe0.8Mg0.7Si4O10(OH)2 
 Nontronite - Na0.3Fe2Si3AlO10(OH)2·4(H2O) 
 Kaolinite – Al2Si2O5(OH)4 
  Allophane – (Al2O3)(SiO2)1.3-2·2.5-3H2O (mineraloid) 
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APPENDIX B 

STRATIGRAPHY 

 

 At Kansanshi, meter scale stratigraphic patterns have been helpful to distinguish 

stratigraphic sequences and as up indicators. Two examples of such patterns are shown for the 

Katete Formation (Figure B.1) and the contact between the Mwale Formation and Dolomitic 

Sequence (Figure B.2) shown below.  

 

 

Figure B.1 - Schematic diagram of a typical Katete Formation sequence at Kansanshi illustrating 
the progression from a strongly boudined basal garnet schist, through a thin marble horizon into 
strongly banded ‘zebra rock,’ of calcareous biotite schist, to the marble horizon that caps the 
sequence.  The ‘zebra rock’ sequence includes a 1-2 m zone of vuggy dolomite with occasional 
anhydrite and a thin (<1 m) horizon containing abundant boudinage, which are helpful in 
distinguishing the Katete Formation sequence from other strongly banded units at Kansanshi. 
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Figure B.2 - Schematic diagram illustrating characteristic features of the typical Nguba 
Group/Roan Group (Mwale Formation/Dolomitic Sequence) contact in the Kansanshi Mine 
domain. Where not faulted the Dolomitic Sequence typically transitions upward into a coarse-
grained calcite marble ~10-15 m from the contact with the Mwale Formation. This calcite marble 
typically contains thin (1-2 m) strongly carbonaceous phyllites. The contact with the overlying 
diamictite is sharp and commonly marked by coarse-grained scapolite; where it is not sharp there 
is commonly a structural discontinuity.  At the base of the overlying Mwale Formation there are 
typically two, 2-5 m thick, ironstone horizons within ~10 m of the bottom contact. These two 
ironstones are generally within 5 m of each other. In the overturned Upper Plate domain at 
Kansanshi this sequence is more heterogeneous and may include strongly banded calcite marble, 
P-rich calcareous rhythmites, and thicker, less carbonaceous, phyllitic intervals.  
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APPENDIX C 

STRUCTURAL GEOLOGY 

 

C.1  Application of Mwale Formation geochemical facies to structural interpretation 

 The broad lateral continuity of the geochemical patterns discovered in the meta-

diamictite at Kansanshi (Chapter 4) are helpful in interpreting the structural geology in more 

complexly deformed parts of the area. Previous workers struggled to determine if multiple meta-

diamictite horizons (typically 2, but occasionally 3 in a single drill hole) represented both the 

Sturtian and Marinoan diamictite (Figure C.1), or if the Sturtian diamictite had been recumbently 

folded and structurally repeated (Broughton et al., 2002; Barron, 2003). The relatively limited 

extent of Marinoan diamictite in the northern portions of the basin (Batumike et al., 2007) and its 

presence in only a few locations in Zambia (Broughton, pers. comm., 2019) suggest that it would 

be unusual to be present at Kansanshi. In addition, the presence of ironstones with the diamictite, 

which occur almost exclusively in Sturtian diamictites (Hoffman et al., 2017), points toward a 

single recumbently folded Sturtian diamictite in the Kansanshi area.  

Ironstones at Kansanshi are common near the base of the lower metadiamictite and 

locally occur at the top of the upper metadiamictite horizon, but have not been observed in the 

less common middle diamictite horizon (now interpreted as a fold nose). The geochemical facies 

developed here show that even where ironstones are absent the geochemical patterns support a 

recumbently folded Sturtian diamictite that underwent ductile deformation (Figure C.2). The 

pattern of S-rich and S-poor metadiamictite separated by a Mn-rich horizon is easily mappable in 

spite local thickness changes. More subtle geochemical patterns within the Mn-rich transitional 

zone are also structurally repeated. A prominent low angle reverse fault that terminates in the 

meta-diamictite in the southeast of the area shows recumbently folded metadiamictite around the 

fault tip indicating that faulting occurred under a ductile regime (Figure C.3). In northwestern 

portions of the Kansanshi area the thickness of the metadiamictite increases from <150 to locally 

>500m, which is shown by geochemical patterns to be the result of complex internal ductile 

deformation (Figure C.4) in addition to thickening of some geochemical facies, possibly 

indicating syn-sedimentary depositional thickness changes.  
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Thus, the geochemical data convincingly demonstrates that there is only one 

metadiamictite horizon at Kansanshi and that it has been recumbently folded, with intense 

internal deformation. 

 

 

Figure C.1 – Simplified stratigraphic column for the Katangan Basin showing the two 
Cryogenian ‘Snowball Earth’ diamictite horizons and cap carbonate sequences. At Kansanshi 
only the Sturtian Grand Conglomérat/Mwale Formation diamictite is present. 
 

 

Figure C.2 - Cross section slice from Leapfrog Geo software showing the lateral continuity of 
geochemical facies in the Mwale Formation and clearly illustrating that the upper metadiamictite 
horizon in inverted and likely represents the overturned limb of a recumbent fold (See Figure C.3 
for legend). 
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Figure C.3 – Cross sections showing ductile folding within the Mwale Formation in relation to a 
low-angle NW verging reverse fault. Upper image is an annotated Leapfrog Geo software cross 
section and lower image is a cross section of the reverse fault area overlain by metadiamictite 
geochemical facies in the drill holes. Note the repetition of thin intervals < 2m.  
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Figure C.4 - NE-SW oriented cross section slice from Leapfrog Geo software showing complex ductile deformation patterns in 
northern portions of the mine area (N edge of NW pit) where the Mwale Formation is much thicker. Geochemical facies are depicted 
in the large diameter portions of the drill hole, thinner sections are lithologies (pale blue = dolomite marble, dark blue = calcite 
marble, grey = phyllite, brown = garnet schist, red = veins). Correlating the geochemical facies patterns suggest that the thickness is 
due to strong internal deformation and fold thickening. View is to the NW. 
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APPENDIX D 

GEOCHEMISTRY 

 

 Geochemical investigations for this project involved three methods: 1) bulk-rock multi-

element geochemistry, 2) sulfur stable isotopes, and 3) U/Pb geochronology of zircons. Each is 

addressed sequentially below.   

 

D.1 – Bulk-rock geochemistry 

 Bulk-rock geochemical investigations at Kansanshi focused on: 1) characterizing the 

background geochemistry of major lithologies, 2) determining the inherent (pre-Cu 

mineralization) geochemical variability within these lithologies, and 3) determining the 

geochemical signature of alteration and mineralization. The background geochemistry identifies 

key geochemical characteristics of the metasedimentary lithologies and provides a baseline from 

which to determine stratigraphic variability and later chemical overprints related to alteration and 

mineralization. A particular outcome of this work was the definition of geochemical facies 

within the Mwale Formation.  These geochemical variations likely reflect important variations in 

‘Snowball Earth’ seawater chemistry and their predictable patterns are helpful as up-indicators 

when deciphering complex ductile deformation.    

 
D.1.1 – Methods and detection limits 

 The Kansanshi Mine analyzes all drill holes for Cu and Au. This work is done at an ALS 

Chemex certified lab on the mine site using a four acid digestion with AAS finish for Cu 

(package Cu-AA62), and by fire assay and AAS finish for Au (Au-AA25 package) (Table D.1). 

The full data set available for this project included results for 485,562 samples from 2144 drill 

holes covering 614,751 meters. These totals do not include blast hole assays which were also 

reviewed to determine the distribution of rock with elevated Cu concentrations, particularly for 

determining vein patterns.    

 For this project, mine site assays were supplemented by 48-element bulk rock 

geochemical analysis conducted on 78,658 individual samples of halved drill core from 297 

exploration and development drill holes completed between 2013 and 2015 in and around the 
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Table D.1 - Detection Limits for Kansanshi Mine geochemistry lab 

 

 

Kansanshi Mine. Sampling was conducted respecting lithologic and mineralogical boundaries 

with an average sample interval of 1.47 m, with 76% of samples at or below 1.5 m. The majority 

of samples longer than 1.5 m were taken from homogeneous carbonate or mafic igneous rocks 

with the longest sample interval being 3.1 meters. Geochemical analysis for these drill holes was 

conducted by ALS Chemex in Johannesburg and used a 4-acid digestion and a combination ICP-

AES and ICP-MS analysis to return values for 48 elements at the Ultra trace level (ME-MS61 

package. In addition, gold was determined for 36,784 samples by fire assay and ICP-AES (Au-

ICP22) analysis.  Select intervals (3334 samples from 11 drill holes) were also analyzed for 12 

REE’s using 4-acid digestion with ICP-MS analysis (ME-MS61r package). For plotting and 

calculations, values below detection were replaced with half of the detection limit. Samples with 

Cu values at or above the upper detection limit of 10000 ppm, were replaced by values 

determined by atomic absorption spectrometry (AAS) at the ALS lab on the mine site, which has 

an upper limit of 50 wt% Cu. Data was interrogated using IoGASTM software, especially 

bivariate plots, ternary diagrams, and point density mapping, which allows for easy visual 

identification of distinct sample populations.  

 

D.1.2 – Bulk-rock geochemistry of lithologies 

 In this project typical ‘background’ geochemical compositions of all the major lithologies 

at Kansanshi were defined including: phyllite, carbonaceous phyllite, garnet schist, quartzite, 

metadiamictite, calcite marble, dolomite marble, and meta-igneous rocks. In addition, these 

lithologies were subdivided based on their stratigraphic position.  The geochemistry of specific 

lithologies that are less widespread or unique to particular stratigraphic horizons were also 

investigated such as talc-kyanite schist, magnesite marble, ironstone, calcareous biotite schist in 

the Katete Formation, and mica schist in the Spangled Schist unit. The procedure for 

Element Au_ppm Cu_pct M

Method Au-AA25 AA62 A

Units ppm % %

Lower Limit 0.01 0.001

Upper Limit 100 50
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Table D.2 – Elements and detection limits for multi-element bulk-rock geochemistry 

 
 

Element ALS Code Units Lower Limit Upper Limit Element ALS Code Units Lower Limit Upper Limit

Au Au-AA25 ppm 0.01 100 Rb ME-MS61 ppm 0.1 10000

Ag ME-MS61 ppm 0.01 100 Re ME-MS61 ppm 0.002 50

Al ME-MS61 % 0.01 50 S ME-MS61 % 0.01 10

As ME-MS61 ppm 0.2 10000 Sb ME-MS61 ppm 0.05 10000

Ba ME-MS61 ppm 10 10000 Sc ME-MS61 ppm 0.1 10000

Be ME-MS61 ppm 0.05 1000 Se ME-MS61 ppm 1 1000

Bi ME-MS61 ppm 0.01 10000 Sn ME-MS61 ppm 0.2 500

Ca ME-MS61 % 0.01 50 Sr ME-MS61 ppm 0.2 10000

Cd ME-MS61 ppm 0.02 1000 Ta ME-MS61 ppm 0.05 100

Ce ME-MS61 ppm 0.01 500 Te ME-MS61 ppm 0.05 500

Co ME-MS61 ppm 0.1 10000 Th ME-MS61 ppm 0.01 10000

Cr ME-MS61 ppm 1 10000 Ti ME-MS61 % 0.005 10

Cs ME-MS61 ppm 0.05 500 Tl ME-MS61 ppm 0.02 10000

Cu Cu-AA62 % 0.001 50 U ME-MS61 ppm 0.1 10000

Cu ME-MS61 ppm 0.2 10000 V ME-MS61 ppm 1 10000

Fe ME-MS61 % 0.01 50 W ME-MS61 ppm 0.1 10000

Ga ME-MS61 ppm 0.05 10000 Y ME-MS61 ppm 0.1 500

Ge ME-MS61 ppm 0.05 500 Zn ME-MS61 ppm 2 10000

Hf ME-MS61 ppm 0.1 500 Zr ME-MS61 ppm 0.5 500

In ME-MS61 ppm 0.005 500 Dy ME-MS61r ppm 0.05 1000

K ME-MS61 % 0.01 10 Er ME-MS61r ppm 0.03 1000

La ME-MS61 ppm 0.5 10000 Eu ME-MS61r ppm 0.03 1000

Li ME-MS61 ppm 0.2 10000 Gd ME-MS61r ppm 0.05 1000

Mg ME-MS61 % 0.01 50 Ho ME-MS61r ppm 0.01 1000

Mn ME-MS61 ppm 5 100000 Lu ME-MS61r ppm 0.01 1000

Mo ME-MS61 ppm 0.05 10000 Nd ME-MS61r ppm 0.1 10000

Na ME-MS61 % 0.01 10 Pr ME-MS61r ppm 0.03 1000

Nb ME-MS61 ppm 0.1 500 Sm ME-MS61r ppm 0.03 1000

Ni ME-MS61 ppm 0.2 10000 Tb ME-MS61r ppm 0.01 1000

P ME-MS61 ppm 10 10000 Tm ME-MS61r ppm 0.01 1000

Pb ME-MS61 ppm 0.5 10000 Yb ME-MS61r ppm 0.03 1000
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determining the average ‘background’ geochemistry of each lithology was as follows: 

 Utilize geologic logging and cross section interpretations to identify geochemical samples 

from the stratigraphic horizon of interest 

 Select samples from the desired stratigraphic horizon where the logged lithology matches 

the lithology of interest 

 Create bivariate plots of all available elements in the selected samples vs. Sc and Ti 

o Create a unique classifier for “extreme outliers” and select outliers in each of 

these plots; roughly greater than three times the Mahalanobis distance (a measure 

of the distance between a point and the distribution of the data set).  

 Remove the extreme outliers from the data set 

 Re-plot each element vs. Sc and Ti 

o Create a new classifier for “outliers” in each of the plots 

 Determine visual outliers and select them for removal 

 Any sample with Cu > 300 ppm was considered to be anomalous 

o Remove outliers from the data set 

 Samples remaining after this process where considered to be a fair approximation of the 

“background” geochemistry for that particular lithology and stratigraphic position.   

 A purely statistical approach was attempted for removing outliers, but the visual 

approach was preferred for its ability to consider every element in the data set and retain a larger 

number of samples from which to calculate the average. The results of this work are presented as 

two tables of typical lithologies, one each from the Roan Group (Table D.3) and from the Nguba 

Group (Table D.4).  

 

D.1.2.1 – Geochemistry of Roan Group lithologies 

 The Roan Group data set starts with the quartzite from the Basal Clastic Sequence. It is 

followed by the talc-kyanite schist that occurs at the top of the quartzite below the overlying 

Evaporitic Sequence. The Evaporitic Sequence is extremely heterogeneous and does not contain 

the typical easily recognizable lithologies, so all rocks logged as schist (mica schist, biotite 

schist, calcareous biotite schist, and garnet schist) were included together to arrive at an average 

“schist” which should provide a starting point for further discrimination. During this process a  
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Table D.3 - Average geochemistry of select Roan Group lithologies 

 

 

 

Element Det. Limit Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev

Ag_ppm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.04 0.03 0.03

Al_pct 0.01 5.56 5.60 0.39 2.27 2.17 0.82 3.65 3.43 1.14 7.30 7.36 1.01 7.66 7.65 0.64 0.20 0.15 0.19 0.02 0.01 0.06 7.70 7.68 0.61

As_ppm 0.2 0.4 0.1 0.5 2.6 2.6 0.8 0.7 0.6 0.7 0.6 0.5 0.5 0.4 0.3 0.4 2.6 0.1 4.3 0.3 0.1 1.1 0.7 0.5 0.7

Au_ppm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Ba_ppm 10 309 310 41 61 60 18 40 35 19 380 390 211 60 50 45 43 20 58 6 5 4 598 590 101

Be_ppm 0.05 1.26 1.26 0.21 1.39 1.34 0.43 2.38 2.17 0.70 2.27 2.32 0.37 1.77 1.59 0.67 0.07 0.03 0.06 0.03 0.03 0.02 2.47 2.46 0.31

Bi_ppm 0.01 0.02 0.01 0.02 0.04 0.05 0.03 0.01 0.01 0.00 0.10 0.05 0.11 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.31 0.30 0.15

Ca_pct 0.01 1.24 1.21 0.67 0.28 0.23 0.24 0.62 0.64 0.32 4.71 4.57 1.27 6.36 6.38 1.24 19.57 19.85 1.70 0.99 0.44 1.37 4.40 4.47 1.00

Cd_ppm 0.02 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.08 0.03 0.10 0.01 0.01 0.01 0.03 0.02 0.02 0.02 0.02 0.01 0.25 0.24 0.12

Ce_ppm 0.01 61.63 61.05 16.58 450.64 474.00 61.92 482.60 500.00 37.58 69.08 67.30 19.46 64.80 61.65 26.68 3.87 3.05 3.60 1.59 0.45 3.71 62.83 62.90 7.14

Co_ppm 0.1 14.4 15.0 4.5 23.4 25.7 10.2 5.5 5.6 1.5 18.0 18.0 4.2 29.7 26.8 13.5 3.5 2.7 3.0 5.9 5.2 3.8 18.3 18.3 2.8

Cr_ppm 1 44 44 8 42 42 8 49 50 5 70 73 20 51 59 27 2 1 2 1 1 1 87 86 12

Cs_ppm 0.05 0.77 0.79 0.19 0.66 0.64 0.20 0.70 0.63 0.39 4.67 4.05 2.88 0.35 0.13 0.46 0.12 0.05 0.17 0.03 0.03 0.04 9.35 9.32 1.74

Cu_ppm* 0.2 1.3 0.7 1.4 1.5 1.2 0.8 1.3 0.7 1.5 46.1 37.9 50.1 17.6 9.7 22.4 30.2 8.0 52.1 1.9 1.4 1.8 29.5 28.5 17.3

Fe_pct 0.01 1.99 1.99 0.26 3.13 2.91 0.54 4.09 4.04 0.78 4.19 4.37 1.10 6.70 7.03 2.39 0.37 0.30 0.27 0.64 0.46 0.87 4.98 4.97 0.48

Ga_ppm 0.05 12.25 12.33 1.06 22.92 22.10 4.39 32.00 29.80 8.20 20.42 20.60 3.23 21.79 21.80 2.62 0.94 0.79 0.65 0.29 0.18 0.28 21.78 21.80 2.22

Ge_ppm 0.05 0.16 0.15 0.04 0.59 0.56 0.11 0.53 0.53 0.11 0.23 0.21 0.10 0.23 0.22 0.10 0.30 0.26 0.21 0.24 0.20 0.23 0.23 0.22 0.08

Hf_ppm 0.1 1.3 1.3 0.2 1.1 1.0 0.3 1.4 1.3 0.4 2.9 2.6 1.6 2.5 2.3 0.9 0.1 0.1 0.1 0.1 0.1 0.0 2.3 2.3 0.6

In_ppm 0.005 0.035 0.030 0.034 0.006 0.007 0.004 0.003 0.003 0.000 0.052 0.060 0.031 0.069 0.070 0.030 0.004 0.003 0.003 0.003 0.003 0.002 0.087 0.087 0.015

K_pct 0.01 2.95 2.98 0.38 0.78 0.75 0.26 0.85 0.79 0.45 2.05 2.22 0.62 0.75 0.66 0.50 0.12 0.09 0.11 0.01 0.01 0.04 2.58 2.58 0.37

La_ppm 0.5 29.7 29.3 9.0 292.2 285.0 62.3 345.6 339.0 55.8 31.9 31.3 9.4 30.1 27.8 16.1 1.7 1.3 1.8 0.9 0.3 2.0 29.2 29.1 4.1

Li_ppm 0.2 46.8 48.2 15.9 59.2 59.4 26.4 33.0 29.9 12.1 36.5 34.4 14.6 31.5 25.8 18.8 5.6 3.5 6.7 0.5 0.3 0.5 36.1 36.2 8.6

Mg_pct 0.01 1.99 1.94 0.31 10.03 10.55 1.92 9.77 9.85 1.81 2.85 2.74 0.58 3.27 3.29 0.81 12.65 12.75 0.95 24.04 24.30 1.88 2.35 2.32 0.30

Mn_ppm 5 97 95 41 24 22 13 24 21 9 599 646 244 309 256 167 246 167 228 279 248 178 691 674 125

Mo_ppm 0.05 0.17 0.17 0.04 0.13 0.10 0.11 0.18 0.17 0.06 3.22 2.43 2.65 0.48 0.31 0.57 2.00 1.14 2.56 0.35 0.08 1.59 2.06 1.67 1.57

Na_pct 0.01 0.49 0.43 0.25 0.22 0.17 0.12 0.66 0.57 0.44 2.42 1.96 1.31 3.88 3.73 0.86 0.04 0.02 0.06 0.01 0.01 0.01 1.32 1.28 0.25

Nb_ppm 0.1 4.3 4.3 1.9 0.7 0.7 0.2 1.1 0.8 0.9 6.4 5.8 3.1 17.0 18.7 8.5 0.2 0.2 0.2 0.1 0.1 0.2 9.9 10.9 2.8

Ni_ppm 0.2 14.7 14.6 2.7 765.5 726.0 213.8 1141.0 1192.5 312.3 48.9 52.5 14.2 65.6 64.1 29.7 2.5 1.5 2.8 5.7 4.0 7.2 53.3 53.3 10.3

P_ppm 10 495 500 94 568 570 82 590 580 69 785 770 89 1840 1710 841 296 170 329 22 20 18 833 830 64

Pb_ppm 0.5 2.0 1.8 0.5 1.0 0.9 0.4 1.1 1.1 0.3 4.6 2.8 5.2 1.5 1.1 1.1 0.8 0.7 0.6 0.5 0.3 0.5 13.0 12.3 5.9

Rb_ppm 0.1 100.1 99.7 16.1 36.9 36.4 11.0 40.2 37.0 21.8 86.3 89.4 25.1 17.8 8.4 22.3 3.8 2.6 4.0 0.4 0.1 1.7 107.3 107.0 16.4

Re_ppm 0.002 0.001 0.001 0.001 0.002 0.002 0.001 0.001 0.001 0.000 0.005 0.002 0.006 0.002 0.001 0.002 0.005 0.003 0.006 0.001 0.001 0.001 0.002 0.001 0.002

S_pct 0.01 0.01 0.01 0.00 0.19 0.16 0.13 0.41 0.43 0.22 0.56 0.47 0.34 0.20 0.18 0.12 0.16 0.10 0.18 0.01 0.01 0.00 0.12 0.07 0.12

Sb_ppm 0.05 0.04 0.03 0.03 0.03 0.03 0.01 0.03 0.03 0.01 0.08 0.05 0.07 0.08 0.06 0.05 0.04 0.03 0.04 0.03 0.03 0.01 0.11 0.08 0.09

Sc_ppm 0.1 9.0 9.0 1.5 13.3 13.1 1.7 15.2 14.9 2.6 16.6 16.7 2.9 27.0 27.6 4.2 0.7 0.6 0.6 0.2 0.1 0.5 17.3 17.3 2.2

Se_ppm 1 2 1 1 1 1 1 2 2 1 2 2 1 2 2 1 2 1 1 1 1 0 2 2 1

Sn_ppm 0.2 1.1 1.1 0.2 0.7 0.6 0.3 1.3 1.2 0.3 2.4 2.4 1.0 1.7 1.6 0.8 0.1 0.1 0.1 0.1 0.1 0.0 4.2 4.0 0.8

Sr_ppm 0.2 48.6 41.3 34.8 11.6 10.1 6.8 19.6 19.7 10.5 195.1 185.0 101.1 185.0 203.0 73.1 155.7 128.5 95.1 16.3 5.4 35.5 192.1 182.5 58.5

Ta_ppm 0.05 0.32 0.31 0.14 0.05 0.05 0.02 0.08 0.06 0.08 0.46 0.46 0.18 1.13 1.21 0.52 0.03 0.03 0.01 0.03 0.03 0.03 0.77 0.83 0.22

Te_ppm 0.05 0.03 0.03 0.01 0.03 0.03 0.01 0.03 0.03 0.00 0.07 0.05 0.06 0.03 0.03 0.02 0.03 0.03 0.01 0.03 0.03 0.00 0.04 0.03 0.02

Th_ppm 0.01 9.37 9.10 1.97 13.63 13.60 1.70 15.89 15.15 2.82 9.35 9.20 1.50 4.01 3.95 1.43 0.27 0.20 0.22 0.12 0.10 0.13 9.38 9.30 1.22

Ti_pct 0.005 0.196 0.193 0.034 0.067 0.063 0.019 0.129 0.122 0.034 0.315 0.329 0.087 1.330 1.355 0.501 0.007 0.005 0.007 0.003 0.003 0.003 0.445 0.453 0.047

Tl_ppm 0.02 0.16 0.15 0.03 0.11 0.12 0.04 0.08 0.07 0.05 0.53 0.47 0.34 0.04 0.02 0.06 0.02 0.01 0.02 0.01 0.01 0.00 0.96 0.97 0.16

U_ppm 0.1 1.0 0.6 0.8 0.2 0.2 0.1 0.4 0.4 0.1 3.4 3.1 1.2 1.5 1.0 1.5 1.3 1.0 1.1 0.2 0.1 0.3 4.2 4.2 0.6

V_ppm 1 51 51 8 51 51 10 60 60 14 170 181 64 246 259 58 7 5 5 2 1 2 193 192 40

W_ppm 0.1 0.4 0.4 0.1 0.1 0.1 0.0 0.1 0.1 0.0 0.6 0.5 0.4 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.0 1.8 1.8 0.7

Y_ppm 0.1 15.1 15.3 5.9 17.9 17.7 2.7 22.8 23.2 4.2 23.4 23.6 6.6 32.9 32.5 10.0 2.3 1.9 1.6 0.6 0.3 1.5 32.8 33.1 3.9

Zn_ppm 2 4 4 3 2 1 2 1 1 1 48 30 47 11 6 11 6 5 5 2 2 2 103 110 40

Zr_ppm 0.5 44.0 43.7 7.6 35.1 34.2 7.9 44.3 41.9 12.2 101.9 90.7 57.3 91.7 85.6 33.8 4.5 3.2 4.4 0.4 0.3 1.1 81.8 84.8 21.7

Spangled Schist Unit

Mica SchistMafic-igneous rocks Magnesite-talc rock

Dolomitic Sequence

Dolostone

Evap. & Dol. Sequence

N = 20 N = 216 N = 1135 N = 156 N = 405N = 165

Kyanite-talc Schist Schists

Evaporitic Sequence

N = 194

Kyanite-talc SchistQuartzite

Basal Clastic Sequence

N = 53
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Table D.4 - Average geochemistry of select Nguba Group lithologies 

 

 

 

Element Det. Limit Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev

Ag_ppm 0.01 0.03 0.02 0.04 0.05 0.01 0.06 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.08 0.06 0.04 0.06

Al_pct 0.01 6.59 6.58 0.56 4.50 4.75 1.57 1.58 1.56 0.49 1.42 1.43 0.43 6.65 4.55 8.64 7.41 7.42 0.64

As_ppm 0.2 0.5 0.1 0.9 1.2 0.1 4.1 2.0 0.1 3.9 1.5 0.1 3.3 0.5 0.1 3.6 7.4 3.0 10.1

Au_ppm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.00

Ba_ppm 10 446 450 80 453 460 221 123 120 58 14 10 21 245 10 610 359 380 123

Be_ppm 0.05 2.40 2.37 0.47 1.62 1.49 0.85 0.44 0.43 0.16 0.25 0.22 0.13 1.98 0.76 4.08 2.30 2.28 0.44

Bi_ppm 0.01 0.17 0.18 0.11 0.09 0.05 0.10 0.03 0.03 0.02 0.02 0.01 0.02 0.03 0.01 0.20 0.24 0.25 0.13

Ca_pct 0.01 4.71 4.45 1.78 5.76 5.22 2.15 29.69 29.70 2.90 29.72 29.60 2.55 2.41 0.42 9.32 1.54 1.17 1.13

Cd_ppm 0.02 0.15 0.13 0.11 0.12 0.06 0.14 0.06 0.05 0.04 0.02 0.01 0.03 0.02 0.01 0.05 0.08 0.05 0.09

Ce_ppm 0.01 91.80 90.80 14.38 93.90 77.80 75.45 18.75 18.15 5.93 61.18 50.00 41.05 70.69 6.42 120.50 86.55 87.95 21.02

Co_ppm 0.1 20.0 19.3 4.1 22.6 19.9 14.6 5.3 4.8 2.7 11.3 11.0 6.1 15.0 4.1 40.7 24.6 23.4 6.8

Cr_ppm 1 56 55 7 51 50 18 11 11 5 4 4 3 48 14 94 99 97 19

Cs_ppm 0.05 4.27 4.22 1.12 5.14 4.40 3.57 0.81 0.75 0.52 0.07 0.03 0.12 1.72 0.03 5.88 2.82 2.84 1.20

Cu_ppm* 0.2 55.9 45.0 38.4 83.2 51.9 99.1 25.5 12.4 37.5 21.8 7.5 36.0 82.2 6.3 282.0 152.1 134.0 72.4

Fe_pct 0.01 5.69 5.26 1.40 13.52 11.50 6.02 1.07 1.04 0.32 1.21 1.20 0.29 2.98 1.20 5.10 5.87 5.86 1.05

Ga_ppm 0.05 19.16 19.00 2.15 13.85 14.35 4.83 4.09 4.03 1.31 4.08 4.09 1.33 18.29 12.05 25.80 20.81 20.95 2.73

Ge_ppm 0.05 0.25 0.22 0.14 0.31 0.28 0.20 0.07 0.07 0.05 0.10 0.09 0.07 0.18 0.03 0.32 0.21 0.22 0.09

Hf_ppm 0.1 2.8 2.5 1.0 3.2 3.3 1.7 0.9 0.9 0.3 0.8 0.8 0.2 4.5 2.2 6.9 4.8 4.8 0.8

In_ppm 0.005 0.086 0.089 0.026 0.060 0.056 0.033 0.016 0.015 0.008 0.029 0.028 0.011 0.029 0.003 0.114 0.039 0.036 0.023

K_pct 0.01 2.23 2.23 0.30 1.76 1.83 0.79 0.55 0.55 0.22 0.06 0.02 0.09 1.53 0.06 3.58 2.18 2.20 0.44

La_ppm 0.5 44.3 43.9 7.2 47.1 37.5 48.8 8.5 8.2 2.8 25.8 24.2 15.0 33.8 2.5 55.8 40.2 41.0 10.4

Li_ppm 0.2 37.3 36.6 11.3 30.1 29.8 14.0 14.2 13.7 7.6 2.0 0.9 3.0 16.8 0.8 32.5 24.2 24.2 6.9

Mg_pct 0.01 2.44 2.42 0.41 2.82 2.84 0.60 1.01 1.02 0.32 0.94 0.96 0.27 1.12 0.54 2.54 1.24 1.20 0.27

Mn_ppm 5 1399 871 1877 1129 1040 516 205 182 90 397 394 145 219 30 574 147 105 103

Mo_ppm 0.05 1.84 1.46 1.31 2.72 1.68 4.07 0.65 0.35 0.84 0.67 0.34 1.01 1.30 0.35 4.34 7.89 6.90 5.11

Na_pct 0.01 1.42 1.37 0.40 1.13 1.09 0.85 0.49 0.44 0.26 1.10 1.13 0.39 3.22 0.49 6.87 1.88 1.65 0.84

Nb_ppm 0.1 17.6 13.6 12.1 33.7 26.5 35.7 1.6 1.4 0.9 0.8 0.7 0.3 8.7 3.9 20.6 5.3 4.9 1.7

Ni_ppm 0.2 38.7 37.0 9.6 31.9 30.1 14.7 7.6 7.6 4.5 9.4 9.7 4.9 26.6 7.3 60.8 77.8 79.1 20.1

P_ppm 10 902 840 229 6069 5490 2704 505 520 117 496 510 124 659 330 1140 835 820 259

Pb_ppm 0.5 8.3 6.4 6.0 3.6 1.8 4.5 2.1 1.9 1.3 0.9 0.8 0.8 1.7 0.3 8.5 3.9 3.8 1.8

Rb_ppm 0.1 107.8 108.5 17.6 74.9 76.1 37.9 21.6 21.4 9.8 2.0 0.4 3.5 65.5 0.5 146.5 96.8 99.3 21.0

Re_ppm 0.002 0.003 0.002 0.002 0.004 0.003 0.003 0.002 0.001 0.002 0.002 0.001 0.002 0.003 0.001 0.025 0.037 0.036 0.018

S_pct 0.01 0.43 0.27 0.37 1.00 0.90 0.54 0.32 0.28 0.17 0.57 0.56 0.22 0.83 0.15 2.39 3.47 3.38 0.90

Sb_ppm 0.05 0.03 0.03 0.02 0.04 0.03 0.07 0.04 0.03 0.03 0.03 0.03 0.01 0.03 0.03 0.08 0.16 0.14 0.11

Sc_ppm 0.1 15.1 15.0 1.9 11.5 11.8 3.4 3.5 3.5 1.1 3.5 3.4 1.1 14.0 6.0 24.4 19.3 19.3 2.7

Se_ppm 1 2 2 1 2 2 2 2 1 1 2 1 1 1 1 4 7 7 3

Sn_ppm 0.2 2.5 2.5 0.7 1.8 1.7 1.1 0.4 0.4 0.2 0.1 0.1 0.1 1.3 0.2 3.0 1.8 1.9 0.6

Sr_ppm 0.2 329.1 306.0 143.3 397.8 323.0 347.8 2509.5 2520.0 654.6 1022.9 758.5 730.0 148.5 37.0 634.0 303.4 235.0 211.5

Ta_ppm 0.05 1.04 0.80 0.72 2.04 1.68 1.69 0.09 0.07 0.06 0.05 0.05 0.02 0.59 0.23 1.40 0.36 0.33 0.12

Te_ppm 0.05 0.17 0.15 0.07 0.14 0.12 0.09 0.04 0.03 0.02 0.04 0.03 0.02 0.05 0.03 0.21 0.17 0.16 0.07

Th_ppm 0.01 11.43 11.30 1.91 8.07 7.30 5.73 2.19 2.10 0.80 1.70 1.60 0.72 10.47 3.90 16.80 11.52 11.50 1.83

Ti_pct 0.005 0.467 0.447 0.140 0.625 0.514 0.364 0.059 0.055 0.024 0.018 0.017 0.006 0.284 0.121 0.573 0.207 0.201 0.045

Tl_ppm 0.02 0.56 0.56 0.12 0.42 0.40 0.23 0.09 0.09 0.05 0.02 0.01 0.02 0.18 0.01 0.55 0.74 0.75 0.42

U_ppm 0.1 2.6 2.5 0.8 2.8 2.0 5.3 2.0 1.9 0.7 1.2 1.0 0.8 2.2 0.8 4.9 5.5 5.0 2.3

V_ppm 1 122 120 16 110 108 39 27 24 13 15 13 11 88 22 176 487 460 284

W_ppm 0.1 0.7 0.6 0.3 0.4 0.3 0.6 0.2 0.2 0.1 0.1 0.1 0.1 0.6 0.1 1.4 0.9 0.9 0.3

Y_ppm 0.1 29.6 29.6 5.8 29.2 26.7 11.5 8.6 8.4 2.5 15.4 9.9 14.6 13.5 6.0 25.9 13.1 12.0 4.2

Zn_ppm 2 75 85 39 60 45 52 10 8 9 2 1 3 8 1 41 20 14 19

Zr_ppm 0.5 102.4 92.2 37.1 126.2 127.5 58.8 35.1 34.7 10.4 30.9 30.7 8.3 162.3 77.8 238.0 171.0 172.0 26.2

N = 399 N = 104

PhylliteIronstone

N = 6482 N = 3191 N = 136

Mwale Formation

Metadiamictite Marble Carbonaceous PhylliteBleached Marble

N = 838

Kakontwe Formation
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Table D.4 - Average geochemistry of select Nguba Group lithologies (continued) 

Element Det. Limit Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev

Ag_ppm 0.01 0.01 0.01 0.01 0.02 0.01 0.03 0.02 0.01 0.03 0.03 0.03 0.03 0.01 0.01 0.01 0.02 0.01 0.04

Al_pct 0.01 4.67 4.72 0.98 8.11 8.15 0.52 6.70 6.87 1.11 7.88 7.89 0.45 2.75 2.61 1.01 7.23 7.23 0.78

As_ppm 0.2 0.2 0.1 0.2 0.5 0.3 0.6 0.6 0.3 0.8 0.8 0.6 0.8 0.3 0.1 0.3 0.6 0.5 0.5

Au_ppm 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01

Ba_ppm 10 225 220 64 414 400 63 365 380 145 418 410 52 201 200 122 116 90 78

Be_ppm 0.05 1.79 1.78 0.48 2.93 2.93 0.38 2.08 2.11 0.51 2.97 2.95 0.30 0.80 0.77 0.38 1.20 1.04 0.59

Bi_ppm 0.01 0.04 0.03 0.03 0.10 0.08 0.08 0.06 0.04 0.05 0.23 0.23 0.08 0.02 0.02 0.02 0.02 0.01 0.01

Ca_pct 0.01 12.33 12.63 4.21 0.76 0.60 0.46 1.87 1.46 1.21 0.51 0.50 0.12 5.73 5.89 2.31 6.52 6.56 0.94

Cd_ppm 0.02 0.07 0.05 0.06 0.05 0.04 0.04 0.04 0.03 0.04 0.03 0.03 0.02 0.06 0.05 0.03 0.03 0.02 0.03

Ce_ppm 0.01 62.70 63.55 13.50 101.13 101.00 12.53 77.33 77.25 18.86 102.04 101.00 11.84 33.88 32.30 13.40 52.59 39.75 32.77

Co_ppm 0.1 11.8 11.6 2.4 21.5 21.2 4.5 14.7 13.9 5.6 20.1 19.7 3.5 5.6 5.3 2.3 36.4 35.9 14.2

Cr_ppm 1 39 39 10 79 80 8 52 52 13 94 94 9 31 30 10 91 92 93

Cs_ppm 0.05 3.08 3.05 1.04 4.72 4.71 1.13 2.35 2.20 1.35 3.89 3.74 1.24 0.50 0.43 0.38 0.76 0.71 0.52

Cu_ppm* 0.2 31.4 26.4 21.4 52.5 36.4 43.6 66.4 40.7 60.1 85.9 60.3 59.5 23.8 17.4 20.0 36.2 25.1 34.6

Fe_pct 0.01 3.31 3.25 0.70 6.39 6.47 0.92 3.57 3.65 1.05 6.10 6.16 0.79 2.18 2.15 0.53 8.58 8.81 2.27

Ga_ppm 0.05 13.29 12.98 3.12 23.90 24.00 2.08 18.34 18.73 3.79 23.81 23.80 1.55 6.85 6.46 2.99 20.25 20.20 2.87

Ge_ppm 0.05 0.12 0.13 0.06 0.28 0.26 0.13 0.24 0.22 0.11 0.27 0.27 0.08 0.09 0.09 0.05 0.19 0.19 0.10

Hf_ppm 0.1 3.0 2.9 0.7 4.6 4.8 1.0 4.1 4.0 1.1 4.6 4.6 1.0 1.9 1.8 0.7 1.8 1.5 0.9

In_ppm 0.005 0.046 0.047 0.015 0.087 0.088 0.022 0.045 0.047 0.022 0.085 0.088 0.019 0.018 0.016 0.011 0.087 0.090 0.036

K_pct 0.01 2.03 2.01 0.43 2.52 2.47 0.33 1.92 2.01 0.65 2.46 2.45 0.33 0.83 0.79 0.50 1.35 1.24 0.52

La_ppm 0.5 30.8 31.4 7.2 49.5 49.6 6.1 37.9 38.2 9.2 49.7 49.6 5.9 16.4 15.5 6.8 22.5 17.2 13.7

Li_ppm 0.2 35.3 33.5 11.9 28.6 27.1 8.1 17.9 17.4 6.5 26.1 25.3 6.1 7.5 6.6 4.5 25.9 25.1 8.2

Mg_pct 0.01 2.66 2.61 0.89 1.32 1.29 0.20 1.10 1.04 0.38 1.07 1.06 0.11 1.66 1.62 0.74 3.69 3.61 1.14

Mn_ppm 5 428 436 102 532 485 231 318 311 165 216 168 152 354 346 97 932 794 675

Mo_ppm 0.05 0.77 0.71 0.30 1.14 1.03 0.44 1.04 0.85 0.60 2.79 2.67 0.79 0.66 0.55 0.35 0.59 0.47 0.47

Na_pct 0.01 1.35 1.38 0.40 1.61 1.54 0.45 2.21 1.92 1.12 1.54 1.50 0.30 0.86 0.79 0.37 2.69 2.57 0.86

Nb_ppm 0.1 5.5 5.0 2.4 33.0 34.1 7.8 13.0 10.0 8.3 6.2 6.0 1.7 3.0 2.6 1.5 13.8 10.1 11.1

Ni_ppm 0.2 25.2 25.6 5.5 39.3 39.4 6.9 25.8 24.7 8.9 61.6 60.8 12.6 10.2 9.7 4.4 63.1 57.2 48.9

P_ppm 10 1015 1010 215 666 650 148 670 660 209 642 640 184 309 280 147 1975 1000 2190

Pb_ppm 0.5 2.4 1.9 1.5 7.1 5.1 5.5 3.7 2.3 3.5 5.8 4.8 4.5 3.2 2.6 2.1 1.6 1.3 1.1

Rb_ppm 0.1 78.2 78.8 20.5 130.0 129.5 15.2 84.7 88.4 30.5 121.8 121.5 14.5 33.6 29.5 21.4 37.0 33.5 23.6

Re_ppm 0.002 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.001 0.002 0.017 0.016 0.008 0.001 0.001 0.001 0.003 0.001 0.002

S_pct 0.01 0.46 0.44 0.19 0.54 0.41 0.42 0.83 0.70 0.50 2.61 2.59 0.47 0.42 0.36 0.28 0.17 0.16 0.11

Sb_ppm 0.05 0.04 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.02 0.10 0.08 0.07 0.03 0.03 0.02 0.08 0.08 0.05

Sc_ppm 0.1 10.6 10.4 2.5 21.2 21.4 2.6 13.5 13.3 4.0 22.5 22.6 1.9 5.0 4.4 2.4 33.5 33.7 5.6

Se_ppm 1 1 1 1 2 2 1 1 1 1 3 3 1 1 1 1 2 2 1

Sn_ppm 0.2 1.6 1.6 0.4 3.0 3.1 0.6 1.7 1.8 0.7 2.3 2.3 0.3 0.6 0.6 0.3 1.8 1.6 0.8

Sr_ppm 0.2 681.8 680.0 201.9 143.7 134.0 42.0 154.7 149.3 69.5 115.4 114.0 27.2 282.8 285.0 138.6 250.3 251.5 98.4

Ta_ppm 0.05 0.34 0.31 0.16 2.09 2.19 0.51 0.84 0.65 0.52 0.40 0.39 0.12 0.20 0.17 0.10 0.94 0.67 0.71

Te_ppm 0.05 0.03 0.03 0.01 0.04 0.03 0.02 0.03 0.03 0.02 0.07 0.07 0.03 0.03 0.03 0.00 0.03 0.03 0.01

Th_ppm 0.01 7.79 7.75 2.05 13.51 13.50 1.64 10.16 10.20 2.36 13.16 13.00 1.50 3.78 3.60 1.53 2.73 1.60 2.10

Ti_pct 0.005 0.255 0.245 0.069 0.776 0.797 0.107 0.413 0.359 0.209 0.231 0.224 0.039 0.102 0.094 0.055 1.202 1.020 0.584

Tl_ppm 0.02 0.30 0.30 0.11 0.51 0.52 0.08 0.29 0.30 0.15 0.54 0.53 0.13 0.13 0.11 0.09 0.07 0.06 0.05

U_ppm 0.1 1.8 1.7 0.5 2.3 2.2 0.5 2.0 1.9 0.6 2.7 2.7 0.5 1.1 1.1 0.4 0.9 0.7 0.8

V_ppm 1 63 62 14 131 130 12 89 90 25 172 170 27 31 27 16 273 276 83

W_ppm 0.1 0.4 0.4 0.2 1.3 1.3 0.3 0.7 0.7 0.3 0.6 0.6 0.2 0.2 0.2 0.1 0.2 0.2 0.2

Y_ppm 0.1 21.2 20.9 3.1 23.7 25.0 7.1 15.6 14.9 4.9 11.9 10.8 3.9 9.4 9.3 2.9 32.2 26.0 17.4

Zn_ppm 2 51 52 30 70 70 43 27 19 26 46 41 33 20 18 13 44 30 42

Zr_ppm 0.5 111.0 104.0 29.5 169.3 179.0 37.5 146.6 144.0 37.0 163.7 165.0 34.2 67.3 59.8 26.5 59.7 49.1 33.3

N = 734N = 638N =4765 N = 532 N = 77

Monwezi Formation

Quartzite

Mafic-Breccia Zone

Mafic-igneous rocksGarnet Schist Phyllite Carbonaceous Phyllite

Katete Formation

N = 104

Calcareous Biotite Schist
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subgroup with elevated V, Cd, and U was noted suggesting that it may be possible to distinguish 

reduced carbonaceous horizons within the Evaporitic Sequence; something that is not possible 

visually probably due to albite alteration. The kyanite-talc schist that occurs within the 

Evaporitic Sequence was not included with the other schists and was separated into its own data 

set for comparison to the kyanite-talc schist that occurs within the Basal Clastic Sequence. Mafic 

meta-igneous rocks that occur within the Evaporitic Sequence and in the Dolomitic Sequence 

were combined to determine the average geochemistry of mafic meta-igneous rocks in the Roan 

Group.  

 Within the Dolomitic Sequence an average geochemistry of dolomite marble was 

determined as well as the average geochemistry of magnesite-rich intervals that are locally 

interbedded. The magnesite-talc rock has not been previously described. It occurs in 6 drill holes 

and is a bright white granular sugary textured rock with occasional visible blebs of pale silicate 

minerals, primarily talc (Figure D.1); although spectroscopy (ASD TerraSpec® and Corescan 

hyperspectral imagery) suggests it may also contain actinolite (probably tremolite) and pyroxene 

(likely diopside or enstatite).  These magnesite intervals are not easily distinguished from the 

granular dolomite they are interbedded with, so they are defined primarily based on the high Mg 

concentrations (>20 wt% Mg) and low Ca concentrations (<1% Ca) in bulk rock geochemistry. 

Most intercepts are thin (<5 m), but >270 meters of magnesite-talc rock occurs in drill hole 

KRX080B.  Magnesite alteration may also occur within other dolostone intervals, but where the 

rock is not chemically distinctive the magnesite is difficult to detect even in thin section.  

 The final lithology in the Roan Group table is mica schist from the Spangled Schist unit. 

Rocks logged as mica schist in this unit typically contain significantly more biotite and 

amphibole porphyroblasts than other parts of the stratigraphy making it visually distinctive. Mica 

schist in the Spangled Schist unit is also chemically distinctive due to its high Cs concentrations; 

likely as a substitution for K in this biotite-rich rock. The Cs/Al ratio in the Spangled Schist is 

1.2, while most other schists are near 0.6, with phyllite commonly closer to 0.3.  

 

D.1.2.2 – Geochemistry of Nguba Group lithologies 

 The Nguba Group results (Table D.4) start with the average geochemistry of 

metadiamictite in the Mwale Formation. A number of subgroups can be defined within this 

lithology (see D.1.3), but for this calculation only the ironstones were removed. In the overlying 
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Figure D.1 - Magnesite-talc rock within the Dolomitic Sequence. A) Recrystallized dolomite and 
coarse-grained talc; KRX077, 796 m. B) Magnesite and talc altered handsample; KRX080B, 
886.5 m. C &D) PPL and XPL photomicrographs of magnesite and talc altered dolomite in B; 
KRX080B, 886.7 m. mgs = magnesite, tlc = talc. Note that the images in A and B have an 
orange/brown color as a result of dust that has worked its way into the granular rock; the rocks 
are typically bright white.   
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Kakontwe Formation average geochemistry is given for interbedded phyllite and carbonaceous 

phyllite as well as the dominant calcite marble.  In addition, a distinct subgroup was noted within 

the marble that had relatively low Ti and elevated Ge, Ce, La, and Y. This subgroup corresponds 

to bleached marble and also contains a number of other anomalous elements including Cu, Co, 

In, Na, Mo, Ni, and S, which suggests that bleaching by carbon destruction in the marble is 

directly related to the migration of mineralizing fluids.  Next the average geochemistry of 

calcareous biotite schist in the Katete Formation is given. Though rhythmically banded 

calcareous biotite schist occurs elsewhere in the deposit it is most prominent in the Katete 

Formation. Lithologies in the Monwezi Formation are subdivided into garnet schist, phyllite, 

carbonaceous phyllite and quartzite. Note that quartzite in the Monwezi formation is often 

strongly calcareous, which is reflected in the higher Ca concentrations compared to quartzite in 

the Basal Clastic Sequence. Finally, the average geochemistry of mafic meta-igneous rocks from 

within the Mafic-breccia Zone are shown for comparison to mafic meta-igneous rocks from the 

Roan Group.  

D.1.3 – Geochemical facies of Sturtian metadiamictite in the Mwale Formation 

 Metadiamictite of the Mwale Formation contains significant fluctuations in bulk rock 

geochemistry that facilitate a robust subdivision into several geochemical facies as described in 

Chapter 4. Here a more detailed explanation of the procedure is given.  

 

 The initial data set included all samples logged as Pebble Schist (PS), the local term for 

metadiamictite, a total of 12018 samples which includes ironstones as they are usually 

not split out during logging.  

 All data is put through a QA/QC procedure to look for errors and check the quality of 

results, for example below detection samples are replaced with half the detection limit 

and the Hf:Zr ratio is checked to ensure it is close to a 1:38 ratio typical of sedimentary 

rocks. 

 After initial QA/QC, major outliers are removed: 

o Removed samples with high Ca (>12 wt%) and/or Mg (>4.5 wt%), which are 

often related to gradational or sheared contacts with underlying Dolomitic 

Sequence dolostones or overlying Kakontwe Formation marbles; and locally with 

metasomatism of thin PS fold noses (244 samples) 
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o Removed Cu (>1500 ppm) and Cu-oxide (>500 ppm acid sol. Cu) mineralized 

samples (268 and 54 samples respectively) 

o Removed other mineralized samples with strongly anomalous geochemistry 

relative to the bulk of the population (e.g. >98th percentile; 181 samples) 

o Removed high S samples (> 3 wt%) typically associated with sulfide-rich veins 

(42 samples) 

o Removed strongly albite altered samples using a Ca:K:Na ternary diagram and a 

cutoff of >4 wt% Na (234 samples) 

o Removed weathered samples determined as samples clustered in the Al corner of 

an Al:Na:S ternary diagram (321 samples) 

 Use bivariate plots of all elements to look for clusters that may suggest distinctive 

populations. This process was eventually refined to the following simplified procedure 

utilizing key elements to classify nine geochemical facies within the metadiamictite 

(Figure D.2; also see Chapter 4): 

o Classified high S and high Mn samples on a S v Mn plot 

o Classified Fe- and P-rich samples associated with ironstones on a Fe v P plot 

o Subdivided the Fe(P)-rich samples into two subgroups, high Ti and high Fe 

(ironstone) in addition to remaining Fe(P)-rich samples 

o Subdivided high Mn samples into four groups on a Fe v Mn (or Ti v Mn) plot 

according to their sequential variation (see Figures 4.2 and 4.3). 

o Identified an elevated P subgroup within the remaining ‘Background’ samples.  

o Further subdivisions of the background samples based on Pb, Zn, Ti, and Al 

concentrations and ratios is possible, but not as robust as other categories.  

 

 The resulting geochemical facies from this classification scheme were then put into 3D 

geologic modeling software, where they display a remarkable lateral consistency (Appendix C). 

The average bulk rock geochemistry for each of these facies is reported in Table D.5 and can be 

compared to a global average for metadiamictite prior to subdivision in Table D.4. Box and 

whisker plots were generated to visualize changes in average geochemistry between the 

geochemical facies. Of note was the systematic variation in redox sensitive proxy elements Mo 

and Se lending support to the interpretation that high S concentrations are related to anoxic 
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conditions (Figure D.3). These geochemical facies also correspond to large variations in garnet 

abundance and more subtle textural variations (Figure D.4). The most significant visual 

variations are associated with the Mn-rich transitional zone and the ironstone horizons (Figure 

D.5). However, it should be noted that visual distinctions are not sufficient to log geochemical 

facies without the aid of geochemistry.   

 

 

 

 

 

 

 

 

Figure D.2 – Geochemical subdivisions of the Mwale Formation metadiamictite. 
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Figure D.3 – Box and whisker plots for S compared to redox sensitive proxy elements Mo and Se 
suggesting that redox conditions likely changed from early reduced S-rich metadiamictite to later 
more oxidized geochemical facies. Note that ironstones appear to be significantly oxidized in 
spite of their high S concentrations. This figure uses a simplified classification scheme for the 
Mn-rich interval that results in one less subdivision.  
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Table D.5 - Average geochemistry of geochemical facies within the Mwale Formation metadiamictite 

 

 

Element Det. Limit Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev

Ag_ppm 0.01 0.03 0.01 0.04 0.04 0.01 0.06 0.03 0.01 0.04 0.03 0.01 0.03 0.04 0.01 0.06 0.07 0.03 0.09

Al_pct 0.01 6.62 6.62 0.57 7.38 7.40 0.66 6.40 6.34 0.84 5.92 5.98 0.56 6.14 6.14 0.40 6.06 6.02 0.53

As_ppm 0.2 0.8 0.1 2.4 0.9 0.5 1.9 0.7 0.1 1.7 1.4 0.5 2.6 0.7 0.1 1.9 0.7 0.1 1.9

Au_ppm 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Ba_ppm 10 418 420 62 492 500 118 441 440 95 445 460 90 413 420 75 389 390 106

Be_ppm 0.05 2.45 2.44 0.53 2.97 2.94 0.70 2.72 2.72 0.65 2.36 2.40 0.41 2.07 2.09 0.33 1.92 1.95 0.44

Bi_ppm 0.01 0.19 0.21 0.10 0.26 0.25 0.21 0.20 0.21 0.12 0.14 0.15 0.10 0.21 0.21 0.11 0.18 0.18 0.11

Ca_pct 0.01 5.88 5.80 1.74 2.71 2.05 1.98 5.08 5.07 1.91 4.60 4.53 0.79 4.04 4.02 0.60 4.31 4.28 0.95

Cd_ppm 0.02 0.11 0.10 0.08 0.16 0.14 0.13 0.17 0.17 0.09 0.15 0.16 0.07 0.19 0.19 0.05 0.16 0.17 0.08

Ce_ppm 0.01 91.07 90.00 16.23 109.14 107.50 27.76 98.23 95.25 23.81 85.54 87.70 11.29 81.73 81.50 11.01 77.05 77.40 12.87

Co_ppm 0.1 18.2 18.0 3.1 19.5 18.9 4.5 18.4 17.8 4.2 27.2 27.3 5.6 25.0 24.6 3.3 22.3 22.1 4.3

Cr_ppm 1 54 54 6 59 58 10 49 49 7 50 50 6 68 67 11 67 65 13

Cs_ppm 0.05 4.26 4.26 0.88 4.44 4.51 1.11 3.73 3.83 1.06 3.43 3.51 0.88 5.31 5.04 1.81 5.89 5.47 2.60

Cu_ppm* 0.2 44.2 37.3 50.7 53.0 40.8 76.1 56.1 35.3 143.6 42.3 34.5 46.2 43.3 40.7 32.8 57.6 45.4 63.6

Fe_pct 0.01 4.63 4.65 0.44 5.40 5.20 0.98 4.77 4.65 0.71 5.45 5.45 0.69 8.49 8.40 1.01 9.38 9.17 1.57

Ga_ppm 0.05 19.08 19.05 2.41 22.05 22.10 3.07 18.82 18.65 3.31 17.27 17.55 2.36 17.59 17.70 1.50 17.80 17.85 2.18

Ge_ppm 0.05 0.23 0.20 0.15 0.32 0.28 0.18 0.25 0.22 0.15 0.21 0.19 0.12 0.27 0.26 0.12 0.26 0.25 0.13

Hf_ppm 0.1 2.5 2.4 0.7 3.7 3.2 1.5 3.2 2.9 1.4 3.6 3.6 0.8 3.0 2.9 0.6 2.2 2.2 0.6

In_ppm 0.005 0.083 0.086 0.022 0.105 0.109 0.032 0.086 0.087 0.027 0.076 0.079 0.039 0.086 0.088 0.018 0.091 0.093 0.024

K_pct 0.01 2.22 2.22 0.26 2.36 2.38 0.43 2.16 2.22 0.42 1.92 1.99 0.34 1.84 1.86 0.31 1.96 1.96 0.39

La_ppm 0.5 44.0 43.5 8.0 52.8 51.3 14.1 47.6 46.1 11.4 41.7 42.4 5.7 40.0 40.1 6.3 37.0 37.3 6.7

Li_ppm 0.2 36.9 36.7 9.3 38.0 37.8 10.6 35.2 35.2 11.5 30.2 29.9 9.4 38.9 38.8 10.9 42.5 42.3 13.0

Mg_pct 0.01 2.26 2.26 0.30 1.81 1.75 0.43 2.42 2.44 0.50 2.65 2.64 0.32 2.64 2.65 0.27 2.69 2.69 0.40

Mn_ppm 5 794 789 158 831 836 261 2034 1660 969 9437 8960 3184 8016 7715 1762 3182 2980 1310

Mo_ppm 0.05 1.64 1.15 2.83 1.95 1.21 5.01 2.87 1.48 6.84 2.07 1.42 2.55 1.47 1.06 1.75 1.46 1.15 1.36

Na_pct 0.01 1.39 1.36 0.26 1.55 1.48 0.55 1.47 1.36 0.48 1.46 1.41 0.39 1.40 1.38 0.24 1.36 1.28 0.43

Nb_ppm 0.1 16.0 14.1 11.0 35.5 32.8 23.3 21.5 13.4 20.1 11.2 10.5 4.5 30.2 30.3 6.4 31.1 31.3 5.9

Ni_ppm 0.2 44.6 43.0 11.5 40.6 39.5 10.8 34.6 32.3 12.4 37.9 38.2 7.8 40.5 40.0 5.4 37.1 36.5 8.5

P_ppm 10 689 690 78 1020 950 206 793 760 153 738 740 88 838 830 94 1098 1085 194

Pb_ppm 0.5 9.6 8.5 6.1 9.9 8.5 6.9 10.6 9.8 6.7 7.3 5.7 5.6 10.1 10.5 5.9 8.0 8.1 4.9

Rb_ppm 0.1 109.6 111.0 16.2 117.7 119.8 23.9 106.4 110.8 25.4 90.0 90.8 17.1 89.3 88.7 18.3 93.9 92.3 25.8

Re_ppm 0.002 0.002 0.002 0.003 0.002 0.001 0.012 0.004 0.002 0.022 0.002 0.001 0.002 0.002 0.001 0.001 0.002 0.001 0.002

S_pct 0.01 0.16 0.15 0.08 0.10 0.07 0.09 0.20 0.20 0.12 0.14 0.12 0.09 0.12 0.11 0.07 0.21 0.18 0.17

Sb_ppm 0.05 0.03 0.03 0.04 0.03 0.03 0.02 0.04 0.03 0.04 0.05 0.03 0.08 0.03 0.03 0.03 0.03 0.03 0.06

Sc_ppm 0.1 14.5 14.5 1.8 15.9 15.8 2.4 13.6 13.5 2.4 12.4 12.4 1.8 15.0 14.6 2.6 15.2 15.0 2.7

Se_ppm 1 2 2 1 2 2 1 2 2 1 2 2 1 2 2 1 2 2 1

Sn_ppm 0.2 2.6 2.7 0.7 3.3 3.3 0.9 2.8 2.7 0.8 2.3 2.3 0.6 2.6 2.6 0.4 2.6 2.6 0.5

Sr_ppm 0.2 424.0 394.0 148.3 265.2 242.0 116.9 320.2 303.0 114.1 255.6 252.0 80.3 292.1 280.0 94.9 322.4 326.0 99.9

Ta_ppm 0.05 0.95 0.84 0.65 2.08 1.88 1.37 1.28 0.81 1.17 0.70 0.64 0.27 1.84 1.90 0.40 1.90 1.90 0.37

Te_ppm 0.05 0.13 0.13 0.09 0.23 0.21 0.13 0.17 0.14 0.13 0.15 0.15 0.05 0.20 0.19 0.06 0.21 0.19 0.14

Th_ppm 0.01 11.98 12.00 2.08 13.67 13.60 3.12 12.36 12.40 2.74 10.85 11.00 1.80 9.83 9.80 1.42 8.59 8.70 1.71

Ti_pct 0.005 0.425 0.429 0.093 0.557 0.567 0.124 0.395 0.363 0.127 0.346 0.350 0.065 0.566 0.565 0.067 0.722 0.720 0.101

Tl_ppm 0.02 0.56 0.57 0.11 0.68 0.69 0.18 0.56 0.58 0.17 0.44 0.45 0.11 0.49 0.48 0.11 0.51 0.50 0.15

U_ppm 0.1 2.5 2.3 1.2 2.9 2.7 1.2 3.0 2.6 5.0 3.2 2.0 5.7 1.8 1.7 0.6 1.8 1.7 1.0

V_ppm 1 113 113 11 124 121 22 103 103 15 95 97 11 118 118 11 140 140 17

W_ppm 0.1 0.7 0.7 0.3 1.2 1.1 0.5 1.0 0.9 0.5 0.8 0.7 0.4 0.5 0.5 0.2 0.6 0.5 0.4

Y_ppm 0.1 30.7 30.5 5.6 34.8 35.2 7.3 31.4 31.2 7.3 27.8 28.0 4.7 28.2 28.1 3.7 26.5 26.3 4.8

Zn_ppm 2 80 92 36 89 102 42 86 93 35 68 72 32 84 92 26 82 90 30

Zr_ppm 0.5 89.0 84.0 25.5 137.2 116.5 61.0 117.8 106.5 52.9 131.8 130.0 27.5 110.1 108.5 21.8 82.9 81.2 22.1

Transitional Zone

Unclassified P-rich Low Fe, Mn High Mn, Low Fe High Fe, High Mn

N = 3515 N = 622 N = 376 N = 195 N = 454 N = 540

High Fe, Low Mn

Background
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Table D.5 - Average geochemistry of geochemical facies within the Mwale Formation metadiamictite (continued) 

 

 

Element Det. Limit Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev Mean Median Std Dev

Ag_ppm 0.01 0.04 0.02 0.05 0.04 0.01 0.06 0.04 0.01 0.06 0.05 0.02 0.06

Al_pct 0.01 6.53 6.58 0.62 5.57 5.59 0.85 6.19 6.10 0.79 3.35 3.47 1.52

As_ppm 0.2 0.9 0.1 2.5 0.7 0.2 1.6 0.8 0.2 2.0 0.8 0.1 2.0

Au_ppm 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Ba_ppm 10 440 470 134 390 400 188 459 470 189 424 430 224

Be_ppm 0.05 2.32 2.32 0.45 2.04 1.94 0.80 2.14 2.02 0.68 1.17 1.12 0.51

Bi_ppm 0.01 0.15 0.14 0.11 0.09 0.03 0.10 0.12 0.10 0.10 0.08 0.06 0.07

Ca_pct 0.01 4.19 3.95 1.31 5.69 5.26 1.87 5.81 5.75 1.45 5.17 4.84 1.37

Cd_ppm 0.02 0.16 0.13 0.14 0.11 0.04 0.14 0.17 0.15 0.16 0.13 0.07 0.13

Ce_ppm 0.01 91.27 91.20 19.43 103.36 82.60 74.94 115.77 100.50 53.17 63.55 63.30 35.17

Co_ppm 0.1 21.5 20.4 7.7 23.5 20.3 15.9 27.4 24.2 9.9 18.2 16.1 10.2

Cr_ppm 1 55 55 8 48 50 11 64 59 25 46 44 21

Cs_ppm 0.05 3.72 3.90 1.16 3.27 3.36 1.71 3.93 3.60 1.87 5.09 4.58 3.07

Cu_ppm* 0.2 104.2 52.5 184.7 110.5 58.8 181.4 62.5 46.2 107.4 92.4 43.9 157.0

Fe_pct 0.01 5.97 6.06 1.24 7.14 7.31 1.86 8.56 8.38 1.43 18.39 17.25 5.44

Ga_ppm 0.05 19.00 19.05 2.39 16.46 16.42 2.77 18.78 18.35 2.98 10.34 10.80 4.50

Ge_ppm 0.05 0.26 0.23 0.14 0.25 0.22 0.19 0.24 0.22 0.13 0.31 0.27 0.21

Hf_ppm 0.1 3.1 2.7 1.2 4.3 4.3 1.7 3.5 3.4 1.2 2.4 2.5 1.2

In_ppm 0.005 0.082 0.090 0.034 0.050 0.041 0.035 0.084 0.083 0.027 0.056 0.054 0.033

K_pct 0.01 2.19 2.24 0.47 2.05 2.17 0.79 1.83 1.90 0.53 1.47 1.41 0.81

La_ppm 0.5 44.2 44.0 10.5 55.5 40.2 83.7 55.7 48.7 25.8 30.6 29.8 18.8

Li_ppm 0.2 37.3 36.7 14.1 32.7 28.1 18.1 33.5 32.3 13.4 26.4 24.8 16.0

Mg_pct 0.01 2.63 2.61 0.40 3.03 3.12 0.49 2.78 2.79 0.55 2.54 2.55 0.58

Mn_ppm 5 899 887 370 1022 954 468 1247 1260 322 1079 988 479

Mo_ppm 0.05 2.68 2.09 3.35 3.28 2.18 4.94 3.04 1.89 4.23 1.78 1.37 2.17

Na_pct 0.01 1.66 1.45 0.74 1.91 1.65 1.01 2.01 1.75 0.88 0.63 0.50 0.60

Nb_ppm 0.1 15.3 11.0 11.1 17.1 13.1 17.9 54.6 45.4 27.7 23.8 21.5 15.4

Ni_ppm 0.2 34.6 33.5 11.0 32.5 32.3 7.3 39.7 36.2 16.4 25.8 24.6 14.3

P_ppm 10 1068 1090 223 3183 2535 1658 3047 2660 1157 7911 8400 2039

Pb_ppm 0.5 6.8 4.5 5.9 4.5 1.6 5.3 4.9 3.3 5.0 3.1 1.7 3.3

Rb_ppm 0.1 100.8 104.5 22.5 85.0 92.2 31.8 75.9 78.7 27.0 62.3 60.0 39.3

Re_ppm 0.002 0.004 0.004 0.007 0.004 0.004 0.004 0.004 0.003 0.006 0.003 0.002 0.003

S_pct 0.01 0.82 0.78 0.32 1.02 0.99 0.36 0.76 0.73 0.35 1.05 0.95 0.51

Sb_ppm 0.05 0.04 0.03 0.05 0.04 0.03 0.03 0.04 0.03 0.02 0.04 0.03 0.03

Sc_ppm 0.1 15.3 15.4 2.1 12.8 13.0 1.9 14.8 14.3 3.0 9.3 9.2 3.4

Se_ppm 1 3 3 2 3 2 1 2 2 1 2 2 1

Sn_ppm 0.2 2.2 2.3 0.7 1.8 1.8 0.9 2.4 2.4 0.7 1.4 1.4 0.6

Sr_ppm 0.2 265.1 263.0 123.7 268.5 212.5 195.8 489.8 418.0 271.9 343.6 332.0 151.5

Ta_ppm 0.05 0.91 0.68 0.64 1.02 0.85 0.76 3.42 2.91 1.68 1.52 1.38 1.00

Te_ppm 0.05 0.19 0.18 0.11 0.14 0.12 0.07 0.13 0.11 0.10 0.13 0.12 0.13

Th_ppm 0.01 10.88 10.90 1.86 11.15 10.05 7.43 9.10 8.70 3.10 5.26 5.50 2.41

Ti_pct 0.005 0.463 0.430 0.166 0.394 0.424 0.110 1.063 0.853 0.479 0.503 0.455 0.313

Tl_ppm 0.02 0.51 0.55 0.17 0.40 0.40 0.22 0.38 0.39 0.18 0.38 0.34 0.27

U_ppm 0.1 3.1 2.7 9.2 3.5 2.6 4.9 2.6 2.3 1.3 1.8 1.5 2.3

V_ppm 1 128 129 19 107 112 22 151 138 40 88 86 34

W_ppm 0.1 0.7 0.6 0.3 0.5 0.5 0.4 0.7 0.6 0.3 0.3 0.2 0.3

Y_ppm 0.1 27.4 28.2 6.7 28.2 25.3 10.8 29.9 29.0 6.3 25.1 25.2 5.8

Zn_ppm 2 64 66 43 44 21 43 71 74 45 54 50 38

Zr_ppm 0.5 113.3 97.8 47.6 162.3 162.0 52.6 141.0 137.5 46.8 92.8 97.6 47.0

N = 323 N = 253

Sulfur-rich

N = 4240 N = 156

Fe (P)-rich High Ti Ironstone

Ferruginous
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Figure D.4 - Mineralogical and textural variation of some end-member metadiamictite geochemical facies and their corresponding 
geochemistry. 
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Figure D.5 – Core photos from drill hole KRX079 illustrating the textural variations within the 
Mn-rich ‘Transition zone’ and within ferruginous diamictite and ironstones in the S-rich basal 
metadiamictite.  
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D.1.4 – Bulk-rock geochemistry of mineralization and alteration 

 Investigations into the geochemical signature of alteration and mineralization at 

Kansanshi involved two aspects: (1) a project looking at a specific vein and its alteration halo 

petrographically and geochemically relative to unaltered carbonaceous phyllite, and (2) 

determinations of the average bulk rock geochemistry in typical mineralized phyllite and marble 

for comparison to the average geochemistry of ‘background’ lithologies discussed in D.1.2. The 

vein used in the first aspect was from a narrow zone of albitization and chalcopyrite surrounding 

several small veins cutting carbonaceous phyllites in the Monwezi Formation in drill hole 

KRX066 (Figure D.6). Two samples were taken from this area, one from within the albite altered 

halo containing a small ~2mm wide quartz, calcite, chalcopyrite vein and the second sample 

from less altered chalcopyrite-rich phyllite wallrock adjacent to the vein. Thin sections were 

made from each sample for petrographic work (Figure D.7) and the geochemical value assigned 

to each sample was based on the larger sample intervals defined in Figure D.6. The geochemistry 

from these intervals was compared to the average geochemistry of 1425 unaltered ‘background’ 

carbonaceous phyllite samples with Cu concentrations less than 500 ppm. The petrography of 

altered and mineralized rocks relative to unaltered rocks is discussed in Appendix E.  

 The results of the geochemical comparison between altered/mineralized phyllite samples 

and background carbonaceous phyllite show that mineralized samples from both the vein and 

wallrock samples display marked increases in Cu, Te, Au, In, Ag, Ni, W, and Bi (Figure D.8), 

which agrees well with petrographic observations showing chalcopyrite, Au occurring as Bi-Te 

compounds with ~10 wt% Ag, and trace Ni-sulfides. Indium likely occurs as a substitution for 

Cu in chalcopyrite; a common phenomenon. Another set of elements Se, Sn, Na, Ca, S, Ge, and 

Mn are enriched in the vein sample, but depleted in the wallrock sample.  Most of these changes 

can be attributed to the intense albite and ankerite alteration and carbon destruction in proximity 

to the vein (Figure D.9). The next group, which is enriched in the wallrock, but depleted near the 

vein seem largely related to a zoning of alteration mineralogy and metals from Cu, Au, Ni with 

albite + ankerite proximal, outward to Co with muscovite distal. The final group, which are 

depleted in both the vein and wallrock appear to be characteristic of unaltered phyllites (see 

Table D.4) and largely mobilized during alteration and mineralization. A specific example is V 

which is associated with reduced carbonaceous rocks. Carbon destruction near the vein 

mobilized and depleted V, but it was locally reprecipitated in V-rich roscoelite. Some elements,  
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Figure D.6 – Illustration showing the sample intervals for the vein and wallrock samples used for 
calculating enrichment factors relative to the average of 1425 ‘background’ carbonaceous 
phyllite samples.  
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Figure D.7 – Core and hand sample photos of the altered and mineralized phyllite samples used 
for thin sections and automated mineralogy shown in Figures E.1 and E.2; KRX066 196.5m and 
198.2m. Cu assays indicated on the thin section billets are for the intervals 196.1-196.6 m and 
197.7 – 198.7 m respectively shown in Figure D.6. 
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Figure D.8 – Histogram of % enrichment in vein and wallrock samples KRX066 196.5 and KRX066 198.2 relative to ‘background’ 
carbonaceous phyllite.  
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Figure D.9 – Schematic summary diagram showing a cross section through a hypothetical vein 
(red) with the distribution of alteration minerals depicted on the right side and trace element 
enrichment and depletion on the left side based on the histogram in Figure D.8. Each line 
represents the general behavior of the elements listed; for example Na, Ca, and S are all enriched 
in albitized rock near the vein, but depleted in the wallrock outside the albitized zone relative to 
their concentrations in unaltered ‘background’ carbonaceous phyllite. 
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such as Pb and Zn may also represent a distal metal zoning pattern.   

 For the second aspect of bulk rock geochemistry of mineralization the average bulk rock 

geochemistry of typical mineralized phyllite and marble were determined. The procedure 

differed from the procedure for determining the average geochemistry of background lithologies 

since outliers are typically part of the geochemical signature of alteration and mineralization. In 

this case the extreme outliers were removed according to the restrictions shown in Table D.6, 

leaving considerable scatter in the data, but refining the values enough that outliers do not 

considerably skew the results away from what would be considered typical geochemical 

characteristics of mineralized rocks. Notably, the lithology of most mineralized samples is 

commonly logged as phyllite rather than carbonaceous phyllite since much of the carbon is 

destroyed by alteration. For mineralized carbonate rocks, both dolomite and calcite marbles were 

included. The results for the average geochemistry of mineralized carbonate rocks and phyllites 

is shown in Table D.7.    

 

 

 

Table D.6 - Restrictions placed on mineralized data sets to remove outliers 

 

Phyllite Carbonate

Logged: PHY Logged: DOL, MAR

0.5% < Cu < 7% 0.5% < Cu < 7% 

Cu < 10% acid sol Cu < 10% acid sol

> 50m depth > 50m depth

Ag < 100g -

Al > 3% Al < 3%

- As < 100ppm

0.1g < Au < 5g -

Bi < 50ppm -

Ca < 15% 10% < Ca < 40%

Co < 0.25% -

Fe < 20% Fe < 12%

Mn < 0.5% -

Mo < 0.1% -

Ni < 0.1% -

P < 0.5% -

Pb < 200ppm Pb < 500ppm

U < 500ppm -

V < 0.2% -

Zn < 400ppm -
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Table D.7 - Average geochemistry of Cu mineralized carbonate and phyllite lithologies 

 

 

Element Det. Limit Mean Median Std Dev Mean Median Std Dev

Ag_ppm 0.01 0.23 0.14 0.29 0.25 0.21 0.24

Al_pct 0.01 1.44 1.49 0.78 7.14 7.38 1.22

As_ppm 0.2 4.0 0.6 10.4 2.7 1.2 4.4

Au_ppm 0.01 0.25 0.13 0.29 0.27 0.14 0.45

Ba_ppm 10 20 10 25 108 60 125

Be_ppm 0.05 0.34 0.31 0.22 2.00 1.95 0.66

Bi_ppm 0.01 0.51 0.13 1.00 0.77 0.25 1.45

Ca_pct 0.01 24.85 24.55 4.97 2.51 1.34 2.86

Cd_ppm 0.02 0.08 0.04 0.10 0.07 0.04 0.10

Ce_ppm 0.01 88.38 49.45 109.67 133.64 127.50 85.16

Co_ppm 0.1 98.4 32.5 189.8 76.5 40.9 105.1

Cr_ppm 1 9 7 9 52 50 24

Cs_ppm 0.05 0.16 0.05 0.50 0.45 0.27 0.43

Cu_ppm* 0.2 12552.0 9255.0 10088.7 13357.3 11100.0 8211.1

Fe_pct 0.01 2.84 2.19 2.00 2.73 2.32 1.52

Ga_ppm 0.05 4.73 4.67 2.42 19.36 19.28 4.00

Ge_ppm 0.05 0.17 0.13 0.14 0.25 0.23 0.13

Hf_ppm 0.1 1.0 1.0 0.5 4.4 4.5 1.0

In_ppm 0.005 0.500 0.302 0.669 0.525 0.413 0.391

K_pct 0.01 0.11 0.06 0.17 0.67 0.43 0.83

La_ppm 0.5 48.6 22.3 80.0 72.9 70.5 49.4

Li_ppm 0.2 3.0 1.6 3.9 9.1 7.9 6.3

Mg_pct 0.01 2.85 1.19 3.60 0.79 0.68 0.53

Mn_ppm 5 912 871 387 198 135 186

Mo_ppm 0.05 18.84 5.52 38.56 26.20 11.55 46.88

Na_pct 0.01 1.02 0.96 0.64 4.72 5.21 1.66

Nb_ppm 0.1 1.3 1.0 1.1 8.9 7.8 4.3

Ni_ppm 0.2 93.4 47.8 115.4 95.2 74.3 65.0

P_ppm 10 605 510 383 690 650 257

Pb_ppm 0.5 2.6 2.0 2.0 5.3 3.6 4.9

Rb_ppm 0.1 4.2 2.0 6.6 27.3 18.4 28.1

Re_ppm 0.002 0.023 0.006 0.064 0.030 0.017 0.039

S_pct 0.01 1.88 1.30 1.64 1.77 1.54 0.98

Sb_ppm 0.05 0.04 0.03 0.03 0.05 0.03 0.04

Sc_ppm 0.1 8.3 6.6 7.6 13.5 12.8 5.9

Se_ppm 1 21 12 27 10 6 9

Sn_ppm 0.2 2.8 1.6 5.5 2.5 2.1 1.6

Sr_ppm 0.2 746.7 524.5 616.8 99.9 89.1 56.7

Ta_ppm 0.05 0.10 0.08 0.08 0.62 0.53 0.33

Te_ppm 0.05 3.89 1.82 6.65 3.07 2.48 2.75

Th_ppm 0.01 2.29 2.00 1.56 11.03 11.55 3.94

Ti_pct 0.005 0.031 0.026 0.023 0.220 0.192 0.117

Tl_ppm 0.02 0.03 0.01 0.04 0.07 0.06 0.06

U_ppm 0.1 13.3 4.5 21.6 35.2 16.7 52.0

V_ppm 1 37 20 45 203 138 205

W_ppm 0.1 1.2 0.6 2.5 4.5 2.2 6.2

Y_ppm 0.1 48.7 39.8 39.3 16.8 13.4 9.1

Zn_ppm 2 15 9 22 16 13 11

Zr_ppm 0.5 40.6 36.2 26.5 159.9 163.0 41.7

Cu Mineralized

Carbonate rocks Phyllite

N = 114 N = 62
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D.2 – Sulfur Stable Isotopes 

 A limited study of sulfur stable isotope systematics was undertaken during this project. 

Specific areas of interest included comparing bedded/stratiform anhydrite to anhydrite in veins, 

comparing sulfides to sulfates, and looking at stratigraphic variations in S-isotopes. Sample 

preparation consisted of drilling out small quantities of target minerals using a hand-held dental 

drill. Pulps were weighed into tin capsules with a vanadium pentoxide V2O5 catalyst. Analysis 

was conducted at the USGS Denver Stable Isotope laboratory on a ThermoFinnigan Delta Plus 

XPTM continuous flow mass spectrometer with samples loaded into a Flash 2000 EA coupled to a 

Conflo III. Isotopic values are reported using the delta (δ) notation as per mil difference from the 

Canyon Diablo Troilite (CDT) international reference standard (δ34S ‰VCDT) with one sigma 

error reported as ± 0.30 per mil. The results are reported in and represent corrected delta values 

relative to internationally accepted standards IAEA S-3, IAEA-SO-6, NBS-123, and NBS-127. 

Analysis was conducted in three batches (August, 2016; October, 2017; October 2018) with the 

total sample counts shown in Table D.8. Note that duplicates and replicates in the table are in 

addition to lab introduced QA/QC procedures.  

 Initial results from five anhydrite samples in Batch 1 were anomalously low (avg.: 6.4 

‰) relative to Neoproterozoic seawater and other analyses of anhydrite in the Katangan Basin 

(~15-17 ‰; Selley et al., 2005). To determine if there was a systematic shift in S isotopes in 

anhydrite at Kansanshi, Batch 2 included additional anhydrite samples from Kansanshi as well as 

16 samples from drill holes RCB2 and L83 outside of Kansanshi near the Kafue anticline. In 

total, 38 samples of anhydrite were analyzed (16 from the Kafue anticline area, and 22 from 

Kansanshi; Table D.9). Overall, most samples from both areas are similar and close to the values 

for Neoproterozoic seawater sulfate (Claypool, 1980). Early samples may have been 

contaminated due to poor sample preparation and/or the incorporation of microscopic 

disseminated sulfides in the anhydrite into the anhydrite pulp. Anhydrite in veins and 

disseminations is not significantly different in isotopic composition, but disseminated anhydrite 

tends to have lighter values probably due to the difficulty in targeting the intended mineral 

during the drilling stage of sample preparation and the higher likelihood of contamination by 

sulfides in the rock.   

 Results from this study (Table D.10, Figure D.10) compare favorably to previous work 

by Torrealday (2000) and Nowecki (2014) at Kansanshi and Dechow and Jensen (1965) in the 
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greater CACB. The average of 4.3 ‰ for sulfides is within range of both vein (+2.2 to +6.7‰) 

and disseminated (-1.2 to +5.1 ‰) sulfides in previous work at Kansanshi, but there are two 

strong outliers at -16.4 and +33.6 ‰. The anomalously heavy result for pyrite (+33.6 ‰) occurs 

near the base of the Mwale Formation (Figure D.13). These are not unusual in the Cryogenian 

(Turner and Bekker, 2016) and the Snowball Earth theory hypothesizes that these ‘superheavy’ S 

isotopes may result from low sulfate flux into the Neoproterozoic ocean leading to the 

accumulation of heavy sulfur in sea water (Liu et al., 2006). Similar superheavy values have also 

been reported from pyrite in carbonaceous phyllites at the Sentinel deposit (P. Capistrant, pers. 

comm., 2016).  

 No systematic variation has been observed for the S-isotope values between disseminated 

and vein morphologies or based on mineralogy (chalcopyrite, pyrite, pyrrhotite, and 

molybdenite). Systematic stratigraphic variations were noted in anhydrite samples from L83 

(Figure D.11) and RCB2 (Figure D.12) as well as pyrite samples from KRX082 (Figure D.13) 

and further investigation is recommended. Results from the Spangled Schist unit for both 

sulfides and sulfates are consistently lighter than other areas. In instances where both sulfide and 

sulfate were extracted from the same sample, fractionation factors ranged from 12.2 to 19.0 ‰ 

suggesting thermochemical sulfate reduction.  

 The discovery of native sulfur in vuggy dolomite in anhydrite-rich intervals of the Katete 

Formation was intriguing as a potential analogue to caprock style biogenic sulfur noted 

elsewhere in the CACB (MacIntyre et al., 2016). However, the native S did not display 

anomalously light S isotopes as is typical of biogenic cap rock style native sulfur deposits (Kyle 

and Agee, 1988).    

 
Table D.8 - Summary of S-isotope samples 

 
 
 
 
 

Totals
Pulps 

submitted

Unique 

samples Duplicate Replicate

Sulfides 39 31 6 2

   Pyrite 34 28 4 2

   Pyrrhotite 4 2 2 0

   Molybdenite 1 1 0 0

Anhydrite 52 38 12 2

Native sulfur 4 2 2 0
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Table D.9 - Summary of S-isotope results 

     
 
 
 
 
 

 

Figure D.10 - Frequency histogram of δ34S ‰VCDT for all S-isotope samples analyzed in this 
study; including 16 anhydrite samples from drill holes RCB2 and L83 near the Kafue anticline. 
Results are color coded by mineral: Mo = molybdenite, Po = pyrrhotite, Py = pyrite, Anhy = 
anhydrite, S = native sulfur. Two outlier samples from pyrite at -16.4‰ and +33.6‰ are not 
shown. Note the ~10‰ fractionation between average sulfide and sulfate isotopes. 

 

Sulfides (py-po-mo) Kan. only

N: 31 29

min: -16.4 -16.4

max: 33.6 33.6

avg: 4.0 4.3

median: 3.5 3.5

Anhydrite Kan. only

N: 38 22

min:* 0.6 0.6

max: 22.2 18.8

avg: 13.3 10.9

median: 13.9 10.9

Native S

N: 2

min: 6.4

max: 7.5

avg: 7.0

median: NA
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Table D.10 - Sulfur stable isotope results 

 
                                    * potential contamination during sample prep 

Lab ID Hole ID Depth Mineral Result 1 Result 2 Result 3 Plot value Morphology Strat. Unit

K-359  150.6 K359 150.6 anhy 18.2 18.2 xln   Kakontwe

KRX042 430.2 KRX042 430.2 anhy 15.4 15.2 15.3 vein Mwale

KRX050  552.1 KRX050 552.1 anhy 18.8 18.8 bed Katete

KRX066 1282.3 KRX066 1282.3 anhy 15.1 14.2 14.0 14.4 vein Evap Seq

KRX066 1479.8 KRX066 1479.8 anhy 14.1 14.1 vein Evap Seq

KRX077 884.4 KRX077 884.4 anhy 16.0 16.0 matrix Evap/Dol Seq

KRX077 1021.6 KRX077 1021.6 anhy 13.7 13.7 breccia Evap Seq

KRX077 1067.0 KRX077 1067 anhy 11.3 10.7 11.4 11.1 vein Evap Seq

T77 1111.2 ah A* KRX077 1111.2 anhy 0.8 0.7 0.7 diss Evap Seq

T77 1117.5 ah A* KRX077 1117.5 anhy 5.4 5.4 5.4 diss Evap Seq

T77 1118.2 ah A* KRX077 1118.2 anhy 13.7 13.3 13.5 diss Evap Seq

KRX077 1126.1 KRX077 1126.1 anhy 16.1 17.0 16.6 breccia Evap Seq

KRX077 1141.8 KRX077 1141.8 anhy 16.7 16.7 breccia Evap Seq

KRX077 1261.0 KRX077 1261 anhy 9.8 9.8 diss Evap Seq

T82 965 ah A* KRX082 965 anhy 7.5 7.2 7.3 diss Evap Seq

T82 992 ah A* KRX082 992 anhy 5.5 5.0 5.2 diss Evap Seq

KRX098 601.7 KRX098 601.7 anhy 3.1 3.1 diss SpS

KRX098 634.0 KRX098 634 anhy 10.7 10.7 diss SpS

KRX098 645.2 KRX098 645.2 anhy 10.4 10.4 diss SpS

KRX098 651.3 KRX098 651.3 anhy 8.7 8.7 diss SpS

KRX098 658.1 KRX098 658.1 anhy 10.0 10.0 diss SpS

KRX100 1031.0 KRX100 1031 anhy 0.6 0.6 diss SpS

L83  434 L83 434 anhy 10.9 10.9 vein Nguba

L83  505.3 L83 505.3 anhy 7.8 5.9 6.9 matrix Nguba

L83  1110.7 L83 1110.7 anhy 13.4 13.4 breccia Upr Roan

L83  1210.3 L83 1210.3 anhy 13.7 13.7 breccia Upr Roan

L83  1332 L83 1332 anhy 13.6 13.6 vein Upr Roan

L83  1458.7 L83 1458.7 anhy 15.7 15.7 matrix Upr Roan

L83  1564 L83 1564 anhy 14.9 14.9 matrix Upr Roan

RCB2  585.7 RCB2 585.7 anhy 21.8 21.8 matrix Upr Roan

RCB2  655.2 RCB2 655.2 anhy 21.2 21.2 matrix Upr Roan

RCB2  852 RCB2 852 anhy 21.8 22.5 22.2 matrix Upr Roan

RCB2  951 RCB2 951 anhy 21.5 21.3 21.4 matrix Upr Roan

RCB2  1006 RCB2 1006 anhy 20.6 20.6 matrix Lwr Roan

RCB2  1112 RCB2 1112 anhy 19.3 19.3 diss Lwr Roan

RCB2  1218.8 RCB2 1218.8 anhy 17.7 17.7 matrix Lwr Roan

RCB2  1336.2 RCB2 1336.2 anhy 18.7 18.7 diss Mindola

RCB2  1810 RCB2 1810 anhy 14.9 14.9 matrix Mindola

KRX050  556 (NS) KRX050 556 sulfur low S 7.5 7.5 bleb Katete

KRX050  557.9 (NS) KRX050 557.9 sulfur low S 6.4 6.4 xln Katete

KRX066 1282.3 Mo KRX066 1282.3 moly 3.2 3.2 vein Evap Seq

KRX042 430.2 po KRX042 430.2 po 3.6 3.9 3.7 3.7 vein Mwale

KRX092A  297.2B KRX092A 297.2 po 8.8 8.8 blebs MBx

KRX042 430.2 py KRX042 430.2 pyrite 2.7 2.8 2.8 vein Mwale

KRX050 415A + B KRX050 415 pyrite 8.8 8.9 8.8 xl Monwezi

KRX050  562.9 KRX050 562.9 pyrite -16.4 -16.5 -16.4 diss Katete

T77 1066 PY B* KRX077 1066 pyrite 16.1 16.1 diss Evap Seq

L82 180 PY A* KRX082 180 pyrite -0.4 -0.7 -0.5 diss Kakontwe

L82 181 PY A* KRX082 181 pyrite 1.7 1.7 diss Kakontwe

L82 182 PY A* KRX082 182 pyrite 0.1 0.1 diss Kakontwe

L82 256.5 PY A* KRX082 256.5 pyrite 5.4 5.4 diss Monwezi

L82 310.3 PY A* KRX082 310.3 pyrite 3.5 3.5 3.5 diss Kakontwe

L82 475.2 PY A* KRX082 475.2 pyrite 9.5 9.5 diss Mwale flt

L82 480 PY A* KRX082 480 pyrite fail -5.8 -5.8 vein Mwale flt

L82 480.8 PY A* KRX082 480.8 pyrite 2.8 2.8 vein/diss? Mwale flt

L82 540.8 PY A* KRX082 540.8 pyrite fail 33.6 33.6 diss Dol Seq

L82 543.5 PY A* KRX082 543.5 pyrite 8.7 8.7 diss Dol Seq

L82 548 PY A* KRX082 548 pyrite 17.6 17.6 diss Dol Seq

L82 594 PY A* KRX082 594 pyrite 1.1 1.1 1.1 diss Dol Seq

L82 601 PY A* KRX082 601 pyrite 9.2 9.5 9.3 diss Dol Seq

L82 695 PY A* KRX082 695 pyrite 4.0 4.0 diss Dol Seq

L82 922 PY A* KRX082 922 pyrite -2.3 -2.3 diss Evap Seq

L82 965 PY A* KRX082 965 pyrite -1.7 -1.7 diss Evap Seq

T82 992 PY A* KRX082 992 pyrite -7.4 fail -7.4 diss Evap Seq

T82 1015 PY A* KRX082 1015 pyrite 3.4 3.4 diss Evap Seq

KRX092A  297.7B KRX092A 297.7 pyrite 9.3 9.3 breccia MBx

KRX092A  924.7B KRX092A 924.7 pyrite 4.3 4.3 vein Evap Seq

KRX092A  926.4B KRX092A 926.4 pyrite 3.6 3.6 diss Evap Seq

KRX098 658.1 py KRX098 658.1 pyrite -1.3 -3.1 -2.2 diss SpS

L83 1110.7 py L83 1110.7 pyrite -3.7 -3.7 breccia Upr Roan
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Figure D.11 - Anhydrite sulfur isotope results from drill hole L83 with summary geologic log 
and map from Broughton (2014). Note that because depths are unavailable for the geologic log 
the precise sample position relative to the stratigraphy is uncertain.  
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Figure D.12 - Anhydrite sulfur isotope results from drill hole RCB2 with summary geologic log 
from Woodhead (2013).  
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Figure D.13 – Pyrite sulfur isotope results relative to stratigraphy in drill hole KRX082. 
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D.3 – Geochronology 

D.3.1  U-Pb Geochronology of Zircon from Mafic Meta-igneous Rocks 

 In August 2016, ten samples of metamorphosed mafic igneous rock from the Evaporitic 

Sequence in Kansanshi drill hole KRX066 were collected and submitted to the Boise State 

University Isotope Geology Laboratory to attempt U/Pb geochronology of zircons to determine 

the age of the igneous rock.  The samples represent 42.7 meters of ¼ core (NQ size) from ten 

core trays through a distinctly pale, coarsely crystalline, feldspar-rich interval (Figure D.14) 

within a larger 236.2 meter-thick intercept (1199.4 – 1435.6m) of dark intrusive mafic igneous 

rock (Table D.11). The margins of the igneous body are increasingly fine-grained (chilled 

margins) and share diffuse altered/metasomatized contacts with surrounding dolomite breccia.  

 In total, 17 highly corroded and metamict zircon grains were recovered from the sample 

taken between 1269.6 – 1273.4 meters. Thirty-seven LA-ICPMS spots were placed on these 

grains (Figure D.14) following the methods outlined below and returned ages ranging from 776 

± 36 to 552 ± 31 Ma (Figure D.15). The three youngest dates are from two grains with distinctly 

different chemical compositions characteristic of metamorphic zircon (Hoskin and Schaltegger, 

2003) and textures are notably less corroded than other portions of the zircon. These give an age 

of 559 ± 16 Ma; the likely age of metamorphic recrystallization. The remaining grains show high 

total REE and high Th/U contents characteristic of mafic igneous zircon (Hoskin and 

Schaltegger, 2003). These give an age of 744 ± 13 Ma (MSWD = 2.3) (Figure D.16). Nearly 

every analysis shows evidence of mixing between older and younger components, so the older 

results are likely to be closer to the true age of the protolith. The oldest 19 dates are equivalent 

with a weighted mean of 745 ± 9 Ma (MSWD = 1.6). The oldest 11 dates are equivalent with a 

weighted mean of 760 ± 11 Ma (MSWD = 0.3). Probability of fit for each subset is 0.99. These 

dates correspond nicely with the previously reported U/Pb zircon age of 741.5 ± 7.8 Ma for 

gabbro from Evaporitic Sequence equivalent strata north of Solwezi Dome, with a 510.9 ± 7.8 

Ma metamorphic overgrowth (Barron, 2003). In the same study mafic igneous rocks within the 

Upper Mixed Clastic sequence (now recognized as the Mafic-breccia zone) at Kansanshi also 

returned an age of 752.6 ± 8.6 Ma. These ages are also in agreement with ~765 – 735 Ma ages 

from more widespread studies of mafic igneous rocks throughout the basin, which have been 

taken to indicate a significant rifting event during this time interval (Key et al., 2001). The 

stratigraphic position of these rocks below the ~717 Ma Sturtian diamictite in the Grand 
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Table D.11 - Zr geochronology samples and corresponding geochemistry 

 
 

  

Hole_ID Bag ID Core Tray Interval SampleID mFrom mTo Interval Zr_ppm Zr avg

KRX066 FZB47972 1270.0 1271.5 1.5 133

KRX066 FZB47973 1271.5 1273.0 1.5 153

KRX066 FZB47974 1273.0 1274.5 1.5 168

KRX066 FZB47976 1274.5 1276.0 1.5 155

KRX066 FZB47977 1276.0 1277.5 1.5 150

KRX066 FZB47978 1277.5 1279.0 1.5 165

KRX066 FZB47979 1279.0 1280.5 1.5 132

KRX066 FZB47980 1280.5 1282.0 1.5 187

KRX066 FZB47981 1282.0 1283.5 1.5 182

KRX066 FZB47982 1283.5 1285.0 1.5 183

KRX066 FZB47983 1285.0 1286.5 1.5 198

KRX066 FZB47984 1286.5 1288.0 1.5 189

KRX066 FZB47985 1288.0 1289.5 1.5 179

KRX066 FZB47986 1289.5 1291.0 1.5 191

KRX066 FZB47987 1291.0 1292.5 1.5 152

KRX066 FZB47988 1292.5 1294.0 1.5 131

KRX066 FZB47989 1294.0 1295.5 1.5 136

KRX066 FZB47990 1295.5 1297.0 1.5 163

KRX066 FZB47991 1297.0 1298.5 1.5 183

KRX066 FZB47992 1298.5 1300.0 1.5 174

KRX066 FZB47993 1300.0 1301.2 1.2 195

KRX066 FZB47994 1301.2 1302.7 1.5 163

KRX066 FZB47995 1302.7 1303.7 1.0 129

KRX066 FZB47996 1303.7 1304.5 0.8 134

KRX066 FZB47997 1304.5 1307.5 3.0 87

KRX066 FZB47998 1307.5 1310.5 3.0 91

KRX066 FZB47999 1310.5 1313.5 3.0 89

Geochronology Samples Corresponding Geochemistry

1288-1293

1284-1288

1281-1284

1277-1281

1273-1277

1269-1273

1307.5-1312.3 901307-1312

1302-1307

1298-1302

1293-1298 1293.3-1298.3 160

1298.3-1302.3 176

1302.3-1307.5 103

1281.0-1284.8 184

1284.8-1288.6 193

1288.6-1293.3 163

1269.6-1273.4 143

1273.4-1277.3 157

1277.3-1281.0 149
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Figure D.14 – Drill core photo of the interval where zircons were sampled and CL 
photomicrographs of the zircons with ICP-MS spots marked. 110, 111, and 126 are the spots 
interpreted as metamorphic zircon. 
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Figure D.15 – Age ranked plot showing 206Pb/238U ages (inclusive of error) of all 37 LA-ICPMS 
spots from 17 zircon grains. Note the three youngest outliers have distinctive geochemistry 
suggesting they represent analysis on metamorphic overgrowths. 
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Figure D.16 - Concordia diagram plotting LA-ICPMS age data for 37 spot analyses on 17 zircon 
grains. Inset is an age ranked weighted average plot of 207Pb/206Pb ages for the 34 spots on 
igneous zircons from which the 744 ± 13 Ma age is calculated.  
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Conglomérat (Rooney et al., 2015) and the combination of intrusive and extrusive textures 

observed in mafic igneous bodies in this sequence suggests that the ~760 – 742 Ma ages are also 

close to the age of the enclosing sediments and that gabbroic intrusions did not significantly 

post-date deposition of the Evaporitic Sequence strata.  

 

D.3.2  LA-ICPMS methods 

 Zircon grains were separated from sample KRX066-1269 using standard techniques, 

annealed at 900oC for 60 hours in a muffle furnace, and mounted in epoxy and polished until 

their centers were exposed. Cathodoluminescence (CL) images were obtained with a JEOL JSM-

1300 scanning electron microscope and Gatan MiniCL. Zircon was analyzed by laser ablation 

inductively coupled plasma mass spectrometry (LA-ICPMS) using a ThermoElectron X-Series II 

quadrupole ICPMS and New Wave Research UP-213 Nd:YAG UV (213 nm) laser ablation 

system. In-house analytical protocols, standard materials, and data reduction software were used 

for acquisition and calibration of U-Pb dates and a suite of high field strength elements (HFSE) 

and rare earth elements (REE). Zircon was ablated with a laser spot of 25 µm wide using fluence 

and pulse rates of 5 J/cm2 and 10 Hz, respectively, during a 45 second analysis (15 sec gas blank, 

30 sec ablation) that excavated a pit ~25 µm deep. Ablated material was carried by a 1.2 L/min 

He gas stream to the nebulizer flow of the plasma. Dwell times were 5 ms for Si and Zr, 200 ms 

for 49Ti and 207Pb, 80 ms for 206Pb, 40 ms for 202Hg, 204Pb, 208Pb, 232Th, and 238U and 10 ms for 

all other HFSE and REE. Background count rates for each analyte were obtained prior to each 

spot analysis and subtracted from the raw count rate for each analyte. Ablations pits that appear 

to have intersected glass or mineral inclusions were identified based on Ti and P. U-Pb dates 

from these analyses are considered valid if the U-Pb ratios appear to have been unaffected by the 

inclusions. Analyses that appear contaminated by common Pb were rejected based on mass 204 

being above baseline. For concentration calculations, background-subtracted count rates for each 

analyte were internally normalized to 29Si and calibrated with respect to NIST SRM-610 and -

612 glasses as the primary standards. Temperature was calculated from the Ti-in-zircon 

thermometer (Watson et al., 2006). Because there are no constraints on the activity of TiO2, an 

average value in crustal rocks of 0.8 was used. 

 Data were collected in in November 2017. For U-Pb and 207Pb/206Pb dates, instrumental 

fractionation of the background-subtracted ratios was corrected and dates were calibrated with 
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respect to interspersed measurements of zircon standards and reference materials. The primary 

standard Plešovice zircon (Sláma et al., 2008) was used to monitor time-dependent instrumental 

fractionation based on two analyses for every 10 analyses of unknown zircon. A secondary 

correction to the 206Pb/238U dates was made based on results from the zircon standards Seiland 

(530 Ma, unpublished data, Boise State University) and Zirconia (327 Ma, unpublished data, 

Boise State University), which were treated as unknowns and measured once for every 10 

analyses of unknown zircon. These results showed a linear age bias up to a few percent that is 

related to the 206Pb count rate. The secondary correction is thought to mitigate matrix-dependent 

variations due to contrasting compositions and ablation characteristics between the Plešovice 

zircon and other standards (and unknowns).  

 Radiogenic isotope ratio and age error propagation for all analyses includes uncertainty 

contributions from counting statistics and background subtraction. For the groups of analyses 

that yield equivalent 206Pb/238U date dates (i.e., probability of fit >0.05), a weighted mean date is 

first calculated using Isoplot 3.0 (Ludwig, 2003) using errors on individual dates that do not 

include a standard calibration uncertainty, and then a standard calibration uncertainty is 

propagated into the error on the weighted mean date. This uncertainty is 1.0% (2s), which is the 

local standard deviation of the polynomial fit to the interspersed primary standard measurements 

versus time for the time-dependent 206Pb/238U fractionation factor. Errors are at 2s. 
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APPENDIX E 

PETROGRAPHY 

 

 In this project 105 thin sections were prepared for petrographic analysis using standard 

transmitted and reflected light microscopy to characterize lithologic units as well as alteration 

and mineralization. Detailed investigation was conducted on 10 samples using scanning electron 

microscopy (SEM) and/or automated mineralogy. This detailed analysis focused on the nature of 

alteration and mineralization in marble and phyllite host rocks, by comparing unaltered marble 

and phyllite distal from mineralization to altered and mineralized marble and phyllite near veins 

as outlined in D.1.3.  

 SEM analysis utilized a MIRA3 TESCAN field emission (FE) SEM with a beam current 

of 15 kV and a working distance of 10 mm for back-scattered electron imaging. Automated 

mineralogy utilized a TIMA3 automated mineral analyzer control program on the TESCAN-

VEGA-3 Model LMU VP-SEM platform equipped with four PulseTor silicon drift energy-

dispersive X-ray spectrometers. Analysis was conducted at an accelerating voltage of 25 kV and 

using a variety of beam step intervals from 2 to 30 μm depending on the grain-size of the sample 

and purpose of the scan. Both SEM and automated mineralogy were conducted at the Colorado 

School of Mines in the Department of Geology and Geological Engineering electron beam 

laboratory under the supervision of Dr. Katharina Pfaff.  

 Veins at Kansanshi display a wide variety of mineralogic compositions, morphologies, 

and orientations, with the most prevalent containing quartz, calcite and/or ferroan dolomite 

(ankerite) with lesser chalcopyrite, pyrite, pyrrhotite, and local molybdenite.  Common 

macroscopic accessory minerals include rutile, green mica (V-rich roscoelite), and biotite though 

rare veins rich in anhydrite and magnetite are also present. Brannerite, monazite, xenotime, 

apatite and Ni-sulfides have also been noted in the veins. Gold occurs as ~5-50 μm native gold 

grains within fractured pyrite in association with melonite (NiTe2), chalcopyrite, and Bi-

tellurides (Goodship, 2010). Wallrock alteration around the veins is dominated by carbon and 

biotite destructive albitization (albite), carbonatization (ankerite), and sericitization (muscovite).  

 Results from this study show that unaltered phyllite is dominated by muscovite and 

quartz with minor biotite and disseminated carbon (Figure E.1). Where mineralized by  
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Figure E.1 - Automated mineralogy scans of altered, mineralized, and unaltered phyllite. (A and B) Automated mineralogy scans of 
strongly albitized and weakly mineralized wallrock adjacent to a 2 mm chalcopyrite + carbonate vein (KRX066 196.5m); center of A 
is ~1mm from vein edge, center of B is ~9mm from vein edge. (C) Automated mineralogy scan of mineralized, but not albitized 
phyllite estimated to be ~0.5m distal from vein edge (KRX066 198.2m).  (D) Automated mineralogy scan of unaltered phyllite several 
kilometers from the Kansanshi mine site (SEDD007 40.5m); note the larger number of voids due to near surface weathering.  Table 
shows the changing abundances of the most common minerals; note the prevalence of albite adjacent to the vein, coarsely crystalline 
muscovite in the distal mineralized sample, and more fine-grained phyllite with abundant biotite in the distal sample. 
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chalcopyrite in proximity to veins it contains more quartz and dravitic tourmaline, no biotite, and 

coarsely recrystallized muscovite. Coarse crystalline apatite also occurs within the vein. 

Immediately adjacent to the veins the wallrock is strongly albitized, with local 

disseminated carbonate, coarsely recrystallized rutile and apatite (Figure E.2). Pyrite occurs in 

thin late cross cutting veins as well as disseminated in wallrocks. Locally increased pyrite 

concentrations near chalcopyrite bearing veins may indicate sulfidation of the wallrocks, but 

further work is required.  

 Investigations into alteration and mineralization in marbles show similar mineralogic 

variations to phyllites (Figure E.3). Unaltered marble is dominated by calcite with minor quartz, 

muscovite, albite, and pyrite. In close proximity to mineralized veins the marbles are more 

coarsely crystalline (recrystallized) and contain abundant ankerite in addition to albite, quartz, 

pyrite and chalcopyrite. Almost no muscovite or biotite remains in these altered zones. Pyrite and 

chalcopyrite generally occur separately suggesting a possible lateral zonation. Pyrite also locally 

occurs rimming chalcopyrite and subsequently overgrown by another generation of chalcopyrite, 

suggesting a complex paragenesis worthy of further study.       

Wispy 1-2 mm clastic bands within ‘unaltered’ marble distal from mineralization contain 

considerable albite, pyrite and rutile. This differs considerably from unaltered phyllites. The 

widespread alteration of the siliciclastic horizons within the marbles suggests that carbonate 

rocks may have been a migration pathway for high salinity metamorphic fluids.  
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Figure E.2 - Automated mineralogy scans of a chalcopyrite bearing vein with albitized wallrock (KRX066 196.5m), and neighboring 
chalcopyrite-rich carbonaceous phyllite (KRX066 198.2m). Hand sample photos can be found in Figure D.6. 



 

204 

 

 

Figure E.3 - Automated mineralogy scans of altered, mineralized, and unaltered marble.  (A and B) Automated mineralogy scans of 
unaltered marble several kilometers from the Kansanshi mine site (SEDD007 118.5m); B shows a phyllite band within an otherwise 
carbonate dominated marble. (C and D) Automated mineralogy scans of albitized marble adjacent to a quartz+carbonate+chalcopyrite 
vein (hand sample from Main pit); C is ~1cm from vein edge and D is ~3cm from vein edge. Table shows changing abundances of the 
most common minerals. 
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APPENDIX F 

KANSANSHI ANALOGUES 

  

 The Kansanshi deposit shows distinct similarities to several other vein-controlled Cu-Au 

deposits in metamorphic terrains. Both the Onganja deposit in Namibia and the Bidjovagge 

deposit in Norway share many similarities to Kansanshi.  In the case of the Onganja deposit there 

is a broad regional stratigraphic correlation between the rift-related Damara and Katangan 

Supergroups as well as correlation between the Damaran and Lufilian orogenies (Miller, 2013).  

Mineralization occurs ~30 My post-peak metamorphism in both cases; similar to many orogenic-

Au systems. The deposit occurs at the crest of a NW trending antiform with orthogonal sheeted 

veins systems containing quartz-carbonate-chalcopyrite veins rimmed by albite and scapolite 

alteration. Relatively little published research is available on the Onganja deposit and the reader 

is referred to the work of Moore (2010) for a thorough comparison of Kansanshi and Onganja.  

Work at Kansanshi might suggest that the roles of evaporites may have been more significant 

than currently appreciated at Onganja.  

 In the case of Bidjovagge numerous studies exist in the literature (e.g. Hagen, 1982; 

Bjørlykke et al., 1987; Ettner et al., 1993; and others), which have gradually coalesced around 

the interpretation that the deposit is a mesothermal shear zone-hosted Au deposit.  The evolution 

of the ore deposit model at Bidjovagge appears to largely parallel growth of the orogenic-Au ore 

deposit model over the same time interval.  Yet this deposit contained 3 Mt of 1.8 % Cu and 0.5 

g Au; which was only later revised to focus on gold-rich ore of 1 Mt of 1.2% Cu and 2.0 g Au; 

subdivided into gold-ore:  5-20 ppm Au, 0.1-0.5% Cu; and copper-ore: 1-2 ppm Au, 2-5% Cu.  

Bidjovagge shares a number of compelling similarities to the Kansanshi deposit.  At both 

locations mineralization is associated with steeply dipping sheeted-vein systems in strongly 

deformed isoclinally folded carbonaceous host rocks located near the crest of a late stage 

antiform.  Mineralization occurs in three styles, early large quartz-ankerite-chalcopyrite veins, 

later smaller quartz-ankerite-chalcopyrite veins associated with highly fractured breccia zones, 

and stratiform disseminations of chalcopyrite in altered host rocks in proximity to veins.  

Common accessory minerals include pyrite, pyrrhotite, rutile, magnetite, uraninite, davidite, 

pentlandite, molybdenite, apatite, and green-muscovite.  Native Au occurs in association with 



 

206 

pyrite and tellurides (tellurobismuthite, melonite, and calaverite).  Vein minerals at Bidjovagge 

appear to be slightly more oxidized and/or higher temperature, with marcasite, ilmenite, 

hematite, and actinolite also encountered there. Alteration is dominated by albite with lesser 

carbonatization and local scapolite, biotite, and hematite alteration.   

 Like Kansanshi, Bidjovagge occurs in a transitional metamorphic zone containing both 

amphibolite facies and greenschist facies rocks adjacent to uplifted basement gneiss domes. It 

was metamorphosed during the Svecokarelian Orogeny (peak ~1890 Ma), which included syn-

orogenic igneous intrusions; 1900-1880 granites and 1870-1860 monazites (Skiold, 1988).  U/Pb 

geochronology from davidite in the veins places mineralization slightly post-peak metamorphism 

at 1885 Ma.  The orogeny was followed by gravitational collapse with mineralization interpreted 

to have formed within the ductile to brittle transition (Ettner et al., 1993). Fluids were high 

salinity (NaCl, CaCl2 dominant), H2O+CO2 brines trapped between 250-400°C at 2-4 kbar. Like 

Kansanshi, separation of CO2 from the fluid increased pH, while graphitic schist reduced fO2 and 

oxidation of the graphite added CH4 and other hydrocarbons to the fluid (Ettner et al., 1993; 

Kribek et al., 2005). 

 The Navachab Au(-Cu) deposit, north of Onganja in Namibia, appears to share 

similarities in terms of structural control, post-orogenic timing and P-T conditions to Kansanshi, 

Bidjovagge, and Onganja, but is associated with more reduced sequences (Moore, 2010) and has 

been interpreted as an orogenic Au deposit (Wulff et al., 2017).  It contains clinopyroxene in 

alteration halos and is thought to have formed at high temperatures ~550°C and 2 kbar (Wulff et 

al., 2010). In these carbonate poor, reduced siliciclastic sequences Au thiosulfide complexes 

would have been more stable and NaCl appears to have been less prevalent resulting in a 

dominance of Au over Cu and only minor albite alteration. Navachab is similar in many respects 

to the Telfer Au(-Cu) deposit in Australia, which is hosted in similar age reduced sediments with 

rare carbonate beds (Schindler et al., 2016) and has also been classified as an orogenic Au 

deposit.  Both Telfer and Navachab occur in close proximity to intrusive rocks and share some 

similarities to intrusion related Au-Cu and W-(Sn) deposits that occur nearby. Kansanshi occurs 

within ~100 km of intrusives of the  Hook batholith suite.  However, most ages for the Hook 

suite are approximately 30 My prior to mineralization at Kansanshi.  

 It appears that Navachab and Telfer comprise a class of orogenic Au(-Cu) deposits 

associated with reduced clastic sequences and form a continuum with orogenic Cu(-Au) deposits 
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such as Bidjovagge, Onganja and Kansanshi, which occur in more oxidized highly saline 

environments. It appears that this yet unrecognized class of Cu-rich orogenic deposits may 

represent a subgroup of the more well-known orogenic Au deposit class (e.g. Groves et al., 2003) 

associated with metamorphism in evaporite-rich basins containing Cu source rocks and oxidized 

high salinity metamorphic fluids.   
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APPENDIX G 

SUPPLEMENTAL ELECTRONIC FILES 

  

 There are three Microsoft Excel spreadsheets included as supplementary electronic files. 

The first is a list of samples collected during the study, with sample descriptions, and analytical 

techniques utilized in their investigation. The second is a spreadsheet containing S-isotope 

samples and results. The third is a spreadsheet containing the results from U/Pb geochronology 

of zircons from meta-igneous rocks.  

  

 Sample_List.xlsx 

Microsoft Excel file containing a list of samples from the study and analytical techniques 

used in their investigation. 

 

 S_isotopes.xlsx 

Microsoft Excel file containing sample descriptions and the results for sulfur stable 

isotope studies conducted at the US Geological Survey in Lakewood, Colorado by Cayce 

Gulbransen under the supervision of Dr. Craig Johnson.  

 

 Geochronology.xlsx 

Microsoft Excel file containing two tabs, one with the results of U/Pb geochronology 

studies on zircons from mafic meta-igneous rocks in this study conducted at Boise State 

University under the supervision of Dr. James Crowley, and the second with a 

compilation of previous ages dates in the Katangan Basin.   

 


